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Abstract

This paper reports the development of mechanically flexible reflective coatings of Cu-
Al intermetallic alloy on flexible glass (FG) substrates for possible concentrated solar power
application. Thin films of Cu-Al intermetallic alloys were deposited on 100 pm thick FG
substrates using resistive thermal evaporation of arc melted Cu-Al bulk alloy. At the
optimized evaporation conditions, smooth intermetallic alloy thin films with homogeneous
composition (Cup.78Alo22) were obtained. At a coating thickness of 160 nm, average specular
and total reflectance of ~ 84% and ~ 92% respectively, were achieved. The films exhibited
hydrophobic nature with a contact angle of 102°, implying the possibility of developing a
self-cleaning ability. The analytical calculation involving alloy compositional dependence of
plasma frequency reveals the prospect of further modulating the reflectance property by
carefully tailoring thin film composition. Additionally, hard intermetallic thin film provides
the opportunity of developing mirrors that may not require top protective coatings.
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1. Introduction

Concentrated solar power (CSP) system represents a major emerging technology for
the conversion of solar energy to electricity[1, 2]. The increasingly widespread applications
of solar thermal technologies demand development of advanced solar reflector materials with
excellent optical properties and long-term durability[3]. Two separate wavelength intervals[4]
are distinguished for solar energy research. The primary and fundamental one is the visible
solar spectrum (280 - 2500 nm), which contains the energy we wish to exploit. The second
one is the thermal infrared spectrum (> 2500 nm). Specular reflectance refers to that part of
the incident beam that gets reflected at the same angle as the angle of incidence. The solar-
weighted specular reflectance of a solar mirror[5] is estimated using the values of the
measured specular reflectance spectrum and the direct solar irradiance spectrum at different
wavelength intervals. Maintaining minimum angle of acceptance provides lesser diffused
light and a constant angle of incidence throughout the surface that enables enhanced
focussing of the light rays onto the receiver. A high reflectance in the entire wavelength range
of the solar spectrum (280 - 2500 nm) is a crucial optical requirement for reflectors in solar
thermal applications.

Flexible glass (FG) substrates[6, 7] used in this investigation are of 100 um thick and
these light-weight FG has significant advantages over conventional mirrors for applications
in CSP technology. It also exhibits superior anti-permeation properties against oxygen and
moisture[8], while at the same time ensuring sufficient mechanical flexibility and low-cost
roll-to-roll fabrication processes. Although front surface mirrors have been developed to be
bendable and lightweight, their optical performance severely degrade in only a couple of
months, if the surface is not protected[9, 10].

The motivation for the present study on the Cu-Al system stems from our earlier

work. In a recent publication, we have shown that Cu-Al intermetallic alloys[11],



corresponding to the intermetallic Cuo.7s8Alo.22 and CuszAl phase, possess high specular
reflectance of > 89% together with good mechanical properties and hydrophobicity. We
postulate that this alloy, if successfully coated on a flexible substrate, can lead to the
development of scratch resistant solar mirror for dusty and environmentally harsh locations.

In this paper, a facile preparation of highly reflective and adhesive Cu-Al films by
resistive thermal evaporation of the Cu-Al arc melted ingots is reported. We further analyze
the phase compositions, surface morphology, thickness and surface coverage of this novel
coating on FG and evaluate its optical and mechanical properties for CSP applications.

2. Experimental and Instrumentation
2.1. Materials and Methods

Pre-cut (25 mm x 25 mm) Corning® Willow® Glass substrates (thickness 100 pum)
received from Corning were used for the present work. Prior to deposition, the substrates
were ultrasonically cleaned with isopropanol and then washed with deionized water several
times. The substrates were then soaked in a cleaning solution (labolene) and further sonicated
for 15 min. Finally, the substrates were cleaned with deionized water and placed in a cleaned
container after drying for experimental use.

Elemental shots of copper and aluminium (purity 99.99%, Alfa Aesar) were used for
preparing a Cu-21.2 atomic % Al alloy by arc melting. The homogenisation was ensured by
melting the ingot multiple times. These Cu-Al ingots were precut into smaller pieces (10 mm
x 2 mm x 1 mm) and were used as target material for resistive thermal evaporation deposition
under a vacuum of ~ 0.5 mPa. The source to substrate distance was kept approximately 30
cm. The vaporised alloy was allowed to naturally deposit onto the FG substrate to form a
uniform layer. The depositions were carried out at a rate of 0.5 As™. The coating deposition
rate is one of the key parameters that determine the nature of the film[12]. When deposition

rate was lower than 0.5 As”, a non-homogeneous coating was obtained. At a higher



deposition rate, films with high surface roughness were obtained. The deposition rate was
initially optimized by changing the value of the electric current supplied to the tungsten wire
basket containing the source material. At an optimized deposition rate of 0.5 As™, single-
phase Cuo.78Alo.22 alloy was obtained. All subsequent experiments were carried out with this
deposition rate.

