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Abstract

Alink between roughness and brightness is sought for brass specimens that were superfinished, sand-
blasted and brushed. Only the blasting conditions are varied in order to get different roughness and
brightness. First, a relation between roughness and brightness is sought for specimens that were
superfinished and sandblasted. The best relation is obtained using the mean height of the motifs, cal-
culated using a low-pass filter and cut-off length equal to 30 #m, with a logarithmic—logarithmic
model. Then, the same type of relation is determined after superfinishing sandblasting and brushing.
The core material volume V,,,., computed using a high-pass filter with a cut-offlength of 60 ym and a
linear—logarithmic relationship, gives the best results. A relation between roughness and brightness
that is common to both the pre-brushing state and post-brushing state is identified: the best roughness
parameter is the arithmetic mean deviation S, using a high-pass filter with a cut-off of 15 um, with a
logarithmic—logarithmic relationship. Finally, it is shown that the use of these filtering conditions
enables us to verify the model of Beckmann and Spizzichino for the examined specimens. This scale
corresponds to the end of the fractal regime and is close to the end of the signal correlation.

Nomenclature

A
B

4

Sbi
Sdc

Scattering zone area
Brightness
Normalized correlation length

Normalized root mean square surface
height

Scattered intensity in the direction of
the specular reflection

Intensity of the incident radiation
Constant

Correlation length of the surface
Observation scale

Fixed range of the profile height
Curvature radius

Maximum range of amplitude of the
profile

Arithmetic mean deviation
Bearing index

Material volume height difference

Root mean square surface slope
Density of summits

Fractal dimension of the surface
Material volume ratio

Density of peaks

Reduced peak height

Root mean square slope of the plateau
Root Mean Square roughness
Total height of the surface
Maximum depth of the valley
Reduced valley height
Five-point peak height

Material volume

Core material volume

Void volume

Sampling interval

Fractal dimension

Incident angle

Wavelength
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1. Introduction

Today, society places great value on product aspects as
well as on body aesthetics. Materials contained in
everyday products are thought to convey particular
sensations and feelings to users [1, 2] and this can
make taking on new products difficult (e.g. bio-
plastics acceptance [3]). Many studies are dedicated to
aspect and gloss, which are particularly important for
consumers. These studies cover areas such as paint and
coatings [4-8], building stone tiles [9], cold-rolled
steel strips [10], copper [11], aluminum [12, 13],
automobile interior surfaces [14], dental materials
[15], chocolate [16], paper [17], ...

The link between roughness and brightness, or
gloss, is particularly important as some studies
showed, for example, that subjects’ judgments of sur-
face roughness was biased by illumination [18].
Indeed, frontal illumination makes surfaces appear
smoother than glancing illumination angles. Other
studies underlined the relationship between rough-
ness and gloss [19, 20] or even developed optical
inspection systems for quickly measuring surface
roughness of thin films [21] and vice versa [22]. Most
of the studies use roughness amplitude parameters
such as the arithmetic mean value (R,), or the root-
mean square roughness (RMS or R,) in order to find
relationships between the surface topography and its
reflectance characteristics, e.g. [23—28]. The latter are
valued because they are easy to calculate and under-
stand. However, these parameters may be limited and
insufficient to describe the link between roughness
and light reflection. Moreover, these parameters are
often associated with a single cut-off filter, which may
not correspond to the relevant scale of study.
Jarnstrom et al [29] argued that, while roughness is an
intrinsic property of a surface, measured roughness is
an extrinsic property as it is scale-dependent. Thus,
they examined the effect of sampling interval, image
size and filtering on the depiction of surface rough-
ness. It enabled them to characterize roughness at dif-
ferent length scales and to identify the most relevant
length scale for the correlation of R, and gloss.

This paper aims to determine the most relevant
roughness parameter and scale for the description of
the brightness of brass components that were either
superfinished and sandblasted (State 1) or super-
finished, sandblasted and brushed (State 2). Finally,
we search for the best roughness parameter and scale
for the depiction of the link between roughness and
brightness for both states.

2. Materials and methods

2.1. Specimens

The mechanical components are made of brass. Their
final topography is the result of a combination of
superfinishing, sandblasting and brushing. The choice

of material and process was due to sensorial
application.

