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Abstract The aim of this article is to demonstrate a
new way of measuring and understanding the appear-
ance of pigment flake orientation and texture in special
effect pigments for use in industrial coatings. We have
used diffractive pigments and analyzed the relative
orientation of the particles in the coating layers by
evaluating their behavior in two common industry
applications: solventborne and powder coatings. We
have measured the interference color by taking read-
ings with a high-resolution gonioreflectometer, in order
to test the viability of automatic diffractive pigment
evaluation. The results were analyzed using both
psychophysical (i.e., human) and computational (i.e.,
mechanical) methods. Our later psychophysical and
computational analysis of the visual differences that
diffractive pigments present in both solventborne (1)
and powder coating (2) systems for in-plane and out-
of-plane geometries revealed that solventborne liquid
paint systems better preserve the appearance of orig-
inal diffraction gratings. This is due to enhanced
orientation of the anisotropic pigment particles. The
powder coating surfaces investigated, on the other
hand, preserved higher intensity and thus visibility in
randomly oriented solitary flakes, creating a greater
sparkle contrast. We confirmed our findings by captur-
ing and visualizing coating appearance by means of a
bidirectional texture function. We then compared the
diffractive pigment evaluation results with other state-
of-the-art measuring device readings. We believe that
our work provides valuable information on flake
orientation and also compares pigment performance
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in a range of industrial coating systems, which may
enable industrial companies to improve paint spraying
processes.

Keywords Diffractive pigment, Particle orientation,
Optical analysis, Gonioreflectometer

Introduction

Paints and coatings are used for a variety of industrial
products, ranging from automotive production to
architectural components such as facades, consumer
electronics and everyday objects. These coatings have
to do more than just fulfill an identification function or
act as a mere protective barrier. Today, they are
expected to add visual effects “in which visually
perceptible properties such as sheen, angular depen-
dency of the color, structure or texture are present by
design in addition to the color itself.”! Thus, coatings
are finishing processes used to imgrove the visual and
functional quality of a surface.” Those containing
special effect pigments® play an important role as they
allow designers to make their product look attractive
and stand out from the crowd, thereby increasing its
appeal. Special effect pigments provide unique visual
effects, derived from their chemical composition and
physical characteristics. Particle morphology and size
as well as flake orientation play a crucial role in
achieving these visual effects in a range of applications
(e.g., mass pigmentation in plastics, powder/solvent/
waterborne coatings, printing, and cosmetics applica-
tions).* Thus, all industries that work with platelet-
shaped effect pigments are interested in measuring and
understanding flake orientation and are looking for
simple, noninvasive techniques. Established methods
such as the investigation of coating layer cross sections
using light and electron microscopy provide only
limited statistical 2D information on flake orientation


http://orcid.org/0000-0001-7663-2731
http://crossmark.crossref.org/dialog/?doi=10.1007/s11998-018-0137-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11998-018-0137-5&amp;domain=pdf
https://doi.org/10.1007/s11998-018-0137-5

J. Coat. Technol. Res.

and require a good deal of time and careful prepara-
tion skills. This also applies to so-called noninvasive
methods such as nano-CT> and OCT.® Today’s range of
effect pigments is very broad. A good overview is given
in reference (3). In our effort to test the viability of a
new automatic computational assessment, we selected
so-called diffractive pigments for measurement with a
gonioreflectometer and for the subsequent optical
analysis presented® as the polychromatic effect of
these materials is highly angle-dependent. This is due
to the anisotropic properties of the pigment morphol-
ogy (platelet shape) and to the diffractive element
present on the surface of each particle.” These diffrac-
tive optics and the grating equation’ allowed us to
analyze the relative orientation of the particles in the
coating layer by capturing their interference color with
the help of a high-resolution gonioreflectometer.

In this paper, we systematically evaluated visual
differences introduced by different coating systems
that contain the same diffractive pigment. To assess
their behavior, we combined angularly dependent and
texture-based analysis of diffraction effect coatings.

The paper is organized as follows. First, diffractive
pigments and the coating systems evaluated are
discussed in “Introduction” section. “‘Existing analysis
methods for effect coatings to date” section outlines
related research and existing analysis methods for
pigment behavior. In ‘“Motivation experiment on the
visual appearance of diffractive pigments’ section, we
describe a brief motivation experiment to assess the
difference in appearance of diffractive pigments in two
different coating systems. “Development of an auto-
matic method of diffractive pigment” section describes
our approach to developing an automatic method of
diffractive pigment evaluation using a goniometric
measurement device and includes detailed information
on the experiments conducted. Psychophysical and
computational analysis of the obtained data is shown in
“Psychophysical analysis” and ““Computational texture
data analysis” sections, while “Experiments on pig-
ments of varying concentration” section describes
additional visual experiments on pigment samples of
varying concentration. ‘“Comparison of proposed
method to a state-of-the-art texture measurement
device” section compares the proposed approach to a
state-of-the-art commercial measurement device
widely used in the industry. Finally, ““Captured appear-
ance on coated objects’ section confirms our conclu-
sions by capturing and visualizing the coatings on an
object and ““Conclusion” section summarizes the main
conclusions of the paper.