2.2. Characterization

For structural characterisation, X-ray diffraction (XRD) patterns were obtained using a
computer controlled RIGAKU, X-ray diffractometer using CuKa radiation. The scanning
angle was varied from 10 to 90° in a step of 0.24° /sec. The composition of the intermetallic
coatings was characterized using electron probe microanalyzer (EPMA) (JEOL-JXA 8530
field emission electron probe microanalyzer, Japan). The surface morphology of the Cu-Al
coating was studied using atomic force microscope (AFM) (Nanosurf easy scan 2, Nanosurf
Inc., USA).

The chemical composition and surface oxidation of the Cu-Al bulk material were
determined using X-ray photoelectron spectroscopy (XPS) (SPECS) with non-
monochromatic Al Ka radiation (1486.8 eV). The binding energies were internally calibrated
with reference to the adventituous component of the Cls peak, fixed at 284.7 eV (Figure
10(d)). The thickness of the coating was measured using non-contact optical profilometer
(CCI MP TalySurf, Ametak, UK) and Dektak profilometer (Dektak XT Stylus Profiler,
USA). Specular reflectance was measured at 8° incident angle and 20 nm slit width using
UV-Visible-NIR integrating sphere spectrophotometer (Perkin Elmer Lambda 950 with
Universal Reflectance Accessory attachment, USA). Before measuring, the instrument was
calibrated by measuring the reflectance of NIST standard sample (# SRS - 99 - 020 AS - 011
610 - 060). The reflectance of this sample was in between 98.5 - 99.2% in the wavelength

region of 400 — 1600 nm. The contact angle measurements were performed using contact



angle goniometer OCA 15EC (Video based contact angle measuring unit with software SCA
20, DataPhysics Instruments, Germany). For scratch adhesion, a 200 um tip radius Rockwell
diamond indenter is moved over the specimen surface of 2 mm at a speed of 0.02 mm/s, with
a linearly increasing load from 300 mN to 1 N.

3. Results and Discussion

3.1. Phase assemblage by XRD

The X-ray diffraction pattern in Figure 1(a) shows the presence of two different
intermetallics, CuzAl (B1 phase) (JCPDS card No: 00-028-0005) and Cug.78Alp.22 compound
(JCPDS card No: 04-006-6355) in the as-cast alloy. Representative scanning electron
microscopy image of Cu-Al alloys is shown in Figure 1(b). The microstructure of Cu-21.2
atomic % Al reveals a eutectoidal reaction. A modest hardness of 2.1 GPa was measured
using a well-polished surface that also exhibit an average specular and solar reflectance[13],
calculated by weighting with ASTM G173 solar spectra for AM 1.5, of 89.5 % and 83 %
respectively (see Figure 1(c)).

Figure 2 shows the nature of the as-deposited lustrous reflective film. The
homogeneous nature of the deposited film can be seen in Figure 2(a). In order to check the
clarity of reflection, the camera was only focussed on the reflection, rather than both the
mirror and reflection. The clarity of the reflected image of the tower building on the
deposited film as revealed in Figure 2(b), establishes its efficacy as a good optical reflector.
The phase analysis of the as-deposited film, performed by glancing angle XRD is indicated in
Figure 3. There is a broad peak from the glass substrate when the thickness of the film is very
small. However, with increasing thickness and coverage this peak disappears. All the other
X-ray reflections obtained from thin films of varying thicknesses can be indexed in terms of a
cubic structure, corresponding to Cuo.78Alo22 intermetallic compound. No amorphous phase

from the evaporated layer could be observed, indicating that the nucleation rate of the



crystalline intermetallic phase on the substrate is very high. The first three reflections
appearing in the patterns have interplanar spacings of 2.199 A (20 = 42.6°), 1.835 A (20 =
49.6°) and 1.298 A (26 = 72.8°) respectively that can be indexed as the planes (111), (200)
and (220) of a cubic lattice respectively. We note that the peak positions of the reflections do
not vary with thickness, indicating the consistency in coating composition during deposition.
The lattice parameter of the Cug7sAlo22 compound was estimated to be ~ 3.639 A, while the
crystallite size was found to be ~ 44 nm. We have also observed appreciable increase in
intensity of (220) peak for a coating thickness of 160 nm. This observation can perhaps be
attributed to the strain energy minimization during grain growth along (220) plane and this
corroborates well with previous literature reports indicating critical thickness window[14].
Texture analysis was quantitatively carried out using Harris method[15]. The texture
coefficient (TChk) of each crystallographic plane (hkl) and the degree of orientation (o) were
calculated using the following relations[15, 16]
Ingr

