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Abstract

However, the surface factors affecting gloss and appear difficult to ascertain. In this
paper, atomic force microscopy (AFM) and Iaser scanning cal microscopy (LSCM)
measurements have been performed on a ing system exposed to outdoor
environments in Gaithersburg, Maryland. i ces is observed at the

early degradation stages, followed with the i as exposure continues. At
long exposure times, the circular features enla deepen ing in a rough surface

topography and crack form i r
indi 3 ikely the origins of the surface
morphological change shi hanges in surface roughness and gloss has

microscale morphologica ' he surface of the coating as well as to the gloss retention.
A near-linear depen he measurement length scale (L) is found on a
N I ~ L' The scaling factor, f, decreases with exposure time. The




Introduction

Polymeric coatings are commonly used to improve the appearance of buildings, bridges,
aircraft and automobiles. The service life of a polymeric coating is largely controlled by how its
appearance is affected by ultra-violet (UV) radiation, humidity, temperature and other aggressive
weathering factors. Generally, polymeric materials degrade through photooxidation processes,
such as chain scission, crosslinking, and the formation of oxidized products.* With prolonged
exposure, these photochemical processes lead to physical and mechanical changes in a coating.>*
In the physical properties, the change in surface topography ss are two highly
interdependent parameters affecting the appearance of a coated s

The surface topography of a coating is typlcally
such as contact stylus instruments, phase-measuring
microscopes (LSCM) and scanning probe microsc

profiling techniques
scannlng confocal

optimal way of measuring surface topography b eform or
damage the surface of the coating. Interference es are non-
contact measurements and, thus, they are more suit onitoring the coating physical
changes. The capabilities of these optical microscopi hniques depend on the surface

e microscopes.” Atomic force
the surface topography of
tra low interaction force
ith respect to its maximum
um measurable peak-to-valley
asurements strongly depend on the

reflectivity of the coating as well as
microscopy (AFM) has become a powe
polymeric coatings because of its 3D na
between the probe and the sample. Howeve
scanning area (usually up to

known that light scatt hanges from predominately specular to predominately diffusive (off-
specular) with an increase in RMS roughness.”® Off-specular reflectances, however, are not
commonly measured by commercial handheld glossmeters.

The objectives of this paper are (1) to study nanoscale-to-microscale morphological
changes occurring in a UV-exposed epoxy coating, (2) to understand the relationship between the
topographic changes and the gloss loss, and (3) to explore the capability of the optical scattering
technique for the measurement of optical property of the degraded specimens. The topographic
changes of an amine-cured epoxy are monitored by AFM and LSCM during exposure to an
outdoor environmental chamber. The gloss measurement is performed using a handheld



commercial glossmeter at incident angles of both 20° and 60°. The light scattering measurements
are performed on both exposed and unexposed epoxy specimens using a recently developed
angle-resolved custom-designed optical scattering instrument. The relationship between surface
roughness on different length scales and the gloss loss is discussed. The optical scattering data
are analyzed to compare to the results from gloss and the roughness measurements.

Experimental®

Materials and Specimen Preparation
The amine-cured epoxy used in this study was a
bisphenol A and 1,3-bis(aminomethyl)-cyclohexane (1,3 BA

of a diglycidyl ether of
ichiometric ratio. Small

amounts of toluene were added to the mixture of epoxy re curing agent and the
resulting mixture was stirred mechanically. After degas 0 remove bubbles
the mixture of epoxy, amine and solvent was applie e, dry air glove

Gaithersburg, Maryland, from October 200 ( . Specimens were loaded in
the multiple-window exposure cells and pla an outdoor environmental chamber at 5° from
the horizontal plane facing hamb
: ofloat” glass; all four sides of the
chamber were perfore 6 i ere covered with a non-moisture absorbing
particles from entering the chamber. The

e the same amount of degradation depended on the startlng
re March, July, September, October and December, and the
> are referred to in this paper as the March Group, the July Group,

Laser scanning confocal microscopy (LSCM)

A reflection laser scanning confocal microscope (LSCM) was employed to characterize
the surface morphology (topographic profile) of the specimens. A detailed description of the
LSCM measurements can be found elsewhere. *** The laser wavelength was 543 nm. The LSCM
images are 2D intensity projections with 512 pixels by 512 pixels. The 2D intensity projection
image is effectively the sum of all the light scattered by different planar layers of the coating. The

" Instruments and materials are identified in this paper to describe the experiments. In no case does such
identification imply recommendation or endorsement by the National Institute of Standards and Technology (NIST).



pixel intensity level represents the amount of light scattered into the microscope objective.
Darker areas represent regions that scatter less light than lighter colored regions do.

