Effect of color on scratch and mar visibility of polymers
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Graphical abstract

Scratch and mar visibility is measured through a purposely designed black box. The present method for the
quantification of the scratch visibility agrees with human eye evaluation. The color of the material has a
crucial effect on the scratch visibility. Experimental procedure to measure the scratch visibility is shown in
the graphical abstract: a) the scratched sample is located into the black box setup; b) the images taken in

the step “a” are analyzed to quantify the onset of visibility; ¢) the results are quantitatively compared to the
human eye perception of the scratch.
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Abstract

Polymer scratch mechanics has been widely studied. However, the physics behind scratch visibility is still
not well understood. Scratch deformation mechanisms certainly affect visibility but also other material
properties, such as roughness, color or gloss. This work relates to methods to quantitatively evaluate the
effect of sample color on polymer scratch and mar induced visibility, aiming at linking scratch behavior
with the underlying physics. A custom-built black box was utilized for the analysis of samples possessing
different colors and surface finishing. Automatic image analysis was performed through a commercial
software to quantify the onset of visibility in terms of a critical load above which the scratch becomes
visible. Trained surveyors visually quantified said critical load. White color was shown to delay the onset
of visibility by reducing the contrast between the damaged and undamaged area. For instance, the critical
load for the onset of visibility for a white polycarbonate copolymer was nearly twice the value reported for
its black variant. Consistent results were obtained for all tested samples. Similar findings were reported for
the mar phenomenon, highlighting how white color can also mask a different type of damage. The
usefulness of the present work and some future perspectives are discussed.
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Introduction

Polymer scratch and mar behavior has been widely studied in the last three decades. There are several areas
of concern regarding scratch, namely aesthetics, structural integrity, functionality and durability. The



aesthetics is a key requirement for most commercial products. Visible scratches, marring or any surface
defects reduce the perceived quality of polymeric products. Despite several publications describing the
relationship between polymer mechanical properties and scratch deformation [1-5], their impact on scratch
visibility is still not well understood. Scratch deformation mechanisms are strictly related to environmental
conditions (e.g., temperature, humidity, ageing) [2, 6-9], presence of particles/third bodies, scratching
conditions (sliding velocity, contact pressure, indenter geometry, etc...) [10-12] and material mechanical
behavior, such as modulus [1], yielding [5], strain hardening [13, 14] and so on. Finite element method
(FEM) analysis has been shown to be a useful tool to describe and partially predict the scratch behavior of
polymeric materials [14-17]. In any case, additional research is necessary to improve the current models
for predicting accurately the scratch deformation mechanism and damage profile.

The presence of surface defects and deformation, such as scratch and mar, may modify the polymer surface
appearance and color [18]. At the same time, physical damage can also alter the phenomena involved in
light interaction with material surfaces, such as light scattering and refraction [19], which in turn influence
the related aesthetical properties as perceived by the human eye. Some studies attempted to quantitatively
measure the scratch visibility [9, 19-29]. However, uncertainty emerges on an apparent effect of sample
gloss and color on scratch visibility. For instance, one may claim that the detection of the scratch-induced
stress whitening phenomenon onto a white background becomes more difficult with respect to black
surfaces. All these factors, namely scratch deformation mechanism, gloss, and color, contribute to the
scratch visibility phenomenon. The understanding of the possible effect of gloss and color on scratch
visibility is crucial for gaining fundamental knowledge of polymer scratch resistance. Unfortunately, no
systematic study can be found on how and why the sample color influences scratch and mar visibility. What
is lacking so far is the understanding of the possible physical phenomena involved in the visibility, a way
to quantify such phenomena with some representative parameters, and the understanding of how this relates
and matches with the human eye perception. Also, it would be useful to develop proper models in order to
predict the scratch and mar visibility.

The human eye can perceive colors depending on the wavelengths of the light impinging the retina, on
luminance, the contrast, and also on material roughness. All these factors (some related to the surface, some
to the lighting conditions) may depend on the peculiarities of the individual human eye, such as visual
acuity, pupil size, retinal eccentricity and age [30]. In particular, the human eye can capture the contrast
between an object and its background, allowing us to discriminate and differentiate objects. Contrast,
defined as the ratio of the difference in luminance between an object and the background over the overall
luminance [31, 32], is a parameter relevant to the visual perception of scratches [19, 24]. Developing a
method which can reproduce these aspects is crucial for the purpose of flaw detection. Contrast can be
given by differences in luminance, which involves both “achromatic” and “chromatic” contrast [33]. An
object can be identified when the relative contrast against the background is greater than the minimum
threshold detectable by the human eye. It has been shown that humans are able to detect contrast variations
as small as 0.5% [34-37]. However, the minimum detectable contrast is typically higher in most cases
(around 2%). It is worth noting that this contrast sensitivity is dependent on several factors, namely
luminance, viewing angle and individual human eye property, i.e., quality of the eye lens, the sensitivity of
photoreceptors and some intrinsic morphological characteristics [38]; a detailed review can be found
elsewhere [39]. If the shape of an object is defined, contrast for identification can be used to determine the
phenomenon, specifically the detection of surface defects such as scratch and mar.

