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Electromagnetic radiation and light

The development of the theories of light has taken
place over many centuries. Theories were being
proposed more than 2500 years ago, possibly by
Pythagoras, or the Atomists a century later, that light
consists of particles emitted by objects that are
collected by the eye. Conversely, Euclid proposed that
the eye sends out rays that detect objects and produce
the sensation of sight [1]. Throughout the centuries that
followed, the properties of light were widely
investigated, particularly the phenomena of reflection
and refraction. One of the more important discoveries
was that made by Newton, using a prism to split white
light into the colours of the rainbow. His experiments
demonstrated the wave-like behaviour of light.

It was universally accepted at the time that waves
could only travel through a propagating medium, as
demonstrated by sound and water waves. This led
scientists at the time to introduce the concept of
luminiferous ether that fills all space, including
vacua, and thus allows light waves to be propagated.
An important discovery of Maxwell was the theory
of electromagnetic radiation. This shows that a change
in a magnetic field will induce a changing electric
field and vice versa. This electric field will, in turn,
exhibit wave-like properties. The electromagnetic
field can be considered as a potential, which will act

on contact with the appropriate medium. Maxwell
concluded that since the velocity of light is so close
to that of electromagnetic radiation, and has similar
properties, it seems a reasonable assumption that light
is indeed a form of electromagnetic radiation.

Light forms the visible part of the electromagnetic
spectrum (Figure 1) [2]. The electromagnetic spectrum
describes all energy that travels at the same speed in
a vacuum. This speed is 2.997925 x 108 m s7!, and is
commonly called ‘the speed of light’. It is widely
thought that nothing can travel faster than this speed.
The wavelength of the energy varies and hence so
does the frequency, according to Eqn 1:

A=cv

(1)

where 1 = wavelength, m
¢ = speed of light, m s
v = frequency, s71.

The energy associated with a particular wavelength
can be calculated from Eqn 2:

E = hv (2)
where E = energy, ]
h = Planck’s constant (6.626176 x 10734 ] s).
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Thus energy with a higher frequency (and a shorter
wavelength) will have higher energy. Red visible light
has a longer wavelength than violet light and is of
lower energy. Moving across the electromagnetic
spectrum, shown in Figure 1, from right to left, the
energy of the radiation increases and so its effect on
matter increases too. It is the violet region of the
visible light and the invisible ultraviolet section of the
sun’s rays that have the most marked effect on the
objects they fall on.

The effect that radiant energy has on matter can be
considered under headings such as photophysics and
photochemistry. The oscillating field of the photon
interferes with the electronic structure of the molecule,
causing excitation of the molecule by electromagnetic
radiation. Electrons in the ground state may be
promoted to higher energy levels. Radiation is
quantised, thus only specific energies can cause
promotion within any given molecule. The promoted
electrons can undergo a number of events such as
vibrational relaxation, intersystem crossing and
internal conversion [3]. The electron may then fall back
down to its original ground state. If the molecule
absorbs energy in the near ultraviolet part of the
spectrum, the electron will be promoted to a higher
energy level. On undergoing vibrational relaxation, the
electron may fall back down to the ground state,
emitting light in the visible part of the spectrum. The
observed effect will be a material of much greater
intensity of colour, known as fluorescence. Another
visible effect of the absorption of suitable radiation is
phosphorescence. Here, after the electron has been
promoted, it undergoes vibrational relaxation and
intersystem crossing. It then falls back down to the
ground state emitting light. Both of these effects can
influence the colour sensation. Phosphorescence has
a longer lifetime due to spin inversion of the electron.
Spin inversion is a forbidden process in quantum
mechanical terms, thus increasing the lifetime of any
electron that has undergone this process [3].
Consequently, chemical events have sufficient time to
take place. In the current context, the chemical event
could be that of fading.

Molecules can also be changed by photochemical
reactions. The changes that radiation can cause to
electronic structures mean that reactions can take
place that would not normally be observed in the
absence of light. This can be favourable in that some
reactions can only take place when molecules are
promoted to an excited state, but can also be
unfavourable as in the breakdown of colorants, more
commonly known as fading.

Theories of light-induced fading and
degradation

When a polymeric material is coloured, it will absorb

light of a particular wavelength. This excited state can
transfer energy to produce singlet oxygen from ground
state oxygen, perhaps causing phototendering of the
polymer substrate [4]. Conversely the colourless com-
ponents of a system, such as the continuous medium
or additives, may absorb radiation with a wavelength
of 300-400 nm and cause degradation of any colorant
present, changing or removing the colour of the
product [5].

The structure of the chromophore has the most
significant effect on the overall light stability of the
molecule [6]. However, various substituents can have
a beneficial or detrimental effect on light fastness [7].
A number of workers have related the light fastness
of dyes to the Hammett o-value of the substituent
groups that are attached to the main chromophore of
a series of dyes [8]. It was found that, with protein-
based substrates, electron-withdrawing groups reduce
the rate of fading, whereas with non-protein based
substrates the opposite is true [9].

There are several different mechanisms by which
colorants can be degraded. In most cases oxidation
is the major cause of the breakdown of the colorant.
However, it has been reported that sometimes
reduction of the dye may take place [10]. This can
arise when the substrate is more easily oxidised than
the dyestuff would be, or under anaerobic conditions
when a hydrogen donor is present. It has been long
established that on protein-based substrates, such as
wool, reduction of the dye is usually more favoured
[11].

It has been shown that a single reaction order
cannot be assigned to the fading mechanism [12]. The
changes in the observed order of reaction can be
explained by the differences in the size of the dye
aggregates on the fibre. These differences can occur
during the recrystallisation of the dye in situ. The
smaller dye particles are faded first, following a first-
order reaction rate. The larger particles are less
susceptible to degradation, and so the observed rate
of reaction tends towards a zero-order reaction in the
latter stages.