In order to examine the effect of brushing, speci-
mens that are superfinished and sandblasted are first
examined. Then, the whole combination of processes
(superfinishing + sandblasting + brushing) is
analyzed.

For the specimens that were sandblasted, only the
pressure and shot angle are varied. Duration and noz-
zle distance are constant. Ten configurations of pro-
cessing parameters are studied using five pressure
values and two values of angle. The processing para-
meters of superfinishing and brushing are the same for
all the specimens.

2.2.Brightness measurements

Gloss is obtained by integrating the total amount of
light reflected in the equal and opposite angle direc-
tions (called the specular direction) from a test area on
a sample surface. Gloss of brass surface was measured
using a small-area glossmeter (Novo-Curve, Rhopoint
Instrumentation, East Sussex, United Kingdom) with
a square measurement area of 2 mm X 2 mm and 60°
geometry.  Gloss
expressed in gloss units (GU). The reproducibility is
equal to 0.5 GU and the repeatability is equal to 0.2 GU
for values of gloss below 200 GU. Ten measurements
were made on each specimen.

measurements are hereafter

2.3.Roughness measurements

The specimen topography was measured using an
optical profiler (WYKO NT9300, VEECO, United
States) with a x100 objective. The surface area is equal
to 127 ym x 92 ym. The configuration gave a lateral
resolution equal to 0.22 ym and a vertical accuracy of
about 1 nm.

2.4. Multiscale decomposition of roughness
Surface topography is analyzed using a multiscale
analysis. Fifty roughness parameters were assessed
using twenty-one cut-off lengths and three types of
Robust Gaussian filters [30]: a high-pass, a low-pass
and aband-pass filter.

The roughness parameters are:

(i) Amplitude parameters [31]: the arithmetic mean
deviation S, the root-mean-square deviation S,
the total height of the surface S,, the maximum
depth of valleys S,,, ...

(ii) Hybrid parameters [31]: the density of summits
Sds» the fractal dimension of the surface S, the
root-mean-square slope of the surface Sy, . ..

(iii) Area and volume parameters [32]: the material
volume ratio S, the material volume height
difference Sy, Material volume V,,,, void volume
Vo ...



with cut-offlengths equal to 24 and 0.8 ym.

Figure 1. Multiscale decomposition of a surface that was superfinished, sandblasted and brushed, using a low-pass filter (LP) with cut-
offlengths equal to 60 ym and 1.4 ym, a band-pass filter (DE) with cut-offlengths equal to 6 and 0.8 ym and a high-pass filter (HP)
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(iv) Feature parameters [32]: Density of peaks Spq,
Five-point pit height Ssy, ... All these parameters
are determined using segmentation (watershed
algorithm). The latter enables us to identify the
main motifs (significant peaks and holes) of a
surface.

(v) Functional parameters [33]: Reduced peak height
Spks Reduced valley depth Sy, Plateau root-
mean-square roughness S,,q, bearing index Sy, ...

It is worth noting that many of these parameters
are dimensionally dependent and that some are more
robust than others. During the analysis, dimensionless
ratios of these roughness parameters were also tested.
However, the results are hereafter focused on the
results of the roughness parameters of standards and
the results of these dimensionless ratios are not shown
for the sake of brevity.

These parameters were computed using three
types of robust Gaussian filters [30]: alow-pass filter, a
high-pass filter and a band-pass filter. The following
twenty-one cut-off lengths were used: 0.8, 1, 1.2, 1.4,
1.7,2,2.6,3.1,3.9,4.8,6,7.5, 10, 13, 17, 24, 40, 60 and
120 pm. The choice of cut-off values is based on a geo-
metric progression. Figure 1 illustrates the use of a

high-pass filter, a low-pass filter and a band-pass filter
on the surface of a specimen that was superfinished,
sandblasted and brushed. For the band-pass filter, the
indicated cut-offlength corresponds to the first cut-off
of the filter and the bandwidth is equal to the subtrac-
tion of this value from the next larger cut-off length.
As an example, the label ‘DE 6 ym’ means that the first
cut-off of the used band-pass filter is equal to 6 gm and
the bandwidth is equal to (7.5-6) = 1.5 yum. Low-pass
filters enable us to study waviness while the high-pass
filters are used to analyze surface microroughness.
Band-pass filters are useful to study a range of fre-
quencies. It will help us to determine of the best scale
for the calculation of the roughness parameters.

