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Abstract
A simultaneous DSC–thermomicroscopy system (DSC450 Linkam Scientific) was applied to the study of phase transitions in 
rubidium nitrate and silver iodide, the oxidation of polyethylene, the thermal degradation of polylactic acid and magnesium 
nitrate hexahydrate, and the reversible transitions in thermochromic inks. The results demonstrated the benefits of obtaining 
simultaneous optical data, both images and light intensity measurements, with DSC, particularly in the interpretation of 
complex processes and the detection of events with small changes in enthalpy.
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List of symbols
3D  Three-dimensional
DSC  Differential scanning calorimetry
DSC–TM  Simultaneous differential scanning 

calorimetry–thermomicroscopy
FDM  Fused deposition modelling
OIT  Oxidative induction time
PLA  Polylactic acid
RLI  Reflected light intensity
ROI  Region of interest
STA  Simultaneous thermal analysis
Tg  Glass transition temperature
TG–DSC  Thermogravimetry–differential scanning 

calorimetry
Tm  Melting temperature
TM  Thermomicroscopy
Tonset  Onset temperature (measured to ± 0.1 °C)
UHMWPE  Ultrahigh molecular weight polyethylene

Introduction

It is now generally recognised that more than one thermal 
analysis technique is required for a detailed interpretation 
of the reactions taking place in a given system. In order 
to eliminate the uncertainly inherent in the comparison of 
the results obtained using two or more individual thermal 
analysis units, it is advantageous to carry them out simul-
taneously, that is, on the same sample at the same time [1].

DSC is by far the most widely used and versatile thermal 
analysis technique since it can, in theory, detect any reac-
tion which takes place with a change in energy. However, it 
is non-specific in nature and hence, to take a simple exam-
ple, cannot distinguish between a phase change and a fusion 
reaction. This is readily accomplished by the technique of 
thermomicroscopy which enables the direct observation 
of phenomena such as solid–solid transitions, fusion and 
decomposition and also processes such sintering, decrepi-
tation, creeping of a liquid melt and foaming reactions 
which can complicate the interpretation of a DSC curve. 
Simultaneous DSC–thermomicroscopy systems have been 
developed by incorporating microscopes into both power 
compensated [2, 3] and heat flux DSCs [4]. In an alterna-
tive approach, DSC sensors have also been introduced into 
microscopy hot stages [5, 6].

In the present work, we have used a recently introduced 
simultaneous DSC–thermomicroscopy system which incor-
porates a heat flux DSC plate into a hot stage operating over 
the range − 150 to 450 °C. The system has been applied to 
study a wide range of materials with a view to investigate 
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the benefits of carrying out DSC and thermomicroscopy 
simultaneously.

Materials and methods

Instrumentation

Figure 1 shows a photograph of the optical DSC450 system 
used in this study. It comprises a DSC450 (described below) 
interfaced to a T96 controller unit (Linkam Scientific). 
Active cooling is provided by a LNP96 pumping unit con-
nected to a liquid nitrogen reservoir with exhaust gas being 
used to sweep the DSC window to minimise the build-up of 
condensates. Imaging is obtained through a high-resolution 
digital camera (FLIR) coupled to a stereoscopic microscope 
(SD6, Leica) equipped with a trinocular head. The system 
is controlled using the LINK software (v1.2.5.13, Linkam) 
running under Windows 10 (Microsoft).

The DSC450

A cross section of the DSC450 is shown in Scheme 1. It 
comprises a water-cooled body encasing a silver heating 
block upon which a chromel heat flux plate is situated. 
Temperature measurement of the heating block is provided 
using a Pt100 resistor, while DSC measurement is achieved 
using constantan thermocouples. The DSC450 can operate 
between − 150 and 450 °C with cooling achieved using liq-
uid nitrogen pumped from a reservoir (LN2). Figure 2 shows 
the temperature control achievable with the unit for both 
heating (A) and cooling (B).