Some dyes can exhibit a reversible colour loss
(change) on exposure to light. Once the specimen is
removed from the light source and placed in
darkness, the colour is restored, at least in part. This
effect is called photochromism [13], which is some-
times caused by stereochemical isomerism, often
associated with double bonds. The change from the
cis to the trans isomer, or vice versa, can be induced
by light, and may lead to a change in hue. It is
possible that one isomer might have a higher tinc-
torial strength than the other. Sometimes this change
in colour appearance may be incorrectly attributed to
fading of the colorant. Within the scope of the ISO
light fastness test this effect is recognised [14]. The
ISO procedure is particularly significant when new

© Rev. Prog. Color., 31 (2001) 43



dyes are under test. Photochromic effects can often
explain why dyes exhibit much poorer fastness to
light than might be predicted.

It is of great importance to manufacturers of all
types of materials and colorants that the effects of
radiation, particularly visible and ultraviolet, can be
measured in some quantitative way, so that the
performance of a material can be guaranteed.

Concept of standards and
standardisation

Standards are defined by the International Organis-
ation for Standardisation (ISO) as: ‘documented agree-
ments containing technical specifications or other
precise criteria to be used consistently as rules, guide-
lines, or definitions of characteristics, to ensure that
materials, products, processes and services are fit for
their purpose’ [15].

Globalisation of products and services would be
extremely difficult, if not impossible, without inter-
national standardisation. It enables trade to exist
between different countries, whilst ensuring that pro-
ducts and services are provided to a certain level.
Standardisation provides quality assurance to the
consumer. For certain industries, such as the electro-
technical, pharmaceutical and food industries, the
existence of standards also conveys a message of
safety assurance.

The ISO recognises several important reasons for
the existence of standards [15]:

(a) World-wide progress in trade liberalisation

(b) Interpenetration of sectors

(c) World-wide communications systems

(d) Global standards for emerging technologies

(e) Involvement of developing counties in inter-
national trade.

The ISO is a voluntary body, consisting of members
from many countries. Each participating country is
represented by its own standardisation organisation.
In the UK the British Standards Institution (BSI) is
the representative. Within the structure of ISO, there
is a large number of technical committees, sub-
committees and working groups, which carry out the
required work to design, test and implement a new
standard prior to publication. The committees are also
responsible for regularly reviewing existing standards.

The development and introduction of new stand-
ards is market driven. An industry sector informs the
relevant member body of ISO, which takes the ideas
forward to the appropriate technical committee. The
relevant working group reviews the proposal, and
undertakes the work required to introduce the
standard. This involves a general consensus of the
industry sector concerned on an international scale.
A draft international standard is then drawn up, to
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the approval of the members of the relevant ISO
committees prior to publication.

Instrumental light fastness and weather
fastness testing

The earliest method for assessing the effect of sunlight
was simply to leave a sample outside, as described
by Wootton [16]. Until the 1950s exposure to sunlight
was the major method of light fastness testing.
Although this is still a valid test method [17], the
problem is that it can take a long time to obtain a
result. Earlier studies by Dufay, as outlined by Giles
and McKay, noted that climatic variations have a
dramatic effect on changes in properties of materials
[18]. The early history of light fastness testing has
been reviewed by Forrester [19].

The effect of climatic variations on light fastness
was also noted by Giles and Forrester [20]. Much of
the early work lacked a means of comparison between
different dyes. No standards were employed and the
intensity of sunlight depended on location and
seasonal changes. In 1930 Krais proposed that only
sunlight should be used in accelerated testing, as any
form of accelerated testing could lead to erroneous
results [21]. However, it has become generally
accepted that, whilst accelerated testing may lead to
some anomalies, real-time exposure to sunlight is too
time-consuming. Park reviewed the different test
methods employed, to assess the fastness of materials
to light with respect to the different lamps and test
procedures available in the 1970s [22,23].

Currently, many accelerated test methods are in
use. The tests can be split into two major categories:
weather fastness and light fastness. Accelerated
weathering may be carried out using natural sunlight,
at places with high sunlight intensity, such as Florida
and Arizona. Equipment has been devised such as
EMMA (Equatorial Mount with Mirrors for
Acceleration) [24], or the Q-Sun Natural Sunlight
Concentrator [25]. With the latter, sunlight is
concentrated by ten mirrors, giving rise to an intensity
of radiation equal to that of eight suns. This equip-
ment follows the sun to achieve the maximum dosage
during sunlight hours, giving one of the more realistic
accelerated tests. To simulate the effect of moisture
and rain, of particular importance to specimens that
are normally used in outdoor applications, samples
are sprayed with deionised water from nozzles that
are programmed to deliver the required volumes over
the prescribed time periods. American test methods
exist for use with this type of equipment [26,27]. The
main drawback for tests using natural sunlight is that
the light intensity varies depending on the time of
year. However, some equipment is operated by
measuring the dosage of ultraviolet radiation, as



opposed to the duration of test, which overcomes the
problem of climatic change.

Artificial weathering devices such as the Q-UV
systems are commonly used in accelerated weathering
tests for surface coatings applications [28]. The Q-UV
test system consists of eight fluorescent tubes, with
sample racks mounted equidistantly from the tubes,
as depicted in Figure 2. The apparatus can be pro-
grammed so that the samples are exposed to cycles
of UV light and moisture. Although this is a useful
means of testing, it does not take into account the
effect of visible light.