The use of diffractive pigments in industry

Effect pigments have been widely used for decorative
and functional applications in systems such as paints,
plastics, printing inks, and cosmetics for several
decades.® Their unique ability to achieve eye-catching
optical effects, angle-dependent interference colors,

pearl luster or multiple reflections has made them
irreplaceable. The use of effect pigments over solid
pigments exhibits a number of advantages, e.g., the
wide variety of achievable optical effects, the ease of
incorporation in all relevant application systems, and
the possibility of giving the coated surface extra
optical, design-critical characteristics such as sparkle,
gonio-, or polychromaticity. It is helpful for industrial
users of the pigment to comprehend how the optical
appearance of effect pigments is achieved. Access to an
automatic diffractive evaluation of their optical
appearance, performance, and the use in different
coatings will allow such companies to better under-
stand their behavior in application. As analysis of all
families of effect pigments would go beyond the scope
of this paper, we have focused on diffractive pigments.

The optical appearance of surfaces including
diffractive pigments

The optical appearance of a coated surface dramati-
cally changes when diffractive pigments are used as
shown in Fig. 1. It is obvious that the three-dimen-
sional object shape leads to surface areas with different
colors which depend on illumination and observation
angles.’

While angle-dependent color is caused by light
interference at thin layers and holds true for the
majority of effect pigments commercially available
today, interference can be achieved by light diffraction
of periodically structured surfaces used in diffractive
pigments.

Diffractive effect pigments in paint formulations are
in fact tiny flakes with a regular grating superimposed
on them. Although the flake orientation can be more
or less arbitrary, there is almost always an alignment of
the majority of flakes in a dry paint which introduces
attractive color ringing effects as shown in Fig. 1. The
use of diffractive pigments gives industrial paint
applications, in particular powder coatings, a com-
pletely novel type of appearance; however, due to the
strong directional dependence of these pigments and
their orientation, any modification in the coating
formulation or application process may have an impact
on the final flake alignment and consequently on the
final visual appearance of the finished product.

Diffraction is seen when light waves encounter
obstacles of dimensions similar to their wavelength.
A diffraction grating is regarded as an optical compo-
nent made by a periodic assembly of reflecting or
transmitting obstacles (grooves) separated by a dis-
tance comparable to the wavelength of light applied.
Diffraction gratings disperse beams of white light into
the component wavelengths, producing a spectrum.
Different types of diffraction gratings are identified
and described in detail in references (10) and (11).

The basic principle is explained using an in-plane
geometry as shown in Fig. 2 as an example, where
incident light from polar angle « is reflected from a
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Fig. 1: Example of diffractive pigments used in coatings to produce a shifting multicolored effect on the object

ray 1

ﬁ% ray 2 +

grating
normal

Fig. 2: An close-up view of diffractive pigment (left) and scheme of diffraction for in-plane geometry (right)

grating with a groove spacing d and is observed in polar
angle B.’

These relations are expressed by the principal
grating equation

mJ. = sina + sin f, (1)

where 4 is the wavelength of light, and m is the
diffraction order, an integer value specifying the order
of interest, either negative or positive. The zero order
m = 0 corresponds to specular reflection. Of course,
for out-of-plane geometries, one has to expand this
equation using additional azimuthally dependent
terms.

The diffraction materials reveal themselves on
surfaces as rainbow effects, where each rainbow
corresponds to a particular refraction order. Figure 3
depicts the refraction orders on a spherical
surface.

0 order

Fig. 3: Refraction orders in diffraction coatings exhibited
on a spherical surface illuminated by a point-light as
rainbow effects of decreasing intensity
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Manufacture of diffractive pigments

The manufacture of diffractive pigments requires a
structured polymer film as a template for vacuum
deposition of, e.g., aluminum. After metallization, the
film is ground into particles and the resulting particles
are separated into size fractions. A typical particle
thickness is below 1 micrometer, the periodicity of the
structure is in the order of 1 micrometer, and its depth
is several hundreds of nanometers. Figure 2-left shows
a scanning electron micrograph of the structured,
diffractive pigment (MultiFlect) discussed in this
paper. An important factor for the use of MultiFlect
diffractive pigments from Schlenk Metallic Pigments
GmbH in our work was the fact that they are supplied
in powder form, hence the freedom to use and
incorporate them into different paint technologies.

Coating systems analyzed for this study and panel
preparation

For this study, the MultiFlect® pigments'® were incor-
porated into two different paint technologies at com-
parable pigment concentrations:

Paint 1 A liquid, solventborne paint based on
polyester/melamine chemistry modified with cellulose
aceto-butyrate (CAB). The CAB in the paint formu-
lation improves film shrinkage of the paint layer and is
frequently used in effect paints to support pigment
particle orlentatlon after spraying the liquid paint onto
the substrate.'® In addition to the CAB, the solvents
used in the paint formulation have a 51gn1ﬁcant impact
on film formation and shrmkage due to their differing
evaporation properties.'”> A detailed discussion of
factors influencing effect pigment particle orientation
in coatings can be found in reference (4). The liquid
paint we used was processed under standard conditions
(T 21°C, 65% relative humidity) in a spray booth
using a pneumatlc HVLP (high volume low pressure)
spray gun'® and an application robot. The liquid film
was sprayed onto steel panels under controlled condi-
tions and dried in a circulating air oven.

Paint 2 A commercially avallable powder coating
based on polyurethane chemistry'” of 75-um dry film
thickness. Powder technology was used for comparison
with solventborne as the literature documents that
solvent-free powder coatings exhibit limited effect
pigment particle orientation due to different film-
forming mechanisms.*'* As the mechanism to improve
alignment of the flakes parallel to the polymer surface
is absent, light reflection from these randomly oriented
pigment particles is lower.