The root mean square (RMS) surface roughness Sq is calculated using a surface tilt
correlation (automatic plane fit) without a numerical filter, according to the following formula:

S = 1 o. .Z}.[Z(x' yj)—S] (1)

made at 5 different locations on each sample. All unc ies are indicated in the figures as
well as in the table. Successive LSCM med at almost the same location
on a specimen to facilitate the study o i occurring in the films as a
function of UV exposure.

Atomic Force Microscopy (AFM)

A Dimension 31004 0 :
ings. The AFM was operated in the tapping mode
eco Metrology). A resonance frequency of

pomt ratio (the ratio of se int & free amplitude) ranged from 0.60 to 0.80.
measurements were performed at essentially
acilitate the study of morphological changes occurring in the

ere conducted using a handheld commercial glossmeter. The
diameter, were periodically removed from the exposure cells for
measurement. Once
spray, and then 20° 60° gloss measurements were performed. The reflection areas for 20°
and 60° gloss measurements were 9 mm x 9 mm and 9 mm x 18 mm, respectively. The
collection angle was + 0.9° from the specular angle. Each sample was rotated about 45° after
each measurement. A total of 8 to 10 measurements were made on each specimen at each
inspection. The data presented are the average of the measurements.

Optical Scattering Measurement

To ascertain the specular and off-specular scattering distribution from the coating and the
substrate surfaces, light scattering measurements were performed on both exposed and
unexposed epoxy specimens using a custom-designed optical scattering instrument in the



Building and Fire Research Laboratory at NIST. The instrument consists of a laser light source, a
five-axis goniometric sample stage, and a two-dimensional detector mounted in a concentric ring
around the sample stage. The incident laser wavelength was 633 nm, and the beam was polarized
and focused on the sample with a diameter of 400 um. Figure 1(a) presents the optical geometry,
where 6, and 6 are the incidence and scattering angles measured with respect to the normal of
the sample, and 6, is the angle measured away from the specular direction. Figure 1b shows
examples of the 2D scattering profiles at different aspecular angles with respect to the incidence
angle of 20°. All 2D scattering profiles presented in the paper were obtained as the center of 2D
detector located 3° away from the specular direction, i.e. 0, = 3°. Th ults were compared to
the gloss and LSCM results. The estimated uncertainties in thean intensity data are

to be around 4 %.

() (b)

2D-Detector

0, = 0, : Specular angle
0, = Aspecluar angle
6, : angle of incidence (0° - 60°)

ring experiment, and (b) 2D scattering profile
, Where 6; is the incident angle, 6 is the specular angle,

ay from the specular direction.

PIKE auto-sampling essory (PIKE Technologies), described previously.*? This automated
sampling device allowed efficient and rapid recording of the FTIR transmission spectra of the
coating at all windows of the exposure cell before or after each exposure time. Since the
exposure cell was mounted precisely on the auto-sampler, errors due to variation of sampling at
different exposure times were essentially eliminated. The auto-sampler accessory was placed in a
FTIR spectrometer compartment equipped with a liquid nitrogen-cooled mercury cadmium
telluride (MCT) detector. Spectra were recorded at a resolution of 4 cm™ and 128 scans. The
peak height was used to represent IR intensity, which is expressed in absorbance. All FTIR
results were the average of four specimens.



Results and Discussion

Nanoscale Topographic Characterization with AFM

AFM topographic images of the epoxy coating after outdoor exposure in an
environmental chamber located in Gaithersburg, Maryland, for a March Group specimen are
shown in Figure 2. From left to right, the exposure times are (6, 38, 69, 77, and 84) d,
respectively. For each row, starting from the top to the bottom, the scanning areas are 80 um x
80 um, 50 um x 50 pm, 25 pm x 25 um, 10 um x 10 um and 5 um x 5.qum, respectively. Figure3
shows the 3D AFM topographic images corresponding to the 5 pn 5 um scan area.
Approximately the same region of the sample was scanned uccessive images at each

