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9.1 Introduction and Principles

The effect of heat and cold upon the dimensions and mechanical
properties of materials is of paramount importance to their use in an
environment where they may encounter a wide variation in tem-
perature through design or by accident. Plastics are processed at
elevated temperatures so as to enable them to flow and be more
amenable to fabrication, yet they must retain their form under normal
usage. Food items are often heated and/or frozen before being con-
sumed. Metals may be heat-treated to improve hardness and ceramics
are fired so as to consolidate their final structure. This chapter covers
various thermal methods that probe such behaviour and, due to
common concepts, the effect of heat on the electrical properties of
materials is also considered.
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9.1.1 Thermomechanical Analysis and

Thermodilatometry

Thermomechanical analysis (TMA) is the study of a specimen’s
dimensions (length or volume) as a function of temperature whilst it
is subjected to a constant mechanical stress. In this way, thermal
expansion coefficients can be determined and changes in this prop-
erty with temperature (and/or time) monitored. Many materials will
deform under the applied stress at a particular temperature, which is
often associated with the material melting or undergoing a glass–
rubber transition. Alternatively, the specimen may possess residual
stresses that have been ‘‘frozen-in’’ during preparation. On heating,
dimensional changes may occur as a consequence of the relaxation of
these stresses.
Stress (s) is defined as the ratio of the mechanical force applied (F)

divided by the area over which it acts (A):

s¼ F/A (9.1)

The stress is usually applied in compression or tension, but may also
be applied in shear, torsion, or some other bending mode as shown in
Figure 9.1. The units of stress are N mÿ2 or Pa.

Figure 9.1 Common mechanical deformation modes: compression, ten-
sion, shear, torsion, bending (single cantilever, dual cantilever,
three point bending).
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If the applied stress is negligible then the technique becomes that
of thermodilatometry. This technique is used to determine the co-
efficient of thermal expansion of the specimen from the relationship:

al0¼dl/dT (9.2)

where a is the coefficient of thermal expansion (ppm per 1C), l0 is the
original sample length (m) and dl/dT is the rate of change of sample
length with temperature (mm per 1C).

9.1.2 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is concerned with the meas-
urement of the mechanical properties (mechanical modulus or stiff-
ness and damping) of a specimen as a function of temperature. DMA
is a sensitive probe of molecular mobility within materials and is
most commonly used to measure the glass transition temperature
and other transitions in macromolecules, or to follow changes in
mechanical properties brought about by chemical reactions.
For this type of measurement, the specimen is subjected to an os-

cillating stress, usually following a sinusoidal waveform:

s(t)¼ smaxsin ot (9.3)

Where s(t) is the stress at time t, smax is the maximum stress and o is
the angular frequency of oscillation. Note that o¼ 2pf where f is the
frequency in Hertz.
The applied stress produces a corresponding deformation or strain

(e) defined by:

e¼ (change in dimension)/(original dimension)¼Dl/l0 (9.4)

The strain is measured according to how the stress is applied (e.g.
compression, tension, bending, shear etc.). Strain is dimensionless,
but often expressed in %. The strain above would be for tensile or
compressional deformation. Other factors can be seen in Table 9.1.
For an elastic material, Hooke’s law applies and the strain is pro-

portional to the applied stress according to the relationship:

E¼ds/de (9.5)

where E is the elastic, or Young’s modulus, with units of Nmÿ2 or Pa.
Such measurements are normally carried out in tension or bending;
when the sample is a soft material or a liquid then measurements are
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normally carried out in shear mode, thus a shear modulus (G) is
measured. The two moduli are related to one another by:

G¼ E/(2þ 2v) (9.6)

where v is known as the Poisson’s ratio of the material. This normally
lies between 0 and 0.5 for most materials and represents a measure of
the distortion that occurs (i.e. the reduction in breadth accompanying
an increase in length) during testing.
If the material is viscous, Newton’s law holds. The specimen pos-

sesses a resistance to deformation or viscosity, Z proportional to the
rate of application of strain, i.e.:

Z¼ds/(de/dt) (9.7)

The units of viscosity are Pa s.
A coil spring is an example of a perfectly elastic material in which

all of the energy of deformation is stored and can be recovered by
releasing the stress. Conversely, a perfectly viscous material is ex-
emplified by a dashpot, which resists extension with a force pro-
portional to the strain rate but affords no restoring force once
extended, all of the deformation energy being dissipated as heat
during the loading process. In reality, most materials exhibit be-
haviour intermediate between springs and dashpots—viscoelasticity.
If, as in the case of DMA, a sinusoidal oscillating stress is applied to

a specimen, a corresponding oscillating strain will be produced.
Unless the material is perfectly elastic, the measured strain will lag
behind the applied stress by a phase difference (d) shown in
Figure 9.2. The ratio of peak stress to peak strain gives the complex

Table 9.1 Geometry factors and strain factors.a,b

Geometry Modulus Geometry factor, k Strain factor, f

Tension and
compression

E* A/l 1/l

Single cantilever E* w(t/l)3 3t/l2

Dual cantilever E* 2w(t/l)3 3t/l2

3 Point bending E* w/2.(t/l)3 3/2.t/l2

Simple shear (double
sample)

G* 2A/t 1/t

aWhere stiffness, S*¼ smax/y and where modulus, E* or G*¼ stiffness, S*/k and dynamic strain, e
or g¼ y.f.

bWhere y is the dynamic displacement amplitude, w is the width, t is the thickness, l is the free
length (or sample height for compression) and A is the sample cross-sectional area. All size
dimensions in metres.
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modulus (E*), which comprises an in-phase component or storage
modulus (E0) and a 901 out-of-phase (quadrature) component or
loss modulus (E00).
The storage modulus, being in-phase with the applied stress, repre-

sents the elastic component of the material’s behaviour, whereas the
loss modulus, deriving from the condition at which de/dt is a max-
imum, corresponds to the viscous nature of the material. The ratio
between the loss and storage moduli (E00/E0) gives the useful quantity
known as the mechanical damping factor (tan d), which is a measure of
the amount of deformational energy that is dissipated as heat during
each cycle. The relationship between these quantities can be illustrated
by means of an Argand diagram, commonly used to visualise complex
numbers, which shows that the complex modulus is a vector quantity
characterised by magnitude (E*) and angle (d) as shown in Figure 9.3. E0

and E00 represent the real and imaginary components of this vector thus:

E*¼ E0
þ iE00

¼O(E02
þ E002) (9.8)

So that:

E0
¼ E* cos d (9.9)

Figure 9.2 Relationship between applied stress (s) and strain (e) during a
dynamic mechanical test. d is the phase difference.

