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Abstract: We have developed new parameters that help to
interpret multi-angle reflection data. By expressing mea-
surement geometries in terms of so-called flake-based
parameters, a physical explanation is given for several
well-known colorimetric characteristics of effect coatings.
The new concepts are based on expressing angles with
respect to the normal vector of flakes, instead of the con-
ventional usage of the coating normal as a reference.

We discuss and give physical explanations for the use-
fulness and limitations of previously defined concepts such
as aspecular angle, cis- versus trans-geometries, interfer-
ence lines and aspecular lines.

For example, it is known that the trans-15° geometry has
added value next to the cis+15° geometry when samples are
analyzed that contain colored effect pigments with large
color travel, such as Colorstream, Chromaflair, or chromatic
Xirallic pigments. Our results demonstrate and explain why
there is much less added value in the case of samples that
contain less striking chromatic effect pigments, such as
metallic or mica-based effect pigments, or “white” Xirallic
pigments. Further, interference lines are shown to be suita-
ble for characterizing effect pigments because they selec-
tively sample the reflectance values of flakes as a function of
the angle of incidence with respect to the flake normal.

In another example, the similarity between an off-plane mea-
surement geometry and several in-plane geometries is investi-
gated. The results are clearly explained when referring to the
corresponding values of the flake-based parameters. © 2011
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INTRODUCTION

The increasing popularity of effect coatings in markets like
automotive and packaging industries is a strong driver for the
development of new multi-angle spectrophotometers. For me-
tallic coatings, researchers from AkzoNobel and DuPont estab-
lished by around 1990 that measurement of the reflection spec-
tra under three different geometries is sufficient to characterize
the color travel, i.e., the angular variation of reﬂec:tivity.l_3
The three geometries should include a wide variation in the so-
called aspecular angle, a concept that we will define below.
This conclusion has been adopted for example in the ASTM
standard for measuring metallic coatings.*

In the past 20 years, pigments with more complex col-
oristic behavior have been introduced in the market, gain-
ing immense popularity as well. Examples include inter-
ference (pearlescent) and holographic pigments. For such
“special effect pigments,” it has been found that three
geometries are no longer sufficient for a full characteriza-
tion. At least five to six measurement geometries seem to
be needed (or even nine according to a recent ASTM
norm’). The discussion on how many and which geome-
tries are needed is still ongoing.

Over the years, it has become clear that for special
effect pigments, the concept of aspecular angle is not suf-
ficient to characterize reflection measurements at different
geometries. Therefore in a series of articles, several new
concepts were introduced by one of the authors (WRC)
in collaboration with investigators from Merck KGaA:
cis- and trans- angles, interference lines and aspecular
lines.>'? These new concepts were shown to be promis-
ing, for example for selecting measurement geometries
most suitable for identifying which special effect pig-
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TABLE |. Effect pigments covered by the first

sample set.
Pigment Color
code Type of pigment group Commercial name

A Metallic—Cornflake ~ Grey Stapa Mobilux®™
(Coarse) (Eckart GmbH) R157
B Metallic—Silver Grey Stapa Metallux™®
Dollar (Coarse) (Eckart GmbH) 2153
(] Mica/TiO, Blue Iriodin®™ 9225 WR Rutile
D Mica/TiO, Green Iriodin™ 9235 WR Rutile
E Mica/TiO, Lilac Iriodin™ 9219 Rutile
F Mica/Cr,03/TiO» Green Iriodin™ 9444 Moss
green WRII
G Xirallic Al,Og/TiO, Green  Xirallic® T60-24
Stellar Green
H Xirallic Al,O3/TiO5 ‘White’  Xirallic™ T60-10
Crystal Silver
1 Colorstream Violet Colorstream™ T20/01
WNT Viola Fantasy
J Chromaflair Green Chromaflair® Green

Purple 190

ments are present in an unknown material, or for identify-
ing the conventional, absorption pigments in an effect coat-
ing. However, the applicability of using these concepts for
such goals was never systematically tested in the open lit-
erature, and their use is still rather limited.'>~1¢

Because of this unclear status of research, new multi-angle
spectrophotometers have been launched with different sets
of measurement geometries. Recently, BYK Gardner intro-
duced the BYK-mac®, that features six measurement geo-
metries including both trans- and cis-geometries. X-Rite
introduced the MA98"™ instrument, having 19 different geo-
metries including both trans- and cis-geometries, and also
including off-plane geometries. Instruments that are capable
of measuring at hundreds or even thousands of different geo-
metries have also become available. These so-called BRDF
(Bidirectional Reflectance Distribution Function) measure-
ment devices are currently accessible through for example
the Physikalisch-Technische Bundesanstalt in Braunschweig,
the National Physical Laboratory (UK), the National Institute
of Standards and Technology (US), the Katholieke Universi-
teit Leuven (Belgium)17 and Murakami Research (Japan).18

From a straightforward statistical analysis of BRDF reflec-
tion data, Baba and coworkers'® conclude that 1485 different
geometries are required for characterizing the reflection
properties of special effect coatings. But storing reflection
data for such a large number of geometries, for many thou-
sands of samples, would create serious problems in terms of
time and cost efficiency in many industries. A reduction of
the number of measurement geometries is only possible with
a physical interpretation of the reflectivity at different mea-
surement geometries. This is the goal of this article.

Using a dedicated set of samples in which different types
of special effect pigments are included, we investigate the
applicability of the currently used concepts: aspecular
angles, cis- and trans-geometries, interference lines and
aspecular lines. Our goal is to use such concepts to find
those geometries for which the largest changes in reflection
values can be expected after systematic changes in the pig-
ment, and for finding geometries for which a large similar-
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ity between reflection curves should be expected. Apart
from the currently used concepts, we also introduce a new
concept, which we think is better suited for this goal. These
are the so-called flake-based parameters introduced below.

We note that in this article, we will only investigate reflec-
tion coefficients and the colorimetric properties derived from
them. Additional information on visual appearance, such as
the parameters describing visual texture that are also meas-
ured by the BYK-mac instrument,lg’20 are not addressed
here. Similarly, none of the mathematical transformations on
reflection measurements, proposed by X-Rite for the MA98
instrument, are investigated here.?!

