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PROPERTIES OF A SOLAR ALUMINA-BOROSILICATE

SHEET GLASS
" R. T. Coyle M. A. Lind
Solar Energy Research Institute Pacific Northwest Laboratory
Golden, Colorado Richland, Washington
J. E. Shelby and J. Vitko A. F. Shoemaker
Sandia Laboratories : Corning Glass Works
Livermore,.California _ Corning, New York

Solar energy applications place unique requirements on sheet glass includ-
ing very low solar absorption, outstanding stability of absorption in the out-
door environment, low cost, and elastic formability for making concentrat-
ing mirrors. The Solar Energy Research Institute and Corning Glass Works
have developed a new solar sheet glass. In evaluations reported in this pa-
per, the new glass has shown outstanding chemical durabjlity and optical
and mechanical properties. :

INTRODUCTION

A new sheet glass for solar energy applications including mirrors and glazings has been

manufactured in a pilot-scale experiment sponsored by the Solar Energy Research Insti-

tute (SERI) at Corning Glass Works (CGW). This new glass was sought by SERI to satisfy
unique solar requirements such as very low optical absorption, outstanding stability in the
,outdoor environment (minimizing absorption increase), low cost, and thinness for light
" weight and for elastic forming of parabolic mirrors.

The successful pilot-scale manufacturing experiment done at CGW and the results of
tests reported in this paper indicate that the new sheet glass can meet these require-
ments. It should find a number of solar uses, such as glazings for passive solar and flat-
plate collector applications and for flat and curved solar mirror applications. In the bal-
ance of this paper we discuss the composition of this new glass, the forming technique
used to make sheet glass, and the evaluation of the optical properties, chemical durabili-
ty, and mechanical properties of the glass.

GLASS FORMING AND COMPOSITION

The fusion process, patented by CGW, is one of several methods used to produce sheet
_ glass. The advantages of this process are: (1) compositional flexibility; (2) capability to
produce thin cross séctions, i.e., 0.5 mm; (3) ease of changing thickness; (4) excellent sur-
face quality; and (5) operation in oxidizing conditions. Using current equipment, widths
to 1.4 m and lengths to slightly over 3 m can be achieved (modifications to present
equipment could allow widths up to 1.8 m). '

The fusion process is based on an "overflow pipe." Molten glass flows from the fore-
hearth into one end of a horizontally oriented hollow trough. An end view of this trough
would show a V-shaped configuration. The glass fills the internal cavity and overflows
both sides of the trough. Edge-located pulling rolls are used with the surface tension of
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the molten glass to-draw the glass uniformly down the exterior of the "pipe" to the apex
of the V. There the glass "fuses" into a monolithic sheet. Heating and cooling equipment
permits the judicious control of temperatures needed to carry the glass through the an-
nealing and strain points. _At the appropriate point in the cooling zone, the sheet is cut
into required lengths and is then automatically transported to the edge stripping and final
sizing station.

Corning Glass Works has developed a new glass composition (CGW-7809) for solar energy
applications (Table 1). Some of the properties 6f the glass are shown in Table 2. The
glass was designed to be compatible with the fusion sheet-forming process and to be
melted at high rates for low production costs. Compositions originally considered ranged
from "improved" soda-lime (float) glass to a hard borosilicate pharmaceutical composi-
tion (CGW-7804).

Table 1.
Composition of CGW-7809
Glass
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Table 2.
Properties of CGW-7809 Glass

Softening Point, °C 750

Annealing Point, °C 569

Strain Point, °C 529

Expansion, ()7} 77 x 1077
0-300°C

Poisson's Ratio : 0.20

Young's Modul&xs, psi 11.1 x 10°
Density, g/cm 2.44
Index of Refraction 1.509

The low solar absorption of the new glass was obtained by: a) minimizing the total iron
content;+ fnd b) adjusting the _batch and melting conditions to oxidize all of the ferrous
“iron (Fe™ ) to ferric iron (Fe™°).
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The levels of alumu)f and soda were adjusted in the composmon to achieve a thermal ex-
pansion of 77 x 10~//°C to minimize thermal expansion differences with potential sup-
port materials. The resulting CGW-7809 composition represents a loglcal compromise
among solar transmission, thermal expansion, life, and cost.