Gas inlet and outlet ports allow for control of the atmos-
phere. A window situated immediately above the DSC plate 
is made from sapphire to provide good heat conduction. 
An outer silica window gives a gas-tight seal for controlled 
atmosphere studies.

Imaging

For this work, the DSC450 was used in combination with 
two interchangeable microscopes. The first utilised a Linkam 
imaging station, a monocular microscope with changeable 
objective lens. Illumination for the imaging station was oper-
ated in dark field mode with light originating from a series 
of inbuilt white LEDs. The second microscope (SD6, Leica) 
incorporated a trinocular head, and sample illumination uti-
lised a Leica L2 light source. Both microscopes used a 12 
MP digital camera (FLIR) interfaced directly to the PC to 
record images.

Software

DSC and optical data were simultaneously collected using 
the LINK software (v1.2.5.13, Linkam). The software 
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Fig. 1  A labelled photograph of the equipment used for this study. a 
Optical DSC450, b Linkam imaging station (a stereoscopic micro-
scope), c high-resolution digital camera, d PC running LINK, e con-
troller unit, f liquid nitrogen pumping unit, g touchscreen control and 
h liquid nitrogen reservoir
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Scheme 1  A labelled cross-sectional line drawing of the Optical DSC450
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provides a real-time display of temperature, DSC and 
images. Additionally, the software provides a measure of 
the reflected light intensity (RLI) of part of the sample using 
a ‘region of interest’ (ROI) feature.

Experimental

General

Aluminium pans (5 mm (d), 3 mm (h), Linkam) were used 
throughout this study. An empty pan of the same specifica-
tions was used as reference. Crystalline or powdered sam-
ples were lightly compressed into the sample pan using the 
provided tamping tool to ensure a good thermal contact with 
the pan and a flat sample surface for optimum microscopy.

The majority of experiments were performed under an 
inert atmosphere of nitrogen flowing at 50 mL min−1 set by 
a mass flow controller (0154, Brooks instruments) with the 
exception of the oxidative induction time experiment (using 
air) described later.

The magnification was set to × 16 to ensure that the sam-
ple pan covered the full field of view. A constant level of 
illumination was used for all experiments. The software was 
configured to collect micrographs at a rate of once every 10 s 
with auto-brightening and white balance enabled.

After acquisition, DSC data were exported into Excel and 
corrected by subtracting the natural baseline obtained using 
two empty pans.

Calibration

Temperature calibration was performed using certified melt-
ing point standards obtained from LGC Limited (LGC2601 
indium Tm = 156.6 °C, LGC2609 tin Tm = 231.9 °C and 
LGC2611 zinc Tm = 419.5 °C).

Temperature calibration experiments were performed at 
a heating rate of 10 °C min−1 from room temperature to 
20 °C beyond each transition temperature, ensuring the DSC 
response returned to a stable baseline.

Oxidative induction time (OIT) of polyethylene

Ultrahigh molecular weight polyethylene (UHMWPE, 
Goodfellow) was prepared using a metal hole punch to give 
discs of dimensions of 1.0 mm high and 4.1 mm in diameter. 
These dimensions equated to a mass of ca. 13 mg.

A temperature programme of 30–205 °C at 10 °C min−1 
was used with the final temperature being held until the end 
of the experiment.

The OIT effect was analysed initially under an inert nitro-
gen atmosphere (50 mL min−1), and 337 s into the isother-
mal period, the atmosphere was switched to dry air using 
the same flow rate.

Polymorphic transitions of rubidium nitrate

Crystals of rubidium nitrate (Acros, 99.8%, 9.64 mg) were 
analysed using a temperature programme of 30–400 °C at 
10 °C  min−1. Prior to analysis, the crystals were melted at 
320 °C to provide a smooth surface on resolidification.

Solid–solid transition of silver iodide

Silver iodide powder (Aldrich, 99%, 10.02 mg) was analysed 
by heating from 30 to 180 °C at a rate of 10 °C min−1 with 
a 2-min isothermal period at 180 °C. The sample was then 
cooled at − 10 °C  min−1 from 180 to 30 °C.