TChi = 1 m I}Ilkl (1
/W) Zn=1 hkl/lgkl

\/Z%=1(Tchkz—1)2
o= N ()

where, Ip; is the integrated intensity of (hkl) peak obtained from diffraction pattern of the
sample, I),; is the standard integrated intensity from the reference JCPDS file, N is the
number of diffraction planes. In the present case, only (111), (200) and (220) are considered
and therefore, N = 3.
3.2. Coating surface characteristics

The compositional homogeneity of the film was determined by performing line scan
using wavelength dispersive spectroscopy (WDS) detector in EPMA, having crystals of

copper and aluminum. A uniform composition of ~ 78 atomic % Cu and ~ 22 atomic % Al



was recorded (Figure 5a). Compositional mapping confirms the homogeneity of the film,
shown in Figure 5(b-c), where the average composition of the film was measured to be ~ 80.7
atomic % Cu and ~ 19.3 atomic % Al with an instrumental error + 1 %. The thickness of the
as-deposited coating was measured using optical profilometer (Figure 6a) and Dektak
profilometer (Figure 6b). The summary of thickness measurements performed using both the
techniques is given in Table 1. A critical look at Table 1 reveals that both the measurement
techniques provide comparable thickness with a difference of 1 - 2 nm for nominal coating
thickness of less than 100 nm. Above 100 nm, the difference in two different measurement

techniques can be 3 - 4 nm.

To gain more knowledge on film morphology, contact mode AFM was used to study
the morphology and surface roughness of the Cu-Al film. The reflectance properties critically
depend on the roughness of the surface. Specular reflectance is realised for a smooth surface,
i.e., when the surface irregularities are comparable to the wavelength of the incident light.
When the surface roughness is higher than the wavelength of the incident light, diffuse
reflectance takes place[17]. The roughness parameters, arithmetic average (R.) of absolute
values and root mean squared (Rq) values measured over a 50 um square of the Cu-Al coating
were found to be < 10 nm. The Ra of the FG measured over the same above area was 7 nm.
Ra is the average surface roughness of the measure 2D profile of the given sample length.
Whereas, Rq is the standard deviation of the height distribution for the sampling length. Any
small variation in the profile gives a large deviation in the Rq value. Two surfaces with
identical R, values can have different Rq values[18]. Different Rq values can lead to different
reflectivity. Hence, we have mentioned both the values to distinguish any measurable
differences of the surface roughness. The R, and Rq values of the films, shown in Table 1,
confirm that the film surface has the desired roughness for reflector application. The surface

roughness of the film can be increased by increasing the rate of deposition, but it decreases



the specular reflectance for the same thickness of Cu-Al film. During resistive thermal
evaporation, the rate of deposition was optimized to be 0.5 As™!, where the average roughness

was found to be less than 10 nm.

3.3. Optical reflectance

The specular and total reflectance of the Cu-Al films of different thickness were
measured using light of wavelength ranging from 280 - 2500 nm. The specular reflectance
spectra of the Cu-Al film with varying thickness on flex glass are shown in Figure 7(a). 40
nm thick Cu-Al film exhibited average specular reflectance value of ~ 70%. The film with
160 nm thickness exhibited average specular reflectance of ~ 84%. The solar reflectance was
calculated by weighting with ASTM G173 solar spectra for AM 1.5. The solar weighted
specular reflectance[13], for 160 nm film was calculated to be ~ 73.5%. The variation of total
reflectance with thickness of the Cu-Al film on flex glass substrate is shown in Figure 7(b).
The average total reflectance of ~ 92% was recorded with 160 nm Cu-Al film.

The variation of specular reflectance and total reflectance with coating thickness is
presented in Figure 7(c). The specular reflectance and total reflectance of the Cu-Al films are
higher than the substrate and exhibited almost a direct relationship with increasing film
thickness of up to 160 nm. The average specular reflectance and average total reflectance are
found to reach almost steady state values of 84% and 92%, respectively, at a coating
thickness of 160 nm.

