ANALYSISOF COATINGS APPEARANCE AND
DURABILITY-TESTING-INDUCED SURFACE DEFECTS
USING IMAGE CAPTURE/PROCESSING/ANALYSIS

ABSTRACT

This paper describes the applicability of opticd
imaging techniques to the analysis of the scratch resistance
of automotive interior plastic materids. The evdudion of
so-caled “finger testing” has traditiondly relied upon
humen vision for detection of the initid scratch postion.
Commonly peformed under uniform and  defined
illumination conditions, the relative contrest difference
sgnified by whitening on a surface as determined by
unaided human vision is a highly variable subjective
perception; thus individud inspectors may determine the
“whitening” point differently. This paper compares test
data obtained from both visud and instrumental evauation
methods and discusses the advantages of optica imaging
techniques for surface defect anadysis.

INTRODUCTION

The resstance of automotive interior plagtics to
permanent, visble damage by scraiching is a dgnificant
concern during the manufacturing of such components as
well as during the life of the product. Plagtics manu-
facturers are congantly griving to develop formulations
that provide enhanced scratch resstance as well as long-
term durability under end-use conditions. To determine the
performance of these polymeric materids, tet methods
have evolved for scraiching a tet sample surface in a
repeatable manner with speciadized apparatuses. Scratches
s0 obtained are then visudly evaduated to characterize the
damage with respect to the test conditions. Formulations
are then ranked according to their resistance to damage.

Test methods for producing smulated damage in
molded or extruded plagic substrates involve the
gpplication of a scratching device (stylus, finger or
indenter) to a specimen. The scratching device traverses the
aurface of the specimen to produce sngle or multiple
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scratch channds. The test method gpplied to creete the test
samples used for this paper, SCRATCHO 155°F3-finger,
prescribes dynamic loading of the scratching device,
wherein the load weight of the scratching head increases as
the head travels across the sample surface [1]. This results
in scratch channels that begin with a faint agppearance
(elagtic-plastic deformeation of the test surface) and then
become easily visible as a whitened streak after fracture
(micro cracking of the test surface) darts to occur. This
darting point is referred to as the “first whitening.” Since
the portion of the scratch channd exhibiting fracture is
neither sdf-heding over time nor reversble through
restorative means, this damage is considered permanent and
is used as the key quditative factor in the evduation of the
gpecimen’ s scratch resistance.

Traditiondly, the darting point of the whitened
scratch channd has been determined by visudly inspecting
the test sample. Snce the loading rate of the scratching
device is linear, an accurate load vaue may be calculated
by smply measuring the disgance of the firs whitening
from the starting point a which the scratching fingers were
gpplied. But the determination of these two points on the
specimen is influenced by the subjective visud and
perceptua biases of the person conducting the evauation;
thus introducing varigbility in test results between operators
that cannot be controlled or factored out. It will be shown
in this paper that the evauation of scratch-tested specimens
with an automated opticad imaging and anadyss system
provides numerous, important advantages over traditiona
visud evduation techniques. These include consgently
repeatable test results that derive from reproducible diffuse
lighing  conditions, image  magnification,  image
enhancement for optima scratch detection and automated
functions such & image  capture/enhancement,
determination of finger load vadues and digitd data
recording. Scratch test evauation results generated by the
VIEEW™ Digitd Image Andyzer are presented here and



are compared to visud evauation results to substantiate the
cdam of these advantages. VIEEW™ is a relatively new
technology with capabilities for evduding automotive
exterior codings defects such as chipping, maring,
corrosion, and appearance that adso can be agpplied to the
evaluation of the scratch resstance of molded and extruded
plastics[2-7].

GENERAL ASSESSMENT OF THE APPLICABILITY
OF OPTICAL IMAGING TO SURFACE DEFECT
EVALUATION

The human eye is an unpardlded organ that dlows
us, in one moment, to count the gtars in the sky and in the
next, the spots on a ladybug clinging to our fingertip. Yet
the eye is not without serious limitations in its perception of
the physicd world. Despite these limitations, we have
grown to depend on its capabilities in the evauation of
surface defectsin awide variety of manufactured materids.

The human eye, coupled with the subjective judgment
of a materia inspector, determine the surface qudity levels
that are acceptable in raw materids and finished goods.
Where visua perception is lacking in acuity, or conscious
judgment is incgpable of quantifying a large number of
physica surface defects, pictoria references are employed
for general comparison to dlow a classfication of the
severity of a sample's defects. This technique has admirably
compensated for our visud limitations, but has come & the
cos of questionable repestability and, with its inherent
subjectivity, includes the perceptual and psychologica
biases of the observer.

