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Optical Properties of Interference Pigments —
Solutions to the Problem of their Description & Characterisation
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ASTM Standard Practice E2539, entitled "Standard
Practice for Multiangle Colour Measurement of Inter-
ference Pigments", lists the recommended geometries
for measuring interference pigments (Table 1). The
basis for that collection of geometries is numerous in-
strumental and visual-assessment techniques aimed
at combining the physical requirements with techni-
cally feasible implementations. On the one hand, we
thus have the necessary conditions that result from
the optical properties of such pigments; on the other,
we have the feasibility of the various techniques and
their implementation in the form of portable metro-
logical instrumentation.

In general, deliberations regarding how the
problem of conducting colourimetric analyses of
interference pigments might be solved must be ap-
proached via two avenues, and its solution does not
involve employing just any metrological instrument,
making measurements with it, and then failing to

Table 1: The geometries to be employed in measuring interference pigments in accordance with ASTM Standard

Practice E2539
15° 0° 15° 15%0° (as 15°)
15° -30° -15° 15%-30° (as 15°)
45° -30° 15° 45°:-30° (as 15°)
45° -60° -15° 45°:-60° (as -15°)

*REEENAE Angle relative to the normal
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Figure 1: An illustration of traditional geometries
involving a constant 45° angle of illumination

EH2: ERAT REAHCEBALISTHIERERES
Figure 2: A combination of both types of illumination
involving measurements taken at angular dis-
placements of +/- 15° from axes, along which specular
reflection occurs
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conduct any discussions of the results obtained. On
the contrary, more important is taking a close look at
the optical properties of interference pigments and
correlating them to the capabilities of the metrologi-
cal instrumentation involved. Since specular reflec-
tion is one of their optical properties, the angles at
which measurements are made will also play a key
role in visual assessments, and not just in determin-
ing the instrumental techniques employed. That
requirement is usually forgotten, and users wonder
at the differences between the results obtained from
visual assessments and instrumental measurements.

Classifications of the pigments employed in
automotive and other industrial applications yield
three major groups that differ in their responses to
incident light. Coloured pigments partially absorb
incident light and largely transform the absorbed
portion into heat. The remainder will be scattered in
all directions, i.e., all wavelengths that have not been
absorbed will be diffusely scattered. Fluorescent or
phosphorescent pigments, which either instantly, or
over extended periods, transform UV-light into vis-
ible light, represent a special case. If incident light
is specularly reflected by pigments, then the reflec-
tive pigment particles, which will usually be alumi-
num flakes, are present. The reflected light will be
more or less intense and sparkling, depending upon
their dimensions.

Unlike those two types of pigments, interfer-
ence pigments split incident light into reflected and
refracted beams, causing wavelength-selective re-
flections (Figures 1~2). Their composite structures
consisting of one or more layers having high indices
of refraction lead to reflections at, and refractions
within, their layered structures. Traditional interfer-
ence pigments contain natural-mica platelets that
serve as substrates for high-index metal oxides ap-
plied to them in the form of very thin films. The metal
oxides commonly employed are titanium dioxide,
iron oxide, chromium oxide, or combinations of two
or more such metal oxides.

Light incident on mica-based pigments will be
partially specularly reflected at their outer surfaces.
The remainder will be refracted upon entering the
higher-index medium, e.g., titanium dioxide. Light will
be partially reflected again at the interface between
the titanium dioxide and the mica platelets and exit
the pigment parallel to the first partial reflection. The
two partially reflected beams are thus confined to
interacting with one another only, causing the effect
termed "interference." Due to the different lengths
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Figure 3: Angles of incidence a and titanium-dioxide
film thicknesses d strongly affect apparent colourations
in reflected light. The transmitted light will have
complementary colourations
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of the paths traversed during given time periods and
the phase shifts occurring at the transitions from
lower-index to higher-index media, the phases of the
two beams will be shifted relative to one another. If a
wave crest coincides with a wave crest, constructive
interference will occur; if a wave crest coincides with
a wave trough, destructive interference will occur.

Which wavelengths will be amplified will primar-
ily depend upon the thicknesses of the metal-oxide
films and the angle of incidence of the incident light
(Figure 3). Their film thicknesses will be determined
by the manufacturing processes employed and yield
the typical, basic colourations of the respective in-
terference pigments involved. Employing greater
titanium-dioxide film thicknesses will shift reflectance
peaks toward longer wavelengths, yielding shifts in
colourations in reflected light ranging from white,
through yellow, red, and blue, to green (Figure 4).
That unusual ordering of colourations is due to the
fact that the zero-order reflectance peak (white) is fol-
lowed by a reflectance minimum and another reflec-
tance peak falling outside the visible spectral region.
In the case of the shift toward longer wavelengths,
i.e., the shift caused by employing greater film thick-
nesses, the reflectance minimum will be shifted into
the visible spectral region, yielding a yellowish colou-
ration in reflected light. Further such shifting toward
longer wavelengths will yield red, and, subsequently,
blue, colourations, since that will shift the second
reflectance peak into the visible spectral region and
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Figure 4: Increasing titanium-dioxide film thickness
shifts the reflectance peak toward longer wavelengths
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Figure 5: Increasing the angle of incidence shifts the
reflectance peak toward shorter wavelengths
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shift the first reflectance peak into the infrared spec-
tral region. Further increases in film thickness will
then shift the reflectance peak from the blue to the
green spectral region.

