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Polymer samples have to be conditioned for several days in an atmosphere of defined 
relative humidity to obtain a uniform moisture content. The dependence of the glass tran-
sition temperature and the mechanical modulus on the moisture content of the sample is 
measured using dynamic mechanical analysis (DMA) in the shear mode. It was shown 
that no significant desorption of water occurs during a measurement and that measure-
ment results are not affected by this.
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Dear Customer,
We are delighted to inform you that METTLER TOLEDO has been awarded the coveted 2006 “R&D 100 
Award” for the DSC823e Differential Scanning Calorimeter with the new HSS7 MultiSTARe high sensitivity 
DSC sensor in the category of Thermal Analyzers. The DSC823e calorimeter was introduced in 2005 and has 
been a major success. The “R&D 100 Award” is awarded annually to the developers of new products that rep-
resent the greatest improvement in technology of that year. There are 16 categories awarded each year and 
this is the 44th year of the awards presentation.
According to the R&D Magazine, “winning an R&D 100 Award provides a mark of excellence known to in-
dustry, government and academia as proof that the product is one of the most innovative ideas of the year.”
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Introduction
Water behaves as a plasticizer for many 
amorphous and semicrystalline plastics. 
Technically relevant mechanical mate-
rial parameters such as the elastic modu-
lus and the glass transition temperature 
vary quite significantly depending on 
the moisture content (water content) 
of a material. Examples of plastics that 
spontaneously absorb moisture (water) 
from their surroundings are hygroscopic 
epoxy resins, polyurethanes, ABS poly-
mers, polycarbonates and all polyamide 
derivatives.
This article describes measurements of 
Polyamide 6 (Nylon 6) and shows

how dynamic mechanical analysis 
can be used to determine the depend-
ence of the elastic modulus and the 
glass transition temperature on the 
absorbed moisture content,
how the equilibrium (maximum) 
moisture content and the moisture 
uptake rate can be determined at dif-
ferent relative humidity levels and 
temperatures, and
what conclusions can be drawn for 
correct sample conditioning in a hu-
mid environment.

Sample material: Polyamide 6
Polyamide 6 samples (GoodFellow),  
1 mm thick, 3 mm long and 3 mm wide, 
were used for all the DMA, TGA and sorp-
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tion experiments. This sample geometry 
corresponds to that typically employed for 
these techniques. The samples were dried 
under vacuum (0.1 mbar) at 60 °C for  
24 hours in order to obtain defined start-
ing material. The loss of mass of samples 
through drying was determined by TGA 
and was found to be less than 0.1% up to 
240 °C (melting range endset: 230 °C). 
The dry samples were sealed airtight and 
stored at 25 °C until use.

Sample conditioning in desic-
cators
Samples were conditioned in desiccators 
at different relative humidity levels in 
order to obtain samples of different well-
defined moisture content. The relative 
humidity (RH) in the individual desicca-
tors was established using supersaturated 
solutions of sodium chloride (75% RH), 
sodium bromide (58% RH), potassium 
carbonate (43% RH), potassium acetate 
(22% RH) and pure water (100% RH).

The relative humidity in each desicca-
tor was monitored using a Hygropalm 2 
humidity instrument from Rotronic AG, 
Switzerland. The measurement accuracy 
was better than ±2% RH over the course 
of the experiments (about 200 hours). 
The desiccators at 100% RH were kept at 
room temperature (25 °C) and in warm-
ing cabinets at 40 °C and 65 °C. The 
samples were placed on metal gauze in 
the desiccators to ensure that the entire 
surface area of the samples was exposed 
to the surrounding atmosphere.

The moisture (water) content, ww, as a 
function of conditioning time is shown 
in Figure 1 for the different RH condi-
tions. Here ww is defined as:

where mw is the mass of absorbed wa-
ter and mp the dry mass of the polymer. 
mw was determined by measuring the 
change in mass change due to condition-
ing. Any surface water was removed from 
the samples with absorbent paper before 
they were weighed. The time needed for 
removing the sample from the desiccator, 
cooling, drying, weighing and returning 
the sample to the desiccator was less than 
two minutes for each sample.

At room temperature, the time for Polya-
mide 6 to reach the equilibrium (maxi-
mum) moisture content was more than 
100 hours, independent of the relative 
humidity used. At 100% RH, the time to 
reach equilibrium could be reduced to  
20 or 5 hours by increasing the condi-
tioning temperature to 40 °C or 65 °C 
respectively.

Consequences of sorption be-
havior

Samples must be conditioned in a de-
fined atmosphere for about 200 hours  
to obtain samples with the maximum 
moisture content at a given RH and 
temperature, independent of the rela-
tive humidity. Even with much thin-
ner samples or at much higher con-
ditioning temperatures, over 5 hours 
are needed.
If samples are conditioned in the 
measuring instrument to measure 
changes in material properties, suf-
ficient time must be allowed for the 
sample to reach equilibrium with 
the surroundings at each stage of the 
experiment.
If the complex kinetic process of mois-
ture absorption is not complete, the 
moisture is not uniformly distributed 
within the sample. This means that 
the properties measured are those of 
inhomogeneous samples. 

Conditioning to maximum 
moisture content
The samples used for the following meas-
urements were all conditioned for 200 
hours at the appropriate relative humidi-
ty in the various desiccators. The samples 
were then stored in hermetically sealed 
aluminum crucibles until they were 
needed for experiments.
The sorption behavior of various samples 
is summarized in Figure 2. This diagram 
shows the maximum moisture content, 
ww, max, of samples plotted as a func-
tion of relative humidity (RH).
The diagram shows that the sample ma-
terial absorbs only a small amount of 
moisture (ww ≤ 1%) in the range 0% to 
50% RH. From 50% RH onward, ww, max 
increases significantly with increasing 
RH. For example at 50% RH, ww, max is 
about 1%. The glass transition tempera-
ture Tg is then about 27 °C (see Fig. 4). 
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Figure 1.  
Moisture absorp-
tion by Polyamide 6 
showing the mois-
ture content, ww, as 
a function of time 
for different relative 
humidity levels and 
temperatures.

Figure 2.  
Sorption isotherm 
for Polyamide 6: The 
maximum moisture 
content, ww, max, 
plotted as a function 
of relative humidity 
RH (here shown for 
room temperature).
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This value of Tg corresponds to the con-
ditioning temperature (25 °C). From this 
it can be concluded that the maximum 
moisture content increases significantly 
when the surrounding temperature cor-
responds to the glass transition tempera-
ture. This can be explained by assuming 
that the increased free volume after the 
glass transition increases the moisture 
absorption of Polyamide 6.
w w, max however shows only a slight 
temperature dependence. At 100% RH,  
ww, max decreases by 1% between 25 °C 
and 65 °C (see Fig. 1).

Glass transitions of conditioned 
Polyamide 6 samples by DMA
The glass transitions of samples with 
moisture contents, ww, ranging from  
0 to 10.3% were measured in the DMA/
SDTA861e in the shear mode at 1 Hz us-
ing a heating rate of 3 K/min (see Fig. 3). 

The glass transition temperatures were 
evaluated using the peak maximum of 
the loss modulus (G″), the peak maxi-
mum of the loss factor (tan d) and the 
technically oriented determination ac-
cording to DIN 65583 (the so-called 2% 
method) [1]. The values determined with 
the three methods for samples with mois-
ture contents between 0% and 10.3% are 
summarized in Figure 4. 
The shape of the glass transition temper-
ature curve plotted as a function of the 
moisture content is practically independ-
ent of the evaluation method. The abso-
lute values, however, differ systematically 
from one another according to definition. 
In the following discussion, the peak 
maximum of the loss modulus curve, G″, 
is used to evaluate glass transition tem-
peratures. Even small amounts of water 
(ww = 1.0%) cause the glass transition 
to shift from the original value of 62 °C 
in the dry state to about 30 °C. The glass 
transition temperature is around −25 °C 
for samples with the maximum moisture 
content. The greatest change in the glass 
transition temperature is observed from 
the dry state up to a moisture content of 
ww = 3%. From ww = 6% onward, there 
is hardly any further change in the glass 
transition temperature.
In summary, it can be concluded that 
dry Polyamide 6 absorbs only a small 
amount of moisture (ww ≅ 1.0%) up to 

a relative humidity of about 50% (Fig. 2), 
but that this small amount causes a large 
decease in the glass transition tempera-
ture (about 30 K, Fig. 4).

Desorption measured by TGA
The question arises of course as to wheth- 
er desorption of moisture (water) during 
the measurement could influence the 
measurement results and in particular 
the value of the glass transition tem- 
perature, Tg. Loss of water below the 
melting point of water (0 °C) is difficult 
to imagine, so that an influence on the 
glass transition temperature is expected 
only when Tg (G″) is above 0 °C. Accord-
ing to Figure 4, this is the case at mois-
ture contents of 0 to 4%. To determine 
how much water is lost on heating at  
3 K/min, a series of samples was meas-
ured with the TGA/SDTA851e (Fig. 5).

Since the influence of water loss on Tg  
is greatest for small water contents,  
samples with a moisture content of  
ww = 1.0% (Fig. 5) were used for these 
measurements. At 3 K/min, a 10% reduc-
tion in moisture content was measured 
up until the end of the experiment at 
60 °C. This corresponds to a mass loss 
of 0.1% relative to the total sample mass. 
This small amount represents the worst 

Figure 5. 
Loss of water from 
a Polyamide 6 
sample with  
ww = 1.0% meas-
ured at 3 K/min 
using the  
TGA/SDTA851e.

Figure 4.  
Glass transition 
temperatures of 
Polyamide 6 with 
moisture contents, 
ww, between 0 and 
10.3% measured 
by DMA in shear 
mode.

Figure 3.  
DMA measure- 
ments in the  
shear mode: Polya-
mide 6 samples 
with moisture con-
tents, ww, between 
0 and 10.3%.
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possible case because in the TGA the en-
tire surface of the sample is free for de-
sorption to occur. In the DMA, however, 
the shear sample holder reduces the free 
sample surface area quite significantly so 
that a smaller water loss is to be expect-
ed. The shear sample holder effectively 
reduces desorption from the sample. This 
was confirmed in a further TGA experi-
ment in which the surface area of a TGA 
sample was reduced to that of the free 
area of a sample in a DMA shear holder. 
Up to 60 °C, the mass loss corresponds 
to 7% of the moisture content or 0.07% 
relative to the sample mass. In Figure 5, 
this measurement curve is referred to as  
“3 K/min shear clamp simulation”).

Desorption during the DMA 
measurement in shear and 
bending
According to the previous section, the 
loss of water from the sample during a 
measurement is so small that no influ-
ence on the glass transition temperature 
is to be expected, or the error involved is 
within the measurement accuracy of the 
glass transition. This was confirmed by 
performing DMA measurements in shear 

and bending (see Fig. 6). As long as the 
end temperature was below 70 °C, two 
successive measurements of the same 
sample showed no significant difference 
in the glass transition temperature. DMA 
measurements in shear mode have the 
advantage that the sample surface in 
contact with the surroundings is greatly 
reduced. But even 3-point bending meas-
urements performed on samples (30 mm 
long, 10 mm wide, 1 mm thick) with a 
larger surface to volume ratio showed no 
significant differences in the glass tran-
sition temperature between two succes-
sive measurements of the same sample 
with ww = 1.0%. 
This means that DMA samples do not 
have to be protected against loss of water 
during the measurement. Defined rela-
tive humidity as is sometimes used in the 
measuring cell during a measurement is 
obviously of no use here.

