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Abstract

This report summarizes the results of a study to develop and evaluate low temperature glass sealing
technologies for photovoltaic applications. This work was done as part of Cooperative Research
and Development Agreement (CRADA) No. SC95/01408. The sealing technologies evaluated
included low melting temperature glass frits and solders. Because the glass frit joining required a
material with a melting temperature that exceeded the allowable temperature for the active elements
on the photovoltaic panels a localized heating scheme was required for sealing the perimeter of the
glass panels. Thermal and stress modeling were conducted to identify the feasibility of this
approach and to test strategies designed to minimize heating of the glass panel away from its
perimeter. Hardware to locally heat the glass panels during glass frit joining was designed, _
fabricated, and successfully tested. The same hardware could be used to seal the glass panels using
the low temperature solders. Solder adhesion to the glass required metal coating of the glass. The
adhesion strength of the solder was dependent on the surface finish of the glass. Strategies for
improving the polyisobutylene (PIB) adhesive currently being used to seal the panels and the use
of Parylene coatings as a protective sealant deposited on the photovoltaic elements were also
investigated. Starting points for further work are included.
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Objectives

The overall objective of this Cooperative Research and Development Agreement (CRADA) was to develop
an improved joining technology for photovoltaic modules in order to ultimately enhance and accelerate
product penetration in the marketplace.

The specific technological objectives were:

1. Optimize the solder bonding technology for joining plate glass for photovoltaic modules;

2. Identify alternative bonding technologies;

3. Transform science solutions into manufacturing practice.

Background

Golden Photon, Inc. (GPI) has demonstrated the field use of CdTe-based Photovoltaic modules.
The primary advantages of the technology are 1) the simplicity, and therefore low-cost of the
processing equipment; 2) the forgiving nature of the active semiconductor materials (CdS and
CdTe); and 3) the resulting low processing costs. A typical panel is shown in Fig. 1.

The primary obstacle to obtaining the desired field life of 20 years or greater, is that the active
semiconductor material in unencapsulated modules degrades with time in the presence of excessive
humidity. Expected field life is therefore directly related to the permeability of water into the
module through the edge seal. The total measured permeability for the current design is
characterized by exposure to 85°C, 85% RH for extended periods. The total weight of water per
year per lineal foot of edges is the figure of merit. The present value is 0.56-0.73 g of water per
year per lineal foot of edge.! To increase the life of the module in the field, to improve the
confidence of the lifetime prediction, and to reduce or eliminate the desiccant that is presently used
to reduce the moisture content of the module, a significant reduction in permeability of the module
is required. The goal of the project was a 100-fold reduction of water permeability per year per
lineal foot of edge at 85°C, 85% RH. The resulting module must also pass “Recommended Practice
for Qualification of Photovoltaic Modules,” prepared by IEEE Standards Coordinating Committee
21, Photovoltaics. This includes thermal cychng (dry and humidity-freeze), hail impact tests, twist
tests flexion tests, and various loadm tests.”

(@) (b)

Fig. 1. Golden Photon solar panel with aluminum frame. The dimensions are 24”x24”. The
design is from the early stages of the project and is sealed with a polyisobutylene (PIB) adhesive.
(a) Front of panel (b) Rear of panel. Loose desiccant, which is beige, is present on the right side
of the panel.
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Whatever sealing materials or techniques are used, they must be compatible with the soda lime
glass front and rear panels, the aluminum frame around the panels, and the various photovoltaic
materials (Ni-Cr, carbon, CdTe, CdS). The sealing technology should allow the elimination of the
desiccant, ease of assembly, and a fifteen-twenty year life span in a hot and humid environment
(extrapolated from an 85°F, 85% RH test environment).

A small initiative began in the summer of 1994 demonstrated that glass could be bonded with a low
temperature solder using existing Sandia technology. Once the CRADA was in place, a meeting
was held at Golden Photon (March 22, 1996) to brainstorm and identify alternative sealing
technologies. The main constraint on the sealing technology is that at 0.5” (approx.) from the edge
of the glass panel the temperature cannot exceed ~250°C because of the presence of a graphite
coating on the CdTe layer. There is approximately 10 mil (250 um) clearance between the glass
panels. This space is needed to accommodate the active elements and a crimped bus bar.