EXPERIMENTAL
Sample Set

In this investigation, reflection measurements of samples
are carried out under many different geometries, using three
different instruments. Therefore the number of samples
included in the tests had to be limited to around 50. We
chose to focus on the 10 different effect pigments listed in
Table I. When taken together, they represent a wide range
of effect pigments, from metallic pigments via the conven-
tional mica-based interference pigments to the Xirallic(fy
(Merck KGaA, Darmstadt, Germany), Colorstream™
(Merck KGaA, Darmstadt, Germany), and Chromaflair™
(JDSU Flex Products, Milpitas, USA) pigments, with the
resulting large color travel. Where applicable, the pigments
were selected such that they belonged to the same color
group as much as possible.

Each effect pigment was applied in three different con-
centration levels, ranging from low to high. For each of
these concentration levels, five different concentration
ratios of blue and green absorption pigments were tested.
This is summarized in Table II. In this way, the medium

TABLE Il. Mixtures used in the test, defined as
weight concentrations.
Blue Green
Effect absorption absorption
Mixture pigment pigment pigment
01 50 7.00 0.00
02 50 5.25 1.75
03 50 3.5 3.5
04 50 1.75 5.25
05 50 0.00 7.00
06 20 37.00 0.00
07 20 27.75 9.25
08 20 18.50 18.50
09 20 9.25 9.25
10 20 0.00 37.00
11 07 50.00 0.00
12 07 37.50 12.50
13 07 25.00 25.00
14 07 12.50 37.50
15 07 0.00 50.00

Note that the ratio between the concentrations of blue and
green absorption pigments covers the same range for each of the
three concentration levels of effect pigment, namely 1:0, 3:1, 1:1,
1:3, and 0:1.
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TABLE Ill. Design of color formulas tested in this
study.

Effect pigment
Mixture A B C D E F G H I J
o1 L L L L L L
02 L L L L L L
03 L L L L
04 H H H H HH H H
05 H H H H HH H H
06 L L L L L L L L
07 L L L L L L
08 L L L L
09
10 L L L L
11 L L L L L
12 L L
13
14
15
Number of 10 10 2 7 1 7 5 6 7 6

samples selected

The 10 columns show effect pigment code according to Table |,
whereas the 15 rows show mixtures according to Table Il. Each of
the 10 X 15 = 150 resulting mixtures was sprayed out in combi-
nation with low (L) and also with high (H) concentration of black
absorption pigment. Cells with L or H entries were finally selected
for further investigation.

surrounding the effect pigments ranges from pure blue to
pure green.

Since the hiding properties of the effect pigments tested
here are often poor, and also vary greatly between these
pigments, black absorption pigment was added at two dif-
ferent concentration levels (mass concentrations of 2 and
5 percent). Thus the whole design included 10 X 3 X 5
X 2 = 300 samples.

Each of the samples was sprayed out in fourfold; the
sample with best spray quality was used for subsequent
analysis. From the resulting samples, several could not be
used because they were not hiding. In the end, we made a
selection of 61 samples that show good hiding while still
representing a wide range of effect pigments. The compo-
sition of these samples is clarified in Table III.

In this article, we will refer to the samples according to
the data in Tables I-III. For example, sample JO6L will
refer to the sample with effect pigment Chromaflair Green
Purple 190 (the J refers to this pigment according to Ta-
ble I), from which 20 g of toner is combined with 37.00
g of blue absorption pigment toner (the 06 refers to this
mixture, according to Table II), which in turn is combined
with a low concentration of black absorption pigment
toner (the L label according to Table III).

Instruments and Geometries
In this investigation, we use three different multi-angle

spectrophotometers.

« A BYK-mac®™ instrument, commercially available
through BYK Gardner. It measures reflections at six dif-
ferent geometries.
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o An MA98™ instrument from X-Rite, measuring reflec-
tion values at 19 different geometries, including eight
off-plane geometries.

¢« A GK311/M® instrument from Zeiss that is capable of
selecting any illumination and detection angle with a
step size of 5°. Because of limitations due to sterical
hindrance between light source and detector, a total of
220 different measurement geometries are available. To
save measurement time, we selected 98 geometries best
suitable for the analysis, as listed in Table IV.

For in-plane measurement geometries, we will use the
notation prescribed in ASTM norm® E2539-08. This
means that illumination angle 60;; and detection angle 04,
are both taken with respect to the coating normal. Illumi-
nation angles are positive by definition. The angle
between detector and the specular direction is referred to
as the aspecular angle Oygpec. Its sign is defined by taking
the direction from the specular direction toward the coat-
ing normal as positive. The notation of measurement geo-
metries is defined by specifying illumination angle and
detection angle, separated by a colon. Next, the aspecular
angle is enclosed in parenthesis. This notation is illus-
trated in Fig. 1. In Table V, this notation is used to
denote the geometries available in the BYK-mac and the
MAO9S8 instruments.

For off-plane measurement geometries, the light source,
coating normal, and detector are not part of the same
plane. In this case, also the azimuthal angle y needs to be
specified. In our notation, this is always an angle between
—90° and +90°. A zero value is used for in-plane mea-

TABLE V. Measurement geometries used with the
Zeiss GK/311M spectrophotometer.

Detection lllumination angle 0y,
angle 0g4et 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65°

45° 21
40° 20
35° 19
30° 18
25° 64 35 17
20° 75 63 45 16
15° 74 62 51 15
10° 83 73 61 44 34 14
5° 94 89 82 72 60 33 13
0° 97 93 88 81 71 59 43 32 12
—5° 98 96 92 87 80 70 58 31 1
-10° 95 91 86 79 69 57 42 30 10
—15° 90 85 78 68 56 50 29 09
-20° 84 77 67 55 41 28 08
—25° 76 66 54 49 40 27 07
-30° 65 53 48 39 26 06
—35° 52 47 38 25 05
—40° 46 37 24 04
—45° 36 23 03
—50° 22 02
—55° 01

Cell entries show number labeling the geometry. For example,
the ZEISS-21 geometry has illumination angle 0, = 65° and detec-
tion angle Og4et = 45°.
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FIG. 1. Notation for in-plane measurement geometries. In
this case, the illumination angle 6; = 65° whereas the
detection angle 0Oget = —30°. This results in an aspecular
angle 0aspec = +35°. Hence, according to the ASTM defini-
tion this geometry is designated as 65°:—30° (as +35°).

surement, whereas a positive value is used if the detector
has been rotated counter-clockwise from the specular
angle toward the light source, as viewed from above. The
notation is illustrated in Fig. 2, where it is also compared
with the notation that X-Rite uses for its off-plane geome-
tries. The main difference between these two notations is
that X-Rite determines azimuthal angles by rotation
around the specular direction, whereas in our case the
rotation is around the coating normal.