Since film thicknesses, and therefore the resul-
tant colourations in reflected light, are determined
by manufacturing processes and cannot be changed,
they cannot be employed as a means for conducting
colourimetric analyses of the interferences involved.
Another factor that has a major impact on coloura-
tion is the angle of illumination. Changing the angle
of incidence will allow observing typical interference
effects. The resultant colouration will be shifted to-
ward shorter wavelengths when the angle of inci-
dence is increased (Figure 5). Conversely, decreasing
the angle of incidence will shift colouration toward
longer wavelengths. These typical responses may be
employed for characterising and identifying interfer-
ence pigments.

As light progresses along its path through inter-
ference pigments, similar reflections and refractions
will continue to occur until the light exits from pig-
ments’ far sides. The resultant colouration in transmit-
ted light will be complementary to that in reflected
light due to the lack of the phase shifts that occur
exclusively at interfaces between lower-index and
higher-index media.

In short, multi-layered structures consisting of
layers having differing indices of refraction exhibit
spectrally selective reflectances. Their colourations
are due to interactions between reflected and refract-
ed beams. Unlike colouring pigments, whose colou-
rations usually change with time due to various pro-
cesses, colourations due to interferences may persist
for millions of years, as may be observed in the case
of the colourations of, e.g. fossil, primeval beetles,
and their optical properties may be determined by
changing the angle of incidence of incident light.

We therefore have, on the one hand, the opti-
cal properties of interference pigments, and, on the
other, the design specifications of colourimetric
instrumentation, which usually specify fixed illumina-
tion and observation geometries. Furthermore, in the
case of, e.g. portable instrumentation, their engineer-
ing specifications effectively eliminate illumination at
grazing incidence. Implementing such large angles
of illumination would make them much larger, which
would be undesirable.

Portable instrumentation featuring collimated
illumination at 45°-incidence has been introduced
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Table 2: Traditional geometries involving a constant 45° angle of illumination are also employed for measuring

interference pigments

45° -30° 15° 15°-30° (as 15°)
45° -20° 25° 45°-20° (as 25°)
45° 0° 45° 45°% 0° (as 45°)
45° 30° 75° 45°75° (as 75°)
45° 65° 110° 45°1100° (as 110°)

*RE EEMNAE Angle relative to the normal
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in order to allow measuring effect-colourations of
aluminum pigments (Table 2). Such instrumentation
measures the intensities of light reflected at angles of
15°, 25°, 45°, 75°, and 110° relative to the respective
angles of specular reflection. That such geometries
are unsuitable for measuring interferences, and only
marginally suitable for measuring them only under
certain circumstances, may readily be experimentally
demonstrated. If transparent interference pigments
are applied to a white surface, the transition from
their colouration in reflected light to that in transmit-
ted light will occur at angular displacements of 20°
to 30° from the axis, along which specular reflection
occurs (Figure 6). As mentioned above, their colou-
rations in transmitted light are complementary to
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Figure 6: Measuring reflectance against a white
background will allow observing the shift from the
colouration observed in reflected light to that observed
in transmitted light that occurs when the difference
between the angle of observation and the angle at
which specular reflection occurs is increased
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Figure 7: Plotting colour indices against the difference
between the angle of observation and the angle at
which specular reflection occurs allows detecting the
abrupt shift from the colouration observed in reflected
light to that observed in transmitted light. The transition
zone occurs at an angular displacement of 20° to 30°
from the axis, along which specular reflection occurs
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those in reflected light. Visual and instrumental ob-
servations conducted close to the axes, along which
specular reflection occurs, will yield their colourations
in reflected light. However, observations of transpar-
ent pigments conducted at larger off-axis angles will
allow looking through them and seeing the underly-
ing, white surface, where their complementary colou-
rations in transmitted light will be reflected (Figure 7).

Employing at least a second, and, ideally, a third,
angle of illumination will be necessary for measur-
ing interference pigments, and thus for measuring
the interference effects that they produce. However,
employing a third angle of illumination might not be
feasible from the engineering standpoint in the case
of portable instrumentation, and has thus been left
unspecified under ASTM E2539.

What opportunities does new instrumentation
featuring two angles of illumination have to offer?
The answer is that there will no longer be any need
for delving into a bag of tricks in order to solve the
problems involved in describing and characterising
interference pigments. On the contrary, they offer
a solution involving employment of further geom-
etries that have also been redefined under ASTM
Standard Practice E2439. In addition to observations
and measurements at +15° from angles of specular
reflection, further displaced by -15° relative thereto,
i.e., conducted on the trans-side, have been defined.
Such observations and measurements will be on that
side of the illumination source opposite that where
specular reflection occurs. In the case of illumination
at 15° or 45°, observations and measurements are to
be conducted at angular displacements of +15° from
the axes, along which specular reflection occurs.