When the project began, the moisture problem was being minimized by including loose desiccant
between glass panels that were sealed by Polyisobutylene (PIB). During the project with Golden
Photon, the loose desiccant was replaced by a desiccant canister that was attached to the back glass
panel. Access for the desiccant was through a 5/16” hole.

Approach

The first task was to propose and evaluate ideas for providing a controlled environment for the CdTe and
CdS films on Golden Photon’s photovoltaic panels. Ideas included providing a hermetic seal between the
two glass plates by improving Golden Photon’s existing technology (polyisobutylene (PIB) adhesive),
implementing new sealing technology, replacing the back glass plate with a metal foil that would be
hermetically bonded to the front glass plate, and coating the active elements with a transparent coating in
conjunction with the existing sealing technology. After our initial evaluations, we pursued two approaches
to reducing the exposure of the active elements to moisture. One was to hermetically bond glass plates
together at low temperatures and the other was to use a polymer coating to cover the active elements. Both
of the bonding approaches required that the giass temperature not exceed ~250°C at 0.5 inches in from the
edge of a 24”x24” panel. The first bonding approach used a low temperature glass frit in conjunction with
localized heating to prevent the glass from exceeding the critical temperature away from the joint. The
second bonding approach utilized a low temperature solder (T, ~210°C) on metal-coated glass. In support
of these approaches we used thermal transport and stress simulation codes to determine what processing
parameters, geometries, and sizes would allow us to stay within the desired temperature range of ~250°C.
Hardware that will allow localized heating of the glass frit and the low temperature solder was designed,
manufactured, and tested. Hermeticity testing of the sealed panels was not completed. Each area of the
study is summarized in the remainder of the report starting with the thermal and stress modeling, followed
by the evaluation of the glass, solder and organic bonding, materials, and finishing with a description of
the hardware used for localized heating of the glass panels. Further details about some of these studies can
be found in the Appendices.

Thermal Modeling

Details of the thermal modeling effort can be found in two memos that are Appendices A and B of this
report. A schematic of the geometry of the panel sealing arrangement that was used for the modeling is
shown in Fig. 2.

The thermal response of the part for localized heating was modeled as a function of different heating rates
(25 and 50°C/min) and hold times (0, 2 and 5 min) at the melting temperature for a fixed glass frit melting
temperature of 430°C (See APPENDIX A). For these cases, thermal energy was supplied to the periphery
(all four sides) of the glass panel. Results indicate that the maximum temperature would be exceeded in
the critical area with traditional glass frits that melt in the range of 430°C. One solution for this would be
to increase the distance between the edge of the glass panel and where the active elements are located from
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0.5 to 1.0 inches. This solution was resisted by the manufacturer because of the loss of element area and
the resulting loss in power output.

Lower Glass Panel

Sealing Glass 7 Upper/ Glass Panel
/

ZAluminum Heaters L Active Elements\ Maranite Chucks

Fig. 2. Schematic of the panel sealing arrangement.

The thermal analysis for 67x6” plates and 247x24” glass plates predicted similar results.

The situation in which parallel sides of the plate were heated sequentially was also modeled to determine if
this reduced the absolute temperature in the glass and the thermal gradient (See APPENDIX B). This
modeling was done for a glass frit with a melting temperature of 350°C. The staggered heating with a hold
time of 0, 0.5 or 2P (where P=ramp-up, dwell, and cool-down) between when the first and second set of
heaters are turned on produced substantial decreases in the maximum temperature achieved in the corner of
the glass panels, 0.5 inches from each edge as shown in Table 1.

Table 1. Temperature of the glass panel, 0.5 inches from each edge, under different processing
conditions.

Dwell Time 25°C/min, 25°C/min, 50°C/min, 50°C/min,
OP Hold 0.5P Hold OP Hold 0.5P Hold

0 min 274°C 211°C 244°C 163°C

2 min 290°C 223°C 271°C 203°C

S min 306°C 241°C 297°C 227°C

For example, this modification produced a 63°C reduction in the temperature for a heating rate of
25°C/min, a dwell time of O min and a hold of 0.5 P. There were no advantages to using a hold time
greater than 0.5 P, and this would only increase the total production time.

Results were compared to actual temperature profiles measured using thermocouples at various positions
on the glass plates.