Silicone O-ring as water vapor 
barrier and immersion bath
Materials that react more sensitively to 
loss of water than Polyamide 6 or exhibit 
other desorption kinetics might possibly 
have to be protected against loss of water 

during the measurement. In the shear 
mode, this was done by simply placing 
a silicone O-ring around the sample (see 
Fig. 7).

Experiments proved that the O-ring pro-
tects the sample against loss of water and 
at the same time does not introduce any 
measurement errors:

TGA measurements showed that the 
O-ring prevented desorption of water 
from the sample up to a temperature 
of 80 °C and that it can be used as a 
vapor barrier during measurements.
No differences were observed in the 
glass transition temperatures when 
Polyamide 6 samples of different 
moisture content, ww, were measured 
by DMA with and without silicone  
O-rings.
The silicone rubber used for these 
experiments has a modulus of less 
than 10 MPa in the temperature range 
from −40 °C to +80 °C. If required, 
the absolute modulus values (G′ and 
G″) of the sample can be obtained by 
subtracting the modulus value of the 
O-ring (using the geometry factor of 
the sample) from the modulus value 
of the sample measured with the  
O-ring (blank curve correction).

To follow changes in the elastic modu-
lus as a function of time (isothermally), 
the silicone O-ring can also be used with 
the shear sample holder as an immersion 
bath for water or solvents. The advantag-
es compared with traditional immersion 
baths are easy handling, external sam-
ple preparation, negligible thermal mass 
and accurate measurement of the sample 
temperature.

Elastic modulus and water 
content
Besides the glass transition temperature, 
the DMA measurements also allow the 
elastic modulus, G′, to be determined at 
different temperatures as a function of 
moisture content. This is shown in Fig-
ure 8 for temperatures of 0 °C, 25 °C and 
40 °C.
Depending on the temperature consid-
ered, the elastic modulus decreases with 
increasing moisture content by a factor 
of three to four. The main reason for 
this decrease is that the glass transition 
temperature decreases with increasing 
moisture content. For 0 °C and 25 °C, 
however, the elastic modulus increases by 
20% and 5% respectively between 0% and 
1.5% moisture content. This stiffening of 
the material at low moisture contents is 
due to the fact that the modulus value in 
the glassy state increases linearly with 
increasing moisture content (see Fig. 9). 
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Figure 7.  
The shear sample 
holder with silicone 
O-ring as vapor 
barrier. TGA and 
DMA measurements 
showed that the O-
ring was not needed 
for the DMA shear 
measurements of 
Polyamide 6.

Figure 6.  
Comparison of 
the glass transi-
tion temperatures 
of Polyamide 6 
measured by DMA 
(tan d maximum). 
The figure shows 
consecutive first and 
second heating runs 
measured at a heat-
ing rate of 3 K/min 
in shear and 3-point 
bending for samples 
with ww = 1.0%.
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In the rubbery state after the glass tran-
sition, G′ is in contrast practically inde-
pendent of the moisture content. G′ was 
determined at a temperature, Tp, with  
a defined difference of 60 K above the 
glass transition temperature, Tg (meas-
ured as the G″ peak maximum) i.e. such 
that Tp = Tg + 60 K.

Summary
Depending on the relative humidity, 
dry Polyamide 6 can absorb up to 10% 
by mass of moisture from its surround-
ings. This influences the glass transition 
temperature and elastic modulus of the 
material. The resulting effects were stud-
ied by first conditioning samples at dif-
ferent relative humidity levels (between 0 
and 100%). This was done in desiccators 
containing different supersaturated salt-
water systems. The maximum or equi-
librium moisture absorption of a sample 
depends mainly on the relative humidity 
of the surroundings and to a lesser extent 
on temperature. Moisture absorption up 
to the maximum moisture content takes 
about 200 hours, independent of the par-
ticular relative humidity concerned. To 
exclude the possibility of measuring the 
properties of inhomogeneous samples, 
sufficient time must be allowed for the 
sample to attain its maximum moisture 
content before or during the measure-
ment.

Dynamic mechanical analysis, DMA, of 
samples that had been conditioned to 
maximum moisture content shows that 
a moisture content of 1.0% lowers the 
glass transition temperature from 60 °C  
to 30 °C. The glass transition tempera-
ture of Polyamide 6 with the maximum 
possible moisture content (condition-
ing at 100% RH) is −25 °C. The elastic 
modulus of a sample with the maximum 
moisture content is about four times less 
than that of a sample in the dry state. In 
the glassy state, the material stiffens lin-
early with increasing moisture content 
and finally has a value twice that of the 
dry material. The modulus value after 
the glass transition is practically inde-
pendent of moisture content.

Furthermore, TGA/SDTA851e and DMA/
SDTA861e experiments showed that the 
loss of water from the sample during a 
measurement is so small that the meas-
ured values are not affected. Consecu-
tive measurements of the same sample 
showed that the glass transition tempera-
ture did not change.

In conclusion, one can say that 
Samples must be conditioned at a 
defined relative humidity sufficiently 
long for the sample to attain a homo-
geneous distribution of moisture in 
the sample.
In a DMA measurement, there is no 
need to protect the sample against loss 
of moisture. There is therefore no ad-
vantage in performing measurements 
under conditions of defined relative 
humidity in the measuring cell as is 
sometimes recommended.

Relative humidity
The relative humidity (RH) is the ra-
tio, p/p0, of the water vapor pressure, 
p, (partial pressure) in a sample of 
moist air to the saturation water vapor 
pressure (p0) at the same temperature 
expressed as a percentage. For exam-
ple, at a relative humidity of 50%, air 
contains only half of the maximum 
amount of water vapor it could hold at 
that particular temperature. At 100% 
relative humidity, air holds as much 
water as it possibly can, i.e. it is fully 
saturated with water vapor (Fig. 10). If 
100% saturation is exceeded, the excess 
moisture precipitates as condensation. 
The amount of water vapor needed 
to attain saturation increases with 
increasing temperature because the 
saturation water vapor pressure, p0, of 
air increases exponentially with tem-
perature. For example, at normal pres-
sure, a cubic meter of air at 10 °C can 
hold 9.41 g water. At 30 °C this value is 
already 30.38 g water. Since the maxi-
mum amount of water that air can 
take up changes with temperature, it is 
essential to state the temperature when 
quoting values of relative humidity.

•

•
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Figure 8.  
Elastic modulus, 
G’, of Polyamide 6 
at 0 °C, 25 °C and 
40 °C for samples 
of different moisture 
content, ww.

Figure 10.  
Maximum concen-
tration of water in 
air at 100% RH for 
different tempera-
tures.

Figure 9.  
Elastic modulus, 
G’, of Polyamide 6 
before and after the 
glass transition for 
samples of different 
moisture content, 
ww.
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We are delighted to announce the availability of the new Thermosets Collected Applications booklet. This completes our very suc-
cessful Collected Applications series. There is now a comprehensive collection of applications for practically every field of interest 
together with additional information for special areas.
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Thermosets booklet 

Applications 
booklet

Language / Order number Contents

New:  
Thermosets  
(300 pages)

English: 51 725 069  
(Volumes 1 and 2) 

Volume 1: 51 725 067  
Volume 2: 51 725 068

Thermosets comes in two volumes. It provides an insight into the thermal 
analysis (TA) of thermosetting materials and describes the results obtained 
from more than 90 practical examples.  
Volume 1 first presents a brief description of the various TA techniques 
used to analyze thermosetting materials. This is followed by an introduc-
tion to the chemistry and applications of thermosetting resins. The main 
part of Volume 1 discusses the properties and effects that can be investi-
gated using, DSC, TGA, TMA and DMA.  
Volume 2 concentrates on practical examples and discusses the results 
obtained from more than 10 different types of resin including epoxies, pol-
yesters, formaldehyde resins and polyurethanes. The applications describe 
the different properties that can be investigated, checked and measured 
during the lifecycle of a thermoset.

Thermo- 
plastics  
(150 pages)

English: 51 725 002 Thermoplastics discusses the thermal behavior of more than 20 thermo-
plastics with the aid of some 59 application examples. Besides very many 
DSC, TGA and TMA experiments, 8 DMA examples are included in the 
latest edition. The effects investigated are: melting, crystallization, glass 
transition, softening, drying, thermal decomposition, oxidation stability, 
and expansion and contraction behavior. Practical questions such as 
thermogravimetric compositional analysis or how to avoid mistakes in the 
identification of materials are also dealt with. Dynamic mechanical analy-
sis (DMA) is used to investigate the viscoelastic behavior of solids. Practi-
cal issues such as thermogravimetric content determination and how to 
avoid mistakes in the identification of materials are some of the important 
topics dealt with in the booklet.

Elastomers  
(275 pages)

English: 51 725 061 
(Volumes 1 and 2) 

Volume 1: 51 725 057  
Volume 2: 51 725 058

Elastomers comes in two volumes. It provides an insight into the thermal 
analysis (TA) of elastomers and describes the results obtained from over 
50 practical examples using DSC, TGA, TMA, and DMA, as well as com-
bined techniques for gas analysis (TGA-MS and TGA-FTIR).  
Volume 1 first presents a brief description of the various TA techniques 
used to analyze elastomers and is followed by an introduction to the 
chemistry and applications of elastomeric materials. The main part deals 
with the basic principles of thermal effects and their evaluation. Besides 
compositional analysis using TGA, the measurement of vulcanization and 
crystallization processes and the glass transition are also covered. Infor-
mation on the optimization of measurement and evaluation techniques is 
also included.  
Volume 2 describes a large number of practical examples of elastomer 
analysis beginning with relatively simple examples through to analyses of 
complex systems and illustrates the different properties that can be investi-
gated, checked and measured.

Pharmaceu-
ticals  
(100 pages)

English: 51 725 006 Pharmaceuticals describes the application possibilities of thermal analy-
sis in the pharmaceutical industry with the aid of 47 carefully selected 
examples. Melting behavior, polymorphism, purity, moisture as well as  
the stability of active and inactive ingredients are analyzed using DSC, 
TGA, EGA and TOA. The influence of measurement conditions and instru-
ment calibration is also discussed.

Food  
(50 pages)

English: 51 725 004 Food demonstrates the application of thermal analysis to proteins, carbo-
hydrates, fats and oils using some 53 DSC curves, 2 TGA curves and one 
TMA curve.  
The most important effects investigated are the: denaturation of proteins, 
swelling of starch in water, melting of sugar, thermal decomposition of 
sugar and starch, and the melting and crystallization of fats, oils and 
chocolate.
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METTLER TOLEDO has prepared a new series of posters covering the main TA techniques and areas of application. The posters are 
extremely useful for explaining the details of techniques and applications to visitors in your laboratory. The posters are available 
in A1 format (841 mm x 594 mm).