2.5. Method for the determination of the best
relation between roughness and brightness
Simulated bootstrap values were used in order to
determine a relation between brightness and rough-
ness. The term ‘bootstrap’ refers to the statistical
technique that consists in generating a large number of
simulated samples by randomly sampling with a
replacement set of experimental values [10]. For the
roughness values, the following steps were used:
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Figure 2. Coefficient of determination R” as a function of the
relevance ranking, for the specimens that were superfinished
and sandblasted.

(i) R surface measurements are randomly sampled
with replacement,

(ii) All the roughness parameters are calculated for
the R surfaces, using twenty-one cut-off lengths
and three types of filters. The total number of
roughness parameters (assessed using twenty-
one cut-off lengths with three types of filters) is
hereafter called Q.

(iii) The mean of each roughness parameter (asso-
ciated with a cut-off length and a type of filter) is
calculated.

These three steps are repeated until the number of
required bootstraps is reached. Then, these boot-
strapped values are used in order to determine an
empirical probability density function. The same
approach is applied to brightness measurements. A
relation is then sought using the bootstrapped values
of brightness and roughness. Four types of models are
tested. They combine linear and logarithmic parts,
thus giving linear-linear models, logarithmic—linear
models, linear—logarithmic models and logarithmic—
logarithmic models. The testing of four models using
forty-nine roughness parameters calculated over
twenty-one cut-off lengths using three types of filters
implies that more than 10000 combinations were
assessed. The models were ranked according to the
value of the coefficient of determination. The best
model is the one showing the largest coefficient of
determination.

3. Results

3.1. Superfinished and sandblasted specimens

First, the best relation between brightness and rough-
ness was determined for the intermediate treatment
(State 1) i.e. for the specimens that were only super-
finished and sandblasted. Figure 2 shows the median,
the 5th percentile and the 95th percentile of the
coefficient of determination R* as a function of the
relevance ranking. The relevance ranking enables us to
present the results from the highest median value to
the lowest median value.

According to this ranking, the best model
(R*=0.996) was found when using a logarithmic—
logarithmic model with the mean height of the motifs,
calculated using a cut-off length of 30 ym and a low-
pass filter. Motifs are topographic features determined
using the watershed algorithm with a pruning criter-
ion. Motifs are either hills (or dales) surrounded by
course lines determined by the segmentation algo-
rithm and having one extreme point: one peak (or pit).
Figure 3 depicts the mean height of the motifs com-
puted with a low-pass filter and a cut-off length of
30 pm as a function of brightness.

For high frequencies, the best parameter is the
maximum depth of furrows calculated using a cut-off
length equal to 30 gm with a high pass filter and a loga-
rithmic-logarithmic model. The furrows are also
determined using the watershed algorithm. Figure 4
shows the maximum depth of furrows computed with
ahigh-pass filter and a cut-off of 30 ym as a function of
brightness.

3.2. Superfinished, sandblasted and brushed
specimens

The same methodology was applied to the measure-
ments made on the specimens that were superfinished,
sandblasted and brushed. Figure 5 shows the median,
the 5th percentile and the 95th percentile of the
coefficient of determination R* as a function of the
relevance ranking. The largest coefficient of determi-
nation is equal to 0.987. The latter corresponds to the
use of a linear—logarithmic relation with the core
material volume V. computed using a high-pass filter
and a cut-off length equal to 60 ym. This roughness
parameter quantifies the volume of material compris-
ing between heights located at material ratio values
equal to p=10% and g = 80%.

Figure 6 depicts the core material volume V.
computed using a high-pass filter with a cut-off length
equal to 60 ym as a function of brightness. This rough-
ness parameter is useful to understand how much
material is available for load bearing after the remov-
ing of the top levels of the surface. The gradient images
show that it is difficult to find the sandblasted char-
acteristics on the specimens having brighter surfaces:
polishing features are predominant.