Stress Modeling .
Details of the stress analysis can be found in a memo that is included in the APPENDIX C of this report.
Using the output from the thermal modeling, the position and magnitude of the maximum tensile stress.due
to thermal gradients were modeled assuming that the glass was elastic. The maximum tensile stress of
~39.8 MPa (5800 psi) is located in the region of the highest thermal gradient when a glass frit melting
temperature of 430°C was used. The highest stress occurs when the temperature at the corner of the glass
panel is 369°C. Although this stress exceeds the strength that is usually used as the design stress for glass,
the stress is transient, and therefore may not produce cracking in the manner that it would under sustained
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loading when subcritical crack growth can occur. It is also worth noting that the maximum stress occurs
in a region away from the edge of the glass plate. This is beneficial because the worst flaws are usually
located at the edges of the plate where cutting damage occurs. If the maximum stress were located in this
region, cracking would be more likely. The stress analysis for 6°x6” plates and 24”x24” plates produced
similar results in terms of the magnitude and position of the maximum tensile stress.

Glass Frit Joining

Our initial efforts were with a Plasmaco glass frit with a melting temperature of 430°C.” Based on the
initial thermal modeling results we chose to evaluate glass frits with lower melting temperatures than those
available using traditional glass frits.> A developmental frit that has a good thermal expansion match with
Corning 7059 glass was provided by Johnson Matthey. It is composed of compounds of lead, zinc,
copper and manganese. The glass frit is applied as a slurry to the glass and then put under a heat lamp to
remove the volatiles. It is then heated to 140°C to remove the organic binder. TGA/DTA results indicate
that binder burnout is complete by 140°C. Its melting temperature was specified as 350°C but it appeared to
melt at 330°C during initial tests. It produced a bubble-free joint at the specified melting temperature using
conventional oven heating of 1”x1” coupons. At higher temperatures (380°C), there appeared to be some
degradation of the glass, with the frit becoming less viscous.

The melting of the glass frit also appeared to be sensitive to the heating rate. It appeared to crystallize
during heat-up at a ramp rate of 5°C/min. This crystallization behavior appears to cause it to set until much
higher temperatures are reached (>400°C). These temperatures are unsuitable in terms of keeping the glass
away from the edges at temperatures below ~250°C. When a ramp rate of ~50°C/min was used for 6°x6”
no crystallization was observed and the glass melted at temperatures in the range of 320-330°C. Quick
thermal excursions through temperature ranges where crystal phases nucleate and grow should limit or
prevent crystal growth. The glass also contracts significantly during melting, drawing in glass from the
surrounding regions, and in some cases causing a columnar structure to form that may be detrimental in
terms of the hermeticity. There appear to be several phases in the glass. Some of these may simply be
fillers to control the coefficient of thermal expansion (CTE).

The glass frit was successfully melted and used to bond two 6”°x6” pieces of float glass together using the
hardware built to produce localized heating. All four heaters were energized. The glass melted and flowed
slightly out of the joint in some regions when the heater elements set-point was approximately 385°C. The
glass in the corner (1/2 each from each edge) reached a maximum temperature of 257°C at a time of 700
seconds, 200 seconds after the glass melted. There were small cracks along the edge of one of the glass
plates and perpendicular to that edge as shown in Fig. 3. These cracks most likely formed during cooling.
This problem might be eliminated by tuning the heating and cooling profiles. Active cooling may help
reduce the corner temperatures and would also provide the added benefit of speeding up the process.
Cracking can also be minimized by ensuring that the edges of the glass plate are relatively flaw free. This
can be achieved by careful machining and subsequent finishing and annealing.

* Schott Glass frit from Plasmaco that replaces Schott GO17-334. It has a high PbO content and a density of 4.8
glcc. Assumed to be ~60% PbO, 40% SiO,.

T IM8400-045 Sealing Glass Paste, Lot 042363. Johnson Matthey Electronics, 10080 Willow Creek Rd., San
Diego, CA 92131. (619 566-9510).
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Fig. 3. Photograph of the 6”x6” glass panels bonded with Johnson Matthey glass frit (T, ~325°C) in
which the heater set-point was ~400°C. The horizontal lines are ink lines drawn to dlstlngulsh the top plate
of glass from the bottom plate in case of catastrophic fracture during processing.