Measurement Procedure

The three spectrophotometers were calibrated in a simi-
lar but not totally identical way. White calibration was
done using a BCRA tile for the BYK-mac and the MA9S,
but using an opal sample for the Zeiss instrument. The
Zeiss instrument did not require black calibration,
whereas a light trap was used for the other two instru-
ments.

A potentially more important difference between the
instruments is that for the BYK-mac and the MA9S8,
reflection curves are measured by averaging over four

(a) O |
'” e fgdet
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]

(b) !
o/ T

Rl I

0=125.3°

\

=600 ~=>)

FIG. 2. Notation for off-plane geometries. Green dots
refer to positions of the two detectors. The left hand side
shows why the azimuthal angle y = = 90° for these two
geometries, while the right hand side shows why these
same geometries are referred to as having azimuthal angle
+125.3° in the X-Rite notation. As a consequence, these
two measurement geometries are labeled as 45:—45
(as 60, azimuthal = 90°) here, and 45as60az + 125.3 by
X-Rite.

sample rotations. This is done to reduce the effect of dust
and nonisotropic flake orientation distributions, and leads
to more stable measurement data. However, to save time
the measurements with the Zeiss instrument involve meas-
urements under a single panel orientation. Another differ-
ence between the three instruments is the diameter of the

TABLE V. Measurement geometries for the BYK-mac and MA98.

Flake Flake-angle
lllumination Detection Aspecular Azimuthal orientation of incidence
BYK-mac and/or MA98 geometry angle 0y angle Oget angle Oaspec angle 0 angle Ofake Oinc
BM_01: —15°; MA98_01: 45as-15 45° —60° -15° 3.6° 31.7°
BM_02: +15°; MA98_02: 45as15 45° -30° 15° -4.3° 23.8°
BM_03: 25°; MA98_03: 45as25 45° -20° 25° -7.5° 20.7°
BM_04: 45°; MA98_04: 45as45 45° 0° 45° 14.1° 14.1°
BM_05: 75°; MA98_05: 45as75 45° 30° 75° 23.8° 4.3°
BM_06: 110°; MA98_06: 45as110 45° 65° 110° 32.6° —4.5°
MA98_07: 15as-15az0 15° -30° —15° 4.8° 14.7°
MA98_08: 15as15az0 15° 0° 15° 5.0° 5.0°
MA98_09: 45as25az90 45° -50.1° 25° 33.4° 9.3° 28.1°
MA98_10: 45as25az-90 45° —50.1° 25° —33.4° 9.3° 28.1°
MA98_11: 45as60az125.3 45° —45° 60° 90° 20.7° 19.5°
MA98_12: 45as60az-125.3 45° —45° 60° -90° 20.7° 19.5¢
MA98_13: 15as-45 15° —60° —45° 12.7° 22.6°
MA98_14: 15as45 15° 30° 45° 14.7° —4.8°
MA98_15: 15as80 15° 65° 80° 23.6° —13.6°
MA98_16: 15as38.3az43 15° —50.1° 38.3° 33.4° 11.6° 19.7°
MA98_17: 15as38.3az-43 15° -50.1° 38.3° —33.4° 11.6° 19.7°
MA98_18: 15as46.9az104.5 15° —45° 46.9° 90° 15.1° 14.8°
MA98_19: 15as46.9az-104.5 15° —45° 46.9° —-90° 15.1° 14.8°
Angles as defined in the text. The last two columns show parameters defined in later sections of the text.
Volume 37, Number 3, June 2012 189



measurement spot, which is 20 mm for the BYK-mac, 12
mm for the Zeiss instrument and 15 mm for the MA9S.

Further, for reasons of simplicity, the difference in
reflection curves measured under different measurement
geometries is expressed as AEF,.

RESULTS
Cis- versus Trans-Geometries

Above, we have already introduced the term aspecular
angle describing the angular difference between detector and
specular angle. In a number of articles, one of the authors
(WRC) together with researchers from Merck KGaA intro-
duced several new concepts for describing the angular de-
pendence of reflection curves for special effect coatings.®™'

Instead of using only the aspecular angle as an absolute
number, it was demonstrated that the sign of this number
is important as well. Measurement geometries with a neg-
ative aspecular angle in Table V are now referred to as
trans-geometries, whereas positive aspecular angles are la-
beled as cis-geometries.®!' Our measurements with the
BYK-mac instrument confirm the distinction between
these two situations. The average color difference
between reflection curves measured at the trans —15° ge-
ometry and those measured at the cis +15° geometry is
AE#, = 14.7. This shows that indeed these two geome-
tries often lead to different reflection measurements.

Interestingly, samples containing metallic pigments and
samples containing mica-based effect pigments show a
smaller difference, with an average AE%, = 10.8 and 6.2,
respectively. Samples containing Xirallic pigments show an
average of AE%, = 6.9. However, the average difference
between reflection curves for the cis- and trans-geometry are
AE#, = 37.7 for samples containing Colorstream or Chroma-
flair pigments. Apparently, the latter effect pigments lead to
very large differences between cis- and trans-geometries.

Comparing the reflection curves, for metallic samples
the reflection values measured at the trans —15° geometry
are primarily shifted to larger reflection values when com-
pared with those measured at the cis +15° geometry,
resulting mainly in an increase in lightness. For samples
containing mica-based effect pigments, or the “white”
Xirallic Crystal Silver pigment, no such increase in reflec-
tion value or lightness is observed. Instead, we find a
small shift in reflection curve toward shorter wavelengths,
over less than 5 nm, affecting mainly the hue. A similar
wavelength shift, but often over a substantially larger
range of wavelengths (depending on coating composition),
is found for samples that contain pigments such as Color-
stream, Chromaflair, and colored Xirallic pigment.

Practical results like this show the added value of using
the concept of cis- versus trans-geometries instead of only
aspecular angle, especially when investigating colored
effect pigments with large color travel. However, up
to date no clear physical explanation was given why
these concepts make sense. We will come back to this
topic below.

