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The colorimetric properties of three, leuco dye-based thermochromic inks at 31 °C activation tempera-
ture were studied. The inks had similar pigment particle size distribution and comparably thick
microcapsule shells with similar stability against oxygen plasma etching. The colour of the inks was
dependent on temperature as well as the thermal history of the sample, which gives rise to colour
hysteresis. The area of the observed hysteresis loop in CIELAB colour space determines how different
colours appear on the sample when decolourisation and colourisation processes are compared. The
largest colour difference achieved for the same sample that arose because of different thermal history
and temperature were determined. Four characteristic temperatures were ascribed to the two chemical
reactions causing colour hysteresis. The stability of the decolourised state at cooling <activation
temperature was confirmed as >10h. The reversibility of the thermochromic effect diminished
approximately linearly with the highest heating temperature.
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1. Introduction

Thermochromic (TC) materials respond to changes of tempera-
ture by colour change [1]. Thermochromic printing inks have
become increasingly important for various applications in graphic
art such as smart packaging, security printing and marketing activ-
ities in which value or uniqueness of a product is desired [2—5].
The colour properties of such inks are based on chromogenic func-
tional polymers rather than inorganic thermochromic pigments; as
organic compositions can be made in many colours and which
display colour change at desired temperatures, organic systems are
almost exclusively used in printing inks [1].

Reversible thermochromic organic materials usually consist of
at least three components namely a colour former, colour developer
and solvent. Common colour formers are electron-donating, leuco
dyes, as exemplified by spirolacones, fluorans, spiropyrans or ful-
gides. As these compounds change colour when pH is altered, they
are in reality, halochromic. Frequently used examples include
crystal violet lactone and thymolphthalein. Their reaction with the
second component, the electron-accepting developer, defines the
position of the longest wavelength absorption which causes
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colouration/decolouration. Frequently used developers are typi-
cally weak acids such as bisphenol A, gallates, phenols, hydrox-
ybenzoates and hydroxycoumarin derivatives. The melting point of
the solvent controls the temperature at which the colour of the
three-phase composite, thermochromic changes. Whilst several
polar solvents are reported to be suitable, alcohols and esters seems
to be preferred [6—17].

Reversible colour change occurs via two competing reactions
namely that between dye and developer and the other between
solvent and developer. The first of these interactions prevails at
lower temperatures where the solvent exists in its solid form and
gives rise to coloured dye—developer complexes; at higher
temperature the solvent melts, causing the solvent—developer
interaction to dominate. Thus, dye—developer complexes are
destroyed which converts the system into its colourless state
[6—12]. Leuco dye—developer—solvent composites are by far the
most important systems to achieve thermochromic properties
using organic materials [1]. The temperature at which decolour-
isation/colourisation occurs is controlled by the melting tempera-
ture of the solvent. Several definitions of this temperature are used
in the literature, such as switching [11], decolourisation [6,7] or
activation temperature [5]; in this study the term activation
temperature (Ta) is used.

A three component organic thermochromic composite (leuco
dye—developer—solvent) must be optimised to order to secure high
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colour contrast between the two states (colourless and coloured),
reasonable colour stability in both equilibrium states and quick
response to temperature [7,9—13]. The range of possible applica-
tions of such thermochromic material is markedly enlarged by the
use of microencapsulation to protect the system from unwanted
reactions with their surroundings. Each microcapsule, or so-called
leuco dye pigment, contains the entire system required to repro-
duce the colour. The microencapsulation process provides spherical
microcapsules <20 um. Some crystals of non-encapsulated
composite can remain in the resulting powder [11]. Microcapsules
must withstand standard mixing and application procedures.

A thermochromic printing ink is a mixture of thermochromic
pigments and a binder. Each component constitutes a separate
phase and it is supposed that these do not influence each other. The
microcapsules are not inert and display negligible light scattering;
their size ranges are typically 3—5 pm which is >10-times larger
than conventional pigment particles. The decolourisation/colour-
isation reactions are regarded to be reversible and it is believed that
the process can be repeated several thousand times [2]. Although
leuco dye-based thermochromic inks of various activation
temperatures are available, from —15 °C up to 65 °C, most appli-
cations are limited to three standard temperature ranges, namely
cold (~10°C), body-heat activated (~31 °C) and warm (~43 °C)
[18]. All major ink types such as water-based and photocuring for
application on paper, plastics and textile are available.