Evolved Gas 
Analysis  
(65 pages)

English: 51 725 056 Evolved Gas Analysis describes the combination of thermogravimetry (TGA)  
with gas analysis. The first part covers the basic principles of mass spec-
trometry (MS) and Fourier transform infrared spectroscopy (FTIR) as well 
as the interpretation of results and spectra. The practical part discusses 
17 application examples using TGA-MS and TGA-FTIR techniques. Organic 
and inorganic samples as well as polymer systems are investigated. Be-
sides the conventional TGA-MS and TGA-FTIR experiments, an example of 
an application performed with a TMA-MS combination is also described.

Tutorial Kit  
(25 pages)

Booklet  
German: 51 709 919  
English: 51 709 920  
French: 51 709 921 

Booklet with test  
substances:  
German: 51 140 877  
English: 51 140 878  
French: 51 140 879

The Tutorial Kit booklet together with the corresponding test substances is 
excellent for self-study in thermal analysis.  
The power of thermal analysis is clearly demonstrated with 22 well-chosen 
examples.

Posters

Poster type Title Number Example

TA techniques DSC 51 725 032

TGA/SDTA 51 725 035

TMA/SDTA 51 725 038

DMA/SDTA 51 724 319

Conference posters Temperature Modulated DSC 51 725 045

TGA-EGA 51 724 261

Applications posters Pharmaceuticals 51 725 046

Thermoplastics 51 725 047

Elastomers 51 724 320

Chemicals 51 724 461
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Differential Scanning Calorimetry

A section through a DSC measuring cell:

1 Heat shield

2 Automatic furnace lid

3 Crucible on DSC sensor

4 Silver furnace

5 Flat heater between two insulating disks

6 Thermal resistance for cooler

7 Cooling flange

8 Cold finger

9 Compression spring construction

10 Dry gas inlet

11 Purge gas inlet

12 DSC raw signal for amplifier

13 Pt100 temperature sensor of furnace

14 Pt100 temperature sensor of cooling 
flange

1

2

3

4

5

6

10         11          12                    13          14

7       8

9

A typical DSC curve of a semicrystalline 
polymer:

1 initial deflection proportional to the 
sample’s heat capacity

2 cp change with no other thermal effect 
(baseline)

3 glass transition of amorphous fraction

4 cold crystallization

5 melting of the crystalline fraction

6 oxidative degradation in air

Features and Benefits
High sensitivity – for weak transitions

Outstanding resolution – separation of close-lying effects

Automation – high sample throughput and efficiency

Small and large sample volumes – for small samples and inhomogeneous materials

Wide temperature range – from –150 °C to 700 °C in one measurement

Differential Scanning Calorimetry (DSC) allows you to determine the 
energy absorbed or released by a sample as it is heated or cooled.

Heat flow in mW

Temperature

exothermic

endothermic

1
2

3

4

5

6
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The resulting curve, known as a chemigram, is a very use-
ful way to compare the results of the spectroscopic analysis 
with the TGA mass loss curve. This is illustrated in Figure 3.

Fig. 3. Thermal degradation of PVC measured by TGA-FTIR. The TGA curve 
and the chemigram show two clearly defined steps. A FTIR spectrum mea-
sured at the first maximum corresponds to HCl. The spectrum measured at 
the second maximum is, however, very different and is identified as benzene 
formed through the cyclization of (-CH=CH-)n.

Applications
Hyphenated TGA-MS or TGA-FTIR analysis is an invaluable 
aid in research and development, and is also a very useful 
tool for quality control and the investigation of material fail-
ure or damage. Typical applications are:
• detection and identification of compounds (Fig. 4)
• characterization of raw materials and final products

(Fig. 5 and 6)
• chemical reactions (catalysis, synthesis, polymerization)
• thermal degradation processes (oxidation, pyrolysis)

(Fig. 7)
• degassing and adsorption behavior

Conclusions
Combining a thermobalance with a mass spectrometer or 
an FTIR spectrometer opens up many important new appli-
cation possibilities for thermogravimetric analysis. Qualita-
tive information on the substances evolved can be obtained 
in addition to the quantitative results from the mass loss 
steps. The online combination of thermogravimetric and 
spectrometric measurements provides comprehensive de-
tails on the processes that occur.

Features Benefits

TGA-MS • High sensitivity

• High resolution 
(timescale)

• Extremely low concen-
trations of evolved gases 
can still be identified (e.g. 
impurities in pharmaceuti-
cal substances

• Overlapping mass losses 
can be qualitatively inter-
preted

TGA-FTIR • High chemical 
specificity

• High resolution 
(timescale)

• Direct identification of 
compounds and functional 
groups

• Overlapping mass losses 
can be qualitatively inter-
preted

Table 1. Features and benefits of TGA-MS and TGA-FTIR 

TGA with Evolved Gas Analysis
Introduction 
In thermogravimetric analysis (TGA) the mass of a sample 
is recorded as a function of temperature or time under de-
fined atmospheric conditions. Quantitative compositional 
analysis can be performed and the reaction kinetics inves-
tigated. Qualitative information on the gaseous products 
evolved is obtained by coupling the thermobalance online 
with a mass spectrometer (MS) or a Fourier transform infra-
red spectrometer (FTIR).

Fig. 1.  The coupling of TGA and gas analysis

The data from the gas analyzer is then compared with the 
TGA mass loss curve. The DTG (derivative mass loss) and 
SDTA (single DTA) curves are also often displayed to aid 
interpretation. SDTA monitors temperature differences due to 
enthalpy changes.

The combination of a thermobalance with 
a mass spectrometer, TGA-MS
The TGA/SDTA is coupled to the MS via a heated quartz 
glass capillary tube. One end of the glass capillary is posi-
tioned close to the sample in the thermobalance. Part of the 
evolved gases is sucked into the capillary by the vacuum in 
the MS. The MS repeatedly measures either the entire mass 
spectrum or, as shown in Figure 2, monitors the intensity 
of characteristic fragment ions (m/z, the mass to charge 
ratio). The decomposition of calcium oxalate monohydrate 
is shown as an example.

Fig. 2. The decomposition of CaC2O4 · H2O was investigated by monitoring 
the m/z values 18, 28 and 44. The first step in the TGA curve corresponds 
to the elimination of water of crystallization, the second step to the release 
of carbon monoxide from the anhydrous calcium oxalate, and the third step 
to the liberation of CO2 from the calcium carbonate formed in the second 
reaction step. The m/z 44 curve also shows that a small amount of CO2 is 
formed in the second step. This effect is due to the disproportionation reac-
tion of CO to CO2 and carbon. 

The combination of a thermobalance with 
an FTIR spectrometer, TGA-FTIR
The TGA/SDTA is coupled to the FTIR spectrometer via a 
glass-coated transfer line. This transports the volatile prod-
ucts evolved during the decomposition of the sample to a 
gas cell installed in the FTIR spectrometer. Both the transfer 
line and the gas cell are heated to prevent condensation of 
the decomposition products.
The FTIR spectrometer measures the spectra of the gases in 
the gas cell rapidly at frequent intervals. Afterward, a spec-
tral range characteristic for a particular functional group can 
be selected and the infrared absorption bands in this range 
integrated and displayed as a function of time.

Fig. 4. Methanol and acetone were used to recrystallize a pharmaceutical 
substance. Residues of both solvents can be clearly detected by TGA-MS. 
The high temperature observed for the elimination of the relatively large 
amount of acetone indicates that acetone is more firmly bound in the sub-
stance, possibly as a solvate.

Fig. 5. The TGA curve shows three mass loss steps. The first is due to the 
evaporation of moisture. The combustion of the coal takes place in the two 
steps that follow. The MS data shows that appreciably more water is evolved 
in the first of these two steps. Besides carbon, a greater proportion of hydro-
gen and hydrogen-containing compounds (e.g. CH4) is burned. In addition, 
the formation of SO2 (m/z 64) proves that sulfur-containing substances are 
present in the coal.

Fig. 6. ETFE is used as cable insulation material. An important point is 
whether hydrogen fluoride is formed when the material undergoes thermal 
degradation. The TGA-FTIR data of a sample of ETFE shows that volatile ad-
ditives are evolved from about 200 °C onward. Degradation begins at about 
440 °C. The FTIR spectra prove that hydrogen fluoride is formed above about 
450 °C.

Fig. 7. (NH4)6Mo7 O24 · 4H2O decomposes in three steps with the elimina-
tion of 6 molecules of NH3 and 7 molecules of H2O. Except in the last mass 
loss step, it can be seen that water and ammonia are formed simultaneously 
but not in a fixed ratio to each other. This indicates that the decomposition is 
non-stoichiometric.

Literature

A more detailed description of the 
use of evolved gas analysis is giv-
en in the Collected Applications
booklet Evolved Gas Analysis
available from METTLER TOLEDO 
(ME-51725056).
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Thermal Analysis of Chemicals

Oxidation Induction Time, of oils
An important test in the petrochemical industry is the de-
termination of the oxidation stability of oils. It allows the 
behavior of oils to be predicted under actual operating con-
ditions, e.g. in motor vehicle engines. The test is usually 
performed according to an appropriate standard, e.g. ASTM 
D6186. A sample is held at 180 °C under increased oxygen 
pressure until oxidation begins. The onset of the exothermic 
oxidation (intersection of the baseline with the inflectional 
tangent) is called the oxidation induction time, OIT.
The curves show OIT measurements on samples of two dif-
ferent motor oils: a mineral oil and a synthetic oil. The min-
eral oil oxidizes after about 35 minutes (shown by the onset 
of the exothermic peak). The synthetic oil is stable at the 
same temperature during the 120-minute period prescribed 
by the standard. The inserted diagram on the right displays 
the measurement curve of the synthetic oil. The synthetic oil  
takes much longer to oxidize than the mineral oil, namely 
about 237 minutes.

Mechanical behavior of polysiloxanes
Polysiloxanes have been used for decades mainly in in-
dustry for the production of refrigerants, lubricants, silicone 
sealants, etc. The mechanical properties of these substanc-
es are vitally important for their manufacture, storage, pro-
cessing and application. Many of these properties can be 
measured by dynamic mechanical analysis (DMA).
A sample of a polysiloxane was prepared in the shear sam-
ple holder for liquids. It was then installed in the DMA, which 
had been cooled to –150 °C. On heating, the shock-cooled 
material exhibits a glass transition at –115 °C, crystallizes 
at –100 °C and melts at –40 °C. 
Above this temperature it is liquid (G”>G’). At 120 °C, the 
phase angle almost reaches the limit of /2 radians typical 
for a Newtonian fluid. The storage modulus changes by 7.5 
decades.

Sorption behavior of organic molecules
The behavior of substances with regard to drying, moisture 
uptake, and moisture content is a topic of major importance 
because moisture can very often have adverse effects on 
the properties of materials. A TGA sorption analyzer system 
was used to investigate the influence of the relative humidity 
(RH) on pure (> 98%) N-amidino-3,5-diamino-6-chloro-
pyrazine-carboxamide hydrochloride dihydrate. After drying 
the RH was stepwise increased and then decreased again 
while holding the sample isothermally at 25 °C. The original 
mass of the sample is reached at about 50% RH.