168 Chapter 9



and

E00
¼ E* sin d (9.10)

9.1.3 Dielectric Techniques

In a manner analogous to TMA and DMA, a specimen can be subjected
to a constant or oscillating electric field rather than a mechanical
stress during measurements. Dipoles in the material will attempt to
orient with the electric field, while ions, often present as impurities,
will move toward the electrode of opposite polarity. The resulting
current flow is similar in nature to the deformation brought about by
mechanical tests and represents a measure of the freedom of charge
carriers to respond to the applied field (Figure 9.4). The specimen is
usually presented as a thin film between two metal electrodes so as to
form a parallel plate capacitor. Two types of test can be performed:

9.1.3.1 Thermally Stimulated Current (TSC) Analysis

In this technique, the sample is subjected to a constant electric field
and the current that flows through the sample is measured as a

Figure 9.3 Argand diagram to illustrate the relationship between complex
modulus (E*) and its components.
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function of temperature. Often, the sample is heated to a high tem-
perature at which point the static electric field is applied and then
quenched to a low temperature. This process aligns dipoles within the
specimen in much the same way that drawing a material under a
mechanical stress would bring about orientation of molecules in the
sample. The polarisation field is then switched off, and the sample is re-
heated whilst the current resulting from the relaxation of the induced
dipoles to the initial orientation or equilibrium position is monitored.
The simple experiment described affects all dipoles in the speci-

men that are able to realign with the applied electric field at the
chosen polarisation temperature. The result of such a treatment is
known as the ‘‘global’’ thermally stimulated current (TSC) signal.
A more elaborate experiment is known as relaxation map analysis
(RMA), which involves a series of experiments known as ‘‘thermal
windowing’’ or ‘‘fractional polarisation’’ in which the global response
is experimentally deconvoluted into specific groups of dipoles. This
then allows a detailed investigation of the global relaxation process.
The aim of the experiment is to choose thermal windowing conditions
that isolate a single Debye relaxation process. In reality, this is never
achieved, even over very narrow temperature windows as each process

Figure 9.4 Response of electrons, ions and dipoles to the application of an
electric field.
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is characterised by a distribution of relaxation times, which must be
determined and analysed to extract thermokinetic data.
An exaggerated schematic diagram of the thermal windowing pro-

cedure is shown in Figure 9.5. The steps in the experiment are:

(1) Sample is polarised at Tp for a time tp.
(2) Sample is cooled to temperature just below Tp (Td) i.e. 1 1C (Tw)

below Tp. The external electrical field is short circuited and held
isothermal for a time tw allowing faster relaxing dipoles to relax
back to equilibrium at that temperature.

(3) The remaining oriented dipoles are frozen in by cooling the
sample to T0.

(4) Sample is heated and the frozen-in dipoles relax back to
equilibrium.

An example of this procedure will be considered later in this chapter.

9.1.3.2 Dielectric Thermal Analysis (DETA)

In this technique, the sample is subjected to an oscillating sinusoidal
electric field. The applied voltage (V) produces a polarisation within
the sample and causes a small current (I) to flow, which leads the

Figure 9.5 Schematic diagram of thermal windowing employed in TSC.
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electric field by a phase difference (d) (Figure 9.6). Two fundamental
electrical characteristics, conductance and capacitance, are deter-
mined from measurements of the amplitude of the voltage, current
and d. These are used to determine the admittance of the sample (Y)
given by:

Y¼ I/V (9.11)

Y is a vector quantity, like E* discussed earlier, and is characterised by
its magnitude |Y| and direction d.
Capacitance (C) is the ability to store electrical charge and is given by:

C¼ |Y| sin d/o (9.12)

Conductance (G) is the ability to transfer electric charge and is
given by:

G¼ |Y| cos d (9.13)

More usually, data are presented in terms of the relative permittivity
(e0) and dielectric loss factor (e00); these are related to capacitance and
conductivity by:

e0 ¼C/(e0 �A/D) (9.14)

Figure 9.6 Relationship between voltage and current in a capacitor (c.f.
Figure 9.2).
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and

e00 ¼G/(o � e0 � A/D) (9.15)

Where e0 is the permittivity of free space (8.86 �10ÿ12 F mÿ1) and A/D
(in m), is the ratio of electrode area (A) to plate separation or sample
thickness, D for a parallel plate capacitor. More generally, A/D is a
geometric factor that is found by determining the properties of the
measuring cell in the absence of a sample. e0 and e00 are dimensionless
quantities.
The ratio e00/e0 is the amount of energy dissipated per cycle divided

by the amount of energy stored per cycle and is known as the di-
electric loss tangent or dissipation factor (tan d).

9.2 Instrumentation

9.2.1 Thermomechanical Analysis

A schematic diagram of a typical instrument is shown in Figure 9.7.
The sample is placed in a temperature-controlled environment with a
thermocouple or other temperature-sensing device, such as a plat-
inum resistance thermometer, placed in close proximity. The facility
to circulate a cryogenic coolant such as cold nitrogen gas from a
Dewar vessel of liquid nitrogen is useful for sub-ambient measure-
ments. The atmosphere around the sample is usually controlled by
purging the oven with dry air or nitrogen. Because of the much larger
thermal mass of the sample and oven compared with a differential
scanning calorimeter or a thermobalance, the heating and cooling
rates employed are usually much slower for TMA. A rate of 5 1C minÿ1

is usually the maximum recommended value for good temperature
equilibration across the specimen. Even this rate can be a problem for
some samples where appreciable temperature gradients can exist
between the middle and ends of the sample particularly around the
test fixtures—which can represent a significant heat sink.
For compression measurements (as illustrated), a flat-ended probe

is rested on the top surface of the sample and a static force is applied
by means of an electromagnetic motor similar in principle to the coil
of a loudspeaker. Some form of proximity sensor measures the
movement of the probe. This is usually achieved by using a linear
variable differential transformer (LVDT), which consists of two coils
of wire that form an electrical transformer when fed by an AC current.
The core of the transformer is attached to the probe assembly and the
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coupling between the windings of the transformer is dependent upon
the displacement of the probe. Other transducers, such as capaci-
tance sensors (which depend on the proximity of two plates—one
fixed the other moving) or optical encoders, are used in certain
instruments.
Most commercial instruments are supplied with a variety of probes

for different applications (Figure 9.8). A probe with a flat contact area
is commonly used for thermal expansion measurements where it is
important to distribute the applied load over a wide area. Probes with
sharp points or round-ended probes are employed for penetration
measurements so as to determine the sample’s softening tempera-
ture.1 Films and fibres, which are not self-supporting, can be meas-
ured in extension by clamping their free ends between two grips and
applying sufficient tension to the specimen to prevent the sample
buckling. Volumetric expansion can be determined using a piston
and cylinder arrangement with the sample surrounded by an inert

Figure 9.7 Schematic diagram of a thermomechanical analyser.
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packing material such as alumina powder or silicone oil. Other
geometries include a three point bending arrangement, which can be
used to determine a material’s heat distortion temperature.2

The equipment must be calibrated before use. Instrument manu-
facturers, as well as various standardisation agencies, usually provide
recommended procedures. Temperature calibration can be carried
out by preparing a sample comprising a number of metal melting
point standards, such as those used for differential scanning calor-
imetry, sandwiched between steel or ceramic discs. As the tempera-
ture of the furnace is raised, each metal melts and flows resulting in a
step-wise change in height of the stack.3 Force calibration of a ther-
momechanical analyser is often performed by balancing the force
generated by the electromagnetic motor against a certified weight
added to the drive train.4 Length calibration can be more difficult to
carry out. A common check on the performance of the instrument is
to measure the thermal expansion of a material whose values are
accurately known (such as aluminium or copper).5,6