UV lamps

Test specimen
Swing-up door
Oxygen vent
Water heater
Test specimen
Room air cooling

OTMMOO >

Figure 2 Cross-section of Q-UV type apparatus [28]

The Xenotest series of instruments [29] and Atlas
Ci3000+ and Ci4000 Weather-Ometers [30,31] are all
accelerated weathering testers that employ a xenon
arc lamp as the light source. Such lamps have a
spectral distribution that is similar to that of daylight.
The machine can be programmed to have a specific
relative humidity in the test chamber, specified
periods of light (and dark if desired) and sprays to
simulate rain. Several properties of the material may
be monitored when carrying out weather fastness
tests. These include changes in colour, surface
defects, loss of gloss, cracking and changes in physical
properties, such as tensile and impact strengths [16].
Analytical techniques such as infrared spectroscopy
may also be employed to assess the effect of
weathering on a specimen [32].

The American Association of Textile Chemists and
Colorists’ (AATCC) Standard Test Method for
Colorfastness to Light defines light fastness as ‘the
property of a material, usually an assigned number,
depicting a ranked change in its color characteristics
as a result of exposure of the material to sunlight or

an artificial light source’ [33]. Light fastness testing
is most commonly employed for assessing the resist-
ance of coloured materials to fading. It was originally
devised for textiles. International standards exist for
this purpose [34,35]. When light fastness testing is
carried out only the colour change is assessed; no
consideration is given to changes in other physical
properties.

There are essentially three light sources used for
artificial light fastness testing. Early work was carried
out using a mercury vapour lamp, one example being
the Microscal unit. The spectral distribution of a
mercury vapour light tube can be seen in Figure 3.
Introducing a container of a specified saturated salt
solution into the test chamber provides a means of
controlling the relative humidity. Although a British
standard is available [36], this method is not widely
employed in the northern hemisphere because the
duration of the test is so long. However, it is still
widely employed in the southern hemisphere,
particularly in South Africa and Australia.
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Figure 3 Spectral distribution of mercury vapour lamp

(columns) versus sunlight (continuous line)

The second type of light source is the carbon arc.
Early carbon arc lights showed poor correlation to
sunlight. However, in the 1930s Atlas Instruments
developed the Sunshine Carbon Arc. This source has
a spectral distribution that more closely resembles
daylight [37]. The Sunshine Carbon Arc light source
has bands of higher-intensity radiation at the
ultraviolet end of the spectrum, as can be seen in
Figure 4 [37]. The AATCC originally selected this light
source as it believed that the ultraviolet component
of daylight has the most marked effect on fading. Two
AATCC Test methods for carbon arc testing are still
in use today [33]. American accelerated light fastness
tests for the automotive industry originally specified
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Figure 4 Spectral distribution curves for Sunshine Carbon Arc
versus sunlight [16]

carbon arc, as the results gave better agreement with
field failures [38].

The third and most common type of artificial light
source is the xenon arc lamp. An electric current is
passed through an enclosed xenon vapour under high
pressure, causing ionisation. The xenon arc lamp is
the artificial light source specified in accelerated light
fastness tests of ISO [34] and the British Standards
Institute [35]. It is also specified in the German DIN
and some AATCC test methods. The xenon arc lamp
is generally accepted to be the international light
source for accelerated light fastness testing. The
xenon arc burner was introduced by Hereaus
Industrietechnik in the 1950s and is the artificial light
source that most closely resembles daylight, as
depicted in Figure 5 [39].
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Figure 5 Spectral distribution curve for a xenon arc versus
sunlight [39]

There are currently several testing units available.
These fall into two categories: air cooled and water
cooled units. Designated testing laboratories employ
units such as the Atlas Ci3000 Fade-Ometer [31],
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which has a water-cooled configuration, or the
Megasol [40] and the aforementioned Xenotest series
that can be used for light fastness testing alone. The
latter units use air-cooled lamps.

Each unit has a chamber that contains a xenon arc
lamp that is surrounded by seven inner filters and a
cylindrical outer filter that are specified by the test
method in use. A cross-section of an air-cooled xenon
arc test chamber is shown in Figure 6. There are two
common filter combinations employed to replicate
sunlight behind window glass and sunlight outdoors
[29]. Around this arrangement are the sample holders,
equidistant from the light source. Test units may be
programmed to operate under specific conditions of
temperature and humidity, defined by either a
standard test method, or specified by a retail group,
many of which have their own test methods.
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Figure 6 Schematic cross section of a xenon arc air-cooled test
chamber

QQ-Panel has recently introduced the Q-Sun/1000
and Q-Sun/3000, both of which use xenon arc lamps
[41,42]. The relative humidity is controlled in the
3000 unit but is not controlled in the smaller 1000
unit. Relative humidity may be assessed using the red
azoic humidity control fabric. The apparatus may be
used with either a daylight filter, or a ‘sunlight behind
window glass’ filter, depending on the test method
being used. The Q-Sun/1000 and 3000 have air-cooled
lamps. Whichever system is employed, the trans-
mission of the filter system as defined by the ISO
standard for colour fastness to artificial light: xenon
arc fading lamp test should be: ‘at least 90% between
380 and 750nm, falling to zero between 310 and
320nm’ [34].

When carrying out accelerated light fastness testing
several variables must be monitored [38]. These
include:



(a) Spectral distribution of the light source

(b) Intensity of the light source

(c) Distance of light source from samples

(d) Relative humidity

(e) Specimen preparation

(f) Duration of the test

(g) Ambient temperature

(h) Sample temperature, obtained from the black-
panel or black-standard temperature.

The black-panel thermometer is defined by the ISO
as a metal panel measuring at least 45 x 100 mm,
whose temperature is measured with a thermometer
or a thermocouple located centrally in the panel. The
side of the panel facing the light source is black, with
a reflectance of less than 5% throughout the spectrum
of light reaching the specimen [34].