For low frequencies, the most relevant roughness
parameter is the root-mean-square surface slope Sqq,
computed using a cut-off length approximately equal
to 8 ym with a low-pass filter. Figure 7 shows this para-
meter as a function of brightness with a linear—loga-
rithmic model. The Sjq parameter is a general
measurement of the slopes which comprise the sur-
face. Surfaces having the same similar average rough-
ness can contain different slopes. The Syq parameter
can be used to differentiate them. The relevance of this
parameter can be explained by its direct link with the
polishing angle of attack.
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Figure 3. Mean height of the motifs as a function of brightness
for the specimens that were superfinished and sandblasted.
The mean height of the motifs was calculated using a low-pass
filter with a cut-offlength of 30 ym.
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Figure 4. Maximum depth of the furrows as a function of
brightness for the specimens that were superfinished and
sandblasted. The maximum depth of the furrows was
calculated using a high-pass filter with a cut-offlength of
30 pm.
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Figure 5. Coefficient of determination R? as a function of the
relevance ranking for the specimens that were superfinished,
sandblasted and brushed.

3.3. Determination of the best relation between
roughness and brightness for both states

The previous computations enabled us to identify the
best scale and roughness parameter for the description
of the link between topography and brightness for
each studied state i.e. for specimens that were super-
finished and sandblasted (State 1) and for specimens
that were superfinished, sandblasted and brushed

(State 2). In order to examine the change of brightness
due to brushing, one may need to use the same
roughness parameter and scale for both states. Thus, a
compromise is needed. Using the same methodology,
the most relevant roughness parameter and scale for
the description of the link between brightness and
topography for both states was determined. The best
roughness parameter is found by summing both F
values i.e. the one found for the specimens that were
superfinished and blasted and the one computed for
the specimens that were superfinished, blasted and
brushed. This new F-value is used to find the new
ranking of the specimens. The best roughness para-
meter is the arithmetic mean deviation S,, using a
high-pass filter with a cut-off length equal to 15 ym
and a logarithmic—logarithmic relation. Figures 8 and
9 show the arithmetic mean deviation S, computed
using a high-pass filter with a cut-off length of 15 ym
as a function of brightness for State 1 and State 2,
respectively. Figures 8 and 9 show that this parameter
enables us to describe the brightness value reversal.
Indeed, the brightness value of Specimen 9 is higher
than that of Specimen 10 when they are only super-
finished and sandblasted. Once these specimens are
brushed, Specimen 9 becomes less bright than Speci-
men 10.

4, Discussion

The previous section showed that the best relation
between roughness and brightness can be given by
different roughness parameters (associated with cer-
tain filtering conditions), depending on the examined
states (superfinished + sandblasted or superfinished +
sandblasted + brushed). However, when searching for
a roughness parameter that is common to both states,
it was shown that the arithmetic mean deviation S,
calculated at a certain scale is the best roughness
parameter for the description of the relation between
morphology and brightness. It is worth noting that
one of the most used models for the description of the
relation between surface morphology and brightness,
or reflectance, is the one of Beckmann and Spizzichino
[34], which uses the root-mean-square roughness (S)
for the description of the examined morphology. The
root-mean-square roughness S is an amplitude para-
meter that is equal to the arithmetic mean deviation S,
under Gaussian assumptions of height amplitude,
ignoring a multiplication factor.

The model of Beckmann and Spizzichino is a phy-
sical model based on electromagnetic wave theory,
which was built in order to predict the reflectance of
surfaces having different roughness values. If this
model can be used for the examined surfaces, then the
brightness values would gain a physical meaning.