Among the many material properties that can affect the scratch visibility, the focus of the present research
is to highlight the effect of color. The aim is to investigate whether color can affect scratch and mar visibility
and to obtain insight on the underlying physical phenomena. The human visual system comprises an



abundancy of physiological and psychological intricacies related to not easily accessible physical
properties; therefore, most available experimental techniques do not provide an effective characterization.
In this sense, if any effect is observed, the aim should be to quantify such phenomenon with a representative
parameter. To do so, the effect of color and deformed surface profile on the scratch visibility must be
separated. Also, these findings must be related to the perception of the human eye. Despite the different
deformation mechanisms involved in scratch and mar damages, the goal of this work is to try to measure
the visual effects of color on both phenomena.

Experimental section
2.1 Materials

Both glossy and matte surfaces were considered in the present work. Injection molded glossy samples made
of BPA-homo-polycarbonate and a polycarbonate copolymer with dimensions of 100.0 mm x 100.0 mm x
3.2 mm were supplied by SABIC’s Specialties business. Both polycarbonate (PC) and polycarbonate
copolymer (COP) samples came with transparent, black and white colors. The former ones have been
labelled as PC-N (transparent), PC-B (black) and PC-W (white); the latter were named COP-N
(transparent), COP-B (black), and COP-W (white). Black samples contain (among other fillers) carbon
black, whereas titanium dioxide (Ti0O,) pigment was used for the white ones. While the exact compositions
of the two employed polymers cannot be disclosed, they contain identical trace amount of color additives.
These color additives do not alter the mechanical properties of the polymers.

Matte samples were obtained by spraying polyurethane coating (AkzoNobel, Sprint Coating Finish B/691)
onto an injection molded black glossy polycarbonate (Makrolon® AX2677) substrate. Substrates were
produced with dimensions of 50.0 mm x 50.0 mm x 3.0 mm. Coatings with four different colors (white,
grey, green and red), were manually deposited onto the surface of the substrate. The thickness of the
coatings was around 35 £ 5 pm.

2.2 Scratch and mar test

Scratch tests were performed using a spherical indenter made of stainless steel, having a diameter of 1 mm.
For glossy samples, a normal load linearly increasing from 1 to 130 N was applied at a constant sliding
velocity of 100 mm/s, over a scratch length of 80 mm. Different scratch test parameters were selected for
matte samples, due to the shorter sample dimensions (50 mm x 50 mm): in this case the normal load varied
from 1 to 50 N, over a scratch length of 35 mm, sliding over the surface at a constant speed of 1 mm/s. The
tangential and normal forces were recorded during the scratch test. The scratch apparent coefficient of
friction (SCOF), defined as per equation 1, was measured in both cases to investigate the scratch behavior
of the selected materials. Eight scratches were performed on each material (on 2 different specimens) and
highly reproducible results were obtained (within 10% in terms of tangential force F;); therefore, average
curves only will be shown in the results section. Compressed air was used to remove any possible
contaminants from both tip and samples surface.

SCOF =% (Eq. 1)
FTl
The mar test was performed by utilizing a self-aligned stainless-steel tip to generate the mar damage on the
sample surface. The tip has a flat square surface with an area of 7 mm % 7 mm; a 4000-grit sandpaper was
attached onto the mar tip using a double-sided tape (Scotch® Indoor Mounting Tape), as shown in Figure
1. The test was performed by applying an increasing linear load from 1 N to 8 N, over a scratch length of



70 mm at a constant sliding speed of 10 mm/s. The test parameters were chosen in accordance with common
automotive standards. Only glossy samples were analyzed. Five mar tests were carried out on each sample.
New sandpaper was utilized for each mar test. All the scratch and mar tests were performed along the
injection flow direction.

Figure 1. Self-aligning tip employed for the mar tests: the 4000- grit sandpaper was stuck onto the tip surface through a double-
sided tape. The sandpaper area is 7 mm x 7 mm.