In order to harmonize the physical properties
(refractive index, coating layer thickness) of the final
layer on the assessed object, both coating types were
finished with a commercially available clearcoat based
on acrylic chemistry, thus resulting in a 35-pm dry film
thickness once the paint had been dried for 15 min at
140°C using a circulating air oven.

Panel preparatzon We analyzed the (MultiFlect)
diffractive pigment'? of particle size distribution Dsy =
150 um applied on metal panels painted with a black
basecoat. Two different coating technologies were used
(as described above): (1) solventborne and (2) powder
coating. For one of the experiments an additional
method was used: (3) solventborne applied using a
doctor blade.

Existing analysis methods for effect coatings
to date

Angular analysis of effect pigments in general

A detailed overview of special effect pigments is given
in reference (3). Several approaches have been used to
analyze angularly dependent bidirectional texture
reflectance usmg flake-based parameters. Kirchner
and Cramer'® analyzed 10 effect pigments of different
concentrations using geometries defined by three
different instruments. They showed that a specific
angularly dependent chroma behavior such as inter-
ference and aspecular lines can be used for character-
ization of specific pigment types. Kirchner and
Ferrero'? illustrated low color variations along isochro-
matic lines for two Helmholtz-reciprocal in-plane
geometries with a series of out-of-plane geometries.

Analysis of coatings containing diffractive
pigments

Diffractive pigments are con51dered as a subset of
interference (effect) pigments.”’ In contrast to general
interference pigments, where the color effects are
caused by light waves interference with a substrate
coated with materials of high refractive indices, the
principle of diffraction is a separation of (disperse)
polychromatic light into its constituent monochromatic
components. This separation can be achieved by light
interference with a diffraction gratmg of a wavelength
close to that of the incoming light.” This produces
several diffraction modes that reproduce characteristic
rainbow effects whose location depends on a combi-
nation of incoming and outgoing directions (see Figs. 1
and 3). One of the first surveys of the application of
angle-dependent optical effects deriving from submi-
cron structures of films and pigments was presented in
reference (21).

Several practitioners and researchers have chal-
lenged the difficulty of diffraction pigment character-
ization using standard industrial spectrophotometers.
In reference (22), authors compared the performance
of commercial instruments: BYK-mac by Gardner,
GCMS-3B by Murakami, and proprietary Gonio-
Viewer were used to measure color travel of the
polychromatic pigment.”> Cramer and Maile** cap-
tured and analyzed aspecular behavior of a diffraction
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coating in CIE a*b* space. They further demonstrated
the impact it had when it mixed with an interference
effect pigment.

Angularly dependent behavior of diffraction on
grating was also a subject of physical and analytical
modeling in the past. Rogelj et al.*’ calculated
bidirectional reflectance distribution functions® of
diffraction gratings for variable grating steps and
amplitudes and also studied the relationship between
grating parameters and goniophotometric data. Impor-
tant results were achieved by using electromagnetic
and wave optics principles. Such approaches present
complex scattering effects resulting from microtopo-
graphic surface roughness using Rayleigh—Rice, Beck-
mann-Kirchhoff, and Harvey-Shack surface scatter
theories.”” Recently, Musbach®® applied the theory of
field expansion for vector electromagnetic scattering
by layered periodic gratings presented in reference
(29) to the visualization of polychromatic coatings.
Ferrero et al.'>?” suggested the analytical expanded
grating equation as a geometric term appropriate for
intuitive comparison of PCA-based coefficients of
various diffraction pigments.*’

Texture analysis of effect coatings

Although these papers demonstrate a gradual expan-
sion of research knowledge on diffractive pigments and
its practical applications, the majority of the research
was focused on reflectance information only. Aside
from diffraction coatings, there are interesting reports
on spatial analysis of effect coatings. Kirchner et al.*!
defined a diffuse coarseness and glint impression under
either diffuse or directional lighting as important visual
factors. Huang et al.>* proposed a method predicting
total visual differences of effect coatings based on
variations in color, coarseness, and glint. The method
depends on the type of illumination used. Rentschler’”
has shown a systematic variation of sparkle and
graininess for different effect pigment types and
particle sizes. Ferrero et al.’* proposed to study

contrast and density of sparkle spots at different
illumination/observation geometries to establish the
sparkle/graininess characteristic of a specific coating.
While the contrast is determined by the specular
reflectance of the flakes, by their size and by the
diffuse reflectance of the coating, the density is
determined by the orientation distribution of the flakes
and their flatness. Dekker et al.>> psychophysically
analyzed color, sparkle, and graininess and used the
information to derive a total appearance difference
equation. A physical model of sparkling flakes visibil-
ity, motivated by astronomical models, was introduced
in reference (36). Wang and Luo’’ ran several psy-
chophysical studies to validate sparkle and graininess
readings of a commercial device BYK-mac. Seubert
et al.*® analyzed the relationship between flake orien-
tation and coating appearance and created a model of
scattering behavior of metallic paint systems.””

One of the first attempts to capture spatial infor-
mation of diffraction coatings was published in refer-
ence (40). It was shown that the appearance of the
diffractive effect pigment used (MultiFlect®'® with a
median diameter of Dso =35 pum) can be effectively
captured with the help of the Eonioreﬂectometer in a
bidirectional texture function®' and further for the
interactive photorealistic visualization with arbitrary
geometry.