The model of Beckmann and Spizzichino is based
on an evaluation of the Helmholtz integral and thus
requires Kirchoff’s approximation. A detailed
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Figure 6. The core material volume V,,,. as a function of
brightness, for the specimens that were superfinished, sand-
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Figure 7. Root-mean-square surface slope S4q as a function of
brightness, for the specimens that were superfinished, sand-
blasted and brushed. The root-mean-square surface slope Sqq
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Figure 8. The arithmetic mean deviation S, as a function of
brightness, for the specimens that were superfinished and

sandblasted. The arithmetic mean deviation was calculated
using a high-pass filter and a cut-off length equal to 15 ym.

derivation of this model can be found in [34]. Only the
main principles and assumptions are highlighted here-
after. During the derivation of this model, the follow-
ing assumptions are made:

- Assumption A: the radius of curvature of surface
irregularities is large compared to the wavelength of
incident light (Kirchoff’s assumption). It means
that the surface does not have any sharp edges or
points (compared to the wavelength of incident
light). This assumption is necessary to approximate
the electromagnetic field: the field at a point on the
surface can be approximated by the field that would
be present on a tangent plane at that point.

- Assumption B: mutual interaction of surface
irregularities may be neglected (masking and sha-
dowing of surface points by adjacent surface points
isignored),

- Assumption C: there are no multiple scatterings:
the incident wave is reflected only once. It does not
bounce between surface points before scattering.

- Assumption D: only the far field is calculated. The
incident wave is assumed to be a plane wave,

- Assumption E: the height amplitude of roughness
(surface height) follows a Gaussian density,

- Assumption F: roughness amplitude correlation
follows a given analytical formula (exponential,
Gaussian...).

Considering these assumptions for perfectly con-
ducting rough surfaces generated by random pro-
cesses (such surfaces can be described using their
Gaussian statistical distributions and correlation func-
tion), Beckmann [34] found the following formula
from a calculation of the Helmholtz integral:

I 4nSq cos 0 : 2L,

Iy yl 16wAR? cos 0

— = exp

where I/I, represents the ratio of the scattered intensity
in the direction of the specular reflection I to the
intensity of the incident radiation I, 4 is the wave-
length, 0 is the incident angle, A the scattering zone
area, Sq is the Root Mean Square roughness and L, is
the correlation length of the surface. In the previous
equation, the ratio I/I, increases when Sy decreases or
when L, . increases. It means that the ratio I/I,
increases when the surface is smoother.

Several models are based on the pioneering works
of Beckmann and Spizzichino. Most of these models
express the scattered intensity of an optical wave as a
function of the scattering angle, the electromagnetic
properties of the studied material, the wavelength and
commonly used surface parameters such as Sq and L,..

It must be pointed out that these models were
developed for periodical (sinusoidal or saw-tooth pro-
files) and random surface roughness. Nevertheless,
more recently, wave interactions with fractally rough
surfaces have been also studied [35-41].

Several authors also used Kirchhoff’s assumption
in their work in order to describe the optical properties
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Figure 9. The arithmetic mean deviation S, as a function of
brightness, for the specimens that were superfinished, sand-
blasted and brushed. The arithmetic mean deviation was
calculated using a high-pass filter and a cut-off length equal to
15 ym.

of fractal structures. For example, Jaggard [35] devel-
oped a method for remotely characterizing the fractal
dimension of a surface using the Kirchhoff method for
the calculation of the distribution of the scattered
energy as a function of the scattering angle, for differ-
ent types of surface roughness. He showed that, as the
fractal dimension of the surface increases, surface
roughness increases and more scattered energy
spreads away from the specular direction. Similarly,
Sheppard [36] predicted that, for a rough two-dimen-
sional surface having stationary statistics and normal
distribution of the heights, the scattering varies with
c/h?'®729) where cand h can be seen as the normalized
correlation length and the normalized Root Mean
Square surface height respectively and A; is the fractal
dimension of the surface. The latter can vary between
2 and 3. A fractal dimension A, equal to 2 corresponds
to an ideally smooth surface while a fractal dimension
equal to 3 corresponds to a rough surface. However,
Sheppard’s theoretical work was not confirmed by
experimental works.

Moreover, as outlined by Jakeman [37], a Gaus-
sian random fractal surface, though continuous, is not
differentiable. Thus, the notion of a tangent plane
required to estimate the Hembholtz integral (the scat-
tered intensity) within Kirchhoff approximations
doesn’t exist anymore for a fractal representation of
surface roughness. This conclusion is in agreement
with Botet et al [39] who claimed that neither Ray-
leigh’s perturbation approximation nor Kirchhoff’s
approach can be applied to describe optical properties
of afractal self-affine structure.