2.3 Confocal laser microscope

A high-resolution Keyence VK9700 violet laser scanning confocal microscope (VLSCM) was used to
analyze the scratch deformation and evaluate the average surface roughness (R.) of the materials under
investigation (reported in Table 1), as defined in equation 2:

Rq =1 [)lz(x)]dx (Eq. 2)

where “/” is the sampling length. The value is averaged over an area of 1350 um x 1012 um. R, was
measured by analyzing 5 different regions and the average value is reported in Table 1. Glossy samples (PC
and PC copolymer) had a comparable surface R,. The same holds for the matte samples, although with a
significantly higher value compared with PC/COP ones. The machine was also used to analyze the relevant
scratch deformation mechanisms and to quantitively measure the scratch profile at specific values of the
applied normal load.

Table 1. Average roughness (Ra) value for glossy (left) and matte samples (right).

COP- | COP- | COP- PU PU PU PU

PC-N | PC-W | PC-B N w B white grey red green
R, 008+ | 0.11+ | 0.08+ | 0.08+ | 0.11+ | 011+ | 1.07+ | 1.25+ | 1.27+ | 1.33+

[um] 0.01 0.02 0.01 0.01 0.01 0.02 0.04 0.09 0.11 0.09

The VLSCM was also employed for measuring the topographical information of the marred regions. The
average roughness R, was measured at different locations (normal loads) along the mar regions. The data
reported are the average of 5 measurements (one per each mar region) taken at about 3, 5 and 7 N.

2.4 Gloss measurements



Gloss measurements were performed using a BYK-Gardner micro-TRI glossmeter. The data were taken at
20° and 85° for glossy and matte samples, respectively, according to the ISO 2813 standard [40]. The
results, expressed in Gloss Units (GU), are briefly shown in the Table 2. No significant differences were
reported within results obtained on glossy samples. The same can be stated for the matte coatings.

Table 2. Gloss values expressed in gloss units (GU) for glossy (left) and matte (right) samples taken at 20° and 85°, respectively.

PC-W PC-B COP-W | COP-B | PU white | PUgrey | PUred | PU green
200 | [20°] [20°] [20°] 85°] 85°] 85°] 85°]
Gloss | 11334 | 1134+ | 1136+ | 1137+ 10.9 9.4 10.0 8.8
units 0.5 0.5 0.7 0.5 N * + +
[GU) : : : : 03 0.2 0.1 0.1

Gloss measurements were also performed for the determination of the effect of the mar damage on the
specular reflection of the light. The average gloss value was measured at different locations (and
correspondingly normal loads) along the mar regions. Each reported value is the average of 5 measurements
(one per each mar region) taken at about 3, 5 or 7 N.

2.5 Scratch and mar visibility analysis
2.5.1 Scratch visibility analysis

The images of scratched regions were captured by utilizing a high-resolution camera (Canon EOS REBEL
T3i DSLR with Canon EF-S 18-55 mm zoom lens) inside a black box setup based on fluorescent
bar-shaped CIE D65 light source (Figure 2a). Walls of the custom-built black box setup (690 mm x 430
mm x 690 mm) were covered with absorbent black cloth to suppress light reflection. The samples were
located at the middle of the tray (Figure 2a). A black cloth was used as a background for the transparent
samples. The camera was set at ISO-800 and the exposure time at 1/30 s. The angle o (Figure 2a) between
the camera and the illuminant was set at 30° or at 75°. At 30°, the light interaction with the scratch results
in a brightened area for all the tested samples. At 75°, instead, this interaction turns into both darkened and
brightened areas. The camera was always aligned perpendicular to the scratched surface. Moreover, the
projection of the incident light direction on the surface was perpendicular to the scratching direction, as
shown in Figure 2b [19]. The images were subsequently analyzed with the Automatic Scratch Visualization
(SVA) software donated by Surface Machine Systems (Austin, Texas). The parameter considered by the
software is the contrast between scratched area and undamaged regions (background). In particular, the
contrast is defined according to Equation 3 [31, 32]:

C [%] ==L+ 100 (Eq. 3)

s+Ip
where [ is the luminance of the scratched area and 7 is the luminance of the background. A preliminary
analysis of the effect of the camera settings was carried out with an aim to find the proper conditions to
reproduce the human eye perception. The image analysis was performed by varying the contrast values
from 3.0% to 1.0% to match human eye assessment results. The SVA software evaluates the contrast by
comparing each pixel line of the damaged area compared to background area nearby, as shown in Figure
3a. The scope of the analysis is to study a range of different scenarios to understand how lighting conditions
affect the onset of scratch visibility and to compare the behaviors among the samples of different colors.
Visibility can be induced by both brightening and darkening phenomena depending on the relative



orientation of illuminant and scratch. Either case was considered to determine the worst-case scenario.
There are several reasons for doing so. Firstly, the analysis of defects typically happens under different
scenarios and a single observation angle would not be enough to describe the overall behavior of the colored
materials. Secondly, different colors might behave differently at different angles. The aim is to identify the
worst-case scenario for each color and then compare the relative performances. Both brightening and
darkening phenomena were considered for the determination of the worst-case scenario. However, only
brightening, determined to be the worst-case scenario, was further analyzed to determine structure-property
relationship.

a) Camera b)
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Figure 2. a) Sketch representing the custom-built black box setup. The sample is placed onto the tray and the illuminant can be
rotated at a certain angle o (at a fixed distance from the samples). The camera is aligned with the normal to the surface of the
samples. b) The projection of the incident light direction is perpendicular to the scratching direction.

2.5.2 Mar visibility analysis

The same procedure was carried out for mar analysis. The images were taken at 35° employing the same
camera settings. The chosen angle in this case does not lead to significant differences in the outcome, and
its value was selected with no particular relation to that employed during scratch testing. The image analysis
procedure works in the same way as previously described, this time considering the full width of the marred
area (7 mm, as shown in Figure 3b).
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Figure 3. Schematic representation showing how the SVA software analyzes the (a) scratch visibility and (b) mar visibility.



2.6 Human eye assessment (Psychophysical test)

The human eye assessment was performed by at least 8 trained surveyors to detect the onset of visibility
for at least 5 scratches per sample. They were taught how to determine the onset of visibility. To do so, the
black box setup was used as shown in Figure 4. The room was darkened while performing the assessment.
Five surveyors were also asked to rank the mar damage according to its severity for all the glossy tested
samples utilizing the same setup at 35° (Figure 4).

Observer Q

Figure 4. Sketch representing the experimental setup for the human eye assessment.

3. Results and discussion

Results were grouped into two separate sections since glossy and matte samples experience different
deformation mechanisms. Also, mar analysis was kept separated because of the different physics behind
the mar process.

3.1 Scratch of glossy materials
3.1.1 Scratch visibility

Human eye assessment and SVA software analysis were performed with the aim of identifying the onset of
visibility. The onset of visibility is defined in terms of the critical load at which the scratch becomes visible.
Visibility depends on the lighting conditions and the relative orientation of the scratch with respect to the
illuminant [19]. At 30° vertical illuminating angle, results of the human eye assessment are compared to
SVA software analysis in Figure 5. The contrast value for the analysis is set at 1.0% for all the samples as
it matches the human eye assessment data well. This shows that the setup presented in this study can
reproduce human eye perception. Also, it is shown that contrast can be selected as a representative
parameter for describing scratch visibility, which means that the contrast is playing a crucial role in the
visibility regardless of the color of the sample. The white color shows higher critical load values. This could



be related either to the scratch deformation mechanism or to the color itself. Since the lighting conditions
significantly affect the critical loads at which visibility occurs, the analysis was also carried out at 75° as
another extreme scenario for showing the darkening effect. Figure 6 shows the results of the human eye
assessment compared to SVA software. The results highlight an opposite trend, that is, the black and
transparent samples show higher critical loads for the onset of visibility. Different lighting conditions
generate different scenarios. Brightening or darkening phenomena can take place, impacting the onset of
scratch visibility differently according to the color of the sample. However, by comparing the data at 30°
and 75° illuminating conditions, the worst-case scenario appears to happen at 30° for all tested samples.
Therefore, this scenario is giving the worst overall performance of the selected materials, and under this
condition sample colors can be compared. It also will be relevant to develop a physical model to understand
and predict how the scratch profile interacts with the incident light, the angle of illumination and the
observation position to predict brightening and darkening phenomena in future works. To understand the
reason why white sample shows a higher scratch visibility resistance, scratch deformation mechanisms
were studied and presented below.
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Figure 5. Results of the human eye assessment and SVA software at 30°: (a) PC samples and (b) PC copolymer samples.
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Figure 6. Results of the human eye assessment and SVA software at 75°: (a) PC samples and (b) PC copolymer samples.
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3.1.2 Scratch behavior, deformation mechanisms and scratch geometry