Figure 2. AFM topographic images of a March Group epoxy coating after outdoor exposure in
Gaithersburg, Maryland, for (6, 38, 69, 77, 84) d, respectively from left to right. Lateral
dimensions for each row of images (from top to bottom) are 80 um, 50 um, 25 um, 10 um and 5
um, respectively.



magnifications. For the first 6 d of exposure, the surface appears to be similar to that of the
unexposed samples. The small protuberances (bright spots) in these micrographs were most
likely created during sample preparation. After 38 d, a few circular features are apparent, which
can be seen clearly in the 10 um or smaller scan sizes. The 3D images show that these circular
features are protuberances of various sizes. After 69 d of exposure, a pronounced structure
appears on the surface, surrounded by many new circular features. At higher magnifications and
3D presentation (Figure 3C), these features are identified as being pits having elevated edges and
an average diameter of 0.3 um. These pits grow in number and size such that after 77 d of
exposure the entire scanned area of the specimen is covered with pits... The perimeters of these
late term pits are not circular, but instead, are circularly distorted. rge pits appear to be
created through the coalescence of smaller pits. The dimensi and the depth of the pits
continue to increase with time such that, after 84 d of exposur d and deep pits dominate
the surface topography. The elevated edges of those pits are rom the micrographs.
Chemical degradation processes such as oxidation, chain sci loss, are likely the
major origins of these morphological changes.

[ 25nm

Figure 3. 3-D AFM topographic images of a March Group epoxy coating after outdoor exposure
for (A) 6d, (B)38d, (C)69d, (D) 77 d, (E) 84 d, respectively. Lateral dimensions for the images
are 5 um x 5 um. The height scale is 25 nm.

To understand the origins of the morphological changes of the amine-cured epoxy
coatings during outdoor exposure, the chemical degradation of the materials was investigated by
performing the FTIR measurements on the 6 um-thick spin-cast films on CaF, exposed to the
same environments and from the same starting time as the March Group. Results are presented in



Figure 4. The difference spectra were obtained by subtracting the spectrum of the unexposed
sample from that of the exposed one after adjusting for any baseline shift. Three exposure times
close to those used in the AFM study are shown. The 1250 cm™ band is attributed to C-O
stretching of aryl ether, 1510 cm™ to benzene ring stretching, and 2925 cm™ to CH, anti-
symmetric stretching. The decrease in intensities of these bands indicates that chain scission and
mass loss in the films have taken place. In addition to the intensity decreases of the existing
bands, the spectra show the formation of new chemical species in the 1620 cm™ to 1800 cm™
region as a result of exposures. Two prominent bands at 1658 cm™ and 1728 cm™, which are
assigned to C=0 stretching of a ketone and amide C=0O stretching espectlvely are due to
formation of oxidation products. The OH stretching bands near 3 ! also shift to lower
frequency and new bands appear around 3225 cm™. The ab FTIR results are in good
agreement with the photo-oxidative mechanisms proposed by and Verdu**** for epoxy
cured with aliphatic amines.
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Figure 4. Plots of FTIR intensity for amide C=0 stretching band (1658 cm™) and aromatic ring
stretching band (1510 cm™) as a function of time of exposure to outdoors during March and
June. The letters of A, B, C, D and E correspond to (6, 38, 69, 77 and 84) d of exposure,
respectively. Each data point in this figure was the average of four specimens. The standard
deviation of the four samples was within + 10 % of the average value.



To establish the relationship between the nanoscale physical changes and the chemical
degradation, the FTIR intensities of the amide C=O stretching band at 1658 cm™ and the
aromatic ring stretching band at 1510 cm™ are plotted as a function of exposure time, as shown in
Figure 5. The letters of A, B, C, D and E correspond to (6, 38, 69, 77 and 84) d of exposure time
in the AFM study, Each data point is the average of four specimens. The standard deviation of
the four samples is less than + 10 % of the average value. The decrease in the intensity of the
1510 cm™ band is nearly linear with exposure time, while the amide formation at 1658 cm™
reaches a maximum after approximately 80 d and then decreases after 90 d of exposure. The
nanoscale physical changes appear to follow qualitatively with chemical degradation reasonably
well for the epoxy exposed to outdoors. For the first 6 d of exposure esults exhibit a small
but detectable chemical changes (letter A, Figure 5). The corres ing AFM images show few
visible features with low surface RMS roughness (discuss lat ther exposure, when the