SOLAR TRANSMITTANCE AND OPTICAL FLATNESS

The spectral hemispherical transmittance of the CGW-7809 glass was evaluated by using
an integrating sphere spectrophotometer. The high spectral transmittance of the. 7809
glass differs markedly. from the transmittance of the more common soda-lime flgat
glass. The broad absorption band around 1100 nm .in the soda-lime glass due to Fe'? is
conspxcuously absent in the 7809 glass, as shown in Fig. 1. The transmittance of the 7809
glass is close to the theoretical max1mum and shows little absorption, only reflective
losses.

The solar transmittance was calculated from the spectral transmittance by weighting the
measured values by the NASA AM 1.5 [Ref. 1] terrestrial solar spectral irradiance distri-
_ bution.  Table 3 compares the transmittance of the 7809 glass to other high-
transmittance glasses that have béen considered for solar energy conversion applications.

Table 3. Solar Transmittance of Various Glasses

Thick-
ness
(mm) Type Transmittance
1.0 CGW-7809 fusion _ 0.919
1.5 CGW-7809 fusion -0.917
. 1.5 CGW-0317 fusion 0.909
2.8 CGW-0317 fusion 0.903
3.2 low-iron rolled 0.913
3.2 low-iron float 0.88-0.89
3.2 regular float 0.83-0.87

One property of glass that impacts the optical performance of solar reflectors is the op-
tical flatness of the sheet. The instrument used to evaluate the "effective flatness," or
figure, of the glass is shown in Fig. 2. It consists of a laser that directs a beam of light
onto the glass at 45 degrees from the sample normal. The beam, which is specularly re-
flected from the lower surface of the glass sheet, intersects a linear position detector.
The output from this detector, which is placed normal to the beam, is sensitive to small
angular deviations of the beam reflected from the samples. Using simple geometry, the
signal can be calibrated in terms of absolute variations.

In a typical measurement sequence, the glass is placed horlzontally on the translation
table. The linear displacement of the table is acecomplished using a computer-controlled
stepping motor. Normally, measurements are taken every 0.l inch across the sample.
Individual samples up to 24 inches in length can be accommodated. The angular deflec-
tion versus position data is stored in the computer for later analysis.
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Figure 3 shows how the pilot run of CGW-7809 glass compares with production runs of
typical soda-lime float and CGW-0317 aluminosilicate fusion glass. In the data present-
ed, the long-period curvature corresponding to angular variations of up to one milliradian
per foot has been subtracted. Thus only the short-period- or high-amplitude variations
that could affect reflector performance are indicated in the diagram. It is seen that the
production fusion process can produce glass of float quality; production runs of
CGW-7809 glass would be expected to have this surface quality.

WEATHERING AND CHEMICAL DURABILITY

Accelerated weathering studies were made on CGW-7809 glass specimens exposed at
70° C and 100% relative humidity in a controlled temperature-humidity chamber. Speci-
mens were exposed for one to four weeks. The spceimens were lield so that the faces
were in a vertical position so that any condensate that formed would tend to run off the
specimen in a manner similar to that encountered in collectors. Observation of the spec-
imens during treatment, however, indicated that the condensate remained on the surface
of the glass for a number of days without any significant runoff.

The weathering behavior of the specimens was evaluated visually and by spectral mea-
surements from 2600 to 200 nm. None of the specimens exhibited any visual signs of
weathering when examined with the naked eye or under a microscope at 100-800 X. A
very slight change in the optical propertles of the specimens could be detected in the
four-week exposure specimens, as shown in Fig. 4. This change is at least an order of
magnitude less than that observed in float glasses under similar conditions. The degree
of change increases with decreasing wavelengths as would be expected for a loss due to a
very slight increase in surface roughness. These observations indicate that this glass is
an excellent material for use in conditions that requlre exposure, to severe weathering
environments.

.The effect of pH on the chemical duréability of CGW-7809 glass was determined ut
80° C. 3pevimens were placed in 250 em” of solution nf the desired pH and held fur seven
days. Acid solutions were obtained using hydrochloric acid. Basic solutions were obtain-
ed by varying the concentration of sodium hydroxide. The specimens were weighed on an
analytical balance to +0.0001 g before and after exposure2 Weight losses were normal-
ized to the specimen area, which was approximately 10 em* in every case.