190

40

100 25°
—a— Aspecular line

—o— Interference line

CIE-a*

=15

FIG. 3. lllustration showing an aspecular line (with 6y
fixed at 45°) and an interference line (with Oaspec fixed at
15°). The data in this example were measured for a mixture
of interference pigment Iriodin® (Flex Products) 9444 Moss
green WRII, mixed with blue absorption pigment and a low
concentration of black absorption pigment (sample FO1L).

Interference Lines and Aspecular Lines

As a result of practical experience, the studies cited
above also introduced the concepts of interference lines
and aspecular lines. Interference lines connect the color
coordinates obtained from a series of measurement geo-
metries that have a fixed value for the aspecular angle.
Similarly, aspecular lines (sometimes called “Glan-
zlinien” in German) are defined by series of measurement
geometries with the same value for the illumination angle.
An example of an interference line and an aspecular line
is shown in Fig. 3.

Considering interference lines and aspecular lines, three
different claims have been brought forward in previous work.

First Claim: “Interference Lines Characterize Effect
Pigments”

It has been claimed in earlier publications that interference
lines, especially those with an aspecular angle of 25° or less,
can be used to recognize which special effect pigments are
present in an effect coating.”® This claim was confirmed for
the samples studied here. As an example, Fig. 4(a) shows in-
terference lines with a fixed aspecular angle of 15° for six
different samples. Three of these samples contain pigment
Chromaflair Green Purple 190 (mixed with different combi-
nations of absorption pigments and in different concentra-
tions of effect pigment), and similarly the three other sam-
ples contain Colorstream pigment. It is clear from Fig. 4(a)
that the shape of the interference line for these two effect
pigments is very distinct, and indeed might be useful for rec-
ognizing the type of effect pigment in an unknown coating,
independent of the concentration of the effect pigment and/
or combination of absorption pigments.

However, our results indicate that this potential for rec-
ognizing effect pigments is limited to colored effect pig-
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FIG. 4. Interference lines for an aspecular angle of 15°,
for samples containing (a) Chromaflair and Colorstream
effect pigment, (b) two different mica-based interference
pigments and ‘white” Xirallic pigment.

ments with large color travel, like Chromaflair, Color-
stream, and colored Xirallic pigments. For effect pigments
that have a much smaller color travel, such as mica-based
interference pigments and Xirallic Crystal Silver pigment,
interference lines are much shorter and less characteristic.
This is illustrated in Fig. 4(b), where the difference in
scale with Fig. 4(a) should be noted. It is clear from Fig.
4(b), that the interference line alone cannot be considered
as a good tool to distinguish between different mica-based
interference pigments or Xirallic Crystal Silver pigment.
In this respect, Xirallic Crystal Silver pigment behaves
more like metallic pigments. A more promising approach
to characterize the appearance of coatings containing this
pigment is to measure texture parameters, thus attempting
to capture the pigment’s “living sparkle.”?

Second Claim: “Interference Lines and Aspecular
Lines Run Parallel for Metallic Samples”

It has also been claimed that interference lines and
aspecular lines run parallel for metallic samples but not
for samples containing other effect pigments.® As a gen-
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eral rule, this claim was also confirmed by the samples
studied here. As an example, Fig. 5(a) shows an interfer-
ence line and an aspecular line for two samples. For sam-
ple BOSH, which contains metallic pigment, the two lines
run parallel indeed. But for sample DO4H, which contains
a mica-based interference pigment, this is not the case, as
predicted by the rule.

The rule was found to be valid for most of our samples.
An exception occurs again for some of the panels that con-
tain pigment Xirallic T60-10 Crystal Silver, such as sample
HOS5H. Figure 5(b) shows that for this sample the interfer-
ence line and aspecular line unexpectedly run parallel. On
the other hand, the same figure shows that sample HO2L,
containing the same pigment, does follow the general rule.
None of the samples containing pigment Xirallic T60-24
Stellar Green shows the anomalous behavior. Apparently, it
is only the “white” pigment Xirallic T60-10 Crystal Silver
that may behave more or less like a metallic pigment. This
result is in line with the results obtained above.

Figure 5(b) also shows the results for sample AO2L.
Although the sample contains a metallic effect pigment,
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FIG. 5. Interference lines (for aspecular angle fixed at 15°)
and aspecular lines (for illumination angle fixed at 45°). (a)
Two samples that follow the general rule, containing a me-
tallic and a mica-based interference pigment. (b) Three
examples, from which two do not follow the general rule.
These examples contain a metallic and Xirallic pigment.
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4+ Metallic sample BOSL
# Mica-based interference sample CO6L

+# Mica-based interference sample E0BL

<4 Mica-based interference sample FOGL 56
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CIE-b*

FIG. 6. Aspecular lines (for illumination angle fixed at 25°)
for seven samples containing the same blue combination
of absorption pigments, but containing different effect pig-
ments. For large aspecular angle, all measurements are
seen to converge to the blue area of color space.

the interference line and aspecular line do not run com-
pletely parallel. Based on Fig. 5(b), it does not seem to
be possible to use the claimed rule for recognizing which
measurement data refer to a metallic sample, and which
refer to a Xirallic pigment.

In conclusion, our results show that the second claim is
confirmed as a general rule, but that exceptions to it do
occur, for example for “white” effect pigments such as
Xirallic T60-10 Crystal Silver.

Third Claim: “Aspecular Lines Characterize Mainly
Scattering by Absorption Pigments”

It has been claimed that aspecular lines contain mainly
contributions from scattering by absorption pigments (as
opposed to contributions from flake reflection).” To test if
this claim is confirmed in our set of samples, we have
taken seven different samples that contain different effect
pigments, but each of which contains exactly the same
amounts and types of absorption pigments. If the claim is
correct, the resulting aspecular lines should be identical.

The results in Fig. 6 show that in this form, the claim
is not confirmed by our data. When mixed with different
effect pigments, the same amounts and combination of
absorption pigments yield different aspecular lines.

On the other hand, Fig. 6 also shows that the focal
point of these aspecular lines may be the same. When
extrapolating the lines in Fig. 6, it appears that they more
or less converge to the same focal point (or focal area).
This focal point would represent the color coordinates for
a measurement geometry with maximum aspecular angle,
(much) larger than the 110° included in this study.