The black-standard thermometer is defined as a
stainless steel plate measuring about 70 x 30 mm with
a thickness of about 0.5 mm, whose temperature is
measured by a thermal resistor with good heat con-
ducting properties fitted on the reverse side. The
metal plate is fitted to a plastic plate so that it is
thermally insulated. It is coated with a black layer,
which has an absorption of at least 95%, even in the
infrared range [34].

The black-panel thermometer is not insulated and
measures the temperature of the test specimens at any
given time, whereas the black-standard thermometer
is insulated and measures the maximum temperature
that is reached by the specimens during exposure.

Under normal test conditions the ambient
temperature is not controlled. Varying any of the
conditions specified above can lead to inaccuracies
in the analysis of results, as the standard conditions
would not have been employed. Although the black-
panel temperature or black-standard temperature is
always quoted and assumed to be the temperature of
the specimen, studies have shown that the specimen
temperature can vary quite markedly, depending on
the type of colorant employed [43].

Humidity test control fabric is used to check the
relative humidity or the effective humidity [35]. The
control fabric is a cotton fabric dyed to a specified
level with CI Azoic Red 21. The light fastness of this
dye is highly dependent on humidity; fastness
deteriorates as the humidity increases, as shown in
Figure 7 [35]. By including the control fabric with
blue wool standards, the effective humidity inside the
test chamber can be monitored.

Specimens for testing are mounted on white card
that should be free from fluorescent brightening
agents and placed around the light source. The
distance from the filters to the test specimen is
defined by the appropriate standard [34]. The sample
holder is either fixed in its position or may rotate
180° after each revolution around the light source.

Light fastness

0 20 40 60 80 100
Effective humidity, %

Figure 7 Relationship between effective humidity and light
fastness of humidity test control fabric [35]

This rotation causes variation in the humidity and
temperature. When the sample is facing away from
the light it experiences a higher relative humidity and
a lower temperature. Alternation of the light periods
and the dark periods, as opposed to continuous
exposure to light, prevents the samples from be-
coming overheated. However, this causes an increase
in the rate of fading of coloured hydrophilic fibres.
The sample cools during the dark period, allowing
absorption of more moisture, due to the increase in
the relative humidity. The absorption of moisture can
cause the fibre to swell, allowing the ingress of more
oxygen into the fibre, which can promote fading
[10,38]. Continuous exposure is often employed to
reduce the duration of the test. Comparisons of the
results from the two procedures are currently being
examined.

Much work has been carried out to compare
natural and accelerated light and weather fastness
testing [44,45]. Most authors conclude that
accelerated testing gives a good indication of the way
in which a material would behave under natural sun-
light or weathering. However, the faster test usually
compromises the accuracy [46]. It is generally
accepted that the only way to obtain a completely
accurate picture of the way in which a material will
behave in sunlight and when exposed to various
weather conditions is to expose the material to the
natural elements in real-time experiments.

More primitive light fastness test methods have
been described by the photographic industry, with
respect to the light stability of ink-jet prints. The test
method involves the use of a UVA light source,
devised for the treatment of skin diseases, to make
comparisons between different prints after exposure
to the light source [47]. This method does not employ
any form of calibration and the author makes no
reference to or correlation with international
standards for light fastness testing.
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The Carnegie Mellon Research Institute has
recently developed an alternative test method using
xenon arc light [48]. This method has been devised
to test the light stability of works of art in museums
and art galleries. The method uses fibre optics to
expose a minute area of a painting to xenon arc light.
The change in colour of this area can be monitored
over a period of time, yielding results in less than an
hour. This procedure represents a non-destructive
way of testing a material. All the conventional test
methods that have been reviewed involve destructive
testing of relatively large pieces of material. In this
test method no reference was made to any calibration
materials or standards.

A light fastness test has been developed that
employs a series of lasers having wavelengths of 337,
351, 355 and 458 nm. In the test the specimens are
exposed to the lasers, and the light fastness test can
be completed in minutes rather than days [49].
Although this method may provide a rapid turn-
around of testing procedures, the correlation to
natural light exposure should be questioned, as only
four specific wavelengths of monochromatic light are
used, whereas sunlight consists of a continuous range
of energies. However, for this test method to give good
correlation to sunlight exposure, the test material
would need to be sensitive to these particular wave-
lengths. For the materials under examination, a com-
parison of the results under daylight exposure and
xenon arc exposure was made and the correlation was
found to be reasonable. However, no reference was
made to calibration standards, such as the ISO blue
wool scale, and the correlation of these under this test
method compared with the conventional methods.
Extensive testing would be necessary to validate the
laser test method.

Some form of calibration is essential when carrying
out accelerated light fastness tests. Sensors that are
an integral part of equipment may be unreliable, as
they usually calculate the irradiance based on the
light source and the energy supplied to it, as opposed
to measuring the irradiance directly. However, a
reference material will indicate any anomaly. For all
types of light fastness equipment, there appears to be
no direct correlation between natural daylight and the
artificial light source. The acceleration factor is related
to the material under test as opposed to being a
calibration factor of the equipment in use [50].

A number of different means of calibration have
been employed and these are considered below.

Light fastness standards

Currently, the most common form of calibration for
light fastness testing is the blue wool scale [34]. The
scale consists of a series of eight woollen samples,
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each dyed with a specific dye to a certain level. The
dyed wool samples are designed to fade in a
controlled, geometric manner on exposure to light, i.e.
each standard would take twice as long to fade to a
certain level as the one below it. However, marked
deviations from a geometric progression have been
observed [51-53].