Motivation experiment on the visual appearance
of diffractive pigments

The following preexperiment was carried out to ana-
lyze the differences in appearance between diffractive
pigments in a liquid, solventborne system + diffractive
pigments, and a powder coating system using the same
pigments.

An initial analysis of the panels coated using paint
technologies 1 and 2 revealed significant visual differ-
ences. For our analysis, we used a byko-spectra effect
light booth by BYK-Gardner (see Fig. 4).

Fig. 4: The byko-spectra effect light booth used for our analysis
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The booth allows setting of six aspecular observa-
tion angles (—15°/15°/25°/45° / 75° / 110°) specified
in ASTM and DIN standards**** as shown in Fig. 5.
The setting is carried out manually by the observer
tilting the holder contacting the sample. The booth has
two lighting options (diffuse and directional 45° from a
surface normal), and the panels that are to be analyzed
are observed through a narrow viewing slit.

A comparison of the behavior of solventborne and
powder coatings in the booth for directional illumina-
tion is shown in Fig. 6. All images were captured using
a Nikon D4 SLR camera. For each geometry setting we
compared solventborne and powder-coated panels and
the original diffraction foil, which was used as a
precursor for the production of the pigment flakes.
The powder coating produces more pronounced
sparkle, but lacks an overall color-shift effect. On the
other hand, the solventborne coating method aligns
pigments more uniformly, resulting in an appearance
closer to the original diffractive foil.

These marked visual differences were the reason for
the development of an automatic method of diffractive
pigment evaluation, which is the subject of this paper.

T
45°  [254 Leo
450 %,__
1100 _150
e —

Fig. 5: The viewing geometry for directional illumination
45° from surface normal

Development of an automatic method
of diffractive pigment

Appearance acquisition system

We used the gonioreflectometer at UTIA—Instltute of
Information Theory and Automation,* to capture the
appearance of the tested coatings. This state-of-the-art
setup (see Fig 7) measures bidirectional reflectance
distribution and consists of the measured sample on a
rotating stage and two independently controlled arms
with a camera (one axis) and a light source (two axes).
This allows for flexible and adaptive measurements of
nearly any combination of illumination and viewing
directions. Although camera view occlusion by the arm
with the light source may occur, it can be analytically
detected, and in most cases, alternative positioning is
possible. The angular accuracy of the light and camera
arms positioning is 0.03° across all axes. The inner arm
holds the LED light source 1.1 m from the sample and
produces a narrow and uniform beam of light. The
outer arm holds an industrial, full-frame 16Mpix RGB

LED light " " /¢

camera

- TN s —

3 £

§

g

-

4
Avwa -
p——

turntable

Fig. 7: The UTIA gonioreflectometer

15° aspecular 25° aspecular

45° aspecular

75° aspecular 110° aspecular

Paintl Paint2 Foil

Paintl Paint2 Foil

Paintl Paint2 Foil

Paintl Paint2 Foil | Paintl Paint2 Foil

| .

Fig. 6: Panels sprayed with Paint 1 (solventborne) and Paint 2 (powder coating) incl. diffractive pigment (MultiFlect®'® with
a median diameter of D5y = 35 pm) in five geometries of the byko-spectra effect light booth compared with an intact
structured foil (foil) (employed as a precursor for the manufacture of the diffractive effect pigments used)
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Fig. 8: The illumination/viewing geometry configurations used in our experiments: (a) in-plane, (b, c) out-of-plane

camera (model: AVT Pike 1600C). The sensor’s
distance from the sample is 2 m. Using different optics,
one can achieve a variable spatial resolution of up to
1071 dpi (i.e., 24 pm/pixel). In our experiments, we
used a resolution of 353 dpi (i.e., 67 um/pixel).

Geometry description

We performed in-plane and out-of-plane analyses. For
in-plane analysis, we used the geometry shown in
Fig. 8-a, i.e., with the camera fixed at a polar angle 45°
from the surface normal, while the illumination polar
angles covered the whole plane from —90° to 90°. Note
that negative values have the polar angles oriented
toward a camera position. Although common multian-
gle goniospectrometers*® use a reverse in-plane con-
figuration, i.e., fixed light at 45° and variable viewing
angles, we resorted to our configuration to avoid
perspective and diffractive distortions related to
change of viewing angle that would affect the consis-
tency of our image-based analysis. Moreover, from the
reflectance point of view, both geometries should
proz(luce the same results due to Helmholtz reciproc-
ity.

In the case of the out-of-plane analysis, we used two
geometries. The first had the camera aligned with the
surface normal while light circled azimuthally around
the material at a polar angle 45° from the surface
normal (Fig. 8-b). The second one had the camera
fixed at the same polar angle 45° from the surface
normal (Fig. 8-c). The sampling step of measurement
for all three geometries (one in-plane and two out-of-
plane) was one degree. Please note that the in-plane
and second out-of-plane geometries have a blind spot
of a span of around 25° due to occlusion of the
camera’s view by the arm with the light.

Figure 9 shows values of individual RGB channels
observed for the tested geometries. Included are
highlighted approximate angular locations of individ-
ual diffraction orders. Note that these effects are
completely missing for out-of-plane geometries with a
polar viewing angle of 0°.