9.2.2 Dynamic Mechanical Analysis

The distinction between a thermomechanical analyser and a dynamic
mechanical analyser is blurred nowadays since many instruments can

Figure 9.8 TMA probe types (left–right): compression, penetration, ten-
sion, volumetric.
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perform TMA-type experiments. The configuration of a DMA is es-
sentially the same as the TMA shown in Figure 9.5 with the addition
of extra electronics to apply an oscillating load and the ability to
resolve the resulting specimen deformation into in-phase and out-of-
phase components so as to determine E0, E00 and tan d. The facility for
sub-ambient operation is more common on a DMA than a TMA.
The same recommendations about modest rates of temperature
change are even more important for the larger samples used in DMA.
Stepwise-isothermal measurements are often carried out for multiple
frequency operation. In this experiment, the oven temperature is
changed in small increments and the sample is allowed to reach
thermal equilibrium before the measurements are made. The
frequency range over which the mechanical stress can be applied
commonly covers 0.01 to 100Hz. The lower limit is determined by the
amount of time that it takes to cover enough cycles to attain rea-
sonable resolution of tan d (100 s for one measurement at 0.01 Hz—
though normally, some form of data averaging is applied meaning
that a measurement at this frequency can take a minute or more). The
upper limit is usually determined by the mechanical properties of the
drive system and clamps.
Different clamping geometries are used to accommodate particular

specimens (Figure 9.9). Single or dual cantilever bending modes are
the most common for materials that can be formed into bars. Shear
measurements are used for soft, thick samples. Films and fibres are
usually mounted in tension with loading arranged so that the sample
is always in tension.
Linear displacement DMAs are considered here. Rotational in-

struments producing torsional deformation can perform dynamic
shear measurements on bar and plate samples and generate data
similar to linear DMAs. Such instruments are called oscillatory or
dynamic rheometers and are most commonly used in the study of
melts and liquids. Rheometers have one plate or bar clamp fixed
while the other rotates back and forth so as to subject the sample to a
shearing motion. All of the normal dynamic parameters are calcu-
lated, shear storage modulus (G0) and shear loss modulus (G00) and
tan d from the ratio G00/G0. Other geometries such as concentric cy-
linders or cone and plate are often used to optimize the instrument’s
measurement range according to the viscosity of the sample.
The method of calibration of DMAs varies from instrument to

instrument and it is essential to follow the manufacturer’s recom-
mendations. Temperature calibration can sometimes be done as for
TMAs since many instruments can operate in this mode. Load or force
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calibration is often carried out using weights. It is difficult to achieve
the same degree of accuracy and precision in modulus measurements
from a DMA as might be obtained by using an extensometer without
taking great care to eliminate clamping effects and the influence of
instrument compliance (which can be estimated by measuring the
stiffness of a steel beam). Extensometers are much bigger instru-
ments and the size of test specimens is correspondingly larger.
Additionally, they often only operate at room temperature. For many
applications, the user is, however, mainly interested in the tempera-
tures at which changes in mechanical properties occur and the
relative value of a material’s properties over a broad range of
temperatures.

9.2.3 Dielectric Techniques

A schematic diagram of a typical instrument is shown in Figure 9.10.
The sample is presented as a thin film, typically no more than 1 or
2mm thick, between two parallel plates so as to form a simple

Figure 9.9 Common clamping geometries for dynamic mechanical analy-
sis (c.f. Figure 9.1).
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electrical capacitor. A grounded electrode surrounding one plate,
known as a guard ring, is sometimes incorporated so as to improve
performance by minimising stray electric fields. A thermocouple or
platinum resistance thermometer is placed in contact with one of the
plates (sometimes one on each plate) so as to measure the specimen’s
temperature. For specialised applications, such as remote sensing of
large components, an interdigitated electrode is used, shown inset
into Figure 9.10. These employ a pair of interlocking comb-like elec-
trodes and often incorporate a temperature sensor (resistance ther-
mometer). These can be embedded in structures such as a
thermosetting polymer composite and the dielectric properties of the
material monitored while it is cured in an autoclave.
A usual part of the calibration protocol for DETA is to measure the

dielectric properties of the empty dielectric cell so as to take into
account stray capacitances arising from the leads, which must be of
coaxial construction. Temperature calibration can be done by
measuring the melting transition of a crystalline low molecular
weight organic crystal such as benzoic acid placed between the
electrodes.

9.3 Typical Experiments

This section discusses the most common types of experiments per-
formed using TMA, DMA, TSC and DETA by way of introduction to
some of the more advanced applications described later.

Figure 9.10 Schematic diagram of a dielectric thermal analysis instrument
(inset shows single-surface interdigitated electrode).
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9.3.1 Thermomechanical Analysis

Thermomechanical measurements can be carried out on a wide range
of solid samples. The most usual mode of measurement is either in
compression (for self-supporting samples) or tension (for thin films
and fibres). Some materials exhibit anisotropic behaviour (particu-
larly films or crystals) in that changes in dimensions will differ de-
pending upon which axis the measurements are performed.

9.3.1.1 Thermal Expansion Measurements and Softening
Temperatures

A plot of the change in length of a sample of polytetrafluoroethylene
(PTFE) is shown in Figure 9.11. The sample was heated at 5 1C minÿ1

under a static air atmosphere with a negligible load on the flat-ended
probe. As the temperature increases, the specimen expands until the
melting point of the polymer is reached around 326 1C. This is ac-
companied by a small amount of shrinkage. The glass–rubber tran-
sition of PTFE is not observed clearly on this plot because the
amorphous content is very small, but closer inspection of the curve
shows that there is a very small change in the slope of the plot around

Figure 9.11 Plot of change in length for a sample of polytetrafluoroethyl-
ene under a flat-ended probe of 0.92mm diameter with an
applied load of 1 N. Heating rate 5 1C minÿ1 under nitrogen.
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160 1C due to this process. At this temperature, the polymer chains
acquire additional degrees of mobility, which is seen as an increase in
thermal expansion coefficient.
Measurements of thermal expansion coefficients are useful in as-

sessing the compatibility of different materials for fabrication into
components. Mismatches in behaviour can cause stresses to build up
when temperature changes occur, resulting in eventual weakening
and failure of the structure. Many crystalline materials can exist in a
number of polymorphic forms, which are stable at different tem-
peratures. The transition between crystal structures is usually ac-
companied by a change in density and thermal expansion coefficient,
which can be detected by TMA.
Supporting information from differential scanning calorimetry is

often useful in interpreting information from TMA, particularly when
softening point determinations are made, since loss of mechanical
integrity can occur due to melting, which gives an endothermic peak
in DSC or a glass–rubber transition, which causes a step change in
heat capacity.