The dyes used in the current ISO blue wool scale
fall into two categories; those used for light fastness
standards 1 to 6 are all acid dyes, whereas for light
fastness standards 7 and 8 solubilised vat dyes are
used. The molecular structure for all of the dyes in
the light fastness standards are illustrated in Figures
8-15 [54].
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Figure 8 Molecular structure of CI Acid Blue 104 [54]
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Figure 10 Molecular structure of CI Acid Blue 83 [54]



Figure 11 Molecular structure of CI Acid Blue 121 [54]
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Figure 14 Molecular structure of CI Solubilised Vat Blue 5 [54]
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Figure 15 Molecular structure of CI Solubilised Vat Blue 8 [54]

CI Acid Blue 104 (blue wool 1) and CI Acid Blue
109 (blue wool 2) both appear to have a degree of
steric crowding around the central carbon atom, due

to the presence of methyl groups on the adjacent
phenyl groups. This would lead to a twisting of the
bonds adjoining the central carbon atom, forcing the
molecule out of planarity and weakening of the
bonds. The delocalisation of the © electrons within
the molecule leads to fluctuating double bonds on
either side of the central carbon atom. Rotation about
double bonds is not allowed, and therefore the
presence of the steric crowding would strain the
bonds, making degradation more favourable. CI Acid
Blue 109 has a pendant phenyl group on the anilino
nitrogen atom, which would be involved in the
delocalisation, making it more stable than CI Acid
Blue 104, which only contains ethyl groups on the
anilino unit. Ethyl groups do not contain any =
electrons that could be involved in delocalisation.

CI Acid Blue 83 (blue wool 3) does not have methyl
groups on the phenyl rings adjacent to the central
carbon atom. Therefore it would be a reasonable
conclusion that it has less steric crowding than CI
Acid Blue 104 and 109. The presence of the ether
oxygen atoms on the phenyl group of the pendant
substituted anilino unit can also become involved in
delocalisation because of the presence of lone pairs
on the oxygen atom. This would help in overall
stabilisation of the molecule. By the delocalisation of
electrons throughout the molecule, any given position
on the molecule is more stable and therefore less
vulnerable to attack.

It has been shown that the dyes used in standards
1, 2 and 3 are all n-type semiconductors [55], and
therefore do not behave as semiconductors in the
presence of oxygen. Most or all of the donor atoms
in an n-type semiconductor are ionised. Therefore
when electrons are excited and move into the
conduction band, they leave behind positive charges.
As the supply of excitation energy is increased, the
band gap energy of the semiconductor can be reduced
[56]. The respective activation energies for photo-
conductivity of the dyes used in standards 1, 2 and
3 increase with increasing light fastness [55].

CI Acid Blue 121 (blue wool 4) has been with-
drawn from production as the intermediates used in
its manufacture are suspected carcinogens [54]. In an
attempt to develop an alternative standard test
material, the possibility of blending CI Acid Blue 83
and CI Acid Blue 47 (blue wool 5) to produce dyed
wool with a light fastness of 4 is under investigation.
An alternative approach has also been adopted that
employs a lithographic printing ink, coloured with
organic blue pigments and titanium dioxide. This
system will be discussed in more detail later.

CI Acid Blue 47 and CI Acid Blue 23 (blue wool
6) are both anthraquinone-based dyes. The presence
of hydrogen bonding between the oxygen atom on the
anthraquinone unit and the hydrogen atom attached
to the amino groups increases the stability of the
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molecules, and makes them less susceptible to
photochemical attack [57]. The molecules are also
more planar and there is little steric crowding. The
inclusion of an amide group on the pendant phenyl
group increases the stability of the molecule by
extending the degree of delocalisation. Studies have
shown that both molecules can behave as both n-type
and p-type semiconductors, and that they exhibit
semiconductivity in the presence of oxygen. Unlike
n-type semiconductors, when p-type semiconductors
are excited the acceptor atoms are negatively charged.
The activation energy for photoconductivity of both
of the anthraquinone dyes in the presence and in the
absence of oxygen is greater for CI Acid Blue 23, the
dye with higher light fastness [55].

CI Solubilised Vat Blue 5 and CI Solubilised Vat
Blue 8 both contain a vinylamide group. The presence
of this group provides the molecule with good
stability. Both of the molecules are neutral, having no
tendency to form ionic charges within the molecule.
The opportunities for hydrogen bonding within CI
Solubilised Vat Blue 8 help to provide its inherent
stability and the presence of chlorine substituents can
contribute to the delocalisation of electrons, in-
creasing the molecule’s overall stability. The bromine
atoms of CI Solubilised Vat Blue 5 contribute to the
delocalisation of electrons within the structure of the
molecule, but to a lesser extent than the chlorine
atoms. This could be because chlorine is more
electronegative than bromine. Both dyes are n-type
and p-type semiconductors, exhibiting semi-
conductivity in oxygen-based environments. As for
the previous groups of dye molecules, the dye in the
pair with the higher light fastness has the larger
activation energy for photoconductivity [55]. The
work of Horton and co-workers showed that com-
parisons of the activation energies could only be made
between dye molecules of the same type, and not be-
tween different molecular groups.