The scratch coefficient of friction (SCOF) was evaluated (Figure 7). The noisy data between 0 and 20 mm
are caused by the machine inertial effects of instantaneously accelerating the indenter to the selected sliding
velocity of 100 mm/s. It was previously demonstrated that a higher SCOF typically leads to lower scratch
resistance [41, 42]. In this sense, PC samples show higher SCOF (with respect to COP ones), which should
result in a lower scratch resistance. The SCOF is not affected by the color of the samples as shown by the
three overlapped curves (for white, black and transparent samples) for both PC and PC copolymer in Figure

7.
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Figure 7. Scratch coefficient of friction (SCOF) curves: two different trends are highlighted for PC and COP samples.



The scratch-induced deformation profiles were investigated using VLSCM. All the tested glossy samples
show the same deformation mechanism (Figure 8): materials first experience ductile ploughing which
results in ductile ploughing deformation + crack formation inside the scratch groove as the normal load
approaches approximately 60 N and 80 N for the PC and COP samples, respectively. At high loads (above
100 N), cracking and stress whitening are observed at the bottom of the scratch groove. Since the onset of
visibility occurs at loads lower than 60 N for all tested samples, ductile ploughing is the mechanism relevant
to scratch visibility. There is no difference in the scratch deformation profile in terms of residual depth and
shoulder height, irrespective of the color (Figure 9). PC samples have higher depth and larger pile-up
(shoulder height) compared to COP samples at the same normal load, which also explain why they have
lower critical onset load for visibility. No scratch groove was observed for COP samples around the critical
load for the visibility of PC samples at around 10 N. This is in agreement with SCOF data.

It is also worth noticing that the onset of visibility appears to be located where the scratch residual depth
and shoulder height are about 2.5 pm and 2.0 pm, respectively, for both PC and COP samples. Also, the
scratch profile is not affected by neither the white pigment nor the black dye. This means that the differences
in scratch resistance reported in Figure 5 and 6 must be related to the color alone. There is no relevant
difference for black and transparent color for both PC and COP samples. This is explained by the fact that
they have the same scratch profile, gloss and color due to the black cloth used as a background for the
transparent sample in the analysis. In this way, it becomes possible to separate the contribution of the scratch
deformation profile and color on scratch visibility. To understand the reason behind the above observed
phenomenon, deeper insights are provided in the next section, where the role of the color on contrast has
been studied.

60N . ) >100N
Ductile ploughing +
Ductile ploughing | onset of cracking |  Cracking + stress whitening PC
a) © T ——
] ] COP

Ductile ploughing I Ductile ploughing ! Cracking + stress whitening
SON + onset of cracking 100N

Figure 8. Summary of the scratch deformation mechanisms involved in the scratch phenomenon: a) ductile ploughing up to 60 N
(PC samples) and 80 N (PC copolymer) samples, b) where onset of cracking occurs inside the scratch groove, and (c) eventually
materials experience stress whitening (above 100 N). Reference images are shown for PC.



PC-N

| ]
© L Rw ©
351 4 PoB 35 A PCB
o COP-N o COP-N N
| B A :
€ i ! A COP-B 4
525« g 25
Q. =
8 20 2204
T o)
3 154 T 154
3 7 3
@ 10 : 8 & 10+ X A
51 \ \ 51 \ \
| B 4 8
0 : . . . . . . . 0 : : . . . . . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Fn [N] Fa [N]

Figure 9. Scratch geometry: (a) scratch residual depth and (b) shoulder height. The red dotted lines indicate the scratch geometry
at the onset of visibility.

3.1.3 The effect of color on contrast

Light can interact with matter in different ways. Light can be reflected at the interface between air and the
sample following the Fresnel law. The light is reflected in the specular direction with respect to the normal
at the surface at each location. This phenomenon is related to the angle of incidence of the light and
refractive index of the material, which is in turn dependent on the light wavelength. However, the refractive
index for plastic materials is only slightly dependent on the light wavelength across the visible spectrum
[43-45]. In this way, the reflectance spectrum always resembles the incident light spectrum. In our case,
daylight CIE D65 has been utilized, being white in color. The light can also penetrate into the material,
where it can be either scattered by the colorant towards the same interface it came from or absorbed by the
colorant itself. The interaction between the light and the colorants gives the material its characteristic color.
The light can also be transmitted through the material. A simple mathematical model was proposed by
Shafer [43], called “dichromatic reflection model” (Equation 4):