While this methodology hes sufficed throughout the
hisory of indudridization, revolutionary advances in
photogrgphic, video imaging and computer technology
have originated precison tools for minimizing subjective,
human influences and for automating  ingpection
procedures, the repetitiveness and laboriousness of which
can dso diminish human performance through fatigue. The
VIEEWa digitd image andyzer, developed by Atlas
Electric Devices Company, is an integration of these
modern technologies. It is capable of capturing digita
images of samples under vaious lighting schemes
optimized for the sample surface, of digitaly processing the
images to highlight and enhance surface defects, and of
measuring and counting defects such that each sample is
defined by a comprehensive datistical profile. This process
may aso be gpplied to graded reference samples and stored
on disk, ultimately dlowing a classfication of test samples
by automatic, statisticadl comparison to the reference data
Thus the badc, historical evduation method is preserved,
but is automaticaly peformed by precison optics and
software andysis dgorithms at the press of abutton.

VIEEN™  OPTICAL IMAGING SYSTEM -
SPECIMEN ILLUMINATION - The technique used to
illuminate a sample is of critica importance in optica

imaging since it is the reflected light thet is detected by an
imaging sensor. Light source spectrum and angle  of
incidence on the sample surface are key factors in
determining what can be opticdly detected and captured. In
the VIEEWA sydem, didinctly differing illumination
geometries are gpplied to achieve optimd illuminaion
under two schemes diffuse, chromatic (color) lighting for
the detection of variations in tona and chrométic contrast;
and direct lighting to measure variations in geometric
reflection  (specular  reflection) and  its  texturd
characterigtics.

Diffuse illumination — To accurately measure surface
abnormdities  resulting  from  chromaticity, or color
difference, the sample should be illuminated by a diffuse
chromatic source where each color component (Red, Green
and Blue, or RGB) may be independently adjusted to
maximize contrast on the sample surface. Optima light
diffusion is obtained by mounting the light source(s) insde
an integrating sphere (a sphericd cavity); the interior walls
of which are trested with a high-reflectance coating to
maximize reflection and scattering, as shown in Figure 1.
Light emitting diodes (LEDs) are suitable light sources for
use indgde the sphere for their output stability, reiability
and compact Sze. As used for the invedigaion of scratch
resstance of plagtics described in this paper, an optimally
adjusted, diffuse illumination can enhance surface
charecteristics that are crested by differences in
chromaticity, asin the “first whitening” effects.

Figure 1. VIEEW™ Diffuse lllumination

Direct illumination — The mogt accurate meesurement
of the reflectance, or gloss, of a surface (which aso reveds
surface irregularities such as scratches, chips, orange ped,
etc.) is made when light drikes the sample normd to its
plane a an incident angle of 0°. Light striking an opticaly
smooth surface under these conditions will be reflected
back a 0°, but light gtriking an uneven or textured surface
(surface with defects) will be reflected at angles other than
zero; and, in effect, will be log to the detector of the
camera which is viewing the sample a a 0° angle. See
Fgure 2. This results in very smooth surfaces appearing as
a uniform light gray and the irregularities being reveded as
sgnificantly darker areas, or in the case of scratches, as
diginctly dark lines An example of this beneficia
phenomenon is shown in Fgure 3. It is important to note



that the unaided human eye is incgpable of perceiving an
object or surface with an illuminaion incident angle of O
as it would require a light source emanating from the center
of the ocular pupil.
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Figure 2. VIEEW™ Direct Illumination

Direct illumination further reveds its advantages with
coated samples where defects are limited primarily to a
clear topcoat layer. In this sample topology, light is
reflected only from the surface of the clear coaing and not
from the deeper pigmentation layer, which is of no interest
when the defects are produced by physcd testing such as
chipping, marring, or chemicd and environmental exposure
of the exterior layer.

The VIEEWA sydem incorporates both of these
illumination schemes, irdependently or in combination, to
dlow a comprehensive detection of surface defects. It is not
uncommon for samples to be photographed under both
lighting techniques to dlow evduation of more than one
type of degradation mechanism exhibited by the sample.
[llumination conditions ae computer controlled and
precisely repeatable since the find control-setting scheme
may be named and saved as a setup file. This feature
ensures reproducible evaluation conditions and repeeatable
results.
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Figure 3. Sdective Viewing of Laminated Surface
Structure using VIEEW™ Direct/Diffuse Illumination

SOFTWARE ANALYSIS OF A DIGITAL IMAGE -
BINARY AND GRAYSCALE IMAGES - In the
computerized andyss of surface defects, two categories
predominate: defect characterization and surface texture
properties. The former category includes defect sze, shape
and digribution while the latter entails a determination of

the change in surface agppearance (texture. Anadyss
software exploits two different image types to perform
these characterizations and determinations. binary (or 2-bit
black and white) images and grayscae images.