Introduction
Thermal Analysis (TA) is the name given to a group of techniques used to measure the 
physical or chemical properties of a sample as it is heated, cooled or held at a constant 
(isothermal) temperature.
Differential Scanning Calorimetry (DSC) measures the amount of energy (heat) absorbed or 
released by a sample. Thermal effects such as melting, solid-solid transitions or chemical 
reactions can be studied. The appearance of the sample can be observed under the micro-
scope using thermal-optical analysis (TOA).
Thermogravimetric Analysis (TGA) measures the change in mass of a sample in a defined at-
mosphere. Processes such as evaporation or decomposition can be investigated. Evolved gas-
es are analyzed on line (EGA) using hyphenated techniques such as TGA-MS and TGA-FTIR.
Thermomechanical Analysis (TMA) measures the dimensional change of a sample under a 
defined load. Depending on the applied load, softening, creep or expansion is observed.
Dynamic Mechanical Analysis (DMA) allows viscoelastic behavior to be studied over a wide 
frequency range. The technique provides information on mechanical moduli, compliances 
and damping behavior.
The various TA techniques are widely used in research and development as well as in rou-
tine analysis for quality control purposes.

Safety investigations of explosives
To ensure safety in chemical plants, a detailed understand-
ing of the thermal behavior of potentially hazardous and 
explosive materials like 2-nitrophenol is essential.
As part of a safety investigation samples of this substance 
were measured at four different heating rates. The advanced 
model free kinetics software calculates the activation energy 
as a function of the reaction conversion. Advanced model 
free  kinetics allows the course of the reaction to be pre-
dicted.

Purity of fine chemicals
The purity of substances is a topic of major importance in 
the production of fine chemicals. Purity can be determined 
by evaluating the peak shape of the DSC melting curve. The 
method is based on the van’t Hoff law of melting point de-
pression of eutectic systems. Purity levels between 90 and 
100 mol% can be determined rapidly and with good accu-
racy. The example below shows the purity determination of 
ethyl-4-hydroxybenzoate (EHB) contaminated with benzoic 
acid.

Phase transition of liquid crystals
Liquid crystals undergo reversible phase changes when a 
voltage is applied at a particular temperature, or as a re-
sult of a temperature change. It is therefore very important 
to characterize the thermal properties of such compounds. 
The DSC curve shows the phase behavior of cholesteryl 
myristate, which on heating exhibits three liquid-liquid tran-
sitions. If the substance is observed under polarized light, 
the solvent-crystallized form appears as translucent flakes 
(a). These change at 71 °C to the smectic form, which dif-
fracts the polarized light diffusely (b). At 78 °C the crystals 
change to the cholesteric form and present a structureless 
gray picture (c). This phase finally undergoes a transition 
to an isotropic liquid that no longer transmits polarized light 
and appears black.

(a) (b) (c)Th
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• preferred technique    • alternative technique

OIT measurements of mineral and synthetic oils by HP DSC

(a)          (b)     (c)

Phase transitions of cholesteryl myristate measured by DSC and TOA Shear measurement of silicone oil by DMA

DSC measurements and purity evaluation of EHB containing different levels 
of impurity

DSC curves and kinetic evaluations are used to predict thermal stability Release and uptake of water under controlled relative humidity conditions 
using TGA
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METTLER TOLEDO is now able to offer 
new IntraCoolers with a wider tempera-
ture range. 
These new IntraCoolers are compatible 
with all DSC82x models. 

IntraCoolers are closed-circuit cooling 
systems and require practically no main-
tenance. The lower minimum tempera-
tures result in faster cooling rates.

Nowadays, one often wants to analyze the 
decomposition products evolved during 
a TGA measurement to gain a better un-
derstanding of the decomposition proc-
ess. Usually either a mass spectrometer 

(MS) or Fourier transform infrared spec-
trometer (FTIR) is used. 

New is the possibility of measuring and 
analyzing the decomposition products 

by MS and FTIR simultaneously. To do 
this the FTIR is coupled to the TGA in-
strument in the same way as before. The 
MS is then connected to the outlet of the 
FTIR using a new interface. Since the in-
ternal volume of the FTIR gas cell and 
transfer line is small, the time delay be-
tween the FTIR and MS measurements is 
negligible. 

The advantages of this serial connection 
are:

There is practically no contamination 
of the MS capillary 
The MS capillary cannot melt and seal 
(it is no longer exposed to the high 
temperatures in the TGA furnace) 

•

•
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Figure 1. The TGA-
FTIR-MS interface.

Figure 1.  
Cooling rates of  
the three new  
IntraCoolers.

Minimum temperature Maximum temperature

TC45 –35 °C 700 °C

TC100 –85 °C 700 °C

TC125 –100 °C 550 °C

TGA-FTIR-MS Interface

IntraCoolers
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The LGC (Laboratory of the Government 
Chemist, UK) has a long history in the 
development and validation of analytical 
methods and the production of certified 
reference materials (CRMs) in support of 
these activities. 
Through our distribution business, LGC 
Promochem, we provide a wide range of 
reference materials focused on a number 
of key market sectors including phar-
maceutical testing, food analysis, en-
vironmental analysis, forensic science, 
clinical science and general analyte de-
termination.

In the field of thermal analysis, LGC 
has produced a range of CRMs intended 
to help laboratories calibrate and check 
their thermoanalytical instruments. 
These materials have certified values for 
melting points, enthalpies of fusion and 
purity. Regular use of these CRMs gives 
the user confidence that his results are 
valid, reliable and traceable. 

LGC is working to further improve ther-
mal measurement facilities in the UK to 
secure the continuing supply of these ref-
erence materials. A new melting point fa-
cilility, supported by the UK Department 
of Trade and Industry (DTI) through its 
Valid Analytical Measurement program 
is being commissioned and validated 
in collaboration with the UK’s National 
Physical Laboratory (NPL).

In thermal analysis, the calibration and 
adjustment of analytical instruments is 

crucial for the accuracy and reliability 
of measurement results. For example, the 
temperatures measured by thermoana-
lytical techniques such as differential 
scanning calorimetry (DSC), thermo-
gravimetry (TGA), thermomechanical 
analysis (TMA) and dynamic mechani-
cal analysis (DMA) must be correct. For 
quantitative DSC measurements, the 
heat flow also has to be calibrated and 
adjusted. 

DSC is frequently used in the pharma-
ceutical industry for purity determina-
tion. In all cases, there is the urgent need 
for certified reference materials.

Melting point CRMs
LGC has produced a range of high pu-
rity organic melting point CRMs. Each 
material has a sharp melting point and 
is certified with respect to the onset of 
melting.

For the FP82HT and FP84HT microscope 
hot stage there is a new cold gas genera-
tor that allows measurements to be per-
formed down to −100 °C. The cold vapor 
needed for the microscope hot stage is 

generated using a 50-L liquid nitrogen 
container through vaporization of liquid 
nitrogen on its outside wall.
The microscope hot stage must be insu-
lated to prevent icing.

Order Numbers:
Microscope hot-stage   
insulation: ME 51 141 438
Cold gas generator:  ME 51 191 722

METTLER TOLEDO UserCom 2/2006

Material Melting point (°C) Catalogue Number
Phenyl salicylate 41 LGC 2411
4-nitrotoluene 52 LGC 2401
Naphthalene 81 LGC 2402
Benzyl 95 LGC 2403
Acetanilide 115 LGC 2404
Benzoic acid 123 LGC 2405
Diphenylacetic acid 147 LGC 2406
Anisic acid 184 LGC 2407
2-chloroanthraquinone 210 LGC 2408
Carbazole 246 LGC 2409
Anthraquinone 285 LGC 2410

Material Enthalpy of fusion  
(KJ/mol)

Catalogue Number

Indium 3.3 LGC 2601
Naphthalene 18.9 LGC 2603
Benzyl 23.3 LGC 2604
Acetanilide 21.8 LGC 2605
Benzoic acid 18.0 LGC 2606
Diphenylacetic acid 31.2 LGC 2607
Lead 4.8 LGC 2608
Tin 7.2 LGC 2609
Biphenyl 18.6 LGC 2610
Zinc 7.1 LGC 2611
Aluminum 10.8 LGC 2612

Table 1.  
Reference materi-
als with certified 
melting points from 
LGC.

Table 2.  
Reference materi-
als with certified 
enthalpies of fusion 
from LGC.

Microscope hot-stage cooling system

Certified reference materials for thermal analysis 
from LGC
Ben Joseph, LGC, United Kingdom
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Precision weights for thermal 
analysis
METTLER TOLEDO offers a set of preci-
sion weights specially prepared for ther-
mal analysis. The calibration of the TGA 
balance can now be automated using 
calibrated precision weights. The new 
200-mg weight is designed so that it can 
be used with the automatic sample robot.

The two internal ring weights of the TGA 
microbalance allow automatic adjust-
ment of the characteristic curve of the 
balance. 
By means of the external weights, the 
calibration is traceable to the primary 
standard in Paris.

Ordering information:
Weight class E2: ME 11116761 with cali-
bration certificate in a wooden case  
(0.2 g, 1 g, 5 g).

Precision weight set 1 mg to 
500 mg 
For the calibration and testing of micro-
balances in the weighing range of interest 
for thermal analysis, METTLER TOLEDO 
also offers a set that contains precision 
weights of 1 to 500 mg.

Ordering information:
Weight class E2: ME 00158801 with cali-
bration certificate in a wooden case (1 to 
500 mg). 

Both weight sets consist of a wooden case, 
tweezers and the precision weights with 
the corresponding certificates.

Further weights and weight sets can be 
found in the METTLER TOLEDO weights 
brochure (English: 117 95 461,   
German: 117 95 460, French: 117 95 462).
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Material Impurity (mole%) Catalogue Number
Biphenyl 0.1  

1.1  
1.6  
2.1  
2.6  
3.1

LGC 2013

Table 3.  
Reinheit von zertifizierten Referenzmaterial.

Figure 3.  
Precision weight set 
1 mg to 500 mg.

Figure 1.  
TA precision weights.

Figure 2.  
Precision ring 
weights of the  
METTLER TOLEDO 
microbalance.

Enthalpy of fusion CRMs
LGC’s reference materials have been rig-
orously certified for enthalpy of fusion 
and melting temperature using an adi-
abatic calorimeter.

Purity CRMs
To enable purity measurements made by 
DSC to be properly validated, LGC has 

developed a set of DSC purity standards. 
The set consists of six 0.5 g units of bi-
phenyl gravimetrically doped with differ-
ent amounts of benzil. 