To compare, the specular reflectance of films with increasing thickness on soda lime
glass is also presented in Figure 7(d). The film with 160 nm thickness exhibited maximum
average specular reflectance of ~ 83%. Thus, irrespective of substrates, similar behaviour of
maximum reflectance at 160 nm thickness was recorded in all the above cases. The summary

of various reflectance measurements performed using Cu-Al film is provided in Table 1.



3.4. Wettability and scratch resistance

We have also evaluated the wetting behaviour of the surface by sessile water droplet
technique. The water droplet contact angle on the flex glass substrate is 29.2 + 2.3° (Figure
8(a)), indicating a strong hydrophilic nature. Figure 8(b-e) indicates the morphology of water
droplet on the thermally evaporated Cu-Al coating with varying thicknesses from 40 to 160
nm, respectively. The 160 nm Cu-Al film exhibited a contact angle of 102.1 + 0.7°, indicating
the hydrophobic nature of the film. The contact angles measured in all the films were found
to be above 97° that indicate the hydrophobic capability for the coatings (see Table 1).

To determine the scratch resistance and the film adhesion, scratch adhesion test was
performed on the coatings by applying a linearly increasing load from 300 mN to 1 N. Each
scratch was examined with the help of an optical microscope for determining the crack
initiation point. Initially, the film is tested for a load up to 900 mN, where no visible crack
can be seen along the entire length of the scratch (Figure 9(a)). However, on increasing the
load to 1 N, crack is visible (Figure 9(b)), indicating that the film is unstable after 900 mN.
This observation confirms that the coating can withstand a load of 900 mN or below.

3.5. Discussion

We first probe the origin of modest specular reflectance property of bulk Cu-Al
intermetallics. The XPS analysis of bulk Cu-Al intermetallics was carried out. The peaks at
932.25 and 952.08 eV in Figure 10(a) shows the splitting of copper into two sublevels 2pi,2
and 2p3.2, respectively. The peak at 932.25 eV shows that there is a shift in the electron cloud
towards copper from aluminium since the electronegativity of copper is higher than that of
aluminium. Hence, we can safely conclude that the copper is bound to aluminium and not to
oxygen[19]. Also, the absence of satellite peaks indicates that the oxides of copper is not
formed during thermal evaporation[20-22]. The deconvoluted Al 2p peaks at 74.80 and 77.18

eV in Figure 10(b) represent the presence of Al,Os and crystalline anhydrous y-Al,Os phases,



respectively. This Also, the absence of Al peak proves the fact that an oxide layer is formed
on the surface. The deconvoluted O 1s peaks at 530.69 and 532.30 eV support the formation
of aluminium oxides and chemisorbed oxygen (see Figure 10(c))[23, 24]. It has been
reported that aluminium exhibits very high reflectance in the UV-visible regions. In
particular, the spectral reflectance for aluminium is in the range of 80 - 85% in the UV
region. Whereas, copper exhibited spectral reflectance of 20 - 30% in the UV region[25, 26].
In the case of Cu-Al intermetallics used in the present work, the aluminium content is ~ 22
atomic %. Therefore, the reflectance data presented in Figure 1 and Figure 7, indicates the
intrinsic behaviour of Cu-Al intermetallic reflectance. As compared to the bulk material, the
reflectance of the thin film shows a minor change at the lower wavelength region of the
spectrum due to the presence of oxides, as confirmed by XPS. Results of our experiment do
not show any crystalline peaks of AlOs3 in the XRD pattern, indicating the amorphous
nature[27]. Formation of such amorphous oxides under metastable conditions is reported in
the literature[28]. The selective oxidation behaviour in Cu-Al alloys is due to Al having
greater oxygen affinity than Cu[29, 30]. This layer of Al>O3 will act as a protective barrier
and inhibit further oxidation.

As published in our previous article[31], the Cu-Sn alloy, when exposed to 90%
relative humidity at 50 °C for 3 days, exhibited only 8.5% drop in specular reflectance.
Similar coatings were also subjected to weather testing by placing them next to roof top solar
cells at parallel and 14.5° orientation. The dust accumulation on pure Al film was around
30% more than that on Cu-Sn film at 14.5° orientation. All these observations support good
humidity and weather resistance of Cu-alloy thin film. In line with such observations together
with the fact that the oxides of aluminium exhibit excellent corrosion resistance[32, 33], it is
expected that Cu-Al thin film coating will have desired degradation resistance. The advantage

that Cu-Al thin film has over the commercially available mirrors is that it does not require

10



any additional techniques to deposit a protective top layer coating. A transparent thin film of
oxide layer of specific thickness and refractive index has anti-reflection property which will
affect the reflecting properties[34]. Thus, even though some reflectance (~ 1%) will be lost
due to the presence of the amorphous oxide layer, the film does not exhibit any drastic
antireflection behaviour.