Binary Image Andyss - Binary images are created
by processng the origind 256-shade grayscade image with
a thresholding filter that reduces the image to black and
white pixels. A variety of different thresholding techniques,
gther in gpatia domain or in frequency domain, are used to
determine the proper settings that dlow the image to retain
optimad defect informatiion while diminaing those pixes
of the unaffected areas. Additiona processing steps may be
employed to further refine the area of interest before or
after the thresholding procedure. The andysis program then
applies gpecid measurement and andysis dgorithms to the
black-on-white defects of each sample and records defect
quantities and their geometric parameters in an associated
datistical file. Typicd parameters used in this type of
andyss are defect count, size, shape, area, orientation,
boundary andyss, gravity center andyss, Fourier shgpe
andysis, etc.

The spatid formations (distribution over the sample
surface) of the defects are dso of importance in some
applications since spatid characteristics can be relaed to
physica and mechanica properties of the sample as well as
to material processing. Parameters used for spatia analyss
ae goatid digribution by quadrant, nearest neighbor
datigtics, spatial variance and spatiad density based on
random points.

Typicd examples of binay image andyss in
coatings applications are: corrosion (rust) anadyss, deam-
ination analysis, pitting or popping anadysis, crack andyss,
chipping andysis - impact resstance, etc. See Figure 4 for
various surface defects for binary image andyss.

Figure 4. Various Surface Defects for Binary Image
Andyss

Grayscde image analyss - Grayscale images are used
in their origind grayscde form as acquired by the system.
In some cases, image preprocessing may be gpplied,
equdly to dl the samples, to highlight defect information.
Sample images are then andyzed for surface texture and
vaiations in shade that do not submit to geometricd




definition. Since the origind grayscde (or equdly
preprocessed) images are andyzed, this method provides
objective results compareble to visua perception
techniques. Sample illumination is the only variable, but
the system dlows it to be applied under precisely the same
conditions to al samples, whether direct, diffuse or both
illumination techniques are used. This ensures absolute
results within sample groupings, and in applications where
reference samples and their andysis data are used for
compardive classfication, ensures the most objective
accuracy in relative comparisons.

Typicd parameters used in grayscde image andysis
are hisogram, surface fractd dimensoning, flow fied
messurement, gray levd run length, surface texture
uniformity, roughness, and numerous others. Grayscde
image andysis is gpplicable in mar andyss, scratch
andyss, discoloration, micro texture andysis, pattern
andysis, surface dructure andysis, etc. See Figure 5 for
various surface defects for gray image andysis.

TEST METHODOL OGY

SCRATCH RESISTANCE TESTING METHOD -
The SCRATCHO 155°F — 3finger tet method was
conducted with a SLIDO agpparatus [1]. It includes a
scratching head comprised of a machined, dtainless sted
helix. Each protruson (scratching finger) spirding around
the hdlix rod is 0.8 mm in diameter and separated from the
next protruson by a gap of 2 mm. The tet sample was
placed onto an insulated TPO base support and heated to
155°F by radiant quartz hesters. The scratch head was then
loaded onto the sample at a ramped load rate of 10 to 300
pounds over a distance of 15.24 cm. Various scraich head
velocities were used, ranging from 0.5 to 6 in/sec, a
acceleration rates ranging from 0.5 to 40 in./sec’.

Visud Evduaion Method — Visud inspection of the
resulting scraich deformations was conducted under a
McBeth white light with the sample held a& a 45° angle.
The digtance of the first dgn of fracture from the scratch
garting point was measured with a stedl scale and equated
with the applicable finger loading for that distance. The
result was then reported as a load (e.g., pounds or Newtons
to first fracture).

VIEEW™ Evdudtion Method — Application of the
opticd imaging sysem for the scratch resigance testing
requires four functiond steps to “train” the system for the
specific  specimen  topology: 1) sdection of optimd
illumination setting, 2) sdection of region of interest
sdting, 3) sdection of image processing routine and
4) creation of a macro routine for automatic execution of
the previous settings. Once the steps are programmed into a
macro function, the test can be performed with a click of
the macro button So initiated, the instrument recreates the
programnmed conditiors  (illumination, region scanning,
image processing and detection) as arecurring process

1) Sdection of illumination setting: To detect the
“whitening” point on the plastics sample, monochromatic
diffuse illumination was sdlected to bring out the chromatic
differences of the whitening region from the background. It
is the contrast difference that edtablishes the region of
interes from the background. Typicdly, chromdticity of
light thet is opposite in color space to the background color
of the sample is suitable for enhancing the region of
interest This is because the opposite chromaticity restricts
the reflection from the background while enhancing
reflection from the defects. Once the optimd sdting is
chosen, it is saved as anillumination setting file.