LA ie,g)=Li(Aie,g)+Ly(Ai,e,9) =mi(i,e g) *c;(A) + myu(i, e, g) * cp (1) (Eq. 4)

[AxEE
1

where 4 is the light wavelength, is the angle of incidence, “e” is the angle of the reflection and “g” is
the angle between the specular and off-specular reflection directions. The total luminance of the reflected
light is given by two components: the luminance L; of the light reflected at the interface sample-air and the
radiance L; of the light reflected by the bulk (colorants) of the samples. Each component is given by two
terms, the spectral power distribution (color) ¢; or ¢s, and its magnitude m; or m,, which depends only on
the geometric angles of the reflected light. The model assumes that the relative magnitude of each process
is a function of the magnitude factor m; (or my), which means that the illuminating angle, the geometry of
the surface and the relative viewing position determine the intensity of each process.

In our research, the presence of the scratch on the surface modifies light reflection. This results in a
brightened, whitened area, which is related to the spectrum of the light reflected at the material-air interface,
being white in color, where “L;” is the dominant component. Specifically, this phenomenon occurs with a
different magnitude at each normal scratch load level because of the different geometry introduced at those
specific conditions. The reflectance spectrum of the surrounding, intact area is characterized by the intrinsic



material color originated by the interaction of light with the bulk of the material, where “L,” is the dominant
component. The result of this phenomenon is that the human eye can perceive a brightened area because of
the scratch (Figure 10). Since the phenomenon is dependent on the scratch geometry, which varies with the
increasing normal load, there is a specific location at which this brightened area becomes apparent, defined
as the onset of visibility for the human eye.

As mentioned above, human eye can detect and differentiate objects by their color and contrast. However,
the contrast between the scratched region and the intact background depends on the color of the background
itself. Therefore, detection of the onset of visibility might be delayed by reducing the contrast between
scratch and background below the minimum threshold of the human eye. This concept is of significance,
because it implies that the background plays a crucial role in determining the onset of visibility. For
instance, human eye can have difficulties in detecting object with a specific color onto a background with
the same color. As a matter of fact, white color seems to delay the onset of visibility in the present study.
The reason for this lies in the differences in luminance between the scratch and the background. As
mentioned, the spectrum color of CIE D65 illuminant resembles the daylight being white in color, so the
reflected light at the interface sample-air is characterized by the same white color. At the same time, the
intact surface is still white in color because of the white pigment. The similarity of the reflectance spectra
between deformed and intact area delays the onset of visibility because the human eye is not capable to
perceive such small differences in luminance. Vice versa, when the background is black, the different
spectral power distribution between the damaged area, which is still subjected to brightening phenomenon,
and the spectral distribution of the undamaged intact surface is marked and sharp, determining a significant
contrast which is easily detectable by the human eye.

a) 0=30° b)
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Figure 10. (a) Schematic representation of the effect of the scratch geometry on the light reflection phenomenon. (b) Image taken
at 30° for the black PC copolymer sample showing the resulting light-sample interaction (on the right).

In fact, if the contrast is increased from 1.0% to 3.0% in 0.5% per step with the SVA software (Figure 11)
for the images taken at 30°, black and transparent samples show almost a constant trend of the critical load
and small deviations of the data for each contrast value. On the other hand, white color experiences an
increase in the critical load for the onset of visibility with the selected contrast value. This shows how
sensitive the detection of the visibility onset is when the background is white. The software was shown to
give good agreement with the human eye perception when the value was set at 1.0%. As a matter of fact,
the contrast value seems not to really matter for transparent and black samples, which means that the results
are not changing at higher contrast threshold value. Therefore, the contrast is already high enough to lead
to visibility. In the same way, the results show that the human eye can detect much more easily the onset



of visibility for black and transparent samples because of the high contrast. The dependence of the critical
visibility load on contrast level is more pronounced for the white PC copolymer than that for the white PC
because of the large deformation occurring on all the PC samples as a consequence of the scratch. It is
worth noting that the differences in the local luminance between the brightened area, which is related to the
scratch groove and the undamaged intact background are strictly related to the color of the background
itself and can significantly modify the onset of visibility.
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Figure 11. The graphs show the effect of different contrast parameters on the detection of the critical load for the onset of visibility
for (a) PC samples and (b) PC copolymer samples at 30° viewing angle. The contrast value of 1.0% was used for the analysis
shown in Figure 5 and 6. The red arrows point out the selected contrast values to match the human eye results.