The first blue wool scale was developed in Germany
by the Deutsche Echtheitskommission (DEK) in 1914.
It has been reported that this became the basis of the
internationally accepted blue wool scale as developed
by the Society of Dyers and Colourists (SDC) in 1934
[58]. However, there is some controversy surrounding
who actually developed the blue wool scale. This is
discussed in a paper published by the SDC’s Fastness
Tests Co-ordinating Committee [59]. The testing of the
materials considered suitable for a light fastness scale
was started in 1928 at the British Research Association
for the Woollen and Worsted Industries, on behalf of
the SDC. The work was carried out using accelerated
testing. In 1929 the results of an international ring test
were collated. The tests were carried out on a number
of different fabrics, using different coloured dyes. The
effects of temperature and humidity were also
investigated.
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In the early 1930s the DEK had separate light
fastness standards for cotton, wool, unweighted silk,
weighted silk, acetate ‘silk’ and viscose ‘silk.” In total,
there were 48 different dyeings. For each fabric, all
eight of the dyeings were a different colour. At this
time, Krais proposed that the German standards
should be adopted, and the dyes used for each of the
standards on each of the fabrics were listed [21].
However, British workers had found anomalies with
the German standards, and therefore refused to accept
them as they stood. The British workers stated that
it was not necessary to have different fibres. It was
found that wool and silk were least effected by
humidity [60], and wool was then selected as the
preferred substrate. It was intended that red, green
and blue dyeings on wool should be adopted, giving
three separate scales. However, there were gaps in the
green scale so it was abandoned. The red and blue
scales were completed in 1930/31, and the work was
published in 1934 [58]. In 1932 the DEK had pub-
lished its own scale, so essentially the work had been
conducted simultaneously. Even though the scales
had been developed independently, the dyes and
concentrations for both sets were very similar.

In 1938/39 negotiations between the British,
German and American committees almost reached an
agreement. In spring 1939 an announcement was to
be made about the collaborative scale, but problems
arose with the DEK deciding that did not want equal
partnership with the British and the Americans. The
shade depths of the original British scale had been
increased to accommodate the Germans and these
new depths were retained. In 1940 the revised set was
issued [61], and in 1942 it was accepted as the British
Standard.

In 1940 the AATCC adopted the ISO blue wool
scale. However, the materials did not fade geo-
metrically under a carbon arc, the light source used
in America at that time [62]. The AATCC developed
its own scale of blue wool standards (the L-series) in
1945. Its approach involved two dyes, one with
excellent light fastness properties and one with poor
light fastness, applied to loose stock. The dyed stock
is subsequently blended in different proportions, spun
and woven into fabric. This results in a set of fabrics
that give a range of geometric fading rates on exposure
to a carbon arc. The two dyes used were CI Mordant
Blue 1 (fugitive, Figure 16) [63] and CI Solubilised Vat

CHg CHa
HO. ‘ (0]
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Figure 16 Molecular structure of CI Mordant Blue 1 [63]



Blue 8, the dye used as ISO blue wool standard 8
(Figure 15) [54]. This system is currently in use.

The current way that the ISO blue wool standards
and AATCC L-series standards are employed is
different. Each assessment technique is discussed
separately below.

The AATCC L-series of blue wool standards is
currently used to calibrate accelerated light fastness
test equipment. A specified blue wool light fastness
standard from the AATCC L-series is exposed in the
test chamber to a defined dosage of irradiance. The
AATCC test method for fastness to light defines
irradiance as ‘the radiant power per unit area as a
function of wavelength expressed as watts per square
metre’ [33]. The irradiance is measured at a wave-
length of 340 nm for water-cooled apparatus, or
integrated over 300-400 nm for air-cooled apparatus
[33]. Following exposure, the standard is assessed
instrumentally for colour change [64]. The standards
are used to calculate the irradiance required for
AATCC standard fading units, each standard requiring
twice as many fading units as the one below it. The
standard fading units are used to measure the dosage
of radiation given to each test specimen, the end point
of the test being defined by the fading units required
for the selected standard. It has been reported that
using a measure of the energy absorbed, instead of
measuring the duration of the test, can lead to
erroneous results [65]. This is thought to be because
the radiant dosage does not take into account the
effect of wavelength, temperature or moisture, which
can vary quite markedly for a given irradiant dosage.
Use of a grey scale [66], or instrumental measurement
of the colour change [64], can assist the evaluation
of the colour change of the test specimen.

The ISO test methods for assessing the light
fastness of textiles do not specify the use of irradiance
measurement [34]. Principally the specimen is
mounted on card along with the appropriate ISO blue
wool standards; the size of the specimen is defined
by the standard. The card is then placed in a holder
in the exposure chamber and the specimens exposed
to the light source. The specimen is periodically
checked until a contrast equivalent to that of grey
scale 4 is achieved [67]. This sample is then com-
pared with the ISO blue wool standards. The
specimen is said to have the light fastness that
corresponds to the blue wool standard with the same
degree of fading. The specimen and the standard may
then be returned to the test chamber and exposure
continued until a contrast equivalent to that of grey
scale 3 is achieved on the specimen. The blue wool
standards must be included with each set of samples
that are assessed. There are a number of variations
on this theme, specified by the standards [34].

The ISO grey scale for assessing change in colour
consists of either five or nine panels, each measuring

30 x 30 mm [67]. Each panel is divided into two
sections. The left-hand side is coloured with a neutral
grey and the right-hand side in each case is coloured
with varying depths of neutral grey. The standard
describes the grey scale for assessing change in colour
in the following way [67]:

‘The essential, or five-step, scale consists of five
pairs of non-glossy grey colour chips (or
swatches of grey cloth), which illustrate the
perceived colour differences corresponding to
fastness ratings 5, 4, 3, 2 and 1. This essential
scale may be augmented by the provision of
similar chips or swatches illustrating the
perceived colour differences corresponding to
the half-step fastness ratings 4-5, 3—4, 2-3 and
1-2, such scales being termed nine-step scales.
The first member of each pair is neutral grey
in colour and the second member of the pair
illustrating fastness rating 5 is identical with
the first member. The second members of the
remaining pairs are increasingly lighter in
colour so that each pair illustrates increasing
contrasts or perceived colour differences which
are defined colorimetrically.’

The colour difference between the two panels of
the pair numbered 4-5 is 0.8 CIE L*a*b* units. The
panel denoted as 4 has a difference between the two
panels of the pair of 1.7 CIE L*a*b* units, and is
perceived as being twice the difference between 4-5
and 5. The same pattern is followed down the scale
to panel 1, which has a very strong contrast,
corresponding to 13.6 CIE L*a*b* units. All the
panels are arranged on black card, side by side, with
five panels on each side (panel 3 appears on both
sides). The card with the panels attached is covered
with black card that has a window of equal size to a
panel, so that only one panel may be viewed at a time.