9.3.1.2 Force Ramp Experiments

Some TMAs are able to change the force on the sample during
measurement so as generate force-displacement curves in a manner
similar to a conventional extensometer with the additional advantage
of good control of specimen temperature. As the stress on the spe-
cimen is increased, the material may creep under the applied load.
When the force is removed, the sample may attempt to recover its
original dimensions (stress relaxation). The stiffness of the material
can be deduced from the relationship between the applied force and
any change in dimensions that result. Such tests are useful is as-
sessing the resilience of materials such as rubber gaskets, O-rings and
the like. An example of this is shown in Figure 9.12 for a series of
flexible sealing materials which were immersed in a mixed acid bath
to simulate exposure to process chemicals. The tests were carried out
at 50 1C, so the experiment does not really fall under the term
‘‘thermal analysis’’, but illustrates the use of a thermomechanical
analyser to generate stiffness data relevant to an accelerated ageing
study. In this example, it can be seen that the silicone material quickly
degrades but, although the fluoropolymer material exhibits an initial
loss in stiffness, it does not get any worse; whereas the performance of
the diene polymer gradually decreases to a point where it becomes
less resilient than the fluoropolymer.
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9.3.2 Dynamic Mechanical Analysis

Dynamic mechanical analysis is routinely used to investigate the
morphology of polymers, composites and other materials. The tech-
nique can be particularly sensitive to low energy transitions that are
not readily observed by differential scanning calorimetry. Many of
these processes are time-dependent and by using a range of mech-
anical deformation frequencies, the kinetic nature of these processes
can be investigated.

9.3.2.1 Single Frequency Temperature Scans

The most common DMA experiment is simply to measure the storage
modulus (E0) and mechanical damping factor (tan d) against tem-
perature at a single oscillation frequency. Figure 9.13 shows these
properties for a stick of chewing gum, heated from ÿ50 1C to þ50 1C
at a heating rate of 2 1C minÿ1 and a mechanical oscillation frequency
of 1Hz. The stiffness of the material decreases by over four orders of
magnitude over this temperature range and it exhibits a broad
damping peak centred roughly about 30 1C. This mechanical

Figure 9.12 Stiffness of flexible seals during accelerated ageing in mixed
acids.
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behaviour does not come about by accident: in order to be an ap-
pealing substance to masticate, the gum should have a leathery tex-
ture, exactly as observed within the glass transition region of most
polymers. This is no coincidence as chewing gum is formulated to be
most ‘‘chewy’’ at body temperature and the shape of the tan d curve
arises from different components (such as styrene–butadiene rubber,
isobutylene/isoprene copolymer and petroleum wax) within the gum.
This simple DMA thermal scan yields the necessary mechanical
properties relevant to the application and the technique has been
widely used for the characterisation of many other foods.7–9

9.3.2.2 Relaxation Processes

An example of another thermal scan can be seen in Figure 9.14. This
shows a poly(ethylene terephthalate) (PET) sample tested from
ÿ150 1C to its melting point. The sample was tested as a single
cantilever at two applied frequencies of 1 and 10Hz. For DMA and
DETA work, the glass transition is often called the alpha (a) transition
and all lower temperature transitions are given corresponding Greek
symbols beta (b), gamma (g) etc. The first feature to note is the fre-
quency dependence of the a transition (the glass transition) and b

peaks. This confirms that they are relaxation processes. The b

Figure 9.13 DMA curve of chewing gum at 1Hz (single cantilever bending).
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transition in the polymer is due to the motion of short lengths of the
polymer backbone rather than the large-scale increase in mobility
that accompanies the glass–rubber transition. It should be noted that
b transitions are frequently due to side chain motion. Under such
circumstances, the effect is smaller than that observed here, since this
process has its origin in the main backbone. It is very difficult to
measure this type of behaviour by DSC, but the size and position of
these transitions are often very important for a polymer’s impact
properties since they provide a means of dissipating mechanical en-
ergy as heat.10

The peak at B90 1C is the glass transition or a process. Again, this
is frequency dependent. Peaks at higher temperatures are due to
crystallisation and finally the melting is observed which is in-
dependent of frequency, confirming the first-order nature of the
melting process.

9.3.2.3 Defining the Glass Transition Temperature

Unlike the melting point, which is a first-order process, the glass
transition process is second-order. This means that there is no in-
stantaneous change in enthalpy or volume as the material is heated

Figure 9.14 Relaxation processes in PET at 1 and 10Hz (single cantilever
bending).
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through Tg unlike that associated with a first-order transition such
as melting. In a TMA experiment, for example, there is only a change
in the rate of expansion. In a DSC experiment, the glass transition
temperature is found to be heating rate dependent and similarly, in a
DMA experiment, it is dependent upon the frequency of the applied
load, lower frequencies yielding lower Tg’s (see Figure 9.14). A further
complication is that many of the DMA parameters can be used as a
measure of Tg. Figure 9.15 shows a filled thermoset material and all of
the values listed in Table 9.2 can be legitimately quoted for Tg.
Most commonly, the E00 or tan d peak values are quoted. ISO 6721

Part 11 for the determination of Tg of composites states that the

Figure 9.15 Tg definitions for the glass–rubber transition.

Table 9.2 Tg values measured in a single cantilever bending at 1Hz.

Parameter Feature Value (1C)

E0 Linear onset 116
E0 Logarithmic onset 128
E0 Inflection point of step 132
E00 Peak 133
Tan d Peak 144
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inflexion point in E0 (as measured by its derivative) should be quoted
as Tg, but other values may be given as well. It is also important to
note the geometry used and the frequency of the applied load. For a
typical amorphous Tg around 100 1C, the peak positions for Tg shift
approximately 7 1C per decade of frequency. See Section 9.4.2.1 for
further comments on the use of E00 or tan d peak values in the de-
termination of Tg.

9.3.2.4 Step-wise Isothermal Frequency Scans

For a more comprehensive examination of mechanical deform-
ational mechanisms, it is preferable to carry out frequency scans at a
series of isothermal temperatures. In a single experiment, it is
possible to cover four or more decades of frequency. This allows a
highly detailed exploration of relaxation processes in the material
under study. It can also be argued that the sample temperature is
more precisely defined, as the frequency range is scanned after
thermal equilibrium has been achieved. Figure 9.16 show plots of
storage modulus, E 0 and tan d against frequency for an elastomeric
material. Each curve represents a frequency scan made at the indi-
cated isothermal temperature.