All the CRMs mentioned in this article 
were prepared and maintained with the 
support of the UK’s Department of Trade 
and Industry through its Valid Analytical 

Measurement program. Visit www.vam.
org.uk).
For further information please contact 
LGC Promochem, Europe’s most compre-
hensive source of reference materials:

LGC Promochem
Tel: ++44 (0) 20 8943 8480
E-mail: askus@lgcpromochem.com
Web: www.lgcpromochem.com
LGC Promochem - Supporting Labora-
tory Standards 

TA precision weights  
(0.2 g, 1 g and 5 g)



Introduction
In Part 1 of this series [1], the basic prin-
ciples concerning the formation of peaks 
in DSC are discussed. It is shown that the 
peak temperature depends on the heating 
rate, the sample mass and the thermal 
contact between the sample and sensor 
(and thus on the crucible and the purge 
gas used). Besides this, different peak 
temperatures are obtained depending 
on whether the evaluation is performed 
using the sample temperature or the 
program temperature (in the STARe ter-
minology the reference temperature). 
Finally it was shown that in the melting 
process the peak temperature follows the 
equation 

Here, Tm is the peak temperature, Tm,0 is 
the peak temperature extrapolated to a 

heating rate and mass of zero, R is the 
relevant thermal resistance, Dh is the 
specific enthalpy of fusion, m is the sam-
ple mass and b is the heating rate. 
If the peak temperature is plotted against 
the square root of the product of the sam-
ple mass and heating rate, a straight line 
is obtained whose slope depends on the 
specific enthalpy of fusion and the ther-
mal resistance. The ordinate intercept of 
the temperature axis is Tm,0. We call a 
diagram such as this an Illers diagram 
because Illers first derived equation (1) 
and experimentally verified its validity 
for polymer melts [2].
The extrapolated peak temperature, Tm,0, 
corresponds to the equilibrium melting 
temperature of the crystallites melting at 
the peak maximum.
Based on the discussions in reference [1], 
approaches for evaluating peak tempera-

tures are discussed using practical ex-
amples. This deals mainly with melting 
processes but also refers to peak evalua-
tion in other processes.

Melting of pure materials
The melting behavior of indium is used 
as an example to show the dependence 
of peak temperature on the experimen-
tal conditions. The melting temperature 
corresponds to the onset temperature  
of 156.6 °C. Four samples of different 
mass (0.053 mg, 0.846 mg, 3.425 mg and  
6.301 mg) were measured at heating 
rates between 1 K/min and 20 K/min. 
The sample was enclosed in a light alu-
minum crucible (20 µL; 21.9 mg alumi-
num). The program temperature, Tm,p, 
and the sample temperature, Tm,s, at 
the peak maximum were determined.  
Figure 1 shows the peak temperatures 
(black circles) in the Illers diagram. 
The results show that all the measure-
ment points behave according to equa-
tion (1). The evaluation using sample 
temperature gives a much more gradual 
slope than that using the program tem-
perature. The reason for this is the dif-
ferent thermal resistance relevant for the 
particular measurement. In the evalua-
tion using the program temperature, it 
is the resistance between the sample and 
the furnace, Rf. In the case of the sample 
temperature, it is the resistance between 
the sample and the sensor, Rs.

To demonstrate the influence of the cru-
cible, a sample (6.301 mg) was measured 
in a 40-µL crucible (49.7 mg aluminum) 
at 5, 10 and 20 K/min. The correspond-
ing peak temperatures are shown in Fig-
ure 1 as red circles. The sample tempera-
ture curves differ significantly depending 
on the type of crucible. The larger slope 
obtained with the 40-µL crucible can be 
explained by the somewhat larger ther-
mal resistance between sample and sen-
sor. In the evaluation as a function of 
the program temperature, the difference 

With the aid of practical examples, different approaches are shown for 
obtaining thermodynamically relevant temperatures or at least compa-
rable characteristic temperatures from the measured peak tempera-
tures of melting peaks. This is especially important for materials with 
wide melting ranges or for the determination of phase diagrams. Fur-
thermore, it is shown how reorganization processes can be identified 
by means of peak evaluation. Finally special points are discussed con-
cerning peaks that originate from other events such as chemical reac-
tions, second order phase transitions, vaporization, and so on. 

11

Figure 1.  
Illers diagram of 
indium measured in 
different crucibles. 
Tm,p is the peak tem-
perature evaluated 
as a function of the 
program temperature 
and Tm,s is the cor-
responding sample 
temperature.
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Evaluation and interpretation of peak tempera-
tures of DSC curves. Part 2: Examples
Dr. Jürgen Schawe
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between these crucibles can be neglected 
because the thermal resistance between 
the sample and the furnace is many 
times larger.

The intercepts of the regression curves 
in Figure 1 yield the peak temperature 
extrapolated to a heating rate of zero. 
This should be the true melting tempera-
ture. As expected, it is 156.6 °C for both  
crucibles. The value is a little higher 
(156.8 °C) in the evaluation using the 
program temperature because the sam-
ple temperature was calibrated and not 
the program temperature. The tempera-
ture difference, DT, of 0.2 K corresponds 
to the difference between the sample 
temperature, Ts, and the program tem-
perature, Tp [1].

These measurements show that the melt-
ing temperature can be determined from 
the peak temperature by extrapolating 
to a heating rate of zero in the Illers 
diagram. The evaluation should be per-
formed using the sample temperature.

The melting peak in the case of 
metastable crystallites (poly-
mers)
In contrast to the melting behavior of 
pure metals, the melting peaks of semi-
crystalline polymers are often very broad. 
For this reason, an evaluation of the on- 
set temperature does not provide rep-
resentative and comparable values. The 
reason for the wide melting range has to 
do with the size distribution of the crys-

tallites. Small crystallites melt at a lower 
temperature than large, more perfect, 
crystallites. In general, the peak tem-
perature is used to characterize the melt-
ing behavior. Analogous to the melting 
of pure metals, the peak temperature of 
these broad peaks depends on the sample 
mass and the heating rate. If materials 
are just being compared, measurements 
should be performed using samples of 
similar mass and at the same heating 
rate. 

More information can be obtained if the 
measurements are performed at differ- 
ent heating rates. This is shown in the 
example of polyethylene terephthalate 
(PET). The equilibrium melting tem-
perature of infinitely large crystallites 
in this polymer is about 280 °C. If the 
material is crystallized at temperatures 
between 160 °C and the equilibrium 
melting tem-perature, relatively large, 
stable crystallites are obtained. Below 
160 °C, the crystallites are small and 
unstable. They melt on heating during 
the DSC measurement and can immedi-
ately recrystallize. Reorganization like 
this during the measurement shifts the 
melting peak to higher temperatures. 
This process cannot immediately be de-
tected in a conventional DSC measure-
ment because the enthalpies of melting 
and crystallization cancel each other 
out. To illustrate the influence of the dif-
ferent thermal stability of the crystallites 
on melting behavior, several PET samples 
were crystallized isothermally at 130 °C, 

150 °C, 200 °C, 220 °C and 230 °C. The 
crystallization time was chosen so that 
it was ten times longer than the period 
between the beginning of crystallization 
and the maximum of the crystallization 
peak. Samples of mass between 0.5 and  
3 mg were measured at heating rates in 
the range 1 to 400 K/min. The peak tem-
perature of the main melting peak was 
determined using the sample temperature  
and plotted in an Illers diagram (Fig. 2).

The material crystallized at 230 °C has 
stable crystallites over the whole meas-
urement range. The peak temperatures 
follow an Illers straight line. The or-
dinate intercept is 245 °C. This is the 
equilibrium melting temperature of the 
crystallites formed at 230 °C. If one looks 
at the peak temperatures of the samples 
crystallized at 220 °C, one sees that the 
peak temperature first decreases with 
increasing abscissa values but then, at 
about 0.6 (mg K s−1)1/2 (corresponding 
to a heating rate of about 20 K/min),  
follows a straight line. At the lower heat-
ing rates, the crystallites have sufficient 
time to recrystallize and to form larger 
crystallites. That is why the peak temper-
ature lies above the corresponding Illers  
straight line. 
At heating rates above 20 K/min, the crys-
tallites can no longer recrystallize dur-
ing the measurement. The melting peak  
corresponds to that of the crystallites 
formed at the crystallization temperature 
of 220 °C. Their equilibrium melting 
temperature is 239 °C. 

The samples crystallized at 200 °C be-
have similarly but the crystallites formed 
at this temperature are less stable. The  
region of reorganization is therefore 
larger. These crystallites can only be 
measured without recrystallization ef-
fects occurring when an abscissa value of 
1.2 (mg K s−1)1/2 (i.e. about 100 K/min) is  
reached. The corresponding equilibrium 
melting temperature is 225 °C.
The samples crystallized at the lower 
temperatures exhibit reorganization over 
the entire measurement range. The peak 
temperatures follow the curve of the re-
organized crystallites. The correspond-
ing crystallites are also very unstable. 
Information about the stability of the 
crystallites of metastable materials can 
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Figure 2.  
Illers diagram of 
samples of PET that 
had been crystal-
lized at different 
isothermal tempera-
tures.  
The continuous 
lines represent the 
melting behavior of 
stable crystallites. 
The dashed curve 
characterizes the 
curve for crystallites 
undergoing reorgani-
zation.  
The temperatures on 
the right side of the 
ordinate axis are the 
melting temperatures 
of the crystallites 
produced in the 
crystallization.
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therefore be obtained by evaluating the 
peak temperature. 

The melting of multiphase sys-
tems (phase diagram)
In studies of multiphase systems, broad 
melting processes may occur whose 
measurement can be used to determine 
phase diagrams [3, 4]. The solidus line 
characterizes the beginning of the melt-
ing process, while the liquidus line deter-
mines the end of the melting processes. 
The beginning of the melting processes 
can often be determined directly with 
good accuracy from the DSC curves. In 
contrast, uncertainty can arise in the de-
termination of the liquidus temperature, 
(end of melting). 

The determination of the end of the 
melting is discussed using the system su-
crose/water as an example. To do this, 
aqueous solutions with different sugar 
concentrations were prepared. Samples of 
mass between 16 and 23 mg were sealed 
in 40-µL crucibles and cooled to −100 °C 
at 2 K/min. The samples were then meas-
ured at a heating rate of 5 K/min. Figure 
3a shows typical curves of the melting 
region. The beginning of melting can be 
read off directly from the measurement 
curves. In Figure 3a this is marked by an 
arrow. The end of melting is close to the 
peak maximum. If one determines the 
peak maximum temperature (from the 
sample temperature), values are obtained 
that are too large (see Fig. 3b).
An accurate determination of the end 
of melting can be done using equation 

(1) and the Illers diagram. This however 
requires at least four measurements at 
different heating rates for each measure-
ment point. The end of melting is then 
the peak temperature extrapolated to a 
heating rate of zero. 

A more rapid evaluation method that is 
slightly less accurate uses the difference 
between the onset and the peak tempera-
ture of the melting of the pure compo-
nents. In this case, the melting of about 
20 mg water is measured and the peak 
temperature, Tm, the onset tempera-
ture, Ton, and the heat flow at the peak 
maximum Fmax are determined. These  
values are used to calculate a correction 
factor Rc: 

The liquidus temperature, Tl, is obtained 
for each concentration from the corre-
sponding peak temperature Tm by using 
the corresponding peak height, Fmax:

Comparison of the literature data [5] 
with the values determined from the peak 
temperature using equation (3) shows 
acceptable agreement (Figure 3b).