Analysis

To verify the findings from the gonioreflectometer
experiment, we carried out a psychophysical and
computational (texture data) analysis of two sets of
image samples using Paint 1 and Paint 2. In Part 1 we
tested whether participants could distinguish between
different coating systems (solvent/powder, pigment
concentration 1.5%) with the naked eye. Part 2
consisted of the psychophysical validation of the
proposed method on dataset (1) solvent/powder, pig-
ment concentration 1.5% for in-plane geometry.

Psychophysical analysis

For the study, we captured data according to the in-
plane geometry specified in Fig. 8-a. To make the study
tractable, we selected only 17 images at 10° intervals,
i.e., angles from surface normal [—80°...+80°] corre-
sponding to [125°...—35°] aspecular. We showed
images of both systems to the subjects side-by-side
and in a random order. An example stimulus image is
shown in Fig. 10.

A comparison of small portions of images for
solventborne (S) and powder coating (P) across the
tested geometry is shown in Fig. 11-a. We performed a
web-based study online, i.e., under noncontrolled
conditions, and split it into two parts. The first and
second parts were completed by 81 and 57 subjects,
respectively.

In the first part, we tested the subjects’ ability to
distinguish between the images by asking: Which of the
two images contains more isolated particles? We used
the mean opinion score to obtain results in Fig. 11-b,
illustrating that the majority of subjects voted for the
solventborne system for all angles, while the closest
count of particles was perceived for illumination angles
20°-40° and 70°-80° aspecular.

In the second part, we assumed that subjects had
already established their visual scales in the first part,
and asked them: Evaluate the visual difference between
the images on a scale of 1-5, where 1 means very similar
and 5 very different. The obtained mean opinion scores
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Fig. 9: Distribution refraction orders demonstrated as peaks in average RGB values across (a) in-plane, (b,c) out-of-plane

geometries

Fig. 10: Example of stimulus image comparing images of
coating systems taken at the same geometry

are shown in Fig. 11-c with error bars representing
standard deviation across 57 subjects. The graph
suggests that subjects consistently perceived relatively
high differences for almost all geometries except at
extreme lighting polar angles and at angle 75° aspec-
ular.

Finally, we analyzed the reliability of subjects’
responses by means of the Krippendorff’s alpha*’
K,—a statistical measure of the agreement achieved
when generalizing several known statistics. The key
requirement is agreement observed among indepen-
dent observers. Output K, =1 represents an unam-
biguous indicator of reliability, while 0 does not. K,
values obtained in the experiments were 0.15 and 0.22,
respectively. These values express a modest reliability
across the subjects, which might be due to the very
subjective nature of the subjects’ task.

This study proved our assumption that untrained
human subjects can distinguish between the solvent
and powder-based systems and that the count of
particles might be a good candidate for automatic
computational analysis which is the subject of the next
section.

Computational texture data analysis

The captured in-plane data consisted of 180 RGB
images, while the out-of-plane data consisted of 360
RGB images. All images have a high-dynamic range
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(a) comparing solventborne (S) and powder coating (P)

-80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80
illumination polar angle

(¢) Part 2 — difference between systems (1-5)
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10 20 30 40 50 60 70 80

Fig. 11: Psychophysical study: (a) images of the compared
samples for all tested geometries, and the results of both
parts of the experiment, comparing (b) which of the
systems has more isolated particles, and (c) the visual
difference between both systems on a scale of 1-5. (a)
Comparing solventborne (S) and powder coating (P), (b)
Part 1—coating system with more particles, (c) Part
2—difference between systems (1-5).

and spatial resolution of 270 x 400 pixels correspond-
ing to a sample size of 18 x 26 mm. To identify the
number of visible, i.e., active pigment flakes, we
performed the following analysis in each RGB channel.
First, we selected a candidate whose image pixels as
those had a distinct color in the particular color
channel, e.g., for the red channel, the following
conditions had to apply

(Irlg + p1) & (Irlg + p1), (2)

where p; = 0.2, i.e., 20% of the dynamic range of the
image and R, G, B denotes individual color channels.

However, these conditions are insufficient in the
center of high-reflectance pigments, whose values often
tend to be achromatic. Therefore, we extended the
color information from the pixel’s neighborhood by
filtering the image using a Gaussian filter (width 10
pixels, standard deviation ¢ = 3.0) to produce a filtered
image I”. The following alternative conditions were
used

(IR>p2) &(Ic>p2)&(13>p2)& (3)
& (Ig>1I5) & (x> 1),

where p, = 0.9, i.e., 90% of image dynamic range. The
equations for the other two channels are similar.

If any of the above conditions for the tested pixel
apply, the pixel becomes a candidate for a local sparkle
in a respective color channel. To remove visual noise
outliers resulting from possible flake interreflections,

Original R G B

Solventborne p=121% ¢=107

. P 2.14"/9 C

p= 2.60% c=131

Original R G B

Solventborne p=135% c=117

p= 0.99% c= 82

Original R G B

Solventborne p= 046% c=3 p=26.99% ¢=391

p= 8.95% c=2

Fig. 12: An example of segmentation of Paint 1
(solventborne) and Paint 2 (powder coating) in isolated
pigments in individual color channels. The original image is
shown on the left, where p stands for coverage percentage
and c for pigment count (Color figure online)

the image is the subject of a morphological opening
operator, discarding all elements with a size smaller
than 3 x 3 pixels. Finally, the number of the remaining
connected regions and their pixel area is counted.
Figure 12 shows examples of identified pigments in
each color channel for three illumination directions
(with predominantly red, green, and blue pigments).
The original image is on the left. The first row shows
solventborne, while the second row shows the powder
coating.
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Fig. 13: In-plane comparison of the solventborne and powder coatings in terms of average spatial coverage of visible
pigments (top) and number of isolated pigments (bottom) across RGB color channels (Color figure online)

Experiments on pigments of varying
concentration

We have tested the proposed pigment characterization
method in two independent computational analysis
experiments. In the first one, samples of pigmentation
1.5% were used, while in the second one we demon-
strated the method’s performance on low pigmenta-
tions 0.43 and 0.07%, respectively.