The effect of pH on the weight of CGW-7809 glass for one-week exposures is shown in
Fig. 5. This glass exhibited excellent durability for pII values less than 1U, with a rapid
decrease’ in durability for higher pH solutions. This behavior is typical of most common
silicate glasses, including float and sheet glasses and even vitreous siliea. 'I'he specimen
held at pH = 13.8 was the only specimen to exhihit detectable changes in oplicul proper-
ties. That specimen was distinetly frosted and had a considerably decreased solar
transmittance. :

SOLARIZATION

The residual iron concentration in s gar glassgfs, although low, is still sufficiently large
that a change in the redox state (Fe”" to Fe“" ratio) could have significant effects on
the solar-weighted transmittance of these glasses. The existence of such changes in both
field-exposed and simulator-exposed samples of potential solar glasses has recently been
shown [2]. Such photo-induced redox reactions are believed to be sensitive to minor
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changes in glass composition and melting atmosphere [3,4. Consequently, -we have
employed a solar simulator to sereen samples for solarization tendencies.

The simulator is an Oriel Model 6730 solar simulator with a 1000 W ozone-free lamp, a
2" x 2" output beam assembly, and an air mass 2 (A.M.2) filter. A radiant flux meter and
narrow band interference filters were used to measure the spectral irradiance of the
simulator over the wavelength region 300-850 nm. The measured irradiance was in good
agreement with an A.M.2 spectrum, had an intensity of approximately 10 suns
(7.5 kW/m*) and remained constant over the course of the experiment (500 hours). Sam-
ples were placed in direct contact with a water-cooled copper plate to minimize sample
heating. A Cary 171 spectrophotometer was used to measure the transmittance of the
samples after 0, 250, and 500 hours.

The transmittance spectra of CGW-7809 glass after 0 and 500 hours of exposure to the
simulator is shown in Fig. 6, as is the difference spectrum (spectrum after 0 hours minus
spectrum after 500 hours). The spectra clearly show that any photo-induced change in
optical density (O.D.) was less than 0.001; i.e., the samples did not Sé)lar.ize. Similar
measurements on other potent1a1 solar glasses having a hlgher initial Fe“" absorption ex-
hibited solar-induced decreases in the O.D. at 1000 nm ranging from 0.002-0.01.

MECHANICAL PROPERTIES

The fracture toughness, K; , of the CGW-7809 glass was found to be 0.86 +0.04 MPa ym
versus 0.76 +0.03 MPa ym or soda-lime float glass. The higher fracture toughness of
this glass should give it an advantage in resisting hail impact and should provide more
latitude in the handling of the glass, especially for thin sheets. The fracture toughness
measurements were done with short bar specimens which measured 12.7 x 11.05 x
19.05 mm and are equivalent in mechanical behavior to the short rod specimens described
by Barker [5]. A 0.38 mm V-shaped slot was cut in each specimen so that it could be
loaded with a TerraTek Model 4201 fractometer, which cleaves the sample in a con-
trolled manner. The measurements were done in dry mtrogen at 22°C as well as at 35%
relative humidity and 22°C to insure that stress corrosion was not affecting the Kic
measurement.

The short bar specimens and the fractometer were also used to make measurements of
the slow crack growth in soda-lime glass and CGW-7809 solar glass, as shown in Fig. 7.
The slow crack growth data were analyzed using a method developed by Barker [6]. The
data of Weiderhorn [7] at 30% relative humidity and room temperature for soda-lime
glass is in good agreement with our soda-lime data. It is seen, however, that the
CGW-7809 data do not show region I behavior—the steeply sloping linear region at low
stress intensity seen for soda-lime glass in the figure—at the stress-intensities used in
this study. It is expected, however, that the regionI stress corrosion behavior of the
CGW-7809 glass would be superior, since its weathering resistance was found to be supe-
rior. Slow crack growth data is especially important in concentrating mirror applications
where the glass is elastically formed into the desired profile. Tensile stresses on the or-
der of 5-10 MPa may exist in the glass for tens of years in this application. Further work
will be needed to measure the region I behavior of the 7809 glass.

CONCLUSIONS

A new sheet glass for solar energy applications has been developed and manufacthred in a
pilot-scale experiment. The optical flatness of this sheet promises to be equivalent to
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that of float glass, while the solar absorption of the glass is much lower than for float
glass. Changes in solar optical absorption due to weathering and solarization were found
to be negligible. The fracture toughness of the glass was found to be greater than for

float glass.
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