interesting finding is that for many groups, when the su ted by the circular
pits (similar to Figure 3D at 77 d), the amide form ally close to its
maximum value (AA = 0.4). This phenomenon ime of the
exposure. The results indicate that the chemic i i e probably
attributed to the oxidation products, such as am Therefore; the chemical
degradation processes such as oxidation and chain sciss e likely the origins of the surface

perature and humidity, and the
water condensation in the outdoor condi Id also play ortant role in the observed

pits formation™.
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Figure 5. Plots of FTIR intensity for amide C=0 stretching band (1658 cm™) and aromatic ring
stretching band (1510 cm™) as a function of time of exposure to outdoors during March and
June. The letters of A, B, C, D and E correspond to (6, 38, 69, 77 and 84) d of exposure,



respectively. Each data point in this figure was the average of four specimens. The standard
deviation of the four samples was within + 10 % of the average value.

LSCM Characterization and Scaling Effect on Surface Roughness

Practically, the maximum scanning area for most current AFMs is approximately 100 um
x100 um. The estimated RMS surface roughness, however, often strongly depends on the area
measured.® If the scanned area is too small, then the contribution that larger surface features
make on the estimated RMS surface roughness is disregarded, and viceversa, i.e., if the scanning
area is too large, then the contribution that small defects have on roughness may be
downplayed. To circumvent this problem, the same specimens canned with both AFM and
LCMS, and the RMS values were estimated over the range of les covered by these two
microscopic techniques.
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Figure 6. LSCM (top two rows) and AFM (bottom three rows) topographic images of a July
Group epoxy coating after outdoor exposure in Gaithersburg, Maryland, for (from left to right)
35d, 46 d, 60 d, 97d, 146 d and for lateral dimensions (from top to bottom) of 460 xm, 184 xm,
80 um, 25 pm, and 10 um, respectively.
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Figure 6 shows LSCM (top two rows) and AFM images (bottom three rows) for the same
July Group specimen. As expected, in Figure 6, some sub-microscale features revealed by AFM
are not visible in LSCM images while the growth and the distribution of cracks, the pit density,
and the large scale surface roughness that can be easily observed in the LSCM images can not be
observed in the AFM. Therefore, by combining the LSCM technique with the AFM, one can
obtain a global topographic perspective of the information available over a range of length scales
between approximately 2 mm and a few nanometers.
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Figure 7: (A) RMS rou
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Further insight into topographic changes is provided by an analysis of the surface
roughness. Figure 7A<shows the RMS roughness as a function of exposure time for four groups
exposed in the different months. These roughness values, based on 460 um x 460 um LSCM
images, were calculated using a surface tilt correlation (automatic plane fit) without a long
wavelength cutoff filter. It can be seen that the RMS roughness for all four groups increases with
exposure time, though the rate of change is highly dependent on the starting month. The
increasing rate of the July Group samples is the fastest, and the rate of the October Group is
lowest. Differences in the power distribution of solar spectra, temperature and humidity probably
lead to these differences in the roughness change rates. The effect of measurement area on the
RMS roughness is shown in Figure 7B. The length scales are (10, 25 and 50) um for the AFM
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measurements, and (184 and 460) um for the LSCM measurements. A marked dependence of
surface roughness on the measurement scale is observed. For a quantitative evaluation of the
measurement scale with regard to the structure characteristics of the surface, the RMS roughness
values are plotted against scan sizes on a double logarithmic scale for different exposure times, as
shown in Figure 8. The length scales of the measured sizes range from 2.5 um to 460 um.
Specimens from the March and September Groups were selected for the analysis. A near-linear
dependence of the RMS roughness with the measurement length scale (L) is found for the same
sample in a double logarithmic scale, i.e., RMS ~ L. The scaling factor f, can be obtained from
the slope of the straight line. The scaling factor decreases with increa exposure times for all
groups, however, the trend of the scaling factor against exposur aries with different
groups. For example, a steeper decrease of scaling factor is foun the specimens in the March
istent with those reported

1000
Scale Size (um)

(B)

r on a double logarithmic scale at different exposure
times. The 5,5, 10, 25, 50, and 80) pm for AFM and (184 and 460) xm
for LSCM. sent the March group and September group, respectively. The
exposure time in the figures. Each LSCM roughness data is the average of the
measurements on 5 di [
of the same sample.