In general, the reflectance of a surface is enhanced by a thin film of high refractive
index. The refractive index and coating thickness play an important role in defining the
reflectance from the coated surface. If the coating thickness is too low then the film will
partially reflect and partially transmit (assuming that it is non-absorbing in nature). On the
other hand, when the coating thickness is too high, then the surface roughness also plays an
important role, which decreases the reflection because of diffused reflection. This indicates
the existence of the critical thickness range for better reflectance of thermally evaporated
coatings.

The refractive index depends on the composition and density of the film as well as the
surface oxidation. The density of thin film is expected to be less than that of bulk material of
similar composition, because of the presence of pin holes and porosity in the film. In a
polycrystalline film, the microstrain, generated during film deposition and grain growth,
determines the porosity and the density. The surface, interface and strain energy minimisation
determine the grain growth and texture evolution in a polycrystalline film. Also, the substrate
has different thermal and elastic properties. This causes abnormal grain growth and strain in
the film. For the same deposition conditions, the strain energy minimisation dominates the
surface and interface energy minimisation at a particular thickness window. This causes
abnormal growth along (110) orientation in a polycrystalline film[35]. Figure 3 shows that at
a thickness of 160 nm, there is preferred orientation along (220) direction. The TCny of each

peak is calculated according to Harris method and the results are presented in Figure 4. The
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calculation of TC reveals that there is a preferred orientation along (220) direction, albeit the
degree of preferred orientation remains constant (¢ = 3) at different thicknesses. This
supports the observations made from XRD results. From Figure 4, we observe that, at an
initial coating thickness of 40 nm, the growth along (111) direction dominates. As the
thickness of the film increases, the growth along (200) plane is depleted and becomes
relatively very low at the thickness of 160 nm. Also, we can observe the growth contention
between the (111) and (220) planes as the thickness is increased. At the thickness of 160 nm,
the growth along (220) direction prevails over the growth along the other two directions. This
can be attributed to the strain energy minimisation[14, 16] and hence the relatively higher
reflectance of coating of 160 nm thickness was obtained than that at other thicknesses.
Therefore, it can be stated that the reflectance of the Cu-Al thin film is influenced by the
thickness and texture.

We shall now discuss the role of film composition on the specular reflectance
properties. Plasma edge is one of the most prominent optical phenomena in solids, the point
at which free electrons in the material start vibrating collectively[36]. For photon of
wavelength less than that associated with the onset of this oscillation, there will be a steep
drop in reflectance, which in turn is determined by the plasma frequency of the material. The
variations in reflectance in different materials are associated with the plasma edge of the
material. The spectral location of the plasma edge is determined by the free electron density.
The electric and magnetic fields in a metal created due to the electrons and lattice are in
equilibrium. But when an electromagnetic radiation (e.g. solar radiation) is incident on the
metal surface, this equilibrium is disturbed and an oscillation due to Coulombic force that
tries to restore the equilibrium position of the electrons is produced. The frequency at which
these oscillations resonate is called the “plasma frequency” (w,), which plays a crucial role in

the propagation of electromagnetic waves. The plasma frequency is determined by the
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electron density and can be calculated if the material density and molecular mass are known.
The plasma frequency of a non-plasma material is due to the natural collective oscillation

frequency of the sea of electrons in the material and is given by,

ne?

3)

P~ \me,

where, n is the free electron density, e is the elementary charge (1.602 x 10'° C), m is the

electron mass (9.1 x 107! Kg) and €, is the permittivity of free space (8.854 x 10"'2Fm™).
Higher the free electron density, the higher will be the plasma frequency. The free

electron density (n) can be obtained by multiplying number of atoms per unit volume (Ny)

and electrons per atom (e/a).

n=N, X (e/a) 4)

The electron concentration (e/a) for an intermetallic compound A.By is determined using

ax +by

Hume Rothery rule[37, 38], (e/a) = ——

®)

where, x and y are the respective group numbers of elements A and B in the old periodic table
and a and b are the number of atoms in the molecular formula, respectively.