Despite the relatively well known functionality of thermochro-
mic leuco dye-based inks, very little has been published about their
colorimetric characteristics [5]. These are of significance from an
application perspective [1] in which context, the most important
characteristics are the temperature-dependent properties of the
complex thermochromic system, the degree of its reversibility and
factors that influence this. This paper concerns the colorimetric
properties of red, blue and black, leuco dye-based thermochromic
inks with an activation temperature of 31 °C. Special attention was
devoted to the colorimetric properties that describe colour
hysteresis and the influence of temperatures in excess of the acti-
vation temperature on the reversibility of the thermochromic
process.

2. Experimental

UV-curable TC screen printing inks UV TCX (Coates Screen Inks
GmbH, Germany) in red (UV TCX R-31), blue (UV TCX B-31) and
black (UV TCX N-31) shades were used, which comprised an
acrylate UV-curable vehicle and leuco dye thermochromic
pigments with an activation temperature of 31 °C (according to the
maker's specification). The thermochromic pigment particles in the
wet ink were characterized using the Fineness-of-Grind Gauge
(Byk-Gardner, Germany) to obtain the size of the largest particles.

The inks were screen-printed over OBA-free gloss coated paper
(150 g/m?) using a flatprinting SD 05 machine (RokuPrint
Germany) employing SEFAR® PET 1500 high-modulus mono-
filament polyester mesh 120/34Y. The printed samples were cured
using a UV dryer Aktiprint L (Technigraf, Germany) employing UV
energy of approximately 0,83 W cm~2 at 8 m min~’, the curing
energy at the sample surface being ~400 mJ/cm? as measured
using a UV integrator (Technigraf, Germany). The thickness of the
dry layers was measured using a Talysurf (Rank Taylor Hobson
Series 2).

The particle size distribution was determined by image analysis
of optical micrographs. For this purpose a very thin film of ink
was prepared on a glass slice and UV-cured. The dry layers were-
monitored by optical microscope in bright and dark field.
The micrographs were quantified using Image-] public domain
software.

The thermochromic pigment particles were analysed using
a Karl Zeiss Supra 35 field emission SEM. As only the particles
located at the very top of a dry screen-printed sample could be
observed, more particles were made visible when the topmost layer
of the binder was selectively etched by weakly ionised highly
dissociated oxygen plasma. Plasma was created in a glass Pyrex
tube with an inductively coupled RF generator operating at
a frequency of 27,12 MHz and an output of 200 W. The oxygen
pressure was 75 Pa. The procedure is based on selective interaction
of activated gaseous particles with the film coating. Selectivity of
the etching process was achieved due to different oxidation prob-
ability of the polymer binder and TC pigments [19,20]. The method
is frequently used to detect distribution and orientation of particles
in polymer matrix [21,22]. The removal of the highest layers of
polymer binder in UV-cured TC printing inks was completed in
a couple of minutes. This way the top-laying TC pigment particles
become visible on SEM micrographs.

Spectral reflectance was measured using a Lambda 950 UV-VIS-
NIR spectrophotometer (Perkin—Elmer) employing a 150 mm
integrating sphere under (8°:di) measuring geometry (diffuse
geometry, specular component included) [22]. The printed sample
was heated/cooled on the Full Cover water block (EK Water Blocks,
EKWB d.o.0, Slovenia). The system was designed for cooling CPU's
and graphic cards of power demanding computers. Only the basic
part of this water-cooling engine was applied here, the water block,
whereas the rest of the system was realized by thermostatic
circulator which allows heating and cooling of the water block
surface. The base plate is made of electrolytic copper lapped and
polished to +0,7 um flatness. The water accelerates through very
thin channels, made of acrylic material inside the plate. The copper
base on the top is very thin, which gives very short distance for
temperature to transfer from water through the plate and to the
sample on it. The temperature of the copper plate surface was
varied by circulation of thermostatically controlled water in chan-
nels inside water block. The applied thermostatic circulator allowed
the water temperature to be adjusted up to tenth of degree accu-
rately. The surface temperature of the water block was measured by
infrared thermometer (Raytek MX2). It was confirmed that the
surface temperature equals the temperature of the circulating
water up to accuracy of at least +0,5 °C. Above 80 °C electrically
heated copper plate was applied, which temperature was
controlled by microprocessor-based digital electronic controller
(TLK 48, Technologic, Italy). Non-contact temperature measure-
ments confirmed similar temperature accuracy as for the water
block. Therefore the temperature of the sample placed in close
contact on both heating/cooling apparatus was assumed to be
accurate up to at least 1 °C.