A linear relationship between the log of the RMS roughness and the log of the measured
size has been described as a characteristic feature of a surface that has a fractal dimension.*® %
We believe that more sophisticated analyses, e.g., multi-scale analysis **, power spectral density
and wavelet-based method %%, need to be performed before any conclusions on the fractal
character of these surfaces can be made.
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Figure 9: Scaling factor as a function of exposure or March and September Group

specimens. A faster decrease of scaling.factor was found for the specimens in the March Group
than for the September Group. Uncertainti are less than 10 %. Lines
represent the general trend of the data.

as the percentage chang ive to its |n|t|al gloss value. Figures 10A
and 10B show the 20° a

Figure 11 sho correlation between roughness and gloss retention in the early stages
of the degradation of the September Group for two scan sizes: (A) 50 um x 50 um by AFM, and
(B) 460 um x 460 um by LSCM. For both length scales, the estimated correlation coefficient
between the gloss retention and RMS roughness is slightly higher for 60° gloss than 20° gloss
measurements (R*= 0.82 vs R?= 0.78 for the 50 pum scan size, and R?= 0.93 vs. R*= 0.87 for the
460 pum scan size, where R is the correlation coefficient). As discussed previously, gloss
measurement by a commercial handheld glossmeter only collects a narrow angular range of light
scattered around the specular direction. With the increase of RMS roughness, the proportion of
the specular scattering in the total light scattering profile decreases.’ For rougher surfaces, the
60° gloss measurement provides a higher signal to noise than the 20° gloss measurement due to a
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Figure 11: Correlation between roughness and gloss retention for two scan areas for September
Group: (A) 50 m x50 um by AFM, and (B) 460 xm x 460 xm by LSCM. R is the correlation
coefficient. The uncertainty bars represent one-standard deviation.
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in October, March, July and September, respectively. The of the March Group specimens is
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dditionally, the correlation
slightly higher for the RMS
e 50 um x 50 um scan area (R?:
Similar results have been reported from other
F polymeric coatings.?**?* These observations

e very important for visualizing physical
ng degradation?*®, the longer wavelength

coefficient between the gloss retention and
obtained from the 460 pum x4
0.93 vs. 0.82 for 60° 3
AFM and LSCM s
indicate that whil
changes occurring i
surface rough

between the gloss ntion and the RMS roughness, though the March Group shows a
significantly different slope from the other groups. These results indicate that a qualitative
relationship between microscale topographical changes and macroscale appearance could be
established.

However, as seen in the plots of Figure 12, groups having similar RMS values can have
substantially different gloss retentions. This represents a shortcoming in the use of RMS alone to
represent the roughness of a surface. Since the RMS roughness does not take the distance
between surface features into account, a surface with a few distantly spaced high-amplitude
features may have the same RMS value as one with many closely spaced low-lying features®,
which is suggested by the images in Figure 13A. On the other hand, specimens having similar
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gloss values may have significantly different roughness (Figure 13B), indicating the deficiency in
using specular reflectance alone to describe the appearance of a surface.
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Figure 13: LSCM images of (A) two e
retention (RMS=0.385 xm, and 20° glos
image); and (b) two exposed samples w
retention is 90 %, and RMS=0.407 zm for le

..

Od 129 d 170 d 134d
e : '

(a)

Figure 14. (a) 2D projection LSCM images of a December Group epoxy coating after outdoor
exposure for (from left to right) 0 d, 129 d, 170 d and184 d; (b) the corresponding 2D optical
scattering profiles for incident angle of 20° with a aspecular angle of 3°. The box in the
scattering profiles is the specular region, equivalent to the specular gloss measurement by

commercial glossmeter.
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tensities of the specular reflectance and off-specular diffusive
scattering we inst the exposure time (Figure 15A). As can be seen, the specular
intensity decreases wi increase in the exposure time, which is consistent with the change of
Figure 15B. On the other hand, the intensity of the off-specular
atically, overpassing the intensity of the specular reflectance at 179
days of exposure. The general trend of the off-specular scattering is similar to the change of the
RMS roughness (Figure 15C). It suggests that the major contribution of the off-specular
scattering is probably from the surface roughness given the subsurface structures do not change.
These preliminary results indicate that the commercial gloss measurement may not fully describe
a rough surface when off-specular scattering becomes significant. Future work includes applying
an optical scattering model®® to the AFM and LSCM profile data, and then the correlation
between the nanoscale/microscale topographical changes and macroscale appearance can be
predicted.
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Summary