3.2 Scratch visibility of matte samples

In the previous section, the analysis is basically restricted to glossy white and black samples. Therefore,
matte coatings with different colors (white, grey, black, red and green) were considered to broaden the array
of tested samples and validate the methodology proposed in the case of more limited color differences. As
already mentioned, both the color and the surface gloss [24] can affect the scratch visibility. The main
difference between matte and glossy surfaces is their ability to reflect the light, in particular in the specular
direction. Glossy surfaces are typically characterized by lower roughness values and can reflect a greater
amount of light in the specular direction compared to the matte ones. Therefore, it is worth investigating
the effect of color on the scratch visibility also for the latter type of surfaces. To do so, the same testing
procedure described before was followed; however, different scratch test parameters were selected because
of sample dimensional constraints. Matte samples may experience different scratch deformation
mechanisms, namely ironing (reduction of the surface roughness) at low loads, which precedes ductile
ploughing; for comparison purposes, only brightening related to this latter deformation mechanism was
considered. It is worth noting that all tested samples showed comparable scratch profiles at a given normal
load. The results at 30° are condensed in Figure 12, as a function of the contrast variation considered as a
threshold for scratch detection. The agreement between image analysis and human eye was good (as
previously demonstrated for PC/COP) and it is not shown in the graph. White color samples again display
lower scratch visibility, for the same reasons discussed previously. If we neglect the effect of the ironing
phenomenon on visibility, the contrast reduction due to the white color is clearly delaying the visibility
onset. All colored samples show the same trend (Figure 12). The variations of the onset of critical load with



contrast are less sensitive compared to what was shown for glossy samples, specifically for the white ones.
The surface roughness reduces the amount of the specular reflected light, thus reducing the luminance of
the brightened area. In turn, this leads to a reduction of the contrast between damaged and undamaged areas,
which explains why the effect of contrast on the scratch visibility is flattened as the set contrast value
increases. Also, it is worth noting that the green color shows higher scratch visibility. This is in good
agreement with human eye perception: the critical load measured by the software shows slightly higher
values, but the ranking between the colors is consistent, i.e., the critical load is higher for white samples,
and lower for the green ones. This phenomenon is related to the different sensitivity of the human eye to
colors under daylight conditions [19]. It is known that the human retina is more sensitive to the green color
with respect to red and blue, located at the ends of the visible spectrum. These results also give insights
regarding the effect of the color for matte surface with comparable surface roughness.
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Figure 12. The effect of contrast on the onset of visibility on PU-coated PC samples in white, red, grey, and green colors.

3.3 Mar visibility of glossy polycarbonate and copolymer polycarbonate samples

Compared to scratch, mar damage involves different damage mechanisms, with a different physical origin
[46]. The friction behavior is measured as defined in Equation 1 (mar coefficient of friction, MCOF) and
shown in Figure 13. At low loads, the data are quite noisy because of inertial effects, amplified by the higher
friction conditions present during mar testing. When the load increases, an almost constant trend is observed
for all tested samples with no detectable differences.
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Figure 13. Mar coefficient of friction (MCOF) for PC and PC copolymer samples.

In a practical sense, mar is mostly of concern to glossy surfaces [24]. In this study, the effect of color on
the mar visibility was investigated using the PC and COP samples already studied above. The aim is to
quantify the mar visibility as a function of the color alone, therefore neglecting the geometric contribution
(if possible). It was shown that mar visibility may be related to surface roughness changes [46]. In fact, the
damaged area suffers a roughness increase due to the marring tip sliding as highlighted in Figure 14a, where
the Y axis represents the difference between the roughness of the marred area and the undamaged one. An
increasing trend is observed for all tested samples, which is related to the increasing contact pressure. It is
evident that COP samples can resist sandpaper roughening better than PC samples. The increase in the
surface roughness affects how the light is reflected on the surface; as a result, the decrease in the intensity
of the specular reflected light and the increasing amount of the off-specular light scattering lead to greater
mar visibility. Figure 14b shows that the specular gloss (expressed in gloss units) of the surface is decreasing
with the increasing normal load, i.e. with the severity of the damage. Also, it is possible that the material is
experiencing stress whitening because of localized yielding phenomena, which may in turn cause color
changes that can also impact the aesthetical quality of the surface.
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Figure 14. a) The difference of surface roughness between scratched and unscratched area (ARa) is plotted against the increasing
normal load. An increasing trend with force is observed for all tested samples. b) Variations of surface gloss as a function of the
applied normal load from 0 N (undamaged) to 7 N. A decreasing trend is observed for all tested samples.