In the first step, we analyzed 180 images captured
for in-plane geometry (see Fig. 8-a). In addition to the
count of effective pigments, we also computed an
occupied spatial area (expressed as a percentage of
total image area). Figure 13 compares solventborne
(red) and powder coating (blue) systems in terms of
the percentage of effective pigment’s spatial area and
pigment count.

In the second step, we analyzed the 360 images
captured out-of-plane for both geometries (Figs. 8-b, 8-
¢). Results again averaged across the RGB channels
are summarized in Fig. 14. Apart from a number of
effective pigments (a) and their coverage percentage
(b), we also evaluated average absolute intensity in
effective pigments (c).

Higher pigmentation samples

The results of our analysis of 180 images captured for
in-plane geometry are shown in Fig. 13. Please note
that the data in the graph relating to the first step of the
analysis represent a value averaged across all three
RGB channels. The inset bar shows RGB values
obtained by averaging original images for different
polar angles as shown in Fig. 9-a.

The solventborne coating shows significantly higher
values of both observed parameters than the powder
coating. Figure 13 also shows the difference between
both systems (black outline), which correlates (r = 0.31)
to the visual difference perceived by human subjects in
Fig. 11-c. Note that the lower correlation can be due to
the varying sensitivity of human subjects especially near
the specular highlight where contrast of individual flakes
tends to merge and becomes less apparent.

We then analyzed a further 360 images captured out-
of-plane for both geometries (Figs. 8-b, 8-c). Results
averaged across the RGB channels are summarized in
Fig. 14. Apart from a number of effect pigments (a) and
their coverage percentage (b), we also evaluated aver-
age absolute intensity in effect pigments (c).
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Fig. 14: Out-of-plane comparison of the solventborne and powder coating systems in terms of (a) number of isolated
pigments, (b) spatial coverage of visible pigments, and (c) average intensity across all visible pigments across individual
RGB color channels. Top geometry 0, = 0°, 0; = 45° Fig. 8-b, bottom geometry 0, = 45°, 0; = 45° Fig. 8-c. The plot in the first
row reveals the averaged sample color across azimuthal directions (Color figure online)

In this analysis phase, we observed only a negligible
azimuthal dependence for the first geometry shown in
the left column (view polar angle 6, =0°), and the
second geometry shown in the right column (view
polar angle 0, = 45°) exhibits clear azimuthally depen-
dent behavior of all three tested parameters. The most
significant differences are again observed near first-
order diffraction, especially for the first two parame-
ters: effective pigment count (a) and coverage percent-
age (b). The biggest differences were found in the blue
channel. The values of the solventborne system are
almost always higher. The only exception is spatial
coverage in the first geometry where the powder-based
system prevails. In terms of average pigment intensity
(c), the behavior of both systems, is similar, but once
we had normalized effective spatial coverage of
pigments for both systems we would obtain signifi-
cantly higher intensity for the powder-based system
(especially for the second geometry).

We assume that this is due to the nature of the
coating systems: in a solventborne system flakes tend to
settle in the solvent, while in powder coating they tend
to be fixed close to their initial orientation due to the
pigment deposition process. Figure 15 shows an exam-
ple comparison of flake alignment of both tested
coating systems, captured by means of scanning elec-
tron microscopy (SEM).

Lower pigmentation samples

This set consists of six samples using diffractive
pigments illustrated in Fig. 16. Three of them have a
pigment concentration of 0.07% (the first row) and
three have a concentration of 0.43% (the second row).
The samples in each row differ according to the type of
coating system used for identical pigment application.
From left to right we used: (1) Paint 2 (powder
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Fig. 15: Investigation of flake orientation for the diffractive pigment particles,'® Ds, value (150 pm) used in Paint 1
(solventborne) and Paint 2 (powder coating) in a cross section using scanning electron microscopy (SEM). Top row: Paint 2
(powder coating) Magnification 500 x, Bottom row: Paint 1 (solventborne), magnification 1000 x. The pigment particles in
the coating layer of Paint 2 are strongly disoriented in comparison with those of Paint 1

pigment.0.07% < pigment. 0.07% .

pigment. 0.43%

pigment. 0.43% s

Paint 1
doctor blade

Paint 1
air gun

»
-~

igment. 0.07%

: pigment. 0.43%

Fig. 16: The sample set of lower pigmentation samples, captured on a flat sample and visualized on a speed shape object,
featuring two different pigment concentrations (rows) and three coating systems (columns): (left) Paint 2 (powder coating),
(center) Paint 1 (solventborne)—coating film sprayed with air gun, (right) Paint 1 (solventborne)—film generated by coating

with a doctor blade

coating), (2) Paint 1 (solventborne)—coating film
sprayed with air gun, (3) Paint 1 (solventborne)—film
generated by coating with a doctor blade.