The reflectance spectra were measured in three heating cycles
differing in the temperature region in which the sample was
measured. In each cycle the sample was heated from the lowest to
the highest temperature and then cooled back to the lowest one.
Between 19 and 35 °C the reflectance spectra were measured in
1 °C intervals but larger temperature difference was allowed (2 or
5°C) elsewhere. Heating/cooling rate of about 0,5°C/min was
applied. The colorimetric parameters were calculated from the
reflectance data using CIELAB colour space, under D50 illumination
and 2° standard observer. Colour differences were calculated using
the CIEDE2000 total colour difference formula [23].

3. Results and discussion
3.1. Physical properties

The size of the largest TC pigment particles in the three applied
inks was ~12 um; this is the so-called grindometer value. The
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thickness of all UV-cured screen-printed layers was 11 £ 2 pm.
Therefore the largest pigments should fill the entire thickness of
dry layer.

Photomicrograph of the black TC ink obtained in bright filed is
shown in Fig. 1a. Pigment particles have round geometry. Their size
distribution was evaluated by image analysis of this micrograph.
The result is shown in Fig. 1b. The particle size distribution is
asymmetric with maximum at 4 um, more precisely, the size of 26%
of particles is between 3.5 and 4.5 um. However, this is not the
average particle size. Due to a broader population of larger parti-
cles, their average size is shifted to 5,0 um. The largest particles are
around 9.5 pm in diameter which is smaller than the grindometer
value. It is very likely that transparent polymer envelopes of
microencapsulated TC composite cannot be recognised as a part of
TC capsules. Such an assumption would contribute a couple of um
to the wideness of the TC pigment particle. Then, the difference is
the thickness of the capsule's shell. Practically the same size
distribution was obtained from dark filed photomicrograph of the
same TC ink. Similar results were obtained also for the blue and
black TC inks.

The TC pigment particles were also monitored by SEM micro-
scope. The surface of untreated samples shows some round-shaped
features with few pm in diameter (Fig. 2a). These are TC pigment
particles, i.e. the microencapsulated TC composite. The smallest
particles seen on the surface could be some additive or possibly also
some non-encapsulated composite. No boundary between particles
and binder could be seen, which indicates that all particles are
reasonably well covered by the binder. During exposure to weakly

Portion (%)

0 1 2 3 4 5 6 7 8 9 10
Particle diameter (um)

Fig. 1. Photomicrograph of the black TC sample in the bright field (a) gives wide
asymmetric particle size distribution (b).

Fig. 2. SEM micrograph of the red TC screen-printed sample in untreated form (a) and
after exposure to oxygen plasma for 60 s (b) and 180 s (c).

ionized oxygen plasma, the topmost material with the lowest
oxidation probability is etched away first. This can be seen in Fig. 2b
where the TC surface layer after 60 s treatment with plasma is
shown. During the removal of the surface layer, the upper pigment
particles become visible and their envelopes appear untouched.
Removal of the covering binder changes the appearance of the
sample but it still retains its original colour and responds well to
temperature changes. However, at a longer exposure time the
colour is lost and temperature response disappears. Typical
example of such a sample is shown in Fig. 2c. The SEM micrograph
of the sample surface after 180 s of exposure to oxygen plasma
shows several pigment particles lying on the surface with exten-
sively etched binder. Polymer envelopes of TC capsules are
destroyed to a large extent. TC composite in such capsules is not
protected from the environment and the colourization properties
are irreversibly lost.
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When coatings with conventional pigments are selectively
etched by oxygen plasma, pigment particles appear on their
surfaces at certain exposure and their size distribution can be
evaluated. This is one of very few suitable direct methods for
quantitative determination of the state of pigment dispersion in
such coatings [21]. Conventional pigments are relatively stable
against activated neutral oxygen radicals which are responsible for
selective etching in weakly ionised oxygen plasma [19,20]. The
situation is different in systems with TC pigments: the exposure
time required to etch enough binder away is too long for particles’
polymer shells. When they are destroyed, pigment particles change
simultaneously so the method cannot be applied to evaluate the
particle size distribution. However, this experiment shows that
polymer envelopes are much more stable against selective etching
than the binder itself; the binding energy of the molecular species
in the polymer protecting capsule is much larger than it is inside
the binder.