Solder Joining

Initial tests indicated that soda-lime-silicate glass could be wetted with 63Sn-37Pb (T, =183°C), 60Sn-
40Pb (T, =183-188°C), and 80In-15Pb-5Ag (T, —148 149°C) solders after sputter coating the glass with
0.15 pum \Cr - 0.15 pm Pd - 2.5 um Au, respectlvely > Sessile drop tests conducted without flux in
nitrogen and vacuum at 205-210°C indicated that the SnPb solder gave the best wetting results. A fluxless
solder is desirable because the absence of chemical flux residues in the panel after soldering eliminates
potential long term corrosion problems. Some fluxes are more of a problem than others.

Glass-solder-glass lap joints were made and used for microstructural analysis. Tests were also done in
helium to determine the feasibility of processing the joint in an atmosphere that was inert and could be used
to detect seal leaks after soldering. Lap shear specimens were made from stainless steel soldered to the
coated glass. (The strength of the steel-glass bond was of interest initially because in the original design
there was a stainless steel spacer between the two glass panels. This was subsequently eliminated.) The
average shear strength for seven specimens was 11 MPa (1600 psi). The strength ranged from 7.6-14.7
MPa.” The stronger joints appeared to have more solder adhering to the glass. Weaker joints tended to
show a web-like coverage of the glass by the solder.

Scanning electron microscopy examinations of cross sectioned glass-to-glass joints showed good coverage
of the glass by the solder. The solder itself appears to be somewhat inhomogeneous with three major

phases identified by Energy Dispersive Spectroscopy (EDS). There is a Pb-rich phase, a plate-like Sn-Au
intermetallic phase and a Sn-rich phase. There appears to be some segregation of the Pb-rich phase in the .
middle of the joint and segregation of the Sn-Au intermetallic in layers. This segregation may contribute to
weakening of the joint. There was some evidence to suggest that failure of the joint occurs along the
segregated layers. We believe that the presence of significant amounts of the Sn-Au intermetallic was due  «
to too thick a Au coating on the glass metallization. We used 2.5 lum for initial attempts but used 1 pm for
our next set of specimens. A reduction in the amount of gold would reduce the amount of the Sn-Au
intermetallic phase with a corresponding increase in the strength of the Jomt Results, although limited,
indicated that thinner Au coating was better. There was less intermetallic in the joint.
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The gold coating option was not pursued further because our focus shifted to soldering to glass coated
using Golden Photon’s current process. They use a 26Ni-74Cr coating that is 75-100A thick. It is
deposited on the edge deleted surface on the perimeter of the glass panel in a vacuum furnace.
Subsequently a 1 pm thick layer of Sn is deposited on top of the Ni-Cr layer.

Ni-Cr coated glass coupons were tested to determine whether the existing coating was conducive to
soldering. The low temperature solders wet the coating well both for as-received and edge-deleted glass.
Bonded coupons were produced that appeared to have good integrity, although the solder may not have

. adhered in all locations due to the roughness of the glass surface. The smooth surfaces seemed to have
~70-80% coverage whereas the rough surfaces had ~5-30% coverage when a flux was used with the
solder. On the smooth surfaces without a flux, using an inert atmosphere, the coverage was ~100%.
Three different coating thicknesses of Ni-Cr were evaluated (100, 1000 and 10,000A), using coatings
produced in Sandia’s Thin Film and Brazing Lab. There was no evidence of the dewetting or dissolution
that we had initially observed. This may be because the initial samples were produced using Golden
Photon’s existing process and the surface coverage on these coupons may not have been complete.

Shear strengths were measured for different surface preparations (rough vs. smooth), different glass
coating thicknesses, and different soldering conditions at a test rate of 0.01 mm/s. The results are shown

in Table 2.

Table 2. Lap shear strength of soldered glass to glass joints.