Further, the number of atoms per unit volume (Ny) can be determined as,
N, = (Ng X p)/M (6)
where, Na is the Avogadro number (6.022 x 10%%), p is the density and M is the atomic mass.

Substituting equation (2), (3) and (4) in (1), we get the expression for plasma frequency as,

2
(Up =\/(NA><p)><(ax+by)e %

Mme, (a+b)

From equation (5), it is evident that the plasma frequency is directly proportional to
the square root of the ratio of the density to its molecular weight of the material and also to
the square root of electron concentration. Thus, a material having higher electron

concentration and higher density together with lower molecular weight, can be preferred as a
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reflector material. In a demonstration of this rational, we have earlier shown the role of
plasma frequency in determining the reflector properties of intermetallic alloys[11]. The
substitution of Al in Cu-Sn alloy shifts the plasma edge towards the UV region, which
increases the reflectance property.

The electron density of Cuo7sAlo22 phase was found to be ~ 116.55 x 10?7 per m® and
the plasma frequency was calculated to be ~ 19.25 x 10'° rad/s. This frequency lies near the
UV region (~ 10'® rad/s) of the solar spectrum. Thus, it can be hypothesized that the presence
of pure Cug.78Alo.22 phase in a thin film with desired thickness (minimum transmission) can
improve the reflectance, as per plasma frequency calculation.

4. Conclusions

In summary, Cu-Al thin film intermetallic alloys were deposited on 100 um thick
flexible glass substrates by resistive thermal evaporation. The presence of single phase
Cuo.78Alp.22 in the film was confirmed by XRD analysis. At a thickness of 160 nm, the film
exhibited high reflectance and preferred orientation growth along (220) direction due to strain
energy minimization. Qualitatively, similar thickness dependency of specular reflectance was
achieved, independent of substrate (flexible glass or soda lime glass). The average specular
and total reflectance of 160 nm Cu-Al coating of flexible glass were measured to be 83.9%
and 92.1%, respectively. An attempt has been made to correlate the reflectance with the
plasma edge and preferential crystallographic growth of coatings. The film exhibited
hydrophobic nature and good coating adhesion was confirmed from the scratch resistance at
900 mN load.
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Fig. 1. Cu-21.2 atomic % Al alloy ingot (a) XRD pattern (b) Microstructure of polished surface and (c) Specular reflectance.



Fig. 2. Photographs of (a) as-deposited Cu-Al thin film on flexible glass and (b) showing clear reflection of tower building of 1ISc,

Bangalore, imaged using Cu-Al thin film.
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Fig. 3. Glancing angle XRD patterns of the Cu-Al films indicating the presence of Cug.78Alo22

with varying thickness on flexible glass substrates.
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Fig. 8. Macroscopic image of water droplet shape on flexible glass and Cu-Al film with different thickness. Insignificant variation in

contact angle observed and the magnitude of contact angles indicate hydrophobic nature.



Scratch test performed from 300 mN to 900 mN

Scratch test performed from 300 MmN to 1 N

Fig. 9. Scratch test performed on Cu-Al film, indicating (a) no scratch till 900 mN and (b) occurrence of clear scratch beyond 900 mN.
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Table 1

Details of the work done to fabricate Cu-Al thin film on flex glass substrates by thermal evaporation.

Flex glass Roughness parameter (nm)
Expected | Thickness | Thickness Specular Contact
thickness (nm) (nm) Specular Solar- Total Reflectance | angle in
(nm) dektak | profilometer | Reflectance | weighted | Reflectance | (sodalime | degrees R, R,
% specular % glass) %
reflectance
Y
160 160.1 +3.3| 163.9+5.38 83.9+0.2 76.1 92.1+0.6 82.8+0.3 |[102.1+0.7 7.1+ 1.7 89+23
120 1199+3.1| 121.4+3.9 81.9+0.3 73.4 90.4 +0.5 81.9+04 |101.2+1.3 6.6 +2.1 8.0+1.7
80 80.2+2.8 | 805+1.3 79.8 +0.3 70.2 88.4 +0.7 80.4+0.2 |1005+04 69+1.2 10.1 +2.1
40 412 +2.5 40.4+ 2.7 76.7+ 0.4 67.8 89.0 + 0.6 799+03 [97.2+1.7 7.3+3.7 9.8+3.2
Flex glass - - 75+04 7.8 16.9+0.8 6.7+0.7 [29.2+23 6.4+1.1 75+ 1.8