In their work, Botet ef al [39] adopted the micro-
scopic ‘discrete—dipole approximation’ (DDA) initi-
ally suggested by Purcell and Pennypacker [40] and
lately developed by Draine [41] in order to calculate
the optical response from an object of an arbitrary
shape. They numerically generated a surface with a
self-affine fractal structure similar to the one of a cold

deposited metal one, treating it as a collection of N lin-
ear polarizable particles with a linear size assumed to
be much smaller than the wavelength. They showed
that for a self-affine fractal surface, the spatial distribu-
tion of the local field (or the scattered intensity) is
extremely inhomogeneous and that the non-linear
optical responses are dramatically enhanced com-
pared to those of smooth interfaces.

These results show that the length of the con-
sidered asperities compared to the wavelength should
be carefully considered before using electromagnetic
wave theory. Yet, the characterization of the geometry
of the asperities remains an important issue. A large
number of authors suggest applying Kirchhoff
hypothesis in order to determine the curvature radius.
They also postulate that the curvature radius r. must
be larger than the wavelength 1. As an example, Breko-
hovskikh [42] suggested that 4z7, cos @ > 1. Nowicki
[43] proposed a method for directly determining the
asperity radius 7. from the surface. His method is based
on the description of a peak, as shown in figure 10. The
curvature radius r. is equal to:

12

Te

with [, = 0.1R, or [, = 0.05R;, where R, is the
maximum range of amplitude of the profile. This
method consists in finding the radius of a circle passing
through three points x, x, and x,, assuming
that [, < I,.

The following should be considered:

(i) The technique used for the detection of peaks is
not well defined. Nowicki determined all the local
peaks for a fixed [, value (in a discretized case,
if z_; <z and z;>z;,, then z; is a peak. As [, is
fixed, a unique value of I, is found for each peak,
thus

giving a discretized set of points
{zi—gp --s Zic1> Zis Ziz1s Zigds -oos Zigp}. The peak
is retained if z;_, < ... < zi_» < zj_; < z; and
Zi > Zjy1 > Ziy2 > ... > Zjyp.  The analytical

method assumes that z; is the maximum peak of
the non-discretized surface and implies that the
peak has a perfect circular shape if p = g. Thus, if
p # q then the peaks do not have a perfect circular
shape.

(ii) The choice of the threshold used to estimate
l, = aR; has no theoretical justifications. As the
radius of the asperity is the sought parameter, one

must havel, = lim aR,. However, with the use of
a—0
discretized curves, this will lead to the indetermi-

nacy of the L, values for small [, asl,, = kd, where
b, is the sampling interval. Furthermore, due to
the stochastic aspect of the profile, as the value of
I, decreases, the three points xj, x, and x,, tend to
become collinear and thus it dramatically



Figure 10. Description of a peak on a stochastic profile
measured at the intercept at level h where I, and [, are
evaluated.

increases the variance estimator of the curvature
radius.

(i) A large number of physical surfaces are fractal
[44-50]. However, the calculation of the curva-
ture radius on fractal surfaces has no physical
meaning. Applying Nowicki’s method will lead to
different values of r. as it depends on the
sampling rate. Indeed, decreasing the sampling
rate will decrease the curvature radius r.. It means
that calculating r. using Nowicki’s method will
have no meaning if it is postulated that
Zig< o <2ziy3<zi1 <2 and
Zi > Zjy1 > Ziyy > -+ > Zjyp. Thus, the concept
of curvature radius r. must be redefined.

The curvature radius 7. of fractal curves has a phy-
sical meaning when scales are used. Thus, the curva-
ture radius could be defined for a given scale.
Nowicki’s method needs to be corrected. In this new
definition, the concept of I, values will be kept but no
points of the profile belonging to I, intervals will have
to meet any criteria. As previously explained, the
values of a cannot be fixed without introducing arte-
facts. For this reason, the value of r. is calculated using
the following method:

(1)A horizontal line, crossing the profile at a given
height £, is chosen. Then, a set of I, values, crossing
this horizontal line, is calculated.

(2)For each I, value, the local maximum peaks are
computed thus giving [, values.