AFM and LSCM techniques have been used to characterize the nanoscale and microscale
topographical changes of an amine-cured epoxy coating exposed to outdoors at different starting
times, and the relationship between surface roughness changes and gloss loss has been analyzed.
The formation of the spotty protuberances is observed by AFM at the early degradation stages,
followed with the appearance of circular pits as exposure continues. At long exposure times, the
circular features enlarge and deepen, resulting in a rough surface topography and crack
formation. FTIR analyses reveal that the oxidation and chain scission.reactions are likely the
origins of the surface morphological changes, and a qualitative ¢ between nanoscale
physical changes and chemical degradation is observed. The R oughness of the specimens
from different exposure groups has been found to increase wi e time; while the rate of
shows a near-linear

dependence of RMS with the measurement length scal mic scale. Further,
the coefficient of correlation between gloss retentio ightly higher for
the 60° gloss than for the 20° gloss, and gloss o with the
roughness obtained by LSCM than that measur i ns of using
RMS roughness or the commercial glossmeter alone of some UV

exposed specimens are discussed. Recent work on angle-resolved optical scattering
measurement on the degraded epoxy coa when the surface roughness
increases with the UV exposure time, f-specular scattering to the

is mainly from the surface roughness gi S ace structures do not change. This
preliminary study |nd|cates that, by applying &

ent/Industry consortium on Service Life Prediction of
in this consortium include Akzo Nobel, Arkema Inc.,

Atlas Materia ies LLC, Dow Chemical, and Sherwin Williams. Federal
Highway Ad i t Patterson AFB, and Forest Products Laboratory also provided
additional funds i h. We thank DOW Chemical for providing the epoxy resin, and
Sherwin Williams iding the urethane resin.
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	Abstract
	Surface topography and gloss are highly interdependent properties affecting the appearance of a polymeric coating system. Upon exposure to ultraviolet (UV) radiation, the surface topography of a coating becomes more pronounced and, correspondingly, its gloss normally decreases. However, the surface factors affecting gloss and appearance are difficult to ascertain.  In this paper, atomic force microscopy (AFM) and laser scanning confocal microscopy (LSCM) measurements have been performed on an amine-cured epoxy coating system exposed to outdoor environments in Gaithersburg, Maryland. The formation of the protuberances is observed at the early degradation stages, followed with the appearance of circular pits as exposure continues. At long exposure times, the circular features enlarge and deepen, resulting in a rough surface topography and crack formation. Fourier Transform Infrared Spectroscopy (FTIR) study indicates that the oxidation and chain scission reactions are likely the origins of the surface morphological changes. The relationship between changes in surface roughness and gloss has been analyzed. The root mean square (RMS) roughness of the coating is related to nanoscale and microscale morphological changes in the surface of the coating as well as to the gloss retention. A near-linear dependence of RMS roughness with the measurement length scale (L) is found on a double logarithmic scale, i.e., RMS ~ Lf. The scaling factor, f, decreases with exposure time. The relationship between surface topography, on nano- to micro- scales, and the macroscale optical properties such as gloss rentention is discussed. Moreover, a recent development in using an angle-resolved light scattering technique for the measurement of the specular and off-specular reflectance of the UV exposed specimens is also demonstrated, and the optical scattering data are compared to the gloss and the roughness results.
	 Introduction

	The objectives of this paper are (1) to study nanoscale-to-microscale morphological changes occurring in a UV-exposed epoxy coating, (2) to understand the relationship between the topographic changes and the gloss loss, and (3) to explore the capability of the optical scattering technique for the measurement of optical property of the degraded specimens. The topographic changes of an amine-cured epoxy are monitored by AFM and LSCM during exposure to an outdoor environmental chamber. The gloss measurement is performed using a handheld commercial glossmeter at incident angles of both 20° and 60°. The light scattering measurements are performed on both exposed and unexposed epoxy specimens using a recently developed angle-resolved custom-designed optical scattering instrument. The relationship between surface roughness on different length scales and the gloss loss is discussed. The optical scattering data are analyzed to compare to the results from gloss and the roughness measurements.
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