Studies have shown that none of the established
colour-difference formulae, such as CIE L*a*b* or
CMC (I:c), are appropriate for correlating AE with grey
scale ratings when assessing a colour change that is
due to fastness testing [68]. The main complication is
that the AE value generated has to be appropriate, for
any colour, to a colour change in relating to lightness,
chroma, hue or a combination of these. In 1987 the
Swiss Echtheitskomission (SEK) devised a formula
based on a comparison between visual assessment and
instrumental assessment of many specimens. This
formula was later modified to become the SEK2 colour-
difference formula, which contains a number of
weighting functions designed to replicate what the
human eye sees when comparing a test specimen to
the grey scale. This approach has been adopted as an
international standard [69].

The test method is described principally for textiles
[33]. However, adaptations to this theme have been
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described for other materials such as pigments used
in artists’ paints [70]. This method employs similar
testing procedures, but sample preparation is
described in detail. The exposed specimens are
assessed using instrumental colour-measurement
methods.

In 1976 DuPont proposed to the AATCC the use of
a textured polyester fabric dyed with a violet disperse
dye. The purpose of this fabric was to assist in the
calibration of fading lamps. On evaluation this
approach was found to be inappropriate due to its
high sensitivity to humidity and dependence on the
position within the test chamber [71].

Other test materials are in circulation, such as a
poly(vinyl chloride) tape. This relies on changes in
gloss measurement. Considerable statistical analyses
have been conducted to assess the reproducibility of
the test material [72,73]. Polystyrene plaques defined
by the US Society of Automotive Engineers Standard
have been used within water-cooled xenon arc
equipment: the change in yellowness versus radiant
dose is reported [74]. Polysulphone film, which is
specified by a British standard [75], may be used with
fluorescent tube equipment, with changes in absorb-
ance of the film being monitored at 330 nm.
Polyethylene plaques, defined by a Japanese industrial
standard [76], are used in carbon arc exposure
chambers. The ratio of absorbance over the range 1715
to 2030 cm™ is measured. All these calibration
materials have been assessed for repeatability and
reproducibility [77]. From such assessments certain
conclusions can be drawn. Most significantly, the main
source of error between evaluations has been shown
to come from differences between different assessors.
The test materials themselves are generally found to
be reliable.

As mentioned previously, the ISO blue wool scale
deviates noticeably from a geometric progression
under xenon arc exposure. Studies have been carried
out using fluorescent tube equipment in which the
deviation is even greater [78]. At the time of develop-
ment of the light fastness standards, wool was found
to be the substrate that was least effected by humidity
[60]. However, the standards have also been shown
to be sensitive to relative humidity. The effect of
humidity changes is not constant across the full set
of standards and this inconsistency can lead to
inaccuracies in assessments [62]. When wool is
exposed to certain conditions it can yellow [62],
causing difficulties in assessing the change in colour
on fading, particularly for instrumental methods.

Supply problems for certain dyes used to create the
blue wool light fastness standards have already been
mentioned. In order to address this situation sets of
pigment-printed light fastness standards were
developed on behalf of the SDC [79,80]. The current
printed light fastness standards are based on a paste
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printing ink formulation, arising out of earlier work
that evaluated the respective merits of a paste ink and
a solvent-based liquid ink [81]; these are defined by a
standard [82].

The AATCC has developed a series of transparent
blue polystyrene chips as calibration standards for
light fastness exposure chambers that have controlled
irradiance. The transmission spectrum of the chip is
measured prior to exposure in the test chamber. The
chip is then exposed to a specified dose of irradiance,
after which it is removed from the test chamber and
the reflectance spectrum is measured again. The
change in colour of the chip for a particular irradiant
dose is specified.

In a Japanese development a series of polyester and/
or nylon fabrics have been dyed using dyes with
varying light fastness levels, as a potential replacement
for the ISO blue wool scale. The dyes employed for
this set of reference fabrics are not disclosed. Several
such potential light fastness test materials are currently
undergoing inter-laboratory trials.

Use of pigments in light fastness
standards

The SDC’s set of pigment-printed light fastness
standards covers a geometric scale of levels 1 to 8. Two
organic pigments were used for standards 2 to 8:
these are CI Pigment Blue 56 (Figure 17), a fugitive
pigment, and CI Pigment Blue 60 (Figure 18), which
is a pigment of high light fastness. CI Pigment Blue 56
belongs to the alkali blue family of pigments [54].
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Figure 17 Molecular structure of CI Pigment Blue 56 [54]
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Figure 18 Molecular structure of CI Pigment Blue 60 [54]
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Figure 19 Degradation routes for alkali blue type pigments [85]

Standard 1 is pigmented with CI Pigment Blue 62,
which is also a fugitive pigment.

Alkali blue pigments have a triphenylmethyl
structure. Because of the non-uniform reaction pro-
cess involved in their manufacture, the commercially
available grades contain a mixture of reaction
products, the composition of which is dependent on
the conditions employed. The degree of sulphonation
achieved will also be condition specific [83]. As the
degree of sulphonation increases, so does the solu-
bility of the pigment in water, to the point when it
becomes a dye. Colorants with a triphenylmethyl
structure generally have poor fastness to light. Dyes
of this type are used for standards 1, 2 and 3 of the
blue wool scale, illustrating the typical values for light
fastness of this class of colorant.