Soldered Test Sample Smooth/Smooth Smooth/Rough Comments
L Strength (psi) Strength (psi) _

AuwNYVSteel-to Cr/Pd/2.5 | 1580 £400 210°C/N,

um Au/Glass No Flux

Glass-Au/Ni/Steel-Glass | 2200 210°C/He

(Cr/Pd/1.0 pm Au) No flux

Glass-Glass 2400 210°C/He

(Cr/Pd/1.0 um Au) _ No flux

Glass-Glass 1675180 220°C/R-flux

(GP-NiCr/Sn Baseline) | (~50% bonded) N, Cover _

Glass-Glass 300 220°C/R-flux

(GP-NiCr/Sn Baseline) (~20% bonded) N, Cover

Glass-Glass . 333585 21394561 220°C/R-flux

(SNL-NiCr/Sn: 100 A/ N, Cover

1.5 pm) - _

Glass-Glass . | 33421404 18274218 220°C/R-flux

(SNL-NiCr/Sn: 1,000 A N, Cover

/1.5 pm) _

Glass-Glass 3031%531 1309+579 220°C/r-flux

(SNL-NiCr/Sn: 10,000 A N, Cover

/1.5 um)

Glass-Glass . 2690 690 220°C/R-flux

(SNL-NiCr/Sn: 100 A (~90% bonded) (~50% bonded) Air

/1.5 um)

Test samples were processed with a nitrogen inerted table-top reflow machine, using a reflow profile of
220°C peak topside temperature and a four minute processing time (from room temperature to final peak

¢ ‘ temperature soak). A rosin-based flux was lightly applied to the 60Sn-40Pb (wt. %) solder preforms
before soldering to accommodate the partially inert conditions of the process. The samples were uniformly
heated in this arrangement. The shear strengths of solder joints for smooth-to-smooth surfaces were in the
range of 3000-3300 psi, with failures primarily in the glass pieces. The smooth-to-rough joints were in the
range of 1300-2100 psi and generally failed between the glass and solder interface on the “rough” side of
the joint. The lower strength of the solder bond on the rough (edge-deleted) surface was probably due to
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the removal of the SnO, film during the edge-delete operation and an uneven NiCr/Sn coating thickness,
resulting from the rough profile of the edge-delete surface. SnO, is normally deposited on the glass to
promote adhesion of subsequent "active" layers. The oxide film was removed during the edge delete
process, prior to deposition of the NiCr and Sn coatings. Its absence could reduce the overall adhesion of
the succeeding films. It is also likely that the edge-delete machining process introduced surface flaws that
further contributed to the reduced joint strengths. A mask could be put down to protect the SnO, and Ni/Cr
coatings during subsequent coatings processes (CdS, CdTe, graphite, etc.). ’

The SnO, effect on bond strength was investigated during the next round of testing at Sandia. Individual
1”x1” NiCr/Sn coated glass coupons, without SnO, between the NiCr and glass, were fabricated. Shear
test specimens were soldered using the processing and test conditions used to evaluate the SnO, coated
glass substrates with 100 A NiCr and 1.5 um Sn. The resulting smooth/smooth shear strengths were 2860
psi 278, comparable to the SnO, coated samples. The lower strengths of the roughened samples appear
to be caused more by the induced surface flaws and uneven coating of the NiCr and Sn layers.

Another important investigation was to determine the soldering requirements for scaling up to the 6"x 6"
test configuration. Four test plates were directly metallized with 100 A NiCr and 1.5 um Sn around their
outer 0.5” perimeter. Prototype soldering with the resistance heating device described in the “Hardware”
section (see below) was planned. The project ended before these experiments could be conducted.

Polyisobutylene (PIB) Adhesive improvements

Polyisobutylene (PIB)* adhesive is the sealing technology that was being used at Golden Photon during
the duration of this project. When the front and back glass plates are pressed together the PIB is at 125°F
and the glass is at room temperature. There is an applied pressure of 10 psi on a 1”” band around the plates.
The only cleaning prior to the PIB application is to vacuum off any ground glass from the edge delete
surface of the front glass panel on which the active elements are deposited. Several suggestions were made
for improving the level of performance of the PIB sealing technology (APPENDIX D). Many of these
suggestions related to the surface preparation of the glass prior to the application of the PIB. The PIB
contains glass beads that could serve as leakage paths between the PIB and the glass beads. The use of a
coupling agent should improve the bonding between the PIB and the glass plate if it is not already
incorporated in the adhesive. Information about the coupling agent, as well as the actual glass bead loading
of the adhesive, were proprietary. One way to minimize leakage paths due to the presence of the glass
beads would be to use PIB-3, which contains no beads. Other butyl compounds that can match PIB’s
moisture permeability may offer better wet-out and adhesion to the glass. One example is polyvinyl
butyral, which is used extensively in glazing applications. Urethanes, which initially have higher moisture
permeability, but then couple with water molecules over time, may retard permeability.