Figure 9.16 E
0 and tan d vs. frequency for an elastomer at different

temperatures.
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9.3.2.5 Time-temperature Superposition

As discussed earlier, the observed temperature at which the glass–
rubber transition occurs depends upon the timescale over which one
investigates molecular mobility (this applies to all methods of deter-
mining this parameter). To a first approximation, the process can be
treated as a simple thermally activated effect and the relationship
between the temperature of maximum mechanical damping (Tpeak)
and the timescale (or frequency, f ) of the applied forcing variable (in
this case mechanical deformation) can be analysed using a simple
Arrhenius expression:

ln( f )¼ ln(A)ÿ Ea/(R Tpeak) (9.16)

where Ea is the apparent activation energy for the process and R is the
gas constant.
A more rigorous approach recognises that the glass–rubber tran-

sition is a co-operative effect and does not conform to the simple
model described. A commonmethod for treating such a response is to
superimpose data collected at different temperatures and frequencies
onto one smooth curve. With reference to Figure 9.16, it can be seen
that if a curve at one temperature is chosen as a reference point then
data from other temperatures can be shifted in frequency to produce
a smooth continuous change in properties spanning a wide frequency
range. Ideally, both the moduli and damping factor data should
produce good overlays (Figure 9.17). The relationship between the
frequency shift (a) at a specific temperature (T) and the reference
temperature (Tref) is usually expressed in terms of the Williams–
Landel–Ferry (WLF) equation:11

log[aT]¼C1(TÿTref)/(C2þTÿTref) (9.17)

where C1 and C2 are constants.
Time-temperature superposition is a means of extending the fre-

quency range of dynamic mechanical data and has applications for
the evaluation of materials for acoustic damping properties. Note the
shift is only strictly valid above Tg. This is due to the physical ageing of
glasses that occurs below Tg.
Time-temperature superposition should only be used on single

glass transition relaxation processes. Where there is an overlapping b

process, for example, this must be mathematically removed from the
experimental data before data analysis is performed. If there is doubt
over whether a single relaxation exists, a Wicket plot can be
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Figure 9.17 ‘‘Master curve’’ of E0 and tan d for data from Figure 9.16 re-
duced to ÿ30 1C (inset shows fitting parameters for eqn
(9.17)).

Figure 9.18 Wicket plot for data in Figure 9.16.
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constructed. The data shown in Figure 9.16 have been used to gen-
erate a Wicket plot (Figure 9.18), which exhibits a clean single ‘‘hoop’’
shape. This confirms the presence of a single relaxation. When more
than one relaxation is present, then the curve is significantly dis-
torted. A theoretical Wicket plot is shown in Figure 9.19. The values
on the storage modulus axis (E0) are shown as the equilibrium rubbery
modulus value (usually 106–107 Pa) and then moving to the right, the
unrelaxed a/relaxed b modulus may be observed followed by the un-
relaxed b. The storage modulus values above 109 Pa are typical for a
glassy material. This clearly demonstrates why overlapping relax-
ations cannot be treated by a WLF analysis. More elaborate models
exist to describe the glass transition process, but they typically only
have greater precision when the measured frequency range covers six
decades or more.12,13

9.3.3 Dielectric Techniques

Measurements of electrical properties are particularly sensitive
probes of the mobility of ions and dipoles within a specimen. Even
non-polar materials such as polyethylene often contain polar
impurities, which give sufficient response for the behaviour of
the specimen to be analysed by these methods. The experiments

Figure 9.19 Theoretical Wicket plot.
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described next illustrate the specialised niche occupied by TSDC
and DETA for obtaining insights into molecular mobility and
energetics.

9.3.3.1 Thermally Stimulated Current Measurements

Polypropylene glycol (PPG) is a common ingredient in pharmaceutical
formulations and the molecular dynamics of the molecule are of
interest for drug delivery applications. The knowledge of the glass
transition (Tg) behaviour is essential to predict the shelf life of frozen
products since it is likely that the material will change over time and
the stability of any active ingredient in this matrix cannot be guar-
anteed. Although DSC can be used to study the glass transition via the
change in heat capacity that accompanies devitrification, this effect
can often be rather small (particularly for materials with low
amorphous content) and there may not be enough sensitivity to detect
the glass transition without ambiguity. A feature of the thermally
stimulated current technique is that the current flow is directly pro-
portional to the strength of the electric field. Thus it is possible to
‘‘magnify’’ weak transitions by increasing the polarisation voltage.
Figure 9.20 shows the results of a series of experiments where

Figure 9.20 Global TSDC curve for polypropylene glycol polarised under
different applied electric field strengths.
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polypropylene glycol was cooled from ÿ50 1C to ÿ90 1C under the
influence of an increasing applied field. Once the sample had been
polarised, the electric field switched off and the depolarization current
measured, it was warmed back up in the absence of any external field.
The peaks observed indicate the Tg of the polypropylene glycol. These
discharge curves are known as ‘‘global’’ depolarization curves—the
more advanced technique of carrying out the polarisation step over a
narrow temperature window in order to examine the time and tem-
perature dependence of the discharge process will be examined later.

9.3.3.2 Dielectric Thermal Analysis

Thin films lend themselves to analysis by dielectric techniques and
can often be tested with minimal sample preparation. Paints and
other coatings can also be examined in this way, particularly if they
are laid down on a metallic substrate that can then be used as one of
the electrodes. Figure 9.21 shows plots of e0 and e00 obtained at various
frequencies for a sample of PET film. The glass–rubber transition of
the polymer can be observed as a step increase in e0 and a peak in e00

around 150 1C which shifts to higher temperatures as the measure-
ment frequency increases.

Figure 9.21 Dielectric analysis of PET film at different electrical field
frequencies shown. Heating rate: 2 1C minÿ1.
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This is considerably higher than the Tg observed by DSC (typically
around 70–80 1C) owing to the shorter timescale over which the
dielectric technique probes molecular mobility. Also seen is the b

transition of the polymer around 30 1C which is due to local move-
ment of dipoles associated with the ester linkages. This also increases
in temperature with increasing electric field frequency. In an analo-
gous way to dynamic mechanical data, the dielectric results can
be overlaid onto one smooth curve by using the principles of time-
temperature superposition. Figure 9.22 shows such a curve using a
reference temperature of 100 1C. Under these conditions, the dielec-
tric properties of the material can be extrapolated into the radio and
microwave frequency domain.
The shift factors used to generate such a master curve are plotted in

Figure 9.23 against the reciprocal of the absolute temperature. This
illustrates that the lower temperature b transition of PET obeys
Arrhenius behaviour, with an apparent Ea of 650 kJ molÿ1 whereas the
glass–rubber (a) transition shows a WLF type dependence by its de-
viation from linearity, although a nominal Ea of 2500 kJ molÿ1 can be
assigned to this process. Studies of this type of behaviour can be used
to distinguish between different types of relaxation phenomena in
materials.

Figure 9.22 ‘‘Master curve’’ of data from Figure 9.21 with a reference
temperature of 100 1C.

Thermomechanical, Dynamic Mechanical and Dielectric Methods 191



9.4 Applications

The following examples are used to demonstrate the broad range of
applications of thermomechanical and thermoelectrical measurements.