2) Sdection of region of interest setting: Often, only a
pat of the sample surface is used for testing and thus it is
of no ue to scan the entire sample surface. The X-Y
automatic scanning stage can be programmed to scan only
the region of interest. Since mogt mechanicad testing is
perfformed in a geometricdly conssent manner, the
automatic scanning mechanism is useful for multi-sample
testing in the case of the scratch ted. The automatic Sage is
indexed to successve X-Y coordinates and the exact
sample location is reproduced as long as loading of the
sample into the stage sample holder is performed in a
consgent manner by users. For the scraich tes, 1 X 5
frames (approx. 1.5" x 7.5") were captured and combined
to form a singleframe digitd image. See Figure 6 for
photos of the sample stage.

Figure 6. VIEEW™ Auto-indexing Sample Stage

3) Sdection of image processng routine For the
detection of the whitening point, digitized gray images
were divided into two gray regions: the whitening
(scratched) region and the background, through the use of a
gay thresholding technique During this dsep, the
thresholding point (gray value) was recorded As the



subssquent  samples  were  imaged  with  identicd
illumination geometry and intendty, the thresholding point
alowed automatic determination of the region of interest It
is dso a this gep that the origind image was digitaly
overlaid with a pseudo-color to more clearly identify the
scratched whitening region Once the region of interest was
automaticaly detected, an inspector then recorded the
dimensond coordinates of the initid whitening point,
which can be converted to a bresking load. Refer to Figures
7and 8.

4) Cregtion of macro routine: The preceding settings
were recorded as a macro. Once finished, automatic testing
was performed for the remaining samples executing the
following steps as defined.

1) The X-Y dage postions the sample a the
predefined region.

2) Theprest diffuselight illuminates the sample.
3) Theregion of interest is scanned.

4) Complete region image congructed by ditching
individual frames.

5) Initiates image processing - Applies thresholding
filter to convert image to binary mode

6) Apply pseudo-color fill to white region of scratch
deformations.

7) ldentifiesfirst whitening point of center scratch.

8) Saves specimen image and data in the image
database.
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Figure 7. VIEEW™ Software Interface

Figure 8. Comparison of Visudly and VIEEW™ Detected
Whitening Point




TEST DATA AND A DISCUSSION OF RESULTS

Due to the numerous finger velocity and acceeration
rates used, it is important to view the tet data on an inter-
sample basis and to scrutinize the Difference values only
within each par of samples that have undergone identica
scratch testing conditions. The data have been so grouped
to facilitate this.

It can be obsarved from the data in Table 1 that the
visud method, for all samples, indicates first whitening
occurring a an earlier displacement from the scratching
finger contact point than the does the VIEEW™ method.
Since the VIEEW™ methodology dlows a more accurate
technique for identifying and measuring the first whitening
point, via gray leve distribution (threshholding) and a
magnified view of the sample surface image; it is probable
that the visud method has higtoricdly determined a shorter
digance to the fird whitening and thus assgned a lower
scratch resistance capability to such materids. While this
has little bearing on the reative accuracy of higtorica
visud evduations, oneto-ancther, this dgnificant and
condgent offset between results does indicate that the
visud technique is inclined to an absolute error that
underestimates the scratch resistance of such materids. For
these reaults, the average vaue of this offset is 9.5 mm and
22.98 Newtons. Excluding the three sample pairs exhibiting
offsts in excess of 95 mm, the average offsst then
declinesto 6.77 mm and 16.43 Newtons.

A compaison of the difference between the firgt
whitening points detected by each method for each sample
pair is presented in Table 2.

Since dl the test samples were of the same materid,
this data indicates a positive agreement between the two
evduaion methods with respect to the differing finger
velocity and accderdtion rates to which each pair of
samples was subjected. This data is a logicd result of the
consstency observed in the offset or Difference vaues of
Table 1.

The visud data presented in this paper was acquired
from an evduation peformed by a single inspector in a
sngle sesson. Theefore, the condstency of the
measurement data can be assumed to be reatively high;
however, data smilarly obtained from multiple inspectors
during multiple sessions would likely suffer a high degree
of subjectivity between measurements. The VIEEW™
system is not subject to conditions that influence human
visua and psychologicd responses and therefore provides
more reliable and repeatable evaluation results.