(3) The curvature radius r. is then computed using
equation (2) for each element.

(4) Another horizontal line, crossing the profile at a
given height h, is chosen and steps 1 to 3 are
repeated.

It was proved [51] that, for all the non-constant
continuous functions uniformly Holderian and anti-
Holderian £, defined on [a,b], if I, exists then:

A(f, a, b) = llj_rgsup(logn(h)/logh). (3)

Polishing profiles have been shown to have these
properties [52]. For all the profiles, log rc( lx) was
plotted as a function of log!l,. That represents more
than 3000000 values of logrc(lx). In order to

visualize these curves, the mean of logr. (lx) is
computed for intervals of I, equal to 1 #m, as shown in
figure 11. It is worth noting that some of the well-
known parameters, such as the slope and curvature,
cannot be defined for fractal surfaces. However, a close
approximation is often acceptable for numerical
purposes. According to equation (2), the experimental
data can be fitted using the following relationship:

log . (lx) = logro + Alogl, (4)

As shown in figure 12, equation (4) can be used for
fitting the experimental data. The previously defined
mathematical assumptions are satisfied for all the
samples. Thus, the curvature radius has indeed a
meaning at the scale at which it is observed. The
curvature radius increases as the observation scale I,
increases.

In order to verify Assumption A, the probability
density functions of the radii of curvature r. of all the
specimens that were superfinished, sandblasted and
brushed are plotted. It can be seen in figure 13 that the
radii of curvature are larger than the bandwidth of the
studied wavelight.

The Gaussian probability density functions of the
curvature radius and the amplitude should be ana-
lyzed in order to verify the initial assumptions.
Figure 14 shows the mean probability density function
of the amplitude of the surface roughness, for the spe-
cimens that were superfinished, sandblasted and bru-
shed. All the mean probability functions have a
Gaussian distribution with a mean equal to zero. As a
consequence, only the standard deviation of the
roughness amplitude (i.e. the Root Mean Square
roughness parameter S;) describes the roughness
amplitude and a Gaussian model can be applied in
Beckmann’s model. As for the autocorrelation func-
tion, it is better described using an exponential model
than a Gaussian function, as shown in figure 15. How-
ever, the fitting error for the Gaussian model remains
acceptable. In order to compare the results to the one
given by Beckmann’s model, the autocorrelation func-
tion will be considered Gaussian.

Therefore, both assumptions D and F are satisfied
for rough surfaces: Beckmann’s model can be applied.

Now, let’s find out if Beckmann’s model can be
validated using the experimental data of super-
finished, sandblasted and brushed surfaces. First, it is
assumed that roughness can be described by specular
lobes. Thus, equation (1) can be written as follows:

4784 cos 0 2
=)

— = exp

0 A



2.0

2.0
1.8
181 18
14
16} 12
1.0
14} 02
0.4
0.2E
= 12} %%
=
= 10
§ 0.8
T 06 b;%
04} o B 92!+‘ + 07
LN - 08
02t ** @@ + + 09
:
0.0 = 10
06 -04 -02 00 02 04 06 08 10 1.2
10g10(l,) (um)

Figure 11. Influence of the polishing method on the evolution
oflog . ( I ) versuslog( L ), for all the specimens that were
superfinished, sandblasted and brushed. The linear regression
lines give the fractal dimension.
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Figure 14. Probability density functions of the roughness
amplitude of the specimens that were superfinished, sand-
blasted and brushed.

For alog-log plot, the previous equation becomes:

2
logyy L = L _(M] NELUPPP
Iy, 23 A A2

It should be pointed out that the gloss meter mea-
sures brightness using the reflection of an internal
mirror. This mirror is not perfect. This is highlighted
by the experimental data values: all the brightness
values are larger than 100%. The brightness B deter-
mined by the glossmeter is lower than the ideal reflec-
tion by a factor k (k> 1) given by I/Ii.e. kI/I,= B. For a
perfectly reflected light (S, =0), the constant k is equal
to B.