Interference pigments consist of large mica
platelets having relatively thin metal-oxide coatings.
If they are employed in formulating, e.g. automo-
tive paints, their platelets will endeavour to align
themselves with their planes parallel to the surfaces
to which they are applied. Since the normals to their
planar surfaces will be normal to painted surfaces,
observations and measurements conducted at angu-
lar displacements of +15° from theoretical angles of
specular reflection will be of those pigment platelets
whose normals to their surfaces are tilted through 15°
relative to the normals to painted surfaces. The law
stating that the angle of reflection equals the angle
of incidence will then be upheld and the angle of il-
lumination for such platelets will be 30°.
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Figure 8: Superimposing their interference lines
and aspecular-reflection lines allows arriving at
accurate descriptions of the optical properties of
interference pigments
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On the opposite side of the theoretical angle of
specular reflection, observations and measurements
conducted at angular displacements of -15° relative
thereto will involve illuminating such platelets at 60°
to the normals to their surfaces. However, the results
obtained will not be exactly identical to those ob-
tained at +15°, since other properties, such as scatter-
ing etc., are taken into account in computing theo-
retical angles of specular reflection. Comparing the
reflectance curves obtained at angular displacements
of +15° and -15° relative to the theoretical angles at
which specular reflectance occurs shows that shifts
from shorter to longer wavelengths corresponding
to those mentioned above actually occur, which con-
firms the statements made above.

Assuming, once again, ideal conditions, in order
to optimally describe the interferences that occur, a
small angle of illumination of 15°, illumination at the
traditional 45°, and oblique illumination at 65° to the
normals to platelets surfaces would be needed for
the respective, equal angles of observation/measure-
ment of 15° relative to the theoretical angles at which
specular reflection occurs. Studies have shown that
the unimplemented geometry involving illumination
at 65° and observation/measurement at a 15° dis-
placement from the theoretical angles at which spec-
ular reflection occurs may, in all cases, be replaced by
the trans-geometry involving illumination at 45° and
observations/measurements of aspecular (as) reflec-
tances at -15°, which will hereinafter be abbreviated
to 45°/as -15°.

The three geometries, 45°/as -15°, 45°/as +15°,
and 15°/+15°, therefore represent a reasonable com-
bination and an acceptable alternative to a combina-
tion involving three, differing angles of illumination.
All measurements and computations of interferences
that have been conducted to date have yielded the
same conclusions, which means that those conclu-
sions may be generalised (Figure 8).

The further description of interference pig-
ments, or paints containing such pigments, also en-
tails describing those of their optical properties that
become apparent when they are viewed at angles
far from angles at which specular reflection occurs.
In industrial use, interference pigments are usually
mixed with colouring pigments and/or aluminum
pigments. Since most interference pigments are more
or less transparent, covering paints involving their
admixture with colouring pigments that are suit-
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Figure 9: The effects of metrological geometries are of
varying magnitudes. Geometries that involve making
measurements close to specular-reflection axes have
the largest effects
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able for use in mass production painting operations
may be manufactured. Interference pigments having
titanium-dioxide coatings are usually combined with
black, blue, or green colouring pigments. Combining
them with bright colouring pigments, such as yellow
or red pigments, yields less attractive paints.

In addition to interference effects, their optical
properties of interest also include their absorptivities
and reflectances. The latter may be described by em-
ploying traditional metrological geometries involving
a single angle of illumination and various choices of
differences between the angles at which observa-
tions/measurements are conducted and the angles
at which specular reflection occurs (Figure 9). In con-
crete terms, that implies a 45° angle of illumination
and measurements conducted at angular displace-
ments of 15°, 25°, 45°, 75°, and 110° from specular-
reflection axes. However, the results of measurements
conducted at the latter angular displacement should
be critically viewed, since recurrent artifacts will usu-
ally be involved.

ASTM Standard Practice E2539 lists the geometries
that should be employed in arriving at descriptions of
the optical properties of interference pigments. Care-
ful choices of geometries and combinations thereof
will allow characterising the typical properties of any
interference pigment. On the one hand, interference
lines describe the interference phenomena resulting
from adding a second angle of illumination, 15°, to
the traditional 45°. Observation/measurement will be
at an angular displacement of 15° from the axis, along
which specular reflection occurs for either angle of
illumination. In the case of illumination at 45°, further
measurements at -15° are also to be included. The
results of measurements at all three angles are then
combined, yielding an interference line.

On the other hand, combining the results of
measurements at +15° for 45° illumination will
yield an aspecular-reflectance line, which is largely
an indication of contributions due to absorption
and scattering.

Both lines represent indications of the major
optical properties of interference pigments and may
be utilised for tailoring them to suit their intended
applications, regardless of whether it be determining
differences between batches of pigments or paints,
or for the characterisation of interference pigments
on paint-sample charts. (]
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