We did not further investigate if adding such an
extremely high aspecular angle to the available geome-
tries in a spectrophotometer can indeed be useful for rec-
ognizing the absorption pigments in an effect coating.
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This option is interesting, and is in fact independent of
the use of aspecular (and interference) lines.

INTERPRETATION OF RESULTS

In the previous section, we discussed several claims that
have been made about the coloristic behavior of effect
coatings. These claims have been proposed based on prac-
tical experience but still lack physical explanation.
Although most claims were confirmed by our data, for the
third claim this was not the case. Moreover, exceptions
were found to the first two claims. Therefore, a more
physical approach to interpreting measurement geometries
is needed.

We will propose here such a new approach, based on
so-called flake-based parameters. It will be introduced
below. This will be followed by the interpretation that it
offers for the confirmations and nonconfirmations of the
claims discussed above. Finally, we will discuss how the
new approach may help to interpret reflection data
obtained at other geometries, such as the off-plane geo-
metries of the MA9S8 instrument.

Introducing Flake-Based Parameters

Up to now, we have designated measurement geome-
tries according to the angles of illumination and detection
with respect to the coating surface. As a quantity derived
from these two angles, also the aspecular angle is implic-
itly defined with respect to a coordinate system fixed by
the coating surface. Such a notation is convenient, since
angles with respect to the coating surface are easily meas-
ured.

However, for effect coatings the essential physics does
not take place at the surface of the coating, but inside the
coating, in the interference layers of the effect particles
(flakes). From a physical point of view, the measurement
geometry is therefore better expressed in terms of the
angle of incidence with respect to the normal vector of
the flakes.

Obviously, this presents a difficulty, because the pig-
ment flakes in an effect coating do not all have the same
orientation. Instead, their orientation follows a distribution
that depends on flake type, concentration, etc.”

To be able to account for flake orientation, we assume
that light reaching the detector necessarily was reflected
from a flake which had exactly the right orientation to
deflect light, originating from the direction of the light
source, toward the direction of the detector. All light that
encounters a flake with a different orientation is assumed
to be reflected to directions not signaled by the detector.

We remark that this approach ignores the fact that light
may experience multiple reflection from flakes, or that it
may be scattered from conventional absorption pigments.
Therefore, our approach may be expected to be less valid
for geometries with a large value of the aspecular angle,
since for those geometries multiple flake reflection and/or
scattering by absorption pigments may be substantial.

COLOR research and application
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FIG. 7. lllustration of the meaning of the flake-based pa-
rameters. The parameter 05, describes the flake orienta-
tion angle of those flakes that reflect light, originating from
the light source, directly in the direction of the detector or
the observer. The parameter 0, refers to the angle of light
incidence, with respect to the flake normal. Both parame-
ters are calculated by accounting for the refractive index
of the coating medium.

The mathematical analysis needed to define flake-based
angles is straightforward. We will assume that the refrac-
tive index of the coating is 1.5, which is correct for most
coatings. Taking the conventional definitions of illumina-
tion angle 0; and detection angle 0y, as defined with
respect to the coating normal, Snellius’ law allows us to
calculate the exact value for the flake disorientation angle
Ofake that directly deflects light exactly from the light
source toward the detector. This is illustrated in Fig. 7.

Limiting ourselves to in-plane geometries we find:

1 . .
Oftake = + 3 (arcsin [ Mair_cin Gdel} + arcsin [ Mair_gin Qm] )

Ncoat Ncoat
(1)

where the sign is positive in case light source and detec-
tor are positioned at the same side of the coating normal,
and negative when they are at opposite sides.

Further, the angle of incidence 0;,. of the light with
respect to the flake normal is calculated as:

1 Nai Naj
Oine = 5 ( arcsin{ A Sin Gdet] + arcsin[ A sin Gm])

Neoat Ncoat
()

Obviously, the amount of interference and/or absorption
by a flake pigment depends only on the angle of inci-
dence 0;,., calculated with respect to the flake normal.
Therefore this parameter is better qualified for recogniz-
ing the type of effect pigment than the conventionally
used illumination angle 6;; and detection angle 04, We
note here that in a draft norm of the ASTM E12.12 com-
mittee WK1164, a similar idea was developed under the
name of “color angle.”24 Unfortunately, this idea was
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only hinted at in a draft version of the norm. In the draft,
the idea was not worked out (for example, it did not yet
take into account Snellius’ law). In the final version of
the norm, the idea was abandoned altogether.’

Given the values of the conventionally used illumination
angle 0;;; and detection angle 04, the corresponding values
for O and 0;, are easily calculated with these equations.
For the measurement geometries in the BYK-mac and
MAJ9S, the resulting values are included in Table V.

For off-plane geometries, a similar derivation leads to
the following expressions:

cos 0; + cos 0,

[2 + 2 sin 0; sin 0 cos ¢y + 2 cos 0 cos 02]1/2

08 Ofjake =

cos(20in:) = sin 0y sin 6, cos ¢, + cos 0; cos 0,
where the parameters 0, 0, and ¢, are calculated from
Nair sin 01]1 — Ncoat sin 01
Nair Sin|9det| = Neoat SIN 02

Qou = 180° + y for off-plane geometries, while for in-
plane geometries ¢, = 0° if light source and detector
are at the same side of the coating normal, and ¢, =
180° if they are at opposite sides of the coating normal.
A document showing the full derivation of these equa-
tions is available from the corresponding author.

USING FLAKE-BASED PARAMETERS FOR
INTERPRETING OBSERVED TRENDS

Claim: “Interference Lines and Aspecular Lines Run
Parallel for Metallic Samples”

Above, we confirmed the claim that for metallic sam-
ples, the aspecular lines and interference lines run paral-
lel, and that this is not the case for samples containing
colored special effect pigments. This trend was found
based on experience with effect coatings, but it was not
clearly explained in terms of the physics. Using the flake-
based parameters, however, this trend is easy to explain.

For metallic pigments, the flake reflection value does
not depend on the angle of incidence 0, calculated with
respect to the local flake normal. Therefore the reflection
curve of a coating sample, measured for a particular mea-
surement geometry, only depends on the value of the pa-
rameter Og,.. Starting from a measurement geometry, we
can change the detection angle (as is done for generating
an aspecular line), or we can change the illumination and
detection angle simultaneously by keeping the aspecular
angle fixed (as is done for generating an interference
line). But these changes are only important as far as they
lead to changes in the parameter 0Og,., and therefore are
one dimensional in character. Hence, the resulting change
in color space is along a single line, making the aspecular
line and interference line to run parallel. This is indeed
what is found experimentally, as exemplified for the me-
tallic sample shown in Fig. 5(a).
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TABLE VI. Angular data for interference line with
aspecular angle fixed at 15°.