9.4.1 Thermomechanical Analysis

Thermomechanical measurements are routinely used to investigate
dimensional stability and this is particularly important in structures
that will be exposed to a wide variation in temperature as part of their
operational conditions. An example of this is shown in Figure 9.24 for
an electrical power transformer. The device is encapsulated in a
highly filled epoxy resin and specimens had exhibited cracking during
use. Specimens of the epoxy were obtained by carefully sectioning the
transformer and subjected to thermomechanical analysis. A heat/cool
temperature programme was used whereby the specimen’s change in
length was monitored while it was cycled between ambient tem-
perature and 125 1C at a rate of 5 1C minÿ1 (Figure 9.25). The heating
curve shows an ‘‘S’’-shaped change in dimensions that can be at-
tributed to the epoxy going through its glass–rubber transition

Figure 9.23 Plot of shift factors used to generate the master curve shown
in Figure 9.22. The approximate ‘‘activation energies’’ for the a
and b processes are indicated.
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Figure 9.24 Diagram showing geometry of resin-encapsulated power
transformer and location of samples taken for thermomecha-
nical measurements.

Figure 9.25 Typical TMA curve of sample showing heating and cooling
response of epoxy resin.
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accompanied by some volumetric relaxation. The cooling curve shows
the reverse process of vitrification with a residual difference in length
on returning to the starting temperature. The Tg can be assigned for
the cooling curve by extrapolating the linear sections of the length vs.
temperature plot to their intersection around 100 1C.23 The Tg on
heating is less easy to define due to the relaxation effects. Neverthe-
less, by testing several samples taken across the section through the
device, a map of residual stresses can be built up (Figure 9.26) and
used to predict the location and likelihood of any mechanical failure.

9.4.2 Dynamic Mechanical Analysis

9.4.2.1 The Glass Transition of Reinforced or Filled Materials

With reference to Figure 9.15 and Table 9.2, it can be seen how a
number of parameters can be used to define a value for Tg. These
parameters may change unequally for different specimens of no-
tionally the same material. Fibre reinforced composites are an ex-
cellent example of this phenomenon. Figure 9.27 shows the DMA
curves of a composite and a sample of the base resin without fibre
reinforcement and cured to the same degree. The tan d peak is seen to
decrease by around 7 1C for the composite sample and there is a lower

Figure 9.26 Graph showing shrinkage of epoxy resin samples derived from
TMA curves as a function of distance from the inner bore of
the transformer shown in Figure 9.25.
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peak magnitude, which is due to the fibre reinforcement. If the
logarithmic onset of the change in E0 is measured, this decreases by
approximately 10 1C compared with the neat resin sample. These are
consequences of geometry and do not reflect a different Tg in real
terms. The contribution to E00 arises predominantly from the resin
component, whereas E0 will be increased significantly by the fibre
content. Tan d is calculated from the ratio E00/E0 and is smaller for the
composite. As a mathematical consequence, its peak position shifts to
a lower temperature as well. The shape of the E00 curve is little affected
by the fibre reinforcement, as would be expected, since this has a
predominantly elastic effect. Its magnitude is slightly higher, due to
the higher overall stiffness of the composite sample, but within ex-
perimental error, the peak position is unchanged. This illustrates how
carefully dynamic mechanical parameters should be specified, since
one value shown here (tan d) may condemn a sample as inferior and
another (E00) would suggest it was within specification.

9.4.2.2 Glass Transition Measurement in Miscibility Studies

Polymer–polymer miscibility has great importance in many com-
mercial systems and the glass transition is an excellent means to
study this behaviour. When a material made from two or more
components forms a continuous solid solution, it typically exhibits

Figure 9.27 DMA curves of composite and neat resin.
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only one Tg.
14 If there is limited or no miscibility, then the original

glass transition processes are observed. A broadening of the glass
transition may be seen in one or more components where there is
limited miscibility. Miscible behaviour is seen in Figure 9.28, which
shows the DMA curves for polystyrene (PS), poly(2,6-dimethyl-1,4-
phenylene ether) (commonly called ‘‘poly(phenylene oxide)’’ or PPO)
and a commercial material Norylt, which consists of a 50 : 50 blend of
PS and PPO. These polymers are unusual in that they form a con-
tinuous solid solution across the entire composition range. Therefore,
when the Tg of the blend is measured, it lies between that of the
components, confirming the existence of a continuous solid solution.
The value of Tg can be used to estimate the composition. The high
sensitivity of DMA to the glass transition process makes this techni-
que invaluable in the study of miscibility, especially for systems with a
great excess of one component over the other where the Tg of the
minority component would be difficult to detect by DSC.

9.4.2.3 DMA Measurements Under Controlled Relative Humidity

Many commercial instruments now offer accessories to provide con-
trolled temperature and relative humidity environments. Figure 9.29
shows an example of two scanning humidity experiments on

Figure 9.28 DMA curves of PS, PPO and Norylt (a 50 : 50 blend of the two
polymers).
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nylon-6,6 film. One experiment was performed at 25 1C and the other
at the slightly higher temperature of 30 1C. The plots show storage
and loss moduli for these two temperatures as a function of relative
humidity. The relative humidity was increased at 0.5% RH minÿ1 to
ensure equilibrium in the film sample. The moduli can be seen to be
decreasing as a function of increasing relative humidity and the loss
modulus exhibits a peak consistent with a glass–rubber transition.
The values of storage and loss modulus are lower at 30 1C than 25 1C,
as would be expected, and the amount of water needed to reduce the
Tg to 30 1C is less than that required at 25 1C.
The use of such environmental testing is extremely useful for many

applicationswherematerials experience the effects ofmoisture, e.g. paint
films,15 adhesives,16 wound dressings17 and polyelectrolyte membrane
films (such as Nafions as used in fuel cells18). There is considerable
interest in studying the response of artists’ materials to moisture for
conservation purposes19–21 and the DMA technique is not limited to the
testing of samples in humidatmospheres: other vapours may be em-
ployed, or the samples may be completely immersed in a liquid.22

9.4.2.4 Isothermal Cure of Thermosetting Composite

DMA is regularly used to study the chemical reactions that lead to
cross-linking of thermosetting resins, such as those used in the

Figure 9.29 DMA data showing the effect of relative humidity on nylon 66
at indicated temperatures showing E

0 and E
00
.
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manufacture of composites. At high degrees of network formation, the
rubbery cross-linked gel will vitrify into hard glassy material and the
storage modulus will increase by several orders of magnitude. Plotting
gel point and vitrification point against temperature and time leads to
a time-temperature-transformation (or Gillham–Enns) diagram, which
can be used to map out the curing of thermosetting polymers.24

Figure 9.30 shows an overlay of the DMA and DSC curves of a car-
bon fibre/epoxy resin composite as it cures isothermally at 120 1C. It
can be seen that the peak in heat flow (corresponding to the max-
imum rate of reaction) coincides with the steepest change in stiffness
but that the modulus of the sample continues to increase after 60
minutes even though the heat flow has subsided. DMA is more sen-
sitive to the final stages of network formation during thermoset cure
and is often used as a complementary technique to DSC.