Parylene Coatings

The use of Parylene® coatings as a transparent sealant deposited on the photovoltaic elements was
proposed for evaluation late in the project. Parylene is a vapor-depositable polymer that can be deposited
under roughing pump pressures with the substrates at room temperature. The basic member of the
Parylene family, Parylene N, is poly-para-xylylene, a completely linear, highly crystalline material.
Parylene provides a conformal coating due to the vapor phase deposition, and can be formed as continuous
coatings with thicknesses from submicron to tens of microns. Six test panels (~2”x2”) with active
elements were coated with Parylene N and Parylene D. Parylene N and Parylene D have moisture vapor
transmissions at 90% RH, 37°C of 1.5 and 0.25 g-mil/100 in’-day) respectively. Test panels were sent to
Golden Photon in Aug. 1997 for testing in the 1000 hr test at 85°C in 85% RH. The intention was to test
them for their I-V output and then compare the values to uncoated panels. Testing was not completed *
because of the closure of Golden Photon’s facilities.

# ADCO’s PIB-7 that contains 0.010” diameter glass beads.
* Parylene Conformal Coatings, Specialty Coating Systems, Union Carbide Corp, 5707 W. Minnesota St.,
Indianapolis, IN 46241.
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Hardware

Various options for locally heating the glass on the perimeter of the panel were evaluated including lasers,
high intensity lamps, induction heating, and microwave heating. Lasers had been investigated at Sandia for
sealing flat panel displays.®®'® We decided to pursue heating with a device with embedded heating
elements, similar in design, but simpler, than equipment constructed for the National Center for Advanced
Information Components Manufacturing (NCAICM) Project.

We designed, built, and tested hardware that allowed heat to be applied in a very localized region around
the perimeter of two 6”x6” plates of glass. The chuck was constructed of Maranite thermally insulating
block, 17.78 cm (7 inches) on a side and 1.27 cm (0.5 inches) thick. Thermal energy is supplied to the
two stacked glass panels via an aluminum electrical resistance heating element embedded in the Maranite.
Drawings of the chuck are provided in APPENDIX E. The hardware can be used for bonding with glass
frits, where localized heating is a necessity because the frit melting temperature (T, ~350°C) is higher than
the critical temperature of ~250°C, and for bonding with low temperature solders where the temperature of
the glass is not critical because the solder melting temperature is well below 250°C. Both glass plates are
heated using heating elements on the top and the bottom of the heating fixture. The hardware was also
constructed such that heating of alternate pairs of sides was possible.

Initial tests were used to measure the temperature profile in the glass without the glass frit. The heating rate
was ~35°C/min to 220°C. Temperature vs. time was monitored for the nine thermocouples in the interior of
the glass plate and for one on the edge of the glass plate for different heater element setpoints (250°C,
350°C, 400°C). There was a temperature lag between the elements and the edge thermocouple of ~ 80°C.
Therefore with a set-point of 350°C, the edge is hot enough to melt the low temperature solder, and at a
set-point of 400°C, the edge is just hot enough to melt the low-melting glass frit from Johnson-Matthey
(T,~325-350°C).

In one test the glass fractured catastrophically. The fracture origin was in the region approximately 1.5” in
from the edge, where FEA had predicted high stress. Examination of the glass fracture surface indicated
that the failure stress was approximately 4100 psi, consistent with Ed’s stress predictions. An applied
weight and centering pins may have contributed to the problem because of the constraint they provided
when the glass was expanding during heating. They were eliminated for future runs and subsequent tests
were conducted without catastrophic glass fracture.

For a run in which the Johnson Matthey frit melted and bonded the two glass panels, the approximate
positions of the nine thermocouples and their temperatures are shown in Fig. 4. The heater setpoint was
400°C and the temperature at the edge of the glass was 318°C, very close to the temperature where melting
occurs for the Johnson Matthey frit.
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Fig. 4. Position (*) of nine thermocouples used to monitor the glass temperature and the thermocouple
used to monitor the temperature at the edge of the glass.