Special points with other DSC 
peaks

Exothermic peaks
In endothermic processes, the heat flows 
from the furnace heater across the DSC 
sensor into the sample. In strongly exo-
thermic processes, however, the direction 
of heat flow changes. The sample tem-
perature in fact increases. This means 
that the sample temperature at the peak 
maximum is therefore higher than the 
corresponding program temperature. 
This is illustrated in Figure 4 which 

Figure 3. a)  
A series of melting 
peaks of sucrose/
water mixtures of 
different concentra-
tion. The arrow 
marks the begin-
ning of melting 
(concentration in 
mass %).

Figure 3. b)  
End of melting  
to determine the 
liquidus line.

Figure 4.  
Exothermic peaks 
measured from  
the crystallization  
of tin on cooling 
from the melt and 
the decomposition 
of NH4NO3.  
The black curves 
are displayed us-
ing the program 
temperature and the 
red curves using 
the sample tem-
perature.
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shows the crystallization of tin on cool-
ing from the melt and the decomposition 
reaction of NH4NO3. 

In the crystallization of tin, the curve of 
the sample temperature is linear from the 
beginning of crystallization at 203.5 °C  
to the peak maximum at 207.45 °C. The 
slope of this line is given by the thermal 
resistance between the sensor and the 
sample (1/Rs). 

The difference between the program and 
sample temperatures becomes larger the 
higher the peak. The use of small sam-
ples and/or low heating rates is therefore 
recommended when large exothermic 
events occur. With exceptionally strong 
exothermic reactions, it may also be ad-
visable to dilute the sample with an inert 
material (e.g. Al2O3). The increased heat 

capacity then reduces the self-heating ef-
fect of the sample. 

Chemical reactions
The peak temperature in a chemical re-
action is largely determined by the kinet-
ics of the reaction. For this reason, the 
Illers diagram cannot be used for the 
evaluation. 
An optimum comparison of measure-
ments at different heating rates (e.g.  
for obtaining information using reaction 
kinetics) should therefore be performed 
using small samples of similar mass 
(Fig. 5).

Second order phase transitions
With second order phase transitions, the 
heat capacity often increases up to a crit-
ical temperature. When this is exceeded, 
the heat capacity suddenly falls. 

In DSC, this gives rise to an endothermic 
peak on heating (Fig. 6). Such transi-
tions occur both with solid-solid transi-
tions and with liquid-crystal transitions. 
The critical temperature is the peak tem-
perature. With solids it can be influenced 
by the crystal size and internal stresses. 
Otherwise, the peak temperature is in-
dependent of the heating rate. In addi-
tion, in contrast to melting processes, the 
influence of heat transfer on the peak is 
small because the peaks are relatively 
small. In particular with liquid crystal 
transitions, the peak temperature is inde-
pendent of the heating rate and does not 
exhibit supercooling. That is why these 
transitions are also recommended for the 
calibration of DSC instruments under 
cooling conditions [6]. 

The accuracy for the determination of 
the critical temperature increases at low-
er heating rates. To achieve maximum 
accuracy, the Illers diagram can be used 
with these peaks. 

Vaporization peaks
Endothermic peaks occur during the va-
porization of volatile components. The 
peaks are always coupled with a loss of 
mass from the sample (Fig. 7). 

If free or weakly bound solvents are va-
porized, the peaks are relatively broad. 
The situation is different when the vola-
tile components escape in phase tran-
sitions (e.g. dehydration) or occur in 
chemical reactions (e.g. polycondensa-
tion). The loss of volatile components 
with corresponding peaks on the DSC 
curve is only observed if the measure-
ment is performed in crucibles that are 
not hermetically sealed. In the evalua-
tion of such processes, the mass of the 
sample is determined before and after 
the DSC measurement. 

Besides this, repetition of the measure-
ment using a variety of different cruci-
bles such as completely sealed, with a 
50-µm hole in the lid (self-generated at-
mosphere) or an open crucible (lid with 
large hole) is helpful. Since vaporization 
peaks often overlap other thermal events, 
the use of temperature-modulated DSC 
methods [7, 8] or a pressure DSC is rec-
ommended. 
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Figure 6.  
Example of a sec-
ond order phase 
transition of a liquid 
crystalline mate-
rial, in this case the 
transition from the 
smectic A phase to 
the nematic phase. 

Figure 5.  
Example of the cur-
ing reaction of an 
epoxy resin-amine 
hardener system 
measured at different 
heating rates. The 
peak temperature  
(in K) is shown in 
the activation dia-
gram (log b versus 
1/T). The slope of 
the straight line can 
be interpreted as the 
apparent activation 
energy.
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Enthalpy relaxation
In supercooled melts, the liquid specific 
cooperative molecular rearrangements 
become “frozen in”. A glass is formed. 
This glass is in a state of thermodynamic 
disequilibrium. The enthalpy of the glass 
is reduced through storage or mechani-
cal stresses. 

When a sample is heated, the effect in-
duces a peak that overlaps the glass tran-
sition (Fig. 8). The temperature range 
of the enthalpy relaxation peak depends 
on the measurement conditions and the 
conditions of the enthalpy relaxation. 
An evaluation of the enthalpy relaxation 
should therefore always be performed in 
relation to the evaluation of the glass 
transition [9, 10].

The size of the enthalpy relaxation is de-
termined by the integration of the differ-
ence between the curves (fresh sample, 
aged sample).

Conclusions
The peak temperature is an important 
quantity in the evaluation of thermal 
events in DSC. It is, however, influenced 
by the actual experimental conditions. 

To interpret and determine characteris-
tic data, one has to know which thermal 
event is responsible for the peak. The fol-
lowing rules are helpful for this:

Determine the mass of the sample be-
fore and after the measurement.
Measure the sample on heating, cool-
ing and heating a second time.
Possibly repeat the measurement in 
sealed (or pierced lid) crucibles.
Repeat the measurement at a different 
heating rate. 

If materials are to be compared using 
DSC measurements, the measurements 
must be performed at the same heating 
rate using a similar sample mass. Espe-
cially with polymers and polymorphic 
materials, melting behavior depends on 
thermal history such as cooling rate and 
storage conditions. These parameters 
must therefore also be taken into account 
in any comparison.

•

•

•

•

In general, peak temperature determi-
nation should be performed using the 
sample temperature. If the equilibrium 
temperatures in melting processes are 
required, the peak temperature must be 
measured using at least four different 
heating rates and the evaluation should 
be performed using the Illers diagram 
with extrapolation to a heating rate of 
zero. Information is then obtained about 
possible recrystallization processes dur-
ing the measurement.

If a pure substance is available, the slope 
of the melting peak can be used to cor-
rect the measured peak temperature of 
melting processes of impure samples. 
Finally, the peak temperature can be de-

termined with better accuracy if small 
sample masses are used.
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Figure 7.  
Hygroscopic poly-
mer measured in 
an open crucible 
and in a crucible 
with a lid with a 
50-µm hole. In the 
crucible with the 
small hole, a so-
called self-gener-
ated atmosphere 
is formed. For this 
reason, the vapori-
zation of the water 
is shifted to higher 
temperatures. The 
glass transition 
temperature is lower 
in the sample with 
the larger water 
content.

Figure 8.  
Glass transition of 
amorphous polyeth-
ylene terephthalate 
(PET) at a heating 
rate of 10 K/min. 
The annealed sam-
ple shows a marked 
enthalpy relaxation 
peak. This peak 
influences the 
evaluation of the 
glass transition (i.e. 
the glass transi-
tion temperature). 
The size of the 
enthalpy relaxation 
(3.39 J/g) can be 
determined from the 
integral of the dif-
ference between the 
two curves.
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Introduction
During the past decades, weakly magnetic  
materials such as amorphous Fe(Ni)-
based alloys containing a-Fe nanocrys- 
tallites with the body-centered cubic 
(bcc) structure have been the subject of 
increasing interest. Their magnetic prop-
erties make them suitable for use in mag-
netic parts and devices such as low and 
high frequency transformers, alternating 
current machines, generators, induction 
coils, sensors and motors.
For such applications, it is important to 
determine the correct value of the Curie 
temperature (Tc) of materials, that is, the 
temperature at which the transition from 
ferromagnetic to paramagnetic behavior 
occurs. This characteristic temperature 
is often determined using thermoanalyti-
cal techniques [2]. 

This article describes how a METTLER 
TOLEDO TGA/SDTA851e thermobalance 
was modified to measure the Curie tem-
perature of materials by incorporating a 
small magnet.

Experimental details
The diagram in Figure 1 shows the two 
possible positions of the magnet. The 
upper position was chosen because it 
allowed the TGA to be used as a normal 
thermobalance and avoided potential 
problems with magnetic parts of the TGA. 
The magnet used had a field strength of 
about 10 mT (milliTesla). It was fixed in 
the same position for all measurements 
so that the magnetic field gradient acting 
on the sample was always the same. The 
first experiments were performed using 
high purity iron, cobalt and nickel stand-

ards to calibrate and adjust the TGA [3].
Mechanical alloying was carried out in a 
planetary ball mill (Fritsch Pulverisette 
P7) starting from pure elements (>99.5% 
purity) using a ball-to-powder mass ratio 
of 5:1. Oxidation was reduced by milling 
in an argon atmosphere. The milling 
process was performed at 600 rpm for 
10, 20, 40 and 80 hours using stainless 
steel balls in a vial. The alloys produced 
were identified as Fe80Nb10B10 (alloy A) 
and Fe65Ni20Nb9B6 (alloy B) using X-ray 
diffraction. The thermal behavior of the 
samples was followed using simultane-
ous DTA. Small amounts of the milled 
materials were annealed at 300 °C to al-
low structural relaxation/reordering to 
occur.

Results and discussion 
The transition from ferromagnetic to 
paramagnetic behavior is observed in the 
so-called thermomagnetic curve, TM, as 
an apparent change in weight caused by 
the change in the magnetic properties of 
the sample. 
Figure 2 shows the TM curve of alloy A, 
which had been milled for 10 hours. The 
first derivative of this curve, the DTM 
curve, was used to aid the evaluation. In 
magnetic measurements, the endset on 
the DTM curve is usually evaluated as 
the Curie temperature.

Sometimes the maximum of the DTM 
curve is used as the value of Tc. In Fig-
ure 2, the magnetic transition associated 
with iron was found to be 778 °C (end-
set). The slightly asymmetric shape of the 
DTM curve indicates inhomogeneity in 
the alloy. This is to be expected because 
the powder particles undergo severe me-
chanical deformation during mechanical 
alloying and are repeatedly cold-welded 
and fractured. It is therefore difficult to 
obtain homogeneous material using this 
technique. The minor event at 581 °C 
is attributed to the formation of a small 
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Figure 2.  
Thermomagnetic 
curve (TM) showing  
the apparent change 
in weight and the 
first derivative 
curve (DTM) for an 
Fe80Nb10B10 alloy 
milled for 10 hours.

Figure 1.  
Schematic diagram 
of the TGA/SDTA851e 
showing the two 
possible positions 
of the small magnet 
(red).

Curie temperature measurements on nanocrystal-
line iron-based mechanically alloyed materials
J.J. Suñol, A. Vilaró, GRMT, Dept. de Física. Universitat de Girona, Santaló s/n, 17071 Girona, Spain. 
E-mail: joanjosep.sunyol@udg.es
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amount of iron oxide (Fe2O3) together 
with a larger magnetic effect. If neces-
sary, this small oxidation effect (<1.0 
atom % oxygen) can be eliminated by 
subtracting a curve of the same sample 
measured without the magnet.