Reversible colour change of a thermochromic ink

Thermochromic FriXion ink (FriXion 0.7 blue ball pen ink, 
11.78 mg) was dried and analysed directly in a pan. A com-
parative study was made using higher magnification of a 
single ‘dot’ of ink on paper (with negligible mass). Both 
experiments followed a heating programme of 0–75 °C with 
a 2-min isothermal period before cooling down to − 40 °C, 
and heating rates were set at ± 10 °C  min−1.

Thermal transitions of a 3D printer filament

A sample of polylactic acid (PLA) 3D printer filament (Zor-
trax PLApro, h = 0.2 mm, 4.45 mg) was cut from the bulk 

Fig. 2  Isothermal stepping 
experiments using the Opti-
cal DSC450. a Heating in 
25 °C increments with 5-min 
isothermal periods, b cooling in 
25 °C decrements with 5-min 
isothermal periods
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material and placed within the sample pan. The sample was 
then heated from 30 to 400 °C at a rate of 10 °C min−1.

Thermal degradation of magnesium nitrate 
hexahydrate

Magnesium nitrate hexahydrate (Acros, 99.9 +%, 2.5 mg) 
was analysed using a temperature programme of 10 °C min−1 
from 30 to 450 °C.

Results and discussion

Oxidative induction time (OIT) of polyethylene

One advantage of reflected light thermomicroscopy sys-
tems using DSC type open pans is good atmosphere con-
trol which is difficult to achieve when samples are placed 
between microscopy cover glasses. This enables the inter-
action of solids with reactive gases to be readily studied, 
and this is illustrated below by the oxidative degradation of 
polyethylene.

Polymeric materials are often heated above their melting 
points during manufacturing to enable the polymer to flow 
more easily [7]. However, many polymers undergo degra-
dation shortly after melting, a clearly undesirable feature in 
the manufacturing process [8]. The oxidative induction time 
(OIT) test is widely used by the oil and polymer industries 
to evaluate the stability of a material at elevated tempera-
tures under different atmospheres [9]. Typically, a sample is 
heated above its melting point and held at an isothermal tem-
perature under an inert atmosphere. During the isothermal 
period, the sample is exposed to an oxidative atmosphere 
and the time taken until the onset of oxidative degradation 
is measured [10]. The OIT may also be used to evaluate the 
performance of thermal stabilising compounds in materials, 
achieved by comparing the amount of stabiliser added to the 
increase in OIT at a given temperature [11].

Figure 3 shows the results of the OIT for a sample of 
UHMWPE. The melting of the polymer was observed at 
Tonset 109.9 °C, and no further events are observed until 
205 °C. The DSC profile remains unchanged during the 
isothermal period while under the inert nitrogen atmos-
phere. During the isothermal period, the atmosphere was 
then switched to air (vertical dashed line). The onset of the 
exothermic oxidation was observed after 7 min and 52 s into 
the isothermal period equating to an OIT of 2 min and 15 s 
for UHMWPE under these conditions.

These processes can also be observed optically. A com-
parison between micrograph t0 and micrograph A shows the 
change from an opaque disc to a transparent liquid as the 
polymer melts. Micrographs B and C show how the surface 
texture of the liquid polymer is influenced by the change in 
atmosphere as oxidative degradation begins.

Polymorphic transitions of rubidium nitrate

Materials showing multiple polymorphic transitions are 
potentially attractive temperature calibration standards since 
they enable a wide temperature range to be covered by a sin-
gle material. Thus, the ICTAC Standardisation Committee 
suggested rubidium nitrate as a possible temperature calibra-
tion standard since it has three clearly distinct solid-state 
transitions over the range 150–280 °C, followed by fusion 
around 310 °C [12].