Image analysis was performed as described in the experimental section to obtain the contrast curve, reported
in Figure 15a. The trend is either increasing or leveling off for all the curves, so the area under the curve
was arbitrarily selected as the representative parameter and calculated as shown in the Figure 15b. It is
worth noticing that this parameter is considered as a sort of index on the severity surface damage: the higher
the value, the higher the contrast between damaged and undamaged surfaces and the lower the mar
resistance of the material. As shown, the black and transparent PC samples display lower mar resistance,
followed by the black and transparent COP specimens. White samples, both PC and PC copolymer, show
significantly higher mar resistance. At this moment, the only explanation for such a phenomenon is the
different color, since the surface roughness values was comparable for all the tested samples (Figure 14a).
The color of the undamaged area is therefore responsible for the improved mar resistance, as it was
previously demonstrated for scratch resistance. Since the damaged area undergoes a whitening/brightening
phenomenon, the contrast is reduced for the same reasons that have been explained so far. Five people were
also asked to rank the materials according to the severity of the damage therecon. They all agreed that there
was no substantial difference between the black and transparent samples. They also stated that white
samples instead showed higher mar resistance and no relevant difference between PC and COP was
observed. This agrees well with what was found and validate the proposed methodology, based on the
experimental procedure and image analysis presented.
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Figure 15. The image analysis gives the contrast curve reported on the left; the area under each curve was estimated and reported
in the graph of the right.

It is noted that the critical load for the onset of visibility for black and transparent polycarbonate samples
is about 10 N. The same white polycarbonate shows a slightly higher critical load of 13 N. The
polycarbonate copolymer shows a consistent trend with the critical load for the black and transparent
samples to be about 22 N to become around 41 N for the white sample. The scratch deformation mechanism,
scratch geometry and gloss are not affected by the color change. Consistent results are also found for the
matte polyurethane coatings deposited onto a polycarbonate substrate. Aside from the absolute value of the
critical load, it is crucial to notice that the white color appears to improve the scratch resistance in terms of
visibility, in agreement with the human eye perception.

The present approach works well for both glossy and matte surfaces. It is worth clarifying that only few
articles have investigated the effect of color on the scratch visibility of polymers. Rangarajan et al. [21]
showed that there could be an effect of the color on the scratch visibility, which is also in agreement with
the present findings. The group of Sue et al. [19, 24-25] did not emphasize the effect of color on the critical
load for visibility in their research. Building on the research reported in these works, the present
investigation highlights in a logical and quantitative way the sensitivity of scratch visibility to colors by
analyzing different deformation mechanisms and surface finishing (glossy and matte).

To sum up, the present work shows that the scratch and mar visibility depends on the surface color. This
relationship holds true for both glossy and matte surfaces; therefore, the color of the samples seems to have
a fundamental role in delaying the onset of visibility. This is a starting point for further study related to
such phenomenon. However, significant work has yet to be done to understand how these factors play a
role in the visibility. It would be useful to widen the array of tested samples for both glossy and matte
surfaces. As mentioned, it is necessary to develop a physical model able to describe the interaction between
light and scratch/mar, as a function of the illumination angle and observer position, predicting brightening
or shadowing effect and trying to understand why, in our case, the worst-case scenario is happening at 30°.
Also, the understanding of how these phenomena relate to the human eye perception is fundamental to
develop proper descriptive quantitative models.

4. Conclusions



Scratch and mar visibility assessment on a set of model polycarbonate samples with different surface finish
and color were studied by defining a standardized procedure. The results were compared and showed good
agreement with human eye perception assessment, indicating how the contrast setting can be taken as a
representative parameter to match human perception. It was shown that the white color delays the onset of
visibility, and the reason for such phenomenon lies in the contrast difference reduction between damaged
and undamaged surfaces, with damaged ones typically showing the appearance of white features. His-worth

: ¢ ~As a matter of fact, the critical load for onset of visibility
for whlte polycarbonate copolymer samples is almost 90% higher than the black (and transparent) variant.
The difference is smaller for polycarbonate samples, however still showing an increase in the critical load
of about 20%. Consistent results were reported for matte surfaces. The white color also decreases mar
visibility because of a reduction in the contrast between the marred region and the undamaged surface.
These results demonstrate how the present approach can describe and quantify the color dependence of
scratch visibility, regardless of the involved deformation mechanism (ductile ploughing or marring).
Therefore, these findings represent an optimal starting point for further studies of the scratch and mar
visibility resistance as a function of color.
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