3.2. Colorimetric properties

The CIELAB values of the three TC samples were calculated
applying measured reflectance spectra during heating from 15 °C
up to 60 °C and cooling down to 15 °C. The results are shown in
Fig. 3. TC samples lose their colour during heating and regain it
during cooling. No abrupt change was observed-both processes are
continuous. Decolourization is not complete even at the highest
temperature applied in our experiment. All TC samples retain
a yellow shade which differs from the uncoated paper (Table 1,
Yellowness, total colour difference between the applied paper
substrate and TC sample in fully decolourized form). This could be
due to absorption and scattering of the binder/clear capsule system.
The three inks applied here have the same binder and equally-sized
TC particles with the same polymer envelope. In such conditions,
Yellowness is a result of incomplete transparency of the TC
composite inside capsules at high temperature. This effect is similar
in the black and blue sample and somewhat larger in the red one.

The a*, b* and L* values describe a path (a colour trajectory) in
the CIELAB colour space (see Fig. 3). The trajectory obtained by
heating is not completely equal to that obtained by cooling. The
area of the surface defined by the two trajectories shows how
similar the colour is when the sample goes through the heating/
cooling cycle. When trajectories are identical, the corresponding
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Fig. 3. Changing of CIELAB values of red (triangles), blue (squares) and black (circles)
TC samples in the (a*, b*) plane at heating (solid signs) and cooling (open signs) in
temperature region between 15 and 60 °C. The corresponding value of the bare
substrate (uncoated paper) is shown by star.

Table 1

Selected figures of dynamic colorimetric properties for the three TC inks: Yellowness
and Area were calculated from data shown in Fig. 3. Tyax, CIEDE2000,,.x and Spread
describe the temperature dependence of total colour difference between heated and
cooled sample (Fig. 5): the temperature and the intensity of the maximum and the
full-width at half-height of the peak, respectively. For details see the text.

Sample Yellowness Area ez () CIEDE2000,ax Spread (°C)
Red 4.3 81 27 22,7 6,2
Blue 2,9 247 27,5 36,8 6,7
Black 34 45 30 32,9 3,5

area is zero. Larger area shows bigger differences between colours
appearing on the sample when it is heated compared to when it is
cooled. The values obtained for our samples are shown in Table 1.
The largest area was obtained for the blue sample and the smallest
for the black one. Therefore, the black TC sample describes the most
similar colours whereas the blue one has apparently different
dynamic colorimetric properties.

The reversible TC process depends on temperature which can be
shown by change of lightness L* as a function of temperature
(Fig. 4). When sample is heated, L* becomes higher. Most of the
decolourization process is accomplished already some degrees
above the activation temperature (T4) where L* remains approxi-
mately the same with further increment of temperature. The
reverse process occurs during cooling but at lower temperatures.
The entire L*(T) curve has a form of a loop. Such a result shows that
colour of a TC sample does not depend only on temperature, but
also on the thermal history, i.e. whether the particular colour was
reached during heating or during cooling. Therefore it is not
possible to characterize the properties of such a sample in
a selected time only by temperature. The TC system has memory-it
is not possible to predict its output without knowing the path that
it followed before the current state was reached. Such a phenom-
enon is called hysteresis. TC materials belong to several physical
systems with hysteresis. It is colour hysteresis that describes the
colour of a TC sample as a function of temperature.

Colour hysteresis describes temperature dependence of colour
and should be represented in four-dimensional space or by two-
dimensional graphs showing dependence of each component of
colour on temperature separately. Fig. 4 shows such a graph for L*-
component of colour; similar loops were obtained also for a*- and
b*-components. The area of colour hysteresis may also be
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Fig. 4. CIELAB lightness L* of red (triangles), blue (squares) and black (circles) TC

samples in dependence on temperature at heating (solid signs) and cooling (open
signs).
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Fig. 5. Total colour difference between heated and cooled sample as measured for the
red (triangles), blue (squares) and black (circles) TC samples as a function of
temperature.

represented by the colour difference (CIEDE2000) between heated
and cooled states of the same sample as a function of temperature.
This is illustrated in Fig. 5. Our samples appear differently during
the two reversible TC reactions (decolourization and colourization).
Colour difference between heated and cooled sample reaches the
largest values on the blue sample, peaks at similar temperatures on
the blue and the red sample where it has approximately the same
spread (full-width at half-height). The corresponding data are given
in Table 1 (Tpax, CIEDE2000p,x, Spread). Higher CIEDE2000p,3x
shows larger colour change occurring at TC reaction and smaller
Spread is due to larger colour gradient of the corresponding colour
change. The largest colour change was obtained on the blue sample
whereas the largest rate of colour change with temperature on the
black sample.