9.4.3 Dielectric Techniques

9.4.3.1 Thermally Stimulated Depolarisation Current
Analysis (TSDCA)

The global polarisation curves of polypropylene glycol are shown in
Figure 9.20. In Figure 9.31, the thermal windowing technique has
been employed to try to isolate individual relaxation processes that

Figure 9.30 DMA and DSC curves of uncured pre-preg at 120 1C.
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are occurring. This results in a family of peaks arising from the dis-
crete temperature ranges over which the sample was polarised. By
analysing the thermal windowing peaks, it is possible to derive a
series of distribution of relaxation times or ‘‘Buchi’’ lines (Figure 9.32)
for each peak, which yields the Ea for the relaxation process in the
polarisation window. These lines often appear to converge on a
unique point—the so-called ‘‘compensation effect’’. However, the
physical significance of the compensation point is surrounded by
much controversy and is beyond the scope of this chapter.

9.4.3.2 Dielectric Thermal Analysis

Dielectric thermal analysis involves monitoring the viscosity of a
system via its ability to store or transport electrical charge. Changes in
the degree of alignment of dipoles and the ion mobility provide in-
formation pertaining to physical transitions in the material and to
material properties such as viscosity, rigidity, reaction rate and cure
state. By use of remote dielectric sensors, the measurements can be
made in actual processing environments such as presses, autoclaves,
and ovens. Dielectric measurements readily lend themselves to being
carried out simultaneously with dynamic mechanical analysis when
experiments are performed in compression or torsion. The sample is

Figure 9.31 Thermal windowing experiment on polypropylene glycol.
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usually mounted between parallel plates, which are used to apply the
mechanical stress—electrical connections can be established to these
and used to make a dielectric measuring cell.25

9.4.3.2.1 Water Mobility in Porous Polymers

Water is a ubiquitous substance, present in the environment and a
compound that has an important effect on the mechanical and di-
electric properties of many materials depending on the way that it is
dispersed. The effect of humidity on the mechanical properties of
materials has been discussed in Section 9.4.2.3. The water molecule
has a particularly high dipole moment and thus is highly amenable to
probing by dielectric techniques. Figure 9.33 shows a three-dimen-
sional surface produced by plotting the dielectric loss tangent (tan d)
as a function of frequency and temperature for a porous polymer
containing water. Two types of water can be identified: that contained
within pores (which melt at ÿ10 1C due to their small size), and more
tightly bound water (which becomes mobile at lower temperatures)
associated with polar groups on the polymer chain.26

9.4.3.2.2 Cavity Perturbation Methods

The dielectric properties of materials at radio and microwave fre-
quencies are important in a number of applications ranging from the

Figure 9.32 Compensation plot derived by analysing the relaxation curves
in Figure 9.31.
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preparation of convenience foods to radar avoidance ‘‘stealth’’ tech-
nology. Whilst it is possible to extrapolate low frequency dielectric
data into this region by means of temperature-time superposition, as
was discussed in Section 9.3.3.2, it is preferable to measure the re-
quired properties directly using transmission line or cavity perturb-
ation techniques. Such measurements involve measuring the
frequency and power response of a tuned cylindrical cavity with and
without the sample in place to derive the relative permittivity and
dielectric loss factor. Furthermore, high power radio and microwave
energy cannot only be used as a probe of dielectric response but also
as a means of heating the specimen.27 Such an approach can be used
to investigate anomalous behaviour when materials are exposed to
microwaves.28

9.5 Sample Controlled and Modulated
Temperature Techniques

With the exception of the thermal windowing technique applied to
TDSCA, we have so far only considered temperature profiles that are

Figure 9.33 Three-dimensional surface plot of the dielectric loss tangent
of a polymer film containing water in pores within its structure.
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relatively simple in structure—either a linear rise and/or fall in tem-
perature or a series of isothermal steps. In this section, we will briefly
consider the benefits of more sophisticated strategies for the alter-
ation of specimen temperature.

9.5.1 Rate Controlled Sintering of Ceramics

The compaction and sintering of high temperature refractory ma-
terials may be studied by thermomechanical analysis. In many cases,
it is desirable that the ceramic changes in dimensions in a uniform
manner. In order to achieve this, the rate of heating can be controlled
by the rate of change of dimensions of the specimen. This can be
done by heating the sample at a fixed heating rate and then stopping
heating when the rate of change of length exceeds a certain limit. The
process is allowed to continue isothermally until the rate falls below
the limit and then heating is recommenced.29 An alternative ap-
proach is illustrated in Figure 9.34 whereby a sample of a precursor
for alumina is heated at a fixed rate of temperature rise (10 1C minÿ1)
until the rate of shrinkage reaches a pre-set value (ÿ0.02mm minÿ1),
thereafter the rate of temperature change is controlled so as to
maintain this constant rate of shrinkage. The length change and

Figure 9.34 Rate-controlled sintering of alumina (solid line¼ constant rate
of change of length, broken line¼ constant heating rate).
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temperature profiles of a constant heating rate experiment are shown
alongside those from the rate-controlled sintering experiment under
the same conditions. It can be seen that although the constant
heating rate experiment is quicker to perform, the rate-controlled
experiment results in a smaller overall change in dimensions and
finer crystal structure.30 In a manner analogous to multiple linear
heating rate kinetic methods used for thermogravimetry, kinetic
models of sintering can be developed to permit simulations to be
developed, these predictions can then be employed to develop heating
regimes for furnaces used to fire ceramics.31

A similar technique has been described for DMA whereby the
temperature program was controlled by constraining the rate of
change of mechanical properties (e.g. storage modulus) to within
certain limits. This approach was shown to be effective in resolving
the multiple glass transitions of a polymer blend.32

9.5.2 Modulated Temperature Programs

In the same way that applying a temperature modulation to DSC can
be used to separate thermally reversing thermal events (such as the
glass transition) from thermally non-reversing ones (e.g. crystal-
lisation and curing), the same principles can be applied to TMA. This
approach enables one to separate reversible dimensional changes due
to thermal expansion from irreversible effects such as creep or stress
relaxation.33–35

Figure 9.35 shows such a modulated temperature TMA experiment.
The specimen comprises the filled epoxy resin material that was
discussed in Section 9.4.1. Instead of a linear heat–cool temperature
cycle, the specimen is exposed to a sinusoidal rising temperature
programme with an amplitude of 3 1C and period of 300 s super-
imposed on an underlying heating rate of 0.3 1C minÿ1. The total rate
of change in length is obtained by averaging the signals to remove the
effect of the temperature modulation and differentiating the change
in length with respect to temperature. The sharp peak is due to the
volumetric relaxation of stresses within the material also seen in the
heating part of the conventional experiment shown in Figure 9.25.
A much cleaner change in the specimen’s properties can be elucidated
by dividing the amplitude of the length change by the amplitude of
the temperature modulation. This gives the reversing rate of change
of length also shown in Figure 9.35 (c.f. cooling curve in Figure 9.25)
and allows the glass transition to be clearly defined by the step change
in this parameter analogous to modulated temperature DSC.36
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Modulated temperature DMA has been developed as a means of
investigating the reversible melting of polymers.37,38 A sinusoidal
heating program has also been employed in TSC to separate reversible
pyroelectric currents from non-reversible thermally stimulated dis-
charge of heated dielectric materials.39