Figure 4 shows the results for the analysis of a sample 
of rubidium nitrate (previously pre-melted and resolidified) 
heated at 10 °C  min−1. The DSC profile shows three peaks 
corresponding to the solid–solid transitions (Tonsets 163.9 °C, 
228.2 °C and 279.0 °C) with the final peak at 306.2 °C cor-
responding to the sample melting. The corresponding ROI 
profile, based on the reflected light, reveals the same transi-
tions as a series of steps caused by changes in the reflectivity 
of the sample. These values are in general agreement with 
those previously reported in the literature [13].

The melting can be seen particularly clearly from micro-
graphs A and B. The solid–solid transitions were subtle to 

Fig. 3  Oxidative induction test 
being performed on a sample 
of ultrahigh molecular weight 
polyethylene (UHMWPE). The 
DSC profile (blue solid line) 
and temperature programme 
(red dashed line) have been 
plotted as a function of time. 
The vertical line indicates when 
the gas is switched from  N2 
to air. Selected micrographs 
(labelled t0 and a–c) link to 
the DSC profile. (Color figure 
online)
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the human eye when comparing micrographs; however, they 
are clearly apparent from the additional ROI data.

Solid–solid transition of silver iodide

The solid–solid transition in silver iodide has been widely 
studied because it undergoes a transition from the β form 
to the fast ion conducting α form at 147 °C [14]. This is a 
property of particular interest to materials engineers [15], as 
fast ion conductors have conductivities similar to those of 
aqueous solutions of strong electrolytes or molten salts [16].

The solid–solid transition of silver iodide has been stud-
ied using non-conventional heating techniques based on 
high-frequency microwave heating. Binner et al. [17] have 
used silver iodide to show how microwave energy can lower 
the transition temperature through ‘the microwave effect’. 
This effect was also demonstrated using a novel in  situ 
microwave-heated PXRD method [18].

Figure 5 shows the result obtained for a sample of silver 
iodide heated and then cooled at 10 °C min−1. The DSC pro-
file shows the transition from the β form to the higher con-
ductive α form at 148.2 °C. The reverse transition on cooling 
was at a lower temperature of 140.2 °C. The transitions are 
reflected in the associated micrographs (A–D) with a clear 

distinction between the pale beige β form and the golden 
yellow α form. This colour change is also accompanied by 
a small expansion and contraction.

Reversible colour change of a thermochromic ink

In 2006, the Pilot Pen Ink Company, Japan, introduced a 
new type of erasable pen, called the FriXion pen [19]. In this 
pen, the ink is erased by the heat caused by friction between 
the hard, smooth plastic “eraser” on the top of the pen and 
the paper containing the ink. The heat generated causes the 
thermochromic ink to turn colourless when a temperature of 
60 °C is reached. The change is reversible and the ink turns 
back to its original colour when cooled below − 10 °C.

The composition of these thermochromic inks is based 
on three key components: a dye acting as an electron accep-
tor, a weak acid and a thermoregulatory compound [20]. 
This combination of components allows a tuneable colour 
transition to be achieved at a given temperature (that of the 
frictional heat generated during erasing) through a reversible 
colour changing acid–base reaction [21].

The results of two separate experiments using thermo-
chromic ink (FriXion, Pilot pens) are shown in Fig. 6i, ii.

Fig. 4  Analysis of rubidium 
nitrate using the DSC450. 
DSC (lower) and ROI intensity 
(upper) profiles are plotted 
as a function of temperature. 
Selected micrographs (labelled 
a, b) link to the DSC and ROI 
profiles
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Figure 6i shows the results from the analysis of a sam-
ple of ink that was added to and dried directly into a DSC 
pan. Upon heating from 0 to 75 °C, a broad endotherm 
(Tonset = 38.7 °C) is observed as the ink undergoes a tran-
sition. The sample is then held at 75 °C before cooling to 
− 40 °C. An exothermic peak is seen (Tonset = −11.2 °C) as 
the ink colour begins to return.