After running the same analysis for in-plane geom-
etry, the results are as shown in Fig. 17. The graphs on

the left show results for pigment concentrations of
0.07% and the graphs on the right for concentrations of
0.43%. These graphs suggest that the proposed method
can constitute a step toward methods that make it
possible to distinguish between coating systems even in
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Fig. 17: A comparison of different coating systems within in-plane geometry (red: solventborne, green: powder, blue: the
solventborne applied using a doctor blade (DB)) for two pigment concentrations (columns). The first row compares the area
coverage by the pigment in %, the second row compares particle counts, and the third row compares average pigment

intensity (Color figure online)

very low pigment concentrations. The most obvious
difference is for coverage percentage and pigment
count.

Comparison of proposed method to a state-of-the-
art texture measurement device

We compared our approach to one of the few
portable commercial devices that can analyze the
texture of special effect coatings, the BYK-mac i.*® It
captures spectral differences of effect coatings under
six aspecular observation angles (—15°/15°/25°/45°/
75° / 110°) and illumination 45° from a surface normal,
all aligned in in-plane geometry. It also captures the
sparkle and graininess textures of the surface (for
point-light 45° and diffuse illumination) and computes
corresponding readings.

Figure 18 compares sparkle and graininess textures
captured by this device for two coating systems
(solventborne, powder coating) and two pigment con-
centrations (0.5 and 1.5%).

While it is hard to tell the difference in the sparkle
images using the naked eye, we can observe clear
differences in the number of particles for different
pigment concentrations in the graininess images.
However, there is no obvious difference between the
different coating systems.

We also compared the instrument’s proprietary
readings of sparkle S¢ and graininess G, shown in
Table 1. These results also demonstrate that, while the
pigment concentration can be differentiated by the
proposed measures (as indicated by higher values of
graininess for higher concentrations), they cannot

sparkle
Paint 1

pigmentation 1.5% pigmentation 0.5%

graininess
Paint 1

pigmentation 1.5% pigmentation 0.5%

Fig.

Paint 2

aint .

18: Texture of coating layers including diffractive

pigments generated using a BYK-mac ‘i’ device: left:
Paint 2 (powder coating), right: Paint 1 (solventborne)
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Table 1: Values of sparkle and graininess as captured
by BYK-mac

Sparkle Graininess
Sample S G(15°) S_G S G G
(45°)  (75°)
MF 0.5% Paint 2 10.2 17.3 7.2 12.6
MF 0.5% Paint 1 14.3 15.0 11.2 11.2
MF 1.5% Paint 2 141 17.7 213 15.9
MF 1.5% Paint 1 18.8 212 205 155
£ 30
410 b Paint 2
\\\\ 20 = Paint 1
\\\ \
. 10 -
\\ s
1 N P
-40 mﬂﬁgy\f o/, 20
- -13\
I
30
Paint 2 Paint 1 difference
6, a* b* a* b* Aa*b*
-15° 47 17.6 39 6.2 11.5
15° 6.6 6.6 75 42 2.5
25° 1.8 -5.1 25 14 6.6
45° | -429 -12.5| -23.0 -3.3 22.0
75° | 16.6 -232 | 102 1.1 25.1
110° | -36.1 24.0 | -159 -1.1 322

Fig. 19: The CIE a*-b* chart of in-plane geometry for the
BYK-mac device side-by-side with original and difference
values

consistently distinguish the tested coating systems
across different observation angles (due to inconsistent
values for sparkle at angles 45° and 75° as highlighted
in bold in Table 1).

When we used the device to capture CIE a*-b*
charts across in-plane viewing geometry using illumi-
nant CIE-D65 and the CIE-1964 standard observer, we
obtained the graph shown in Fig. 19. The figure also
includes a table with individual values and chroma
differences. Although this chart identifies color differ-
ences for different coating systems, the values are too
sparse for any meaningful analysis of continuous color
travel within the geometry as shown in the further
analysis. Possibly, more data can be obtained using the
MAO9S instrument® designed to characterize complex
coatings by capturing additional out-of-plane samples.

In contrast, Fig. 20 demonstrates the CIE a*-b*
charts captured for (a) in-plane and (b) out-of-plane
geometries using our gonioreflectometer. The original
RGB values averaged across the entire image were

converted to CIE a*b* using illuminant CIE-D65 and
the CIE-1964 standard observer. The graph on the left
shows the a*~b* chart for in-plane geometry, where the
numbers along the outline correspond to an aspecular
angle of light from 110° to —15°. The graph on the right
shows an a*-b* chart for the out-of-plane geometry
with camera and light fixed at polar 45° and numbers
corresponding to the azimuthal angle of light from 0°
to 360°. In both graphs, one can observe significantly
higher chroma values in the solventborne coating
compared to the powder coating across a wide range
of colors. Note that the multiangle views and fixed light
differ from the BYK-mac instrument, and we can rely
on Helmholtz reciprocity’® due to opacity and pla-
narity of the coating samples.

Therefore, to approximate data from the BYK-mac
device, we compensated our measurements only for
illuminated area foreshortening using a cosine of
illumination polar angle. The captured charts describe
continuous color travel for both geometries, presenting
the central area zoomed on the right side of the chart.
Below the zoomed area is a graph demonstrating

differences in chroma (C}, = va*> +b*?) across all
captured geometries, highlighting the angles marking
the highest difference between the coating systems. For
in-plane geometry such angles are near 43°, 85°, and
50°-60° aspecular. Note that, for out-of-plane geome-
try, we have two almost overlapping outlines due to
azimuthal symmetry of diffractive reflections as shown
in Fig. 14. The differences are due to a different
distribution of diffractive flakes over a relatively small
captured area of 10 x 10 mm.