Detection  Aspecular Flake Flake-angle
lllumination angle angle orientation  of incidence
angle 0i|l {)det Oaspec angle Oflake ()inc
35° —20° 15° —4.7° 17.8°
40° —25° 15° —4.5° 20.9°
45° —30° 15° —4.3° 23.8°
50° —35° 15° —4.1° 26.6°
55° —40° 15° -3.9° 29.2°

So when examining the color coordinates of metallic
samples for different measurement geometries, only the
value of the parameter Og, is important. When this value
increases, flakes are addressed with a larger disorientation
angle. Since flake orientation distributions are usually
peaked at horizontal orientation, with flakes lying parallel
to the coating surface,? this corresponds to measurement
geometries for which the path length of light is more sub-
jected to the absorption pigments in the coating. Measure-
ment geometries with smaller values of the Og,. parame-
ter result in reflection curves that are less strongly
affected by absorption pigments.

These conclusions are also expected to be valid for the
Xirallic Crystal Silver pigment. Its “white” appearance
indicates that the flake reflectivity does not depend on the
angle of incidence with respect to the flake normal just like
the case for metallic pigments. Indeed, our measurements
show the similarity in behavior between Xirallic Crystal
Silver pigment and metallic pigments [cf. Fig. 5(b)].

For more strongly colored effect pigments, such as Col-
orstream, Chromaflair, and colored Xirallic pigments, the
flake reflection value does also change with the local
angle of incidence 6;,.. Hence, changing the measurement
geometry leads to a two-dimensional change in color
space, and the aspecular line and interference line no lon-
ger run parallel.

This indeed summarizes and explains most of the
observed trends.

Claim: “Interference Lines Characterize Effect
Pigments”

We have seen that our results confirm the claim that in-
terference lines are particularly suitable for characterizing
the angular variation in reflectance properties of effect
pigments. We found that this is the case especially for
colored effect pigments with large color travel, like Chro-
maflair, Colorstream, and colored Xirallic pigment. The
claimed behavior does not seem to be valid for samples
that contain metallics, mica-based interference pigments
or the “white” Xirallic Crystal Silver pigment.

In Table VI, we see that a series of measurement geo-
metries following an interference line corresponds to
keeping the parameter O, quite constant, while varying
the angle of incidence 6., calculated with respect to the
local flake normal. This explains why the interference line
characterizes effect pigments: it samples the reflectance
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value of flakes as a function of the angle of incidence
with respect to the flake normal.

In conventional procedures for the visual assessment of
effect coatings, light source and observer are kept at the
same place while the sample is rotated. This results in a
series of geometries like those on the aspecular line men-
tioned in Table VII. In such a series, both parameters
Ofae and 6;,. are varied simultaneously. As a conse-
quence, no clear characterization of the reflectance prop-
erties of the effect pigment is possible. In fact, this also
explains why we found no confirmation for the third
claim, stating that aspecular lines could be used to charac-
terize scattering by noneffect pigments. Since along an
aspecular line both flake-based parameters are varied, the
varying contributions from absorption pigments cannot be
distinguished from those from effect pigments.

Hence the concept of flake-based angles allows us to
understand the applicability of interference lines and the
more problematic applicability of aspecular lines in char-
acterizing effect pigments. It also explains why interfer-
ence lines for “white” Xirallic Crystal Silver pigments
and the weakly colored mica-based interference pigments
are short. For those pigments, the reflection coefficient of
the pigment particle itself has only a weak dependence on
the angle of incidence at the flake.

In fact, from these results it is possible to improve the ex-
planatory power of interference lines, thus better character-
izing effect pigments. For example, in the interference line
with a fixed aspecular angle of 15°, the current definition
includes both the (0 = 45°, 04 = —30°) geometry and
the (0 = 65°, 04 = —50°) geometry. However, these two
geometries have quite different values for 0Og,., namely
—4.3° and —3.2°, respectively. Instead of the latter geome-
try it would be better to include the (6;; = 65°, 04 =
—45°) geometry, since it corresponds to the same value of
Ofake as the (O = 45°, O4oc = —30°) geometry. We will
come back to this example in a next section.

Similarity Between Measurement Geometries

For the following analyses, it is useful to define a pa-
rameter that quantifies to what extent reflection curves
measured under two different geometries are different.
This parameter will be called the dissimilarity index. It is
calculated by taking the color difference between the
reflection curves. For the sake of simplicity, the CIELAB
AE#, value will be used instead of more advanced color

TABLE VII. Angular data for aspecular line with
illumination angle fixed at 45°.

Flake Flake-angle
llumination  Detection  Aspecular  orientation of incidence
angle eill angle edet angle Gaspec angle gﬂake einc
45° —20° 25° —7.5° 20.7°
45° —25° 20° -5.9° 22.2°
45° -30° 15° —4.3° 23.8°
45° —35° 10° —2.8° 25.3°
45° —40° 5° —1.4° 26.7°
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TABLE VIII. Angular data for several geometries investigated with the Zeiss GK/311M instrument.

Aspecular Flake Flake-angle
lllumination Detection angle orientation of incidence Dissimilarity
Geometry angle 0y angle Oget Oaspec angle Ogake Oinc index (AEZp)
Zeiss-53 45° —30° 15° —4.3° 23.8° 0.0
Zeiss-66 40° —25° 15° —4.5° 20.9° 6.5
Zeiss-47 50° —35° 15° —4.1° 26.6° 6.5
Zeiss-03 65° —45° 20° —4.5° 32.6° 13.1

The last column shows the value of the dissimilarity index (derived in the main text), calculated between each measurement geometry

and geometry Zeiss-53.

difference equations, since no connection with a visually
perceived color difference is strived for. The value of the
dissimilarity index between two measurement geometries
is then taken to be the average AE%F, of the 61 samples in
the sample set.

In some cases, it is useful to also look at specified
selections of samples. For example, the averaging may be
carried out over the metallic samples in the set.