Figure 6ii shows the ROI analysis of a single dot of 
FriXion ink accompanied with micrographs A to D. The 
ROI profile and selected micrographs were obtained in an 
experiment where a dot of blue FriXion ink was drawn onto 
a piece of paper with the ink facing upwards in view of the 
microscope’s camera. The ROI profile shows hysteresis-like 
behaviour as the material changes from blue to colourless 
(heating) and back to blue (cooling). The onset of colour 
loss was measured at 44.2 °C, also shown in micrographs A 
and B. Upon cooling, the colour return onset was observed 
in two steps with the main return measured at − 22.2 °C, 
and micrographs C and D show this return in colour. The 
corresponding DSC profile showed no observable events, 
which was attributed to the low mass of ink and the orienta-
tion of the paper.

The benefit of this combined system means that very 
low energy transitions may still be detected using optical 

data even when the sample size is insufficient to be readily 
detected using DSC.

Thermal transitions of a 3D printer filament

3D printing is well-established branch of additive manu-
facturing, and decreasing equipment costs have made the 
technique more accessible [22]. Currently, the most common 
type of 3D printer is based on fused deposition modelling 
(FDM). FDM works by melting a filament (typically poly-
meric) and extruding the molten material in the X, Y and Z 
directions to generate a 3D model [23].

It is of paramount importance to understand the prop-
erties of the filament, such as the glass transition, melting 
point and decomposition temperature, to ensure that opti-
mal conditions are selected when extruding the filament to 
prevent damage to either the manufactured part and/or the 
printer [24].

Figure 7 shows the analysis of a sample of polylactic acid 
(PLA) 3D printer filament. The DSC profile shows a glass 
transition with an associated relaxation endotherm at an 
onset temperature of 59.9 °C. The second event corresponds 
to the melting of the filament (Tonset 145.1 °C). These pro-
cesses are shown more clearly in the expanded section of the 

Fig. 6  Analysis of FriXion 
ink using the DSC450. i DSC 
profile of large mass of dried 
FriXion ink plotted as a func-
tion of temperature. ii ROI 
profile of ink on paper plotted 
as a function of temperature. 
Selected micrographs (labelled 
a–d, link to the ROI profile (ii). 
The micrographs represent an 
area of 1 mm2
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DSC profile. The endotherm observed from 280 to 350 °C is 
attributed to polymer creep and then boiling, and the spikes 
observed in the baseline are consistent with gas bubbles 
bursting as they migrate through the molten polymer.

3D printer filaments often contain additives to enhance 
product durability or the aesthetics of the final extruded 
piece. These additives often inhibit the cold crystallisa-
tion observed for pure PLA and prevent the filament from 
becoming brittle prior to melting and extrusion [25]. As 
expected, no cold crystallisation exotherm was observed 
in this sample. As such, the broad and low energy melting 
event shown in the DSC profile indicates the low level of 
crystallinity in the sample.

The ROI profile corresponds closely to the DSC profile. 
An inflection shown in the ROI profile as the filament sof-
tens during the glass transition is observed in micrographs 
A to B. As the filament melts and coalesces into a sphere 
(micrograph C), a large step change is observed in the ROI 
profile. The ROI profile remains steady until the filament 
begins to boil when fluctuations are observed. These arise 
from the filament creeping to the outer edges of the pan, 
and the sharp spikes are consistent with bubbles bursting 
(micrograph D).

Thermal degradation of magnesium nitrate 
hexahydrate

Magnesium nitrate hexahydrate has been studied extensively 
as an energy storage material since it undergoes an aqueous 
fusion reaction, i.e. dissolves in its water of crystallisation, 
in the region of 90 °C [26]. Its thermal decomposition has 
also been of interest as a potential source of pure magnesium 
oxide [27]. Simultaneous DTA–mass spectrometry studies 
indicated that it was not possible to dehydrate the hexahy-
drate without some decomposition of the nitrate taking place 
a temperatures as low as 130 °C [28]. Thermomicroscopy 
experiments indicated that the spikey nature of the DTA and 
evolved gas profiles was due to the vigorous evolution of the 
gaseous products from the aqueous melt [29].