From these results we conclude that, while BYK-
mac i COLOR can, to a certain extent, detect differ-
ences between diffractive coating systems based on
spectral information, it cannot reliably tell the differ-
ence based solely on texture information as was
proposed in this paper

Captured appearance on coated objects

To validate the ability of image-based capture and
processing methods to distinguish between coating
systems used for the application of diffractive effect
pigments, we captured the appearance of the tested
coatings as a function of the wide range of illumination
and viewing directions. Such behavior can be described
by a six-dimensional, bidirectional texture function
that captures the material surface appearance for
incoming and outgoing directions sampled uniformly
over hemispheres above the material surface. For the
measurement of appearance, we used the gonioreflec-
tometer described in ‘““Development of an automatic
method of diffractivepigment” section. The hemi-
spheres of incoming/outgoing directions were sampled
by means of 81 directions giving a total of 81 x 81 =
6561 images, where each image was taken for a unique
bidirectional pair of camera and light positions.”® A
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Fig. 20: The CIE a*-b* charts of (a) in-plane and (b) out-of-plane analysis comparing solventborne and powder coating
systems (Dso= 150 pm, pigmentation 1.5%) for viewing polar 45°. The right-hand graphs show a zoomed area from the main
graphs, and the bottom-right graphs illustrate ||L||, differences between the coating systems in a*-b* channels across the

entire geometry

Fig. 21: A comparison of the object photograph (left) to its virtual representation captured by means of bidirectional texture
function (right) under point-light illumination (Paint 1 (solventborne)—coating film sprayed with air gun'® with D5, value

35 pm)

small image tile area of approximately 150 x 150
pixels (corresponding to 10 x 10 mm) was cropped
from the center of each image. The tile is created using
a stitching algorithm,”' guaranteeing seamless edges
when the tile is replicated to cover the surface
geometry. Therefore, the frontal projection of each
pixel covered the spatial area of 67 x 67 um, while the
mean particle size of measured samples was Dsy=
150 pm. Finally, we visualized the captured data on a
surface geometry acquired by a laser scan of the real
speed shape specimen with a length of 10 cm. The
visualization was obtained using an OpenGL Shader.
A comparison of the rendered appearance to a
photograph of an actual coated object is given in
Fig. 21. Note that differences are in the area of
specular highlight, due to its undersampling, and due

to light reflections from the table, which are not
accounted for in the rendering.

Figure 22 shows a comparison of the solventborne
and powder coatings visualized under point-light (the
top row) and ambient (the second and third row)
illumination. The environment illumination is repre-
sented by 144 discrete lights representing the illumi-
nation intensity of the actual scene. The material
appearance is then shown as a linear combination of
individual light contributions. One can observe appar-
ent differences between both systems. While the
solventborne coating (on the left) features a more
uniform appearance including distinct color ringing
effects, the powder coating (on the right) shows more
sparkle with overall behavior suppressed. Such behav-
ior agrees well with the results of our pigment behavior
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Fig. 22: A comparison of the speed shape coating with Paint 1 (solventborne, top row) and Paint 2 (powder coating, bottom
row) under point-light (the first row) and ambient (second and third row) illumination

analysis for in-plane and out-of-plane geometries
presented in “Experiments on pigments of varying
concentration” section. Naturally, the more uniform
the illumination (going from point-light, indoor to
outdoor), the less visually apparent are the differences.
This highlights the importance of using a predomi-
nantly directional light whenever we need visually to
characterize properties of diffractive coatings.

Conclusion

This paper provides a comparative, optical analysis of
surfaces modified with two different paint technologies
containing diffractive pigments (reference ('),
Dsp = 150 pm) in one in-plane and two out-of-plane
measurement geometries using a gonioreflectometer.
Our psychophysical and computational image-based
studies in RGB channels revealed that Paint 1 (sol-
ventborne) coating achieves significantly better flake
alignment as proved by their higher effectively visible
numbers and coverage area. On the other hand, the
average intensity of pigment flakes is much higher for
Paint 2 (powder coating). In summary, we have shown
that, in contrast to tested industrial spectrophotometric
devices, the data of rather limited spectral resolution,
such as RGB triplet captured by our gonioreflectome-
ter, show a promising result that can in the future lead
to development of novel differentiation techniques for
diffractive coating application systems when comple-

mentary spatial information is taken into account. To
accomplish this task one should analyze a substantially
larger set of samples including different effect pig-
ments and coating applications.

A flake orientation is influenced by a multitude of
parameters within the complete coating manufactur-
ing/spraying process. As effect pigment orientation has
a huge impact on the optical appearance of the final
coating achieved, the coatings industry is searching for
new, cheaper methods which are able to provide
information in a noninvasive manner. We believe that
our approach is able to provide valuable information
on flake orientation of different coating systems, but
additionally can be used to compare coating systems
and improve paint spraying processes which should be
of great industrial importance.

In future work, we plan to combine data from the
spatial and angular domain to identify the orientation
of individual pigment flakes possibly even in sub-pixel
resolution. Another interesting research direction
would be the identification of the image statistics
applicable for the prediction of pigment-related visual
features.
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