Table 1 — Evaluation Results

SCRATCHO 155°F Difference
Number (1° Whitening: 3 finger — middle finger) Visual Vs.
Sample Panel Of Visual Atlas VIEEW™ Atlas VIEEW™
I.D. Number | Fingers | Conditions 1% Whitening 1°*' Whitening Method
mm_ | Newtons | mm | Newtons | mm | Newtons
1-HE4A 53 3 V=6Iin/s 84.07 | 217.74 | 9048 | 23431 | 641 16.57
1-HE4A-2 13 3 A=40in/s2 | 79.25 | 206.10 | 8756 | 226.33 | 831 20.23
2-HEA4 57 3 V=05in/s | 76.20 | 198.73 |[94.29 | 24228 | 18.09 | 4355
2-HE4A-2 11 3 A=05in/s2 | 4750 | 129.47 | 6328 | 167.47 | 1578 | 38.00
3-HEA4 51 3 V=3in/s 5156 | 139.28 | 5723 | 152.76 | 5.67 13.48
3-HE4A-2 12 3 A=10in/s2 | 66.29 | 17485 | 7530 | 196.29 | 9.01 2144
4-HEA4 55 3 V=2in/s 81.03 | 21041 | 8992 | 231.86 | 8.89 21.45
4-HE4A-2 14 3 A=44in/s2 | 7798 | 203.04 |86.77 | 22426 | 8.79 21.22
5-HEA4 59 3 V=4in/s 81.03 | 21041 | 86.47 | 22327 | 544 12.86
5-HE4A-2 16 3 A=178in/s?2 | 60.20 | 160.11 | 65.71 | 173.60 | 551 13.49
6-HEA4 50 3 V=5in/s 79.25 | 206.10 |80.25 | 20855 | 1.00 245
6-HE4A-2 18 3 A=278in/s?2 | 66.55 | 17542 | 7437 | 19445 | 7.82 19.03
7-HEA4 48 3 V=3in/s 8331 | 21592 | 9143 | 23553 | 812 19.61
7-HE4A-2 20 3 A=18infs2 | 77.72 | 20242 |84.04 | 217.75 | 6.32 15.33
8-HEA4 49 3 V =2in/s 7468 | 195.05 | 8261 | 214.07 | 7.93 19.02
8-HE4A-2 29 3 A=8in/s2 | 64.26 | 169.92 | 7462 | 195.06 | 1036 | 25.14
9-HEA4 21 3 V=4in/s 55,63 | 149.10 | 71.34 | 187.09 | 1571 | 37.99
9-HE4A-2 27 3 A=32in/s2 | 57.15 | 152.74 | 7899 | 205.49 | 21.84 | 5275

V =Velocity A = Acceleration

Table 2
Difference in 1° Whitening Point
(by sample pairs)
Sample Visual VIEEW™
Pair Method Method
(mm) (mm)
1-HE4A 4.82 2.92
2-HE4A 28.7 31.01
3-HE4A | 14.73 18.07
4-HE4A 3.05 3.15
5-HE4A | 20.83 20.76
6-HE4A 12.7 5.88
7-HE4A 5.59 7.39
8-HE4A | 10.42 7.99
9-HE4A 1.52 7.65
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Finger Load at First Whitening
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Figure 9. Comparison of Finger Loads at First Whitening

CONCLUSIONS

The perceptud biases and limitations inherent in
evaduations conducted by the unaided human eye may be
overcome through the use of opticd imaging and software
andyss technologies that ae avalable today. The
gpplication of such technologies can provide improved
accuracy and objectivity in evduaion realts across the
entire field of visua evaluation, epecidly in the andyss of
coatings and plagtics. The accuracy of the data obtained
implies that smaler sample populations may be andyzed to
achieve a aufficient levd of confidence in the
characterization of the materid performance.

The use of the VIEEW™ opticd imaging and andyss
system adlowed rapid capturing of the sample images with
precisgly the same region of interest on each being digitaly
recorded. Adjustable RGB diffuse lighting, generated
within the integrating sphere of the indrument, dlowed an
initid  high-contrast  capture of the sanple surface.
Software-based image processing features provided further
contrast enhancement of the grayscae image for improved
vishility of the whitened portion of the scratches over that
detectable in the visud evauation method. The use of a
gray levd hisogran and onscreen zoom magnification
facilitated precise sdection of the firs whitening point of
the center scratch.

The test data reved that the VIEEW™ evauation
results correlate consgtently with the visuad evduation
results within a repeatable and quantifiable offset range.

This offsst may, in pat, be due to the improved
measurement accuracy inherent in the VIEEW™ system
and is likdy the foundation for edablishing new
benchmarksin the evauation of materia scratch resstance.
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