Figure 8 shows results from the analysis of a sample of 
magnesium nitrate hexahydrate. The DSC profile shows a 
solid–solid phase transition (Tonset 77.8 °C), before lead-
ing into an aqueous fusion (Tonset 90.9 °C). A slight exo-
thermic baseline deviation is then observed at an onset of 
200.2 °C, which has been attributed to the formation of a 
‘skin’ on the surface of the liquid. In the baseline between 
220 and 280 °C, spikes are observed and as in the previous 
3D printer filament example have been attributed to bub-
bles bursting. An expanded region of the DSC trace has 
been included to show the noise generated by the endo-
therms of bubbles bursting.

After the bubbling has subsided, the solid partially 
decomposed anhydrous magnesium nitrate remains stable 
until a final melt is observed at 438 °C. These processes 
agree with those identified in earlier literature [29, 30].

The ROI profile follows the DSC closely showing most 
of the key events. The first major event noted is the step 
change as the sample undergoes its aqueous fusion. This 
transition may also be seen when comparing micrographs 
A and B as the magnesium nitrate crystals dissolve in 
their own waters of hydration. The next major feature 
observed is a peak about the temperature that the ‘skin’ 
forms, followed shortly after with a noisier baseline as 
the movement of bubbles is detected. Micrograph C has 
been included to show the skin that has formed over the 
melt, with vigorous bubbling underneath. The bubbling 
arises from the release of both water vapour and various 
 NOx species, as confirmed by mass spectrometry studies 
performed by Madarasz et al. [30]. The final major process 
observed in the ROI profile is another step change as the 
solidified partially decomposed material melts indicated 
by the final endotherm in the DSC; this is also shown in 
micrograph D as the liquid pools to the edge of the analy-
sis pan.

Fig. 8  The analysis of magne-
sium nitrate hexahydrate using 
the DSC450. The lower trace 
shows the DSC profile and the 
upper shows the ROI profile 
both plotted as a function of 
temperature. The inset shows 
an expansion of a key region. 
Selected micrographs (a–d) link 
to the DSC profile
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Conclusions

Although many of the materials used in this study have 
been analysed using DSC and/or thermomicroscopy, 
experiments on them using a single instrument have not 
been previously reported.

• The oxidative induction time (OIT) test on a sample 
of polyethylene showed the expected DSC profile, but 
additional information on the subtle changes in surface 
morphology that occur at the onset of oxidation was 
revealed optically.

• The study of polymorphism in rubidium nitrate demon-
strates how the use of reflected light intensity (RLI) can 
be beneficial even when the sample undergoes colour-
less transitions provided the sample undergoes changes 
in reflectivity or geometry.

• The solid–solid phase transition in a sample of silver 
iodide was observable both from the DSC profile and 
from the clear difference in colour of the two solid 
forms.

• The reversible changes in a small quantity of thermo-
chromic ink on paper demonstrate the potential sensi-
tivity of microscopy in thermal analysis. The changes 
in colour of the ink on heating and cooling were clearly 
apparent from both micrographs and RLI data even 
though the changes in enthalpy were too small to be 
observed with the DSC.

• The fluctuations observed in the DSC profile during 
the analysis of a sample of 3D printer filament were 
identified from the accompanying optical data as the 
effect of boiling, a process which otherwise would be 
difficult to assign with confidence.

• The thermal degradation of magnesium nitrate hexa-
hydrate was found to give a complex DSC profile. 
However, by using both RLI and micrographs key tran-
sitions could be readily identified, such as the endo-
therms caused by bubbles bursting.

The results show the benefits of DSC–thermomicroscopy 
in the elucidation of complex thermal processes through 
the ability to obtain optical and enthalpic information 
simultaneously on a single sample.
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