The experiments performed with alloy B 
yielded results that are rather more com-
plex. Figure 3 shows the curves measured 
after milling for 10 hours. The low tem-
perature process at about 366 °C is as-
sociated with a face-centered cubic (fcc) 
Ni-rich phase.

The intermediate temperature process at 
606 °C corresponds to a magnetic transi-
tion of an fcc (Ni, Fe) phase. The main 
process has an endset on the DTM curve 
at 769 °C and corresponds to the tran-
sition of an iron-rich phase. Both the 
asymmetric curve shape and the lower-
ing of Tc are associated with the intro-
duction of nickel by solid solution into 
the bcc iron. Figure 3 also displays the 
DTA curve. The thermal event begin-
ning at about 200 °C is caused by struc-
tural relaxation or recovery from stress 
induced in the milling process. Several 
additional exothermic processes can be 
seen between 400 and 750 °C in the DTA 
curve. The temperature ranges of these 
processes overlap and correspond to the 
growth of crystallites that have been de-
tected in alloys of similar composition by 
X-ray diffraction [4].

Table 1 shows the change of Tc as a func-
tion of milling time before and after and 
annealing at 300 °C.

In alloy A, without nickel, an increase 
in milling time lowers Tc only by about 
10 to 20 K. Thermal treatment results 
only in very small changes. In alloy B, 
which contains nickel, several magnetic 
environments were found after milling 
for 10 hours. The nickel-rich low-tem-
perature phase disappears after mill-

ing for 20 hours. For these alloys, the  
low temperature phase disappears after 
milling for more than 10 hours. Finally, 
after milling for 80 hours, a homogene-
ous alloy was formed and just one Tc was 
observed.

Summary
A TGA/SDTA851e thermobalance was 
modified with the aid of a small magnet 
(10 milliTesla) in order to determine the 
Curie temperature (Tc) of iron-based me-
chanically alloyed nanocrystalline alloys. 
The determination of the correct value of 
the Curie temperature is important be-
cause it provides information about the 
change from ferromagnetic to paramag-

netic behavior. The thermobalance was 
calibrated and adjusted beforehand using 
ferromagnetic elements (Fe, Co, Ni) as 
standards. Alloy formation can be fol-
lowed as a function of time using TGA. 
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Figure 3.  
Thermomagnetic 
curve (TM) show-
ing the apparent 
change in weight 
and the first deriva-
tive curve (DTM) for 
an Fe65Ni20Nb6B9 
alloy milled for 10 
hours.

Table 1.  
Curie temperatures 
of alloys A and B 
milled or milled  
and annealed at 
300 °C as a func-
tion of milling time.

Milling 
time

Tc alloy A in ºC Tc alloy B in ºC

Milled Milled and  
annealed

Milled Milled and  
annealed 

10 h 581  
778

579  
776

366  
606  
769

370  
601  
768

20 h 578  
773

581  
770

370  
607  
765

 
610  
745

40 h 582  
768

577  
775

603  
758

604  
725

80 h 580  
752

581  
772

605  
742

610
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Introduction
“Jelly bears”, the well-known German 
“Gummibären”, are similar to the Eng-
lish “jelly baby” sweets in appearance, 
taste and consistency. 
They are ideal products with which to 
demonstrate the potential applications 
of thermal analysis in the food industry.  

Between their production date and the 
time when they are finally eaten, jelly 
bears are exposed to widely different con-
ditions such as temperature fluctuations, 
different frequencies, mechanical stress 
and different media.
These changing conditions can be simu-
lated using thermal analysis instrumen-

tation and the properties of the product 
determined from the measurement re-
sults.
Jelly bears consist mainly of gelatin, a 
protein product, and different types of 
sugar. The carbohydrate content can be 
up to 78 percent by weight.

Due to the fact that the raw mass is ob-
tained by heating the different ingredi-
ents and that the mechanical properties 
of the finished products contribute deci-
sively to their enjoyment and taste, ther-
mal analysis can provide an important 
contribution to maintaining constant 
quality and for the optimization of the 
production and the product properties.

Experimental details
Two different sorts of jelly bears manu-
factured in different countries were used 
as samples and are referred to as Sample 
A and Sample B. The samples were stored 
in a refrigerator prior to use. To elimi-
nate the possible influence of different 
additives such as colorants, only red jelly 
bears were analyzed. The following ther-
mal analysis instruments were used:

DSC822e with IntraCooler
TGA/SDTA851e

TMA/SDTA841e with automated liquid 
nitrogen cooling
DMA/SDTA861e. 

DSC and TGA measurements were per-
formed using 40-µL aluminum crucibles 
with pierced lids. Small sample quanti-
ties were used for the TGA measurements 
because the samples tended to foam at 
the onset of decomposition.

Results

DSC
Figure 1 shows the DSC measurement 
curves of Samples A and B. One of the 
samples (Sample B) was also dried in air 
for half a day before measurement. All 
three curves showed a glass transition, a 
broad endothermic peak corresponding 
to the loss of moisture, and endothermic 

•
•
•

•

The thermal properties of a candy were completely characterized using 
“jelly bears” as an example. The glass transition temperature, compo-
sition, and the creep-, flow-, swelling- and frequency-behavior of two 
different commercial products were analyzed using differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA), thermome-
chanical analysis (TMA) and dynamic mechanical analysis (DMA).

Ap
pl

ic
at

io
ns

Figure 1.  
DSC curves of two 
different sorts of jelly 
bears of different 
origin; one of the 
samples was meas-
ured fresh and also 
after drying.  
The effects that can 
be identified are the 
glass transition, 
drying, and decom-
position.

Figure 2.  
TGA and DTG curves 
of Sample B show 
the initial mass loss 
up to about 100 °C, 
which is probably 
due to the loss of 
moisture. The multi-
step decomposition 
process begins at 
112.7 °C.

Thermal characterization of food products
Dr. Matthias Wagner
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behavior at the end of the measurement 
due to decomposition. The glass transi-
tion temperatures of the two fresh sam-
ples at about −25 °C differ only slightly. 
The moisture content of Sample A was 
about 25% higher than that of Sample B. 
This can be seen from the normalized in-
tegral of the peak area. All three samples 
decompose at about 112 °C. The moisture 
content of the dried sample is lower. This 
is apparent from the smaller normalized 
peak area and the higher glass transition 
temperature, Tg, of −19 °C. Water acts as 
a plasticizer in this material, so the drier 
the sample, the higher the Tg.

TGA
The mass loss of Sample B as a function 
of temperature was measured by TGA 
(Fig. 2). The vaporization process below 
100 °C is followed by a multi-step decom-
position process beginning at 112.7 °C.  
This value is in good agreement with the 
onset of decomposition determined by 
DSC.

TMA
The glass transition can also be meas-
ured by TMA. In this technique, the glass 
transition is observed as a change in the 
linear coefficient of expansion of the 
material as it changes from the glassy 
to the rubbery state. The characteristic 
glass transition temperature is evalu-
ated as the point of intersection of the 
two tangents. Evaluation of the curves 
in Figure 3 yielded glass transition tem-
peratures of −29.7 °C for Sample A and  
−28.8 °C for Sample B. The difference 
between the TMA temperatures and those 
determined by DSC is due to the fact that 
two very different measurement princi-
ples are used. Sample A expands more 
rapidly than Sample B.

Jelly bears are of course exposed to body 
fluids when they are eaten. These flu-
ids can be both alkaline (saliva in the 
mouth) and acidic (gastric juices in the 
stomach). It is therefore interesting to 
study the swelling and dissolution be-
havior using TMA. In this case, this was 
demonstrated by exposing the samples 
to deionized water at room temperature. 
The resulting curves are shown in Figure 
4. Sample A begins to swell immediately 
after the addition of the water. The ex-

pansion is completed after 28 minutes 
and shows an 8.6% increase. The sample 
then begins to dissolve, which is seen as a 

decrease in thickness. Sample B swells at 
a higher rate. The maximum expansion 
of 9.7% is reached after about 14 min-

Figure 3.  
The glass transi-
tions of jelly bears 
measured by TMA 
in the expansion 
mode.

Figure 4.  
Isothermal swell- 
ing behavior in 
deionized water 
measured by TMA.

Figure 5.  
Creep experiments 
using TMA: Sample 
A yields signifi-
cantly more under 
load, but recovers 
faster and more 
completely.
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utes. As before, the sample then begins 
to dissolve. The difference in swelling be-
havior of the samples has to do with the 
different processing conditions used dur-
ing production, which results in a higher 
degree of crosslinking of the biopolymer 
in Sample A.

When the plastic bags containing jelly 
bears are packed into cartons, the jelly 
bears lower down are compressed by the 
weight of those lying above. This could 
lead to permanent deformation of the jel-
ly bears, which would make them appear 
less appealing on the shelf in the shop.

This behavior (stress relaxation) of the 
elastomer-like material can be investigat-
ed using creep experiments. In such an 
experiment, a small force is first applied 

to the sample, followed by a greater force 
for several minutes, and then the origi-
nal small force again. The corresponding 
change in thickness and recovery time is 
continuously measured. Figure 5 shows 
such an experiment performed with both 
samples. Sample A yields significantly 
more under the applied force (i.e. it has a 
lower modulus) but recovers more rapidly 
and more completely, which is equivalent 
to it having higher creep resistance. Nev-
ertheless, it has still not reached its origi-
nal thickness even after 30 minutes. 

The higher creep resistance confirms 
the result from the swelling experiment, 
namely that this sample is more strongly 
crosslinked. The lower value for the mod-
ulus is due to the higher content of water, 
which acts as a plasticizer.

DMA
During its product life cycle, a jelly bear 
is subjected to different frequencies, 
which correspond to different character-
istic times. For example, the time spent 
in storage or lying on the shelf in the 
shop corresponds to a very long period 
(weeks), chewing to a short period (sec-
onds) and shaking during transport by 
delivery truck over bad roads to a very 
short period (fractions of a second). The 
frequency-dependent mechanical behav-
ior can be determined using dynamic 
mechanical analysis (DMA). The most 
suitable method for this is to use the 
Time-Temperature Superposition Princi-
ple (TTS). 

Figure 6 shows the master curves ob-
tained from Sample A from the evalu-
ation of isothermal frequency scans in 
the shear mode. The storage and loss 
modulus at body temperature are shown 
as a function of frequency. One sees for 
example that the frequency range corre-
sponding to chewing the material has a 
storage modulus of about 0.1 MPa, that 
is, it is viscous rather than elastic and so 
corresponds to the desired consistency for 
optimum chewing satisfaction.

Summary
Two different sorts of jelly bears were 
analyzed using four different thermal 
analysis techniques. DSC and TMA were 
used to determine glass transition tem-
peratures. The values obtained depend 
on the moisture content. This can be 
determined using TGA and DSC, which 
also allow the onset of decomposition to 
be determined.