As a first example, we investigate the cis +15° geometry
that is present in the BYK-mac instrument and in the MA98
instrument. This measurement geometry was also included
in the geometries we tested with the Zeiss instrument: Ta-
ble IV shows that indeed the Zeiss-53 geometry has 0;; =
45° and 0y, = —30°. The dissimilarity index between the
Zeiss-53 geometry and each of the other Zeiss geometries
from Table IV is calculated and shown in Table VIII.

In this way, we found that geometries Zeiss-66 and
Zeiss-47 are most similar to the Zeiss-53 geometry. Re-
ferring to Table IV, this is no surprise. The geometries
Zeiss-66 and Zeiss-47 have a cis +15° geometry, just like
the Zeiss-53 reference geometry. They are related to the
Zeiss-53 geometry by simply decreasing (respectively,
increasing) the angle of illumination by 5°. In terms of
the flake-based parameters, the high similarity of geome-
tries Zeiss-66 and Zeiss-47 with geometry Zeiss-53 is also
understandable, since the corresponding values of parame-
ters Ogace and O, are very similar (Table VIII).

The similarity between geometries Zeiss-66 and Zeiss-47
with geometry Zeiss-53 is in fact so good, that the average
AE?#, value of 6.5 in both cases is even smaller than the av-
erage AEY, value of 8.1 which is found when comparing
geometry Zeiss-53 with the cis +15° geometry of the
BYK-mac instrument, or the average AE¥, value of 8.6
which is found when comparing it with the cis +15° geom-
etry of the MA9S instrument. This is remarkable, since
those instruments measure under exactly the same measure-
ment geometry as the Zeiss-53 geometry. However, appa-
rently reflection readings from different instruments using
the same geometry show a larger mutual difference than
reflection measurements from the same instrument at
slightly different measurement geometries. This is probably
caused by differences in the optical design between the
instruments and possibly also by the slightly different cali-
bration procedures that we applied for them.

If we calculate the dissimilarity index by averaging
over metallic samples only, we find that geometries Zeiss-
66 and Zeiss-47 still show a large similarity with geome-
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try Zeiss-53. However, in this case there is one other ge-
ometry that shows even more similarity. This is geometry
Zeiss-03. Compared with the Zeiss-53 geometry, it has an
average color difference for metallic samples of only
AE#, = 2.7. From the point of view of the traditionally
used parameters 0y, 04, this is unexpected, because ge-
ometry Zeiss-03 has 60;; = 65° and 604, = —45°. This
would not indicate its best similarity with geometry
Zeiss-53, which has 0y = 45° and 04, = —30°. The
aspecular angle of the Zeiss-03 geometry is 20°, so in a
naive approach it is not expected to be the geometry most
similar to geometry Zeiss-53, that has an aspecular angle
of 15°. In terms of the flake-based parameters, the results
are easily understood. We have already seen that for me-
tallic samples, only the parameter g, is of importance.
For that parameter, geometry Zeiss-03 is as similar to ge-
ometry Zeiss-53 as are geometries Zeiss-66 and Zeiss-47.
Table VIII shows that the corresponding values are Og,.
= —4.5°, —4.3°, —4.5° and —4.1°, respectively.

Cis- versus Trans-Geometries

Let us now use the concept of flake-based parameters
for a further discussion of the results that we found for
cis- and trans-geometries. Using the data in Table V, we
realize that the trans-15° geometry of the BYK-mac (or
the 45as-15 geometry of the MA98) corresponds to a
flake disorientation angle 0, = 3.6° and an angle of
incidence with respect to the flake normal of 0;,. = 31.7°.
For the cis+15° geometry of the BYK-mac (or the
45as+15 geometry of the MA98) the corresponding num-
bers are Oy = —4.3° and 0y, = 23.8°.

The sign of the parameter Og, is not relevant for inter-
preting the measurements with the BYK-mac and MA9S,
because these measurements were the result of averaging
after four rotations of each sample (see experimental sec-
tion). Therefore, the flake orientations that are sampled
with the trans-15° and the cis+15° geometry are very
similar. But the large difference in the value of 6, for
these two geometries shows that in the trans-15° geome-
try, light is incident on the flakes from a significantly
larger angle with respect to their normal vectors than in
the case of the cis+15° geometry. This gives a physical
explanation why we found clearly different reflection
curves for these two measurement geometries in the case
of colored effect pigments with large color travel, while
we found quite similar reflection curves in the case of
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FIG. 8. Correlation between measurements at the —15°
and +15° geometry of the BYK-mac instrument, for all
samples included in this investigation. A distinction has
been made between samples containing different types of

effect pigments: Metallics, Mica-based interference flakes,
Xirallic, Colorstream, and Chromaflair pigments.

metallic pigments. For metallic pigments, the reflection
value of a flake hardly depends on the local angle of inci-
dence. For colored interference pigments with large color
travel, such as Colorstream and Chromaflair pigments,
this dependence is much stronger because interference
effects strongly depend on the local angle of incidence.

This is confirmed by investigating the agreement
between colorimetric parameters measured at the trans-
15° and those measured at the cis+15° geometry. Figure
8 illustrates that for example the values for the CIE a*
coordinate for these two geometries are almost equal for
all samples, except for the samples containing the inter-
ference pigments Colorstream or Chromaflair (another
example of this can be found in Fig. 7 of Ref. 20).

This result shows that in instruments like the BYK-mac
and the MA9S, the added value of the trans-15° geometry
as an addition to the cis+15° geometry is probably small
for the majority of current automotive colors. But when
investigating specifically colored effect coatings with
large color travel, the trans-15° geometry will give dis-
tinctive information that should be useful for recognition
of effect pigments and/or for color matching.

Another example of the applicability of flake-based pa-
rameters is when we investigate the 15as-15az0 geometry
of the MA98 instrument. It is a trans-15° geometry.
Therefore, when using only concepts like aspecular angle
and cis- and trans-geometries, we might expect this geom-
etry to be more similar to the trans-15° geometry 45as-15
than to the cis +15°geometry 45as+15.

However, the measurements show that the opposite is
true. The dissimilarity index of the 15as-15az0 geometry
with the 45as-15 geometry is AEF, = 26.5, while with the
45as+15 it is AE*, = 12.0. This result, which is unex-
pected when using conventional concepts, can be under-
stood by looking up the values of the relevant flake-based
parameters in Table V. In terms of both the 04, and the
0inc parameter, the 45as+15 geometry is indeed expected
to be most similar to the 15as-15az0 geometry.