The shape of colour hysteresis obtained for the three TC samples
is typical for single-colour reversible thermochromism [8]. The
curves obtained for the applied TC samples differ in temperatures
where the loop starts and finishes, in its steepness and area. The
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Fig. 6. Temperature dependence of the CIELAB b* values for the blue TC sample at
heating (solid signs) and cooling (open signs). Ty and T, are the initial achromic and
final achromic temperatures describing decolourization process, whereas the Ts and T,
are the initial chromic and final chromic temperatures, describing coloration,
respectively.

Table 2

The characteristic temperatures of colour hysteresis for the three TC samples: initial
achromic (T;), final achromic (T3), initial chromic (T3) and final chromic (T4)
temperatures. See also Fig. 6.

Sample T, (°C) T (°C) T3 (°C) T4 (°C)
Red 27,9 30,8 25,8 20,8
Blue 274 32,6 27,0 214
Black 30,1 33,6 29,7 27,3

characteristic temperatures were determined by the procedure
illustrated on Fig. 6. The decolourization process is described by T;
and Ty, the initial achromic and final achromic temperature and the
reverse reaction by T3 and Ty, the initial chromic and final chromic
temperature, respectively. These temperatures can be determined
from any two-dimensional graph showing colour hysteresis, a*(T),
b*(T), L*(T) or C*(T). All these graphs give practically the same
characteristic temperatures. They are collected in Table 2. The
activation temperature, specified by the producer (Tp = 31 °C) does
not correspond to any of these temperatures. It is located between
T, and Ty, approaches well to Ty in the black sample and to T in the
red one.

It is known from the literature that two metastable long-lived
complexes are formed in a TC composite as a result of two
competitive reactions, dye—developer and solvent—developer [10].
At low temperatures dye—developer interactions prevail which
forms coloured dye—developer complexes. When at higher
temperatures the solvent melts, solvent—developer interactions
destroy the dye—developer complexes and TC composite trans-
forms into its colourless state. Coloured complexes prevail at
temperatures below T4 and colourless complexes above T,
regardless of thermal history of the sample. Between these two
temperatures the system undergoes changes which depend on its
thermal history. Between T; and T, decolourization occurs and
between T3 and T4 the system regains colour. However, the
temporal stability of the system between T3 and T; might not be
obvious. To analyse this, our TC samples were heated well above T,
and then slowly cooled down just below Ty. Each sample was kept
at this temperature for over 10 h (640 min). During this time
several reflectance spectra were measured. After 640 min the
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Fig. 7. Reflectance spectra measured to determine the stability of the decolourized
state of the red TC sample at 27 °C. The reflectance of the colourized state at 27 °C was
measured on heated sample (a) and the reflectance of the completely decolourized
state at 41 °C (b). After cooling down to 27 °C, eight spectra were measured: after 0, 5,
10, 20, 40, 80, 160, 320 and 640 min at constant temperature (c). The reflectance of the
sample slowly cooled to 25 °C after testing is also shown.
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Table 3

Measuring parameters and results of colorimetric analysis of the three cycles: the
lowest (Tnin) and the highest temperature (Tphax) and the total colour difference
(CIEDE2000) between heated and cooled of the same sample at 15 °C.

Cycle Tmin (°C) Tmax (°C) CIEDE2000

Red Blue Black
A 15 60 1,33 0,69 0,79
B 10 80 1,67 1,56 1,41
C 8 100 2,07 1,60 1,91

sample was slowly cooled and reflectance spectra were recorded.
The temporal stability of decolourized state was measured at
temperature little below T3, i.e. 27 °C for the red and blue samples
and 30 °C for the black one (compare with Table 2). The reflectance
spectra recorded for the red TC sample are shown in Fig. 7. The
examined state has stable colour during the entire tested time: the
largest total colour difference (CIEDE2000) between any two
measurements at constant temperature was 0,56 CIELAB units.
When the temperature of tested sample was lowered, its colour
path described the same colour hysteresis as measured without
long time stability testing. Similar results were obtained for the
blue and black TC samples.