The most interesting results with respect 
to the end use (consumption) of jelly 
bears were obtained from the mechani-
cal methods TMA and DMA. The swelling 
behavior in liquid media and creep be-
havior were determined by TMA, and the 
frequency-dependent behavior could be 
predicted from the DMA measurements.
Table 1 summarizes the measurement re-
sults obtained with the four techniques.
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Figure 6.  
TTS experiment by 
DMA (shear mode). 
The diagram dis-
plays the storage 
modulus (black) and 
the loss modulus 
(red). The segments 
in the master curve 
determined for a ref-
erence temperature 
of 37 °C correspond 
to the shifted iso-
thermal frequency 
scans.

Table 1.  
Summary of the 
measured properties 
of Samples A and B.

Property Sample A Sample B Technique

Tg in °C –25 –25 fresh  
–19 dried

DSC

Moisture content in % 4.5 3.5 fresh  
1.5 dried

DSC

Decomposition temperature in °C 112.4 112.8 fresh 
113 dried

DSC

Moisture content in % - 3.4 TGA

Decomposition temperature in °C - 112.7 TGA

Tg in °C –29.7 –28.8 TMA

Coefficient of expan-  glass 
sion in ppm/°C  rubber

96  
161

56  
101

TMA

Maximum degree of swelling in % 8.6 9.7 TMA

Swelling time to maximum in min 28 14 TMA

Creep resistance in % 3.7 4.2 TMA

Storage modulus, G’, at 37 °C / 1 Hz 0.1 - DMA
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Introduction
Clays are raw materials that are often 
used in different applications in ceram-
ics and in the glass industry. In some of 
these applications, the content of organic 
materials in the clay is a factor that must 
be monitored because it influences the 
rheological properties and material be-
havior of the ceramic parts.

An accurate determination of the carbon 
content can be performed using a carbon 
analyzer. The sample is subjected to a 
combustion cycle and the liberated car-
bon is determined by coulometry.
In a thermal analysis experiment (Meth-
od 1) in which the clay is subjected to 
a combustion cycle of 25−1200 ºC at a 
heating rate of 25 K/min in an air at-
mosphere, an mass loss is observed in 
some cases between 200 ºC and 500 ºC, 
which can be traced to the oxidation of 
organic substances (Fig. 1, Process 2).

In general, the end of the process coin-
cides with the loss of water of crystalliza-
tion of the clay minerals (Fig. 1, Process 
3), which makes an accurate determina-
tion of the content of organic substanc-
es more difficult, especially with small 
amounts.

Experimental details
The measurements described here were 
performed using a TGA/SDTA851e ther-
mobalance. Care was taken to make 
sure that samples were as representative 
as possible. The sample material was 
homogenized before it was added to the 
crucible.
In view of the fact that a combustion 
process cannot occur in the absence of 
oxygen and that at 600 ºC the water of 

crystallization can be eliminated from 
most clay minerals, the optimized final 
method (Method 2) was:

isothermal at 25 °C for 10 min in 
nitrogen
heating to 600 °C at 10 K/min in 
nitrogen

1.

2.

isothermal at 600 °C for 20 min in 
nitrogen
isothermal at 600 °C for 15 min in  
air.

Results
The results obtained with this method 
can be seen in the TGA curves shown in 
Figure 2. This compares clay C, which 
contains organic material, with clay A, 
which contains none.
Clay C was chosen because it exhibits a 
low content of organic material. A car-

3.

4.

This study looks at an analytical method for the determination of the 
content of organic material in clay using differential scanning calor-
imetry (DSC) and thermogravimetry (TGA). The results are compared 
with those obtained from the coulometric determination of the carbon 
content in the same samples.

Figure 1.  
Properties of clay  
at a constant heat-
ing rate up to  
1200 ºC in an air 
atmosphere.

Figure 2.  
Stepwise loss of 
mass of clay using 
a method involving 
gas switching.

Determination of the content of organic material 
in clay
Javier Pérez Martínez, Analyselabor Colorobbia España S.A.
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Figure 3.  
Measurement of 
deviations in the 
content of organic 
matter in clay in  
different product  
lots.

Table 1.  
Comparison of the 
determination of 
organic material by 
thermal analysis and 
by coulometry at 
500 ºC.

bon determination using coulometry was 
performed and the result compared with 
that obtained using differential thermal 
analysis (SDTA) and thermogravimetry 
(TGA) (see Table 1).

The results obtained from the measure-
ments using thermal analysis, show only 
a small deviation (6.5%) from those from 
coulometry. This indicates that thermal 
analysis can be used for the reliable de-
termination of carbon content.

The optimized method (Method 2) has 
the following advantages compared with 
the method shown in Figure 1 (Method 1):

The process of combustion of organic 
material (2) is separated from the 
other processes (1 and 3).
Clear TGA and SDTA signals are ob-
tained by accelerating the combustion 
process.

Thermal analysis is used by Colorobbia 
España for the routine monitoring of 
clays. This allows small deviations to be 

1.

2.

detected in the content of organic ma-
terial within the same product lot and 
within different lots prepared over a pe-
riod of time. Repeatability experiments 
performed using clay B yielded a content 
of organic mater of 0.90 ± 0.02%.

The results presented in Figure 3 show 
the generally good repeatability of the 
method.

Conclusions
Both this study and values based on 
measurements of numerous industrial 
samples show that the results obtained 
with the TGA/SDTA 851e using the meth-
od described above with gas switching 
are suitable for determining small differ-
ences in the content of organic material 
in clays.

Literature
[1] „Materias primas para la fabricación 

de soportes de baldosas cerámicas”, 
Instituto de Tecnología Cerámica 
(ITC) - AICE, 1997, Castellón, Spanien.

[2] R. Riesen, UserCom 14, 18–20

Sample % Organic material

TGA/SDTA Coulometry

Clay A 0 0

Clay C 0.61 0.65
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International and Swiss TA Customer Courses:

TA-
Kundenkurse 

und Seminare
in Deutschland

Cours et 
séminaires 

d’Analyse 
Thermique en 

France

Exhibitions, Conferences and Seminars  –  Veranstaltungen, Konferenzen und Seminare
Pittsburgh Conference February 26–March 1, 2007 Chicago, IL (USA)
Ulm-Freiberger Kalorimetrietage March 21–23, 2007 Freiberg (Germany)
Analytical Sciences: Industrial Problem Solving May 16–18, 2007 Newark, NJ (USA)
12th International Congress on the Chemistry  
of Cement July 8–13, 2007 Montreal, Canada
Federated Society for Coatings, Coating woods  
and Wood Composites for Durability Symposium July 23–25, 2007 Seattle, WA (USA)
NATAS 2007 August 26–29, 2007 State University,  
  Lansing, MI (USA)
ILMAC 2007 September 25–28, 2007 Basel (Switzerland)
K 2007 October 24–31, 2007 Düsseldorf (Germany)

TA Customer Courses and Seminars in Switzerland  –  Information and Course Registration:
TA-Kundenkurse und Seminare in der Schweiz  –  Auskunft und Anmeldung bei:
Frau Esther Andreato, Mettler-Toledo AG, Analytical, Schwerzenbach,
Tel: ++41 44 806 73 57, Fax: ++41 44 806 72 60, e-mail: esther.andreato@mt.com

Courses / Kurse
SW Basic (Deutsch) 12. Feb. 2007 17. Sep. 2007 SW Basic (English) Feb 19, 2007 Sep 24, 2007
TMA (Deutsch) 12. Feb. 2007 17. Sep. 2007 TMA (English) Feb 19, 2007 Sep 24, 2007
DMA Basic (Deutsch) 12. Feb. 2007 17. Sep. 2007 DMA Basic (English) Feb 19, 2007 Sep 24, 2007
DMA Advanced (Deutsch) 13. Feb. 2007 18. Sep. 2007 DMA Advanced (English) Feb 20, 2007 Sep 25, 2007
TGA (Deutsch) 13. Feb. 2007 18. Sep. 2007 TGA (English) Feb 20, 2007 Sep 25, 2007
TGA-MS (Deutsch) 14. Feb. 2007 19. Sep. 2007 TGA-MS (English) Feb 21, 2007 Sep 26, 2007
DSC Basic (Deutsch) 14. Feb. 2007 19. Sep. 2007 DSC Basic (English) Feb 21, 2007 Sep 26, 2007
DSC Advanced (Deutsch) 15. Feb. 2007 20. Sep. 2007 DSC Advanced (English) Feb 22, 2007 Sep 27, 2007
TGA-FTIR (Deutsch) 15. Feb. 2007 20. Sep. 2007 TGA-FTIR (English) Feb 22, 2007 Sep 27, 2007
SW Advanced (Deutsch) 16. Feb. 2007 21. Sep. 2007 SW Advanced (English) Feb 23, 2007 Sep 28, 2007

Corsi e  
Seminari  
di Analisi  

Termica in 
Italia

Local TA Customer Courses:

Für nähere Informationen wenden Sie sich bitte an: Frau Petra Fehl, Mettler-Toledo GmbH, Giessen,  
Tel: ++49 641 507 404, e-mail: petra.fehl@mt.com

Anwenderworkshop DSC 06./07.03.2007  Giessen 04./05.09.2007  Giessen
Anwenderworkshop TGA 08./09.03.2007  Giessen

Thermische Analyse und Rheologie in Forschung und Qualitäts-  13.02.2007  Hannover 28.03.2007  Wien 
sicherung – Eine gemeinsame Veranstaltung der Unternehmen 20.03.2007  Potsdam 08.05.2007  Düsseldorf 
Thermo Electron und METTLER TOLEDO  auf Anfrage:   Zürich, Basel

Renseignements et inscriptions par: Christine Fauvarque, Mettler-Toledo S.A., 18-20 Av. de la pépinière,  
78222 Viroflay Cedex, Tél: ++33 1 3097 1439, Fax: ++33 1 3097 1660

Principe de la TMA/DMA 1 octobre 2007  Viroflay (France) Principe de la TGA 4 octobre 2007  Viroflay (France)
Principe de la DSC : les bases 2 octobre 2007  Viroflay (France) Logiciel STARe : perfectionnem. 5 octobre 2007  Viroflay (France)
Principe de la DSC : perfectionnem. 3 octobre 2007  Viroflay (France)

Per ulteriori informazioni Vi preghiamo di contattare: Simona Ferrari, Mettler-Toledo S.p.A., Novate Milanese,  
Tel: ++39 02 333 321, Fax: ++39 02 356 2973, e-mail: simona.ferrari@mt.com

DSC base 6 Febbraio 2007 12 Giugno 2007 25 Settembre 2007 Novate Milanese
DSC avanzato 7 Febbraio 2007 13 Giugno 2007 26 Settembre 2007 Novate Milanese
TGA 8 Febbraio 2007 14 Giugno 2007 27 Settembre 2007 Novate Milanese
TMA 9 Febbraio 2007 15 Giugno 2007 28 Settembre 2007 Novate Milanese

La corretta interpretazione dei tracciati termoanalitici 13 Marzo 2007  Milano 20 Marzo 2007  Napoli
L’Analisi Termica nel Controllo Qualità e nella Ricerca e Sviluppo 22 Marzo 2007  Roma 29 Marzo 2007  Padova
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