Off-Plane Geometries

Also for the interpretation of reflections measured at
off-plane geometries, flake-based parameters are helpful.
As an example, we have calculated the dissimilarity index
between the off-plane geometry 45as25az90 of the MA98
instrument and all 98 geometries that we tested for the
Zeiss instrument. By sorting the Zeiss geometries accord-
ing to the value of the dissimilarity index, Table IX is
obtained.

Without using flake-based parameters, it would be
impossible to understand the results shown in this table.
For example, it might be expected that the 45as25az90 of
the MA9S instrument shows closest similarity to geometry
Zeiss-55, because these geometries are equal in aspecular
angle and illumination angle. But a naive analysis like
this does not take into account the off-plane character of
the 45as25az90 geometry. However, even realizing this it
is far from obvious how this off-plane character can be
accounted for.

Table IX shows that when using the flake-based param-
eters O and 6y, it becomes clear why geometry Zeiss-
55 does not show a small dissimilarity index to the
45as25az90 geometry. It also becomes clear then, why
instead geometry Zeiss-06 is very similar to the
45as25az90 geometry. Unlike the Zeiss-55 geometry, the
Zeiss-06 geometry differs greatly in terms of illumination
angle, detection angle and aspecular angle with the
45as25az90 of the MA98 instrument, but it is a close

TABLE IX. Geometries of the Zeiss GK/311M instrument, sorted by the value of their dissimilarity index with
the off-plane geometry 45as25az90 of the MA98 instrument.

Flake Flake-angle

Dissimilarity Illumination Detection Aspecular orientation of incidence
Geometry index (AEZp) angle 0y Angle Oget angle Oaspec angle Oqake Oinc
45as25az90 0.0 45° —50.1° 25° 9.3° 28.1¢
Zeiss-06 3.0 65° —30° 35° -8.9° 28.3°
Zeiss-27 4.6 60° —25° 35° -9.4° 25.8°
Zeiss-40 6.0 55°¢ —25° 30° -8.4° 24.7°
Zeiss-56 7.5 45° —15° 30° -9.1° 19.0°
Zeiss-55 13.7 45° —20° 25° -7.5° 20.7°
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match in terms of the parameters Og,. and 0;,.. We note
that, like before, only the absolute value of 0, needs to
be considered for these measurements.

These results indicate how for any off-plane geometry,
the corresponding in-plane geometry can be found with the
closest similarity. Since the reflections measured at these
geometries will be close but not exactly the same (as quan-
tified by the average value of AE#, =3.0 in the present
example), it still remains to be seen what the added value is
of off-plane geometries over in-plane geometries.

CONCLUSIONS

Using a sample set prepared dedicated for this study, we
tested the validity of several claims related to the use of
different measurement geometries for effect coatings.

The claimed added value of using a trans geometry like
the —15° geometry in the BYK-mac instrument next to a cis
geometry like the +15° geometry in the same instrument,
was confirmed. However, it was shown that this added value
is expected to be small for samples containing metallic pig-
ments or mica-based effect pigments. It is expected to be
large only for colored effect pigments with large color travel,
like Colorstream, Chromaflair, and colored Xirallic pigment.

Using the newly proposed concept of flake-based pa-
rameters, this limitation in the applicability of the claim
could be explained well in terms of the physics involved.
Geometries that involve different angles of incidence with
respect to the normal vector to the flakes were shown to
be responsible for the observed trends.

The claimed potential of interference lines for recogniz-
ing effect pigments in an effect coating was confirmed,
especially for effect pigments with large color travel. For
metallic pigments, mica-based pigments and “white” Xir-
allic Crystal Silver pigments the claimed characterization
was shown to be not very useful. The suggestion that for
metallic coatings, interference lines run parallel to aspecu-
lar lines whereas this is not the case for other effect pig-
ments was largely confirmed. These results could be
physically explained as well. The analysis with flake-
based parameters also explains why we found that for the
“white” Xirallic Crystal Silver pigment, the claimed
behavior was not confirmed.

It has been suggested that aspecular lines can be used
to characterize absorption pigments in effect coatings.
This suggestion was shown not to be valid based on our
measurements, and this result was physically explained by
reference to the flake-based parameters.

The concept of flake-based angles allows us to under-
stand the applicability of interference lines and the more
problematic applicability of aspecular lines in characteriz-
ing the reflectance properties of effect pigments. Interfer-
ence lines are suitable for characterizing effect pigments
because they sample the reflectance values of flakes as a
function of the angle of incidence with respect to the
flake normal. Aspecular lines are not suitable for this
goal, since they simultaneously vary both the angle of
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incidence with respect to the flake normal and the orienta-
tion angle of flakes sampled by the measurement. Only
for metallic samples, it makes sense to investigate both
interference and aspecular lines, since metallic pigments
have a reflectance factor that is constant for different
angles of incidence with respect to the flake normal.

We found several examples in which flake-based param-
eters made it possible to understand which measurement
geometries can be expected to yield very similar reflection
data. Thus it was explained why the off-plane 45as25az90
geometry in the MA9S instrument gives reflection measure-
ments very similar to those from the Zeiss-06 geometry,
although these geometries differ substantially in the values
of illumination angle and aspecular angle.

FUTURE WORK

Based on the positive results in this study on the concepts
of flake-based parameters, we are planning to investigate
to what extent these concepts can help to identify effect
pigments and conventional absorption pigments in an
effect coating.

By selecting a series of measurement geometries, in
which the value of the 0g,. parameter is fixed while the
value of the 0;,. parameter is varied, it is possible to spe-
cifically sample the interference character of the effect
pigments. We expect that such a series of measurement
geometries makes it possible to characterize effect pig-
ments even better than with the interference lines defined
in previous work and tested here.

Another interesting series of measurement geometries
is found by systematically varying the value of the 0Oggc
parameter while keeping the value of the 0;,. parameter
fixed. In that case, the flake reflection coefficients are kept
constant, since light is incident on the flakes from a con-
stant angle 6;,. with respect to the flake normal. Therefore
any changes in reflection for geometries in this series can
only originate in the medium surrounding the flakes. Such
a series of measurement geometries should make a better
characterization of noneffect pigments possible than with
the aspecular lines proposed before. As shown in this arti-
cle, the aspecular lines are not suitable for this.
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