In perfectly reversible process TC sample should return to the
same colour after completing the whole heating/cooling cycle.
Colour hysteresis of such a sample has a closed loop. The degree of
reversibility of a TC change can be therefore evaluated by the
opening of colour hysteresis loop at low temperatures, i.e. by total
colour difference of a sample measured between heating and
cooling at temperature well below the final chromic temperature
(T4). This value was applied to describe dependence of reversibility
of the TC process on high temperatures. Three measuring cycles
were applied, differing in the applied temperature region. Between
successive cycles each sample was stored in a refrigerator for at
least 12 h. Results obtained for the red, blue and black TC samples in
the three measured cycles are given in Table 3. They show that the
opening of the colour hysteresis depends on the applied tempera-
ture region: it increases with the highest temperature used for
heating. This effect is approximately linear for the red and the black
sample and is the largest for the red sample.

It should be pointed out here that the colorimetric properties of
reversible TC process were tested up to the temperatures at which
a short exposure should cause no long-lasting colour change (up to
140 °C, according to the producer data [24]). The high repeatability
of dynamic colorimetric properties was reached by keeping each
sample for several hours in refrigerator and by small temperature
gradient applied for all measurements. This way the semi-perma-
nent colour difference that remained in each cycle even well below
final chromic temperature (T4) was relaxed before starting the next
cycle. Therefore no colour change of initial state was accumulated
in successive cycles and each cycle is therefore independent on all
others.

4. Conclusions

The colour of three, leuco dye-based TC inks of the same acti-
vation temperature were analysed. The pigments were of very
similar size and the thickness of their protective polymer shell was
is of the order of um and are nearly equally stable against etching by
oxygen plasma. It was shown that TC capsules are much more
stable in oxygen plasma than the binder. Samples with damaged
pigment capsules lose TC colour properties.

Leuco dye-based TC inks are coloured at low temperatures and
transform into non-coloured state when heated. Their colour

depends on temperature and on thermal history — this effect is
known as hysteresis. The colours appearing on heating are in
general not equal to those on cooling. The effect was measured by
the surface area of colour hysteresis in a colour space. The colour
difference observed on the same sample between heating and
cooling at the same temperature peaks at different temperature,
have different intensity and rate-of-change.

The shape of colour hysteresis can be characterized by four
characteristic temperatures; two of them describe decolourization
process that occurred by heating (initial achromic, final achromic)
and the other two describe the repeated coloration at cooling
(initial chromic, final chromic). The first (initial) temperature
denotes where the corresponding competing reaction (achromic or
chromic) starts whereas this reaction prevails at the second (final)
temperature. The four temperatures therefore characterize the two
chemical reactions producing colour loops. The three tested inks do
not have the same characteristic temperatures. Activation
temperature is the only parameter given by the producer that
describes the dynamic colour of a TC ink. This temperature is higher
than initial achromic and lower than final achromic temperature.
Thus, no particular point of the whole TC process is described by the
activation temperature.

Temporal stability of decolourized state at constant temperature
was confirmed for more than 10 h when hysteresis cycle was
stopped during cooling below initial achromic temperature but still
above final chromic temperature. After the tested time period
colour hysteresis continued practically the same path as without
stability testing. The reversibility of the whole TC colour change, i.e.
of the entire colour hysteresis, diminishes approximately linearly
with the highest temperature applied at heating. In this testing, all
temperatures were kept well below the highest temperatures
recommended as acceptable by the producer. Small differences in
the degree of this effect were obtained between tested inks. We
may therefore conclude that the tested inks are not equally stable
against higher temperatures.

All colour hystereses were measured applying small tempera-
ture gradient on samples with fully relaxed colour. It was proved
that such conditions guarantee the high measurement repeatability
required to quantify the dynamic colour properties of TC samples
shown here.

The properties of TC inks shown here do not depend on physical
properties of TC microcapsules. Dynamic colorimetric properties of
a TC ink are suitable to describe by several parameters such as the
area of colour hysteresis in colour space or by four characteristic
temperatures of hysteresis loop. The opening of the loop at
temperature well below the lowest of the four characteristic
temperatures gives a measure of reversibility of the decolouriza-
tion/colourization cycle. The analysis shown here provides a better
description of the TC process in printed ink as the activation
temperature and typical colour shade.
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