Using the mean lightwave of the light source
(equal to 0.56 ym), equation (6) becomes:

log,, B = =505, + log,, k. (7)

Figure 16 depicts the coefficient of determination
R? as a function of the scale i.e. the cut-off length. The
best relationship is found using a high-pass filter with
a cut-off length of 15 ym. This relationship is well-
defined for high frequencies and when omitting the
low frequencies of the surface. This means that spec-
ular reflection occurs at high frequency: as the values
in this functional application are small, surface wavi-
ness does not influence gloss.

Another important and original result is obtained:
it can be observed that the Sq values must be computed
at a scale corresponding to a non-fractal regime.
Indeed, the cut-off length represents the length from
which the surface is statistically ergodic. This trend can
be clearly seen in the first graphs of this article. Once
this threshold is exceeded, the Sq values do not follow
the classical fractal relation anymore. This threshold
also corresponds to the end of the fractal regime of the
curvature radius: it can be seen in figure 11 that the
curvature radius becomes constant (10" =15 um).
Finally, this threshold is also close to the end of the
correlation of the signal (figure 15). This clearly means
that the roughness parameter used to assess the spec-
ular component of the scattering must be computed
with a filter that includes all the high frequencies of the
topography, until the signal becomes ergodic and gives
the threshold of the filter. The cut-off can be deter-
mined using the log-log plot of the considered rough-
ness parameters including the fractal aspect of the
surface morphology.

The equations of regression obtained at this max-
imum value of relevance are now analyzed. The fol-
lowing equation is obtained:

log,, B = —4454* + 2.91. (8)

The slope of the previous equation (equal to —44) is
close to the theoretical value given by Beckmann’s
theory (equal to —50). In order to validate the previous
approach, this slope is computed for different cut-off
values using a low-pass and a high-pass filter. Figure 17
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slope of the modellog,, B = —aSy? + f obtained by fitting
equation (1) using the least square method, as a function of
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depicts the value of this slope and the value of the
coefficient of determination as a function of the cut-
off length for a high-pass filter. The best relevance is
found for a slope value equal to the value computed
using Beckmann’s model. Any other cut-offlength will
lead to a value that does not match Beckmann’s model.
Therefore, all the previous remarks are validated. The
identified cut-off value was found when searching for
a relation between the measured topography and
brightness, without including the process parameters
into the analysis. The modeling of blasting and
brushing in order to link the topography with the
process parameters will be the subject of a future
paper.

Using the results of this section, the brightness of
the specimens that were superfinished, sandblasted
and brushed is plotted as a function of the Root Mean
Square roughness S, as depicted in figure 18.

5. Conclusion

This study aimed to determine the most relevant
roughness parameter and scale for the depiction of the
relationship between brightness and topography for
specimens that were either superfinished and sand-
blasted (State 1), or superfinished, sandblasted and
brushed (State 2).

For State 1, the most relevant parameter and scale
was found to be the mean height of the motifs calcu-
lated using a low-pass filter with a cut-off length of
30 ym. For the high frequencies, the maximum depth
of the furrows calculated using a high-pass filter with a
cut-off length of 30 yum was identified as the best
parameter.

For State 2, the most relevant parameter for the
description of the link between topography and
brightness was found to be the core material volume
Ve computed using a high-pass filter with a cut-off
length equal to 60 ym. For the low frequencies, the
best parameter was the root-mean-square surface
slope S4q calculated using a low-pass filter with a cut-
offlength of 8 um.

The most relevant parameter for the description
of the relationship between roughness and brightness
using the same scale and parameter for State 1 and 2
was found to be the arithmetic mean deviation S,
computed using a high-pass filter with a cut-off
length equal to 15 um. This amplitude parameter is
equal to another roughness parameter ignoring a
multiplication factor (0.8): the root-mean-square
roughness Sg. The latter is used in one of the most
used physical model for the description of the link
between morphology and brightness: the model of
Beckmann and Spizzichino, based on the electro-
magnetic wave theory. This model was verified for
the examined specimens and it was shown that the
root-mean-square roughness S, should be calculated
using a high-pass filter with a cut-off length equal to
15 pum, which is the same relevant scale found when
searching for a common parameter to both states.
This scale corresponds to the end of the fractal regime
of the curvature regime and is close to the end of the
signal correlation.
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