Several mechanisms for fading have been proposed
[84]. The first involves the formation of the carbinol
base, a strong absorber of ultraviolet radiation,
promotion of the colorant molecule to the triplet state
and subsequent reaction with oxygen to form the
breakdown products (ketones and phenols). Other
mechanisms involve dealkylation of the side-chains
and cleavage of one of the central C-C4H; bonds to
form substituted benzophenones [85]. The degrad-
ation routes are illustrated in Figure 19.

By using the Hammett relationship to analyse the
light fastness data of a series of triphenylmethyl dyes,
it has been shown that the mechanism of fading
proceeds via photo-oxidation on most substrates in

the presence of oxygen [10,86]. Under anaerobic
conditions and in the presence of a mild reducing
agent, photoreduction of the dye to the colourless
leuco form can take place [87]. Oster and Bellin
proposed that, on exposure to light, the dye molecule
is promoted to the first excited state and may then
be transferred by intersystem crossing to the first
excited triplet state. The triplet state can then react
with a reducing agent to form a complex, followed by
degradation to form colourless products.

CI Pigment Blue 62 belongs to the class of pigments
that is formed by complexing the acidic anions of
transition metal salts with triphenylmethyl dyes. It is
made by complexing the dye commonly known as
Victoria blue (Figure 20) with copper ferrocyanide
[83]. The exact stoichiometry varies depending on
temperature and pH during the precipitation process.
This pigment has poor light fastness and is sus-
ceptible to all the mechanisms of fading described
above for CI Pigment Blues 56 and 61 (Figure 21). The
pigment also has the disadvantage of darkening on
exposure to light. It has very poor fastness to organic
solvents and decomposes in the presence of alkali.
When incorporated into oil-based binders, the copper
ferrocyanide complex may catalyse the drying
process, making any subsequent ink unsuitable for
storage [83].

CI Pigment Blue 60 (Figure 18), traditionally known
as Indanthrene blue, is based on a vat dye. It has
excellent weather fastness, giving light fastness testing
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Figure 21 Molecular structure of CI Pigment Blue 61 [54]

ratings greater than 8 on the blue wool scale. The
excellent fastness properties may be attributed to
hydrogen bonding, which makes the molecule very
planar and unsusceptible to photochemical attack via
reduction routes or oxidation routes. CI Pigment Blue
60 has better weather fastness properties than the
more commercially important copper phthalocyanine
(CI Pigment Blue 15) group of pigments. It is com-
monly used in automotive finishes, where excellent
weather fastness is necessary, but finds little com-
mercial significance elsewhere due to its high cost.

CI Pigment White 6 (titanium dioxide) is used in
the pigment-printed light fastness formulations to
provide opacity. Titanium dioxide has a very high
refractive index; it reflects the majority of visible
radiation and can be considered to be relatively
chemically inert. There is an optimum pigment
volume concentration at which scattering occurs. This
is achieved when the pigment particles have a
separation sufficiently great that their scattering
volumes do not overlap. The scattering volume has a
diameter that is approximately twice the diameter of
the particle [88]. For a long-oil alkyd resin precursor,
the optimum scattering is achieved at a pigment
loading of approximately 10% [89].

The rutile crystal form of titanium dioxide was
selected for the pigment-printed light fastness
standards. This has a more yellow appearance than the
anatase form because it absorbs electromagnetic
radiation at a longer wavelength, thus reflecting more
of the blue component of visible light. It also has a
higher refractive index than the anatase form, giving
it greater opacity. The rutile form protects the binding
medium by absorption of all radiation below a
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wavelength of 410 nm, which could otherwise cause
breakdown of the binder by photochemical attack [90].

Photochemical degradation is an oxidation process,
initiated by incident radiation being absorbed by a
molecule, which promotes electrons to an excited
state. The surplus energy that the excited molecule
possesses needs to be dissipated. Free radicals can be
formed by cleavage of bonds within the molecule.
This cleavage causes breakdown of the structure of a
component or components of a given system [91].
Only radiation of a specific wavelength will be able
to induce cleavage of any given bond [3]. Atmospheric
oxygen may also become involved in the process,
giving rise to peroxy radicals that lead to autoxidation.

Both photochemical and photocatalytic breakdown
are usually active within a system. However, the
dominant degradation route depends on the binder
in use. For systems in which photochemical break-
down is minimal, the addition of titanium dioxide
will increase the rate of degradation, because the
photocatalytic route will be the dominant breakdown
process. For systems in which the binder is subject
to photochemical breakdown, addition of titanium
dioxide will reduce the rate of degradation by
absorbing a large proportion of the damaging
radiation. Photocatalytic breakdown would still occur,
but the rate would be much slower [89].

In the case of the pigment-printed light fastness
standards, CI Pigment Blue 56 is the most vulnerable
species. It is degraded by incident radiation via the
mechanisms described above. The binder was
designed to be sufficiently stable throughout the
lifetime of the colorant.

The substrate chosen as a potential light fastness
standard test material must fulfil certain
requirements:

(a) It must be able to withstand the conditions of the
light fastness test chamber

(b) It must not undergo any structural or colour
change on exposure to the conditions of light,
humidity and temperature experienced in the test
chamber

(c) It must not interact negatively with the ink, either
physically or chemically

(d) It must also be of consistent quality, e.g. the use
of recycled materials is considered unacceptable
owing to the unknown origin and nature of the
components of the recycled material.

The printed light fastness standards were designed to
follow a geometric rate of fading, and to fade in a
linear fashion. Extensive trials are currently being
conducted by ISO to assess the appropriateness of the
prints as replacement light fastness standards for the
blue wool standards, for use in the ISO 105:B02 test
method. Comparative studies have shown that the
pigment-printed light fastness standards show good



correlation with, and would be a suitable replacement
for, the blue wool standards numbered 3 and 4 [92].
Work relating to pigment-printed light fastness
standards is ongoing [80].
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