9.6 Localised Thermomechanical and Dynamic
Mechanical Measurements

One of the drawbacks of all of the thermomechanical and dynamic
mechanical techniques discussed is that they require relatively large
specimens for testing. Furthermore, the results of such measure-
ments cannot distinguish between a small change in the bulk prop-
erties of the material and a large change in the behaviour of a minor
component in the specimen under examination. In order to overcome
this drawback, a family of techniques, loosely termed ‘‘micro-thermal
analysis’’, has been developed, which combines several forms of
thermal and chemical characterisation with an imaging technique
based upon high resolution profilometry to afford a means of ana-
lytical microscopy with high spatial resolution.40

Figure 9.35 Modulated temperature TMA of epoxy resin sample taken as
indicated in Figure 9.24 (inset shows raw temperature and
length vs. time data).
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The basis of micro-thermal analysis is an atomic force microscope
(AFM), as illustrated in Figure 9.36. Piezo-electric elements are used to
move a sharp tip on the end of a cantilever across the surface of the
specimen while an optical lever formed by a laser spot reflected from
the back of the cantilever provides a force-feedback loop so that the
tip follows the topography of the sample’s surface without causing
any damage. The spatial resolution of the image is limited to the tip
radius and, with care, can approach the atomic level.
Further refinements to the imaging technique can monitor the

lateral twisting of the cantilever whilst it is rastered over the sample.
This gives an indication of the frictional interaction between the tip
and the surface.41 Intermittent contact modes can be used to produce
images based upon the force needed to lift the tip away from the
surface of the sample. The pair of images shown in Figure 9.37 il-
lustrate the changes in contrast brought about by scanning a sample
of a polystyrene/poly(methyl methacrylate) blend on a heated stage at
50 1C and 110 1C. There is a dramatic increase in tip–sample adhesion
for the dispersed polystyrene phase above its glass transition tem-
perature (100 1C) whereas the poly(methyl methacrylate) matrix ex-
hibits no such effect.42

Rather than heat the whole specimen, it is possible to employ a
special probe whereby the tip can be heated. Three such designs are
shown in Figure 9.38 (with the tip uppermost) so as to illustrate the
working principle of each configuration. At the base of each cantilever

Figure 9.36 A schematic representation of an atomic force microscope.
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is a semi-circular carrier used to attach it to the scanner. The probe
shown in Figure 9.38a is fashioned from Wollaston process wire,
which consists of a 75 mm diameter silver wire surrounding a 5 mm
diameter core of platinum/10% rhodium alloy. The wire is bent to
form a sharp loop and secured into shape with a bead of epoxy resin.
The silver layer is then etched away at the apex to reveal the platinum
filament that forms the major electrical resistance element (approxi-
mately 2 O) in the assembly and acts as a temperature sensor and
heater. A reflective mirror is glued on the wires to serve as a target for
the laser.43 The probe shown in Figure 9.38b employs a thin resist-
ance element deposited across the apex of a silicon nitride pyramid,
similar to a conventional atomic force microscope cantilever,44

whereas the probe shown in Figure 9.38c combines elements from
the first and second embodiments so that a small pyramid of material
is heated by current passing down each arm of the cantilever.45

All three probes can be operated in two modes: (a) as a passive
thermo-sensing element (by measuring its temperature using a small

Figure 9.38 Schematic diagrams of resistive scanning thermal microscopy
probes: (a) Wollaston wire type (b) micro-machined coated Si
cantilever and (c) doped silicon probe.

Figure 9.37 Pulsed force mode (pull-off force) images of a polystyrene/
poly(methyl methacrylate) blend at 50 1C (left) and 110 1C
(right).
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excitation current)46 or (b) as an active heat flux meter. In the latter
case, a larger current (sufficient to raise the temperature of the probe
above that of the surface) is passed through the heater. The power
required to maintain a constant temperature gradient between the tip
and sample is monitored by means of an electrical bridge circuit. In
essence, this is equivalent to a power compensation calorimeter and
allows an image to be constructed based upon the thermal conduct-
ivity of the sample’s surface.
Figure 9.39 shows the thermal conductivity contrast image of a

blend of two polymers—poly(vinyl acetate) and poly(vinyl butyral).
There is a clear discrimination between the matrix and the dispersed
phase. The results of a measurement on the bulk material by
modulated-temperature DSC are shown in Figure 9.40. The derivative
of the reversing heat capacity (dCp/dT) shows a peak with a shoulder
arising from the closely spaced glass–rubber transitions of the two
polymers. The data can be fitted to two Gaussian peaks (as shown)
in order to quantify the amount of each polymer present and
investigate any interfacial effects.47 Thus both microscopy and

Figure 9.39 Thermal conductivity contrast image of a blend of poly(vinyl
acetate) and poly(vinyl butyral). The dark areas represent
regions of low thermal conductivity.
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calorimetry confirm the existence of two components but there
remains some ambiguity over the identity of the matrix and
dispersed phase.
By combining the accurate positioning of the piezoelectric scanner,

the force feedback loop of the optical lever and the ability to heat the
tip of the probe, it is possible to perform localised thermomechanical
analysis of selected areas of a sample. Four such measurements on
the sample shown in Figure 9.39 are shown in Figure 9.41. These
confirm that the matrix is poly(vinyl acetate) and the dispersed phase
is poly(vinyl butyral), from the softening temperatures recorded by the
probe displacement.
Heating rates of the order of 10–100 1C sÿ1 or higher can be used

because of the low thermal mass of the probe and small volume of
sample that is heated (o500 mm3). Furthermore, it is possible to carry
out evolved gas analysis of any volatiles released during heating48 or
exploit the ability of the probe to respond to temperature changes by
irradiating the surface with infrared light in order to record infrared

Figure 9.40 First derivative of heat capacity with respect to tempera-
ture for the two-component polymer blend shown in
Figure 9.39 (solid line—raw data, dashed lines—fitted data
to individual components). The inset shows the con-
ventional DSC curve.
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spectra at an ultra-high spatial resolution.49 Micro-thermal analysis
has the ability to map thermal properties in two or even three di-
mensions,50 with numerous applications to many areas of materials
characterisation, and the reader is encouraged to refer to more spe-
cialist publications for further details.

9.7 Summary

The description of thermomechanical and thermoelectrical meas-
urements in a concise chapter such as this is an ambitious exercise.
We have attempted to introduce a wide range of methods and ap-
plications with the intention of illustrating the diversity of this field
whilst emphasising the connections between the inter-related
techniques. With the exception of TMA (often belittled due to its
simplicity), these methods are often promoted as some of the more
‘‘advanced’’ thermal analysis techniques. It is hoped that the
preceding pages will dispel such preconceptions.

Figure 9.41 Localised thermomechanical analysis of regions of the sample
shown in Figure 9.39. Open symbols represent measurements
on the matrix and filled symbols represent those on the dis-
persed phase.
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