Summary

Two different glass sealing technologies have been evaluated for bonding glass panels for solar panel
applications. One utilizes low temperature solders to bond the glass after it has been coated with thin metal
coatings and the other utilizes low melting glass frits. Thermal modeling and stress modeling indicated
that a localized heating approach could be used to achieve a high enough temperature to melt the glass frit
or solder without allowing the glass 0.5” from the edge to exceed the maximum temperature limit
(~250°C) of the active elements bonded to the glass. A staggered heating approach in which the four
heating elements on the perimeter were heated as parallel pairs with a delay time in between when the first
and second set of elements were turned on indicated that the maximum temperature in the corner of the
glass panels could be reduced even further. Tensile stresses on the order of 39 MPa (7800 psi) were
modeled for the predicted thermal gradients in the glass. Although this stress level is high, it is a transient
stress and occurs in a region away from the edge of the glass where the glass is expected to be weakest.
An active cooling approach might minimize the thermal gradients that lead to these stresses and would also
reduce the processing time. Hardware was constructed that allows localized heating of the glass. Trials in
which a glass frit with a melting temperature of ~325°C was used were successful in bonding the glass .
together without exceeding the 250°C temperature limit. Some cracking of the edge of the glass was
observed but this could be minimized by finishing the edges of the glass to reduce the damage in the cut
edge and thereby increase the strength of the glass. Cracking could also be eliminated by tuning the heating
and cooling schedules.
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Starting Points for Future Work

Optimize bonding with glass frit by tuning the heating and cooling profiles of the localized heating
hardware.

Explore the use of active cooling in the center of the plate to maintain the glass temperature below
250°C and to reduce the thermal gradients during cooling.

Change the configuration of the heaters in the corner to reduce the temperature and temperature
gradient in the glass adjacent to the corners.

Screen print the glass frit (or solder alloy) onto the plate glass to achieve reproducible and uniform
thickness.

Optimize bonding with low temperature solder and Ni-Cr coated glass.
Test hermeticity of glass frit and solder bonds.

Heat 6”x6” panels with CdTe and CdS coatings in the localized heating hardware and check
afterwards whether efficiency has been lost.

Conduct stress modeling to determine what stresses the joints and glass see in service.

Outstanding Issues

Alternatives to measuring the weight gain of the desiccant as the quantifier of permeability need to
be identified."’

The effects of the edge deletion process on both coating for soldering and how the process may
introduce mechanical flaws that contribute to glass breakage during heating and cooling need to be
understood.

Environmental Protection Agency issues relating to the solder and glass frit bonding materials.

The temperature and time that can be sustained by the active elements depends on the environment
during bonding (it ranges from 250°C for 10 min in inert atmosphere to 150°C for 1 hr in air).

The space available between edge of plate and the active elements may be critical. If this
was larger than the current value of ~0.5”, our ability to stay below the critical temperature
would be enhanced.
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fl‘l Sandia National Laboratories

Operated for the U.S. Department of Energy by
Sandia Corporation

Albuquergue, New Mexico 87185-

date: May 17, 1996

w:  S. J. Glass, MS 0333, Org. 1845
#om:  §. E. Gianoulakis and T, E. Voth, MS 0835, Org_ 913~

subject:  Thermal Analysis of a Solar Panel Sealing Process for the Golden Photon CRADA.

Introduction:

A thermal analysis has been performed to evaluate a solar panel sealing process in support of the
Golden Photon CRADA. In the process investigated, a sealing glass is sandwiched between two
rectangular glass panels (solar panels). The panels are heated on their periphery in order to melt
the sealing glass, making a hermetic seal. The impetus for this study was concern that the sealing
process may overheat and degrade the active elements which are deposited on one of the glass
panels. Results indicate that, for realistic heating rates, and employing a sealing glass with a
melting temperature of 430 °C, peak active element temperatures exceed 250 °C.

Process Description:

A thermal analysis has been performed for the solar panel and heater chuck arrangement shown
schematically in Figure 1. The preliminary chuck design consists of a square Maranite thermally
insulating block, 17.78 cm (7 inches) on a side and 1.27 cm (0.5 inches) thick. Thermal energy
is supplied to the glass panels via an aluminum electrical resistance heating element embedded
in the maranite. Together, the maranite insulating block and aluminum heater make up the chuck.
The square glass panels considered in this study were 15.24 cm (6 inches) on a side and 0.3175
cm (0.125 inches) thick. The square heating element was 0.95 cm (0.375 inches) on a side and
was located directly under the edge of the glass panel as shown in Figure 1. The chucks
peripherally heat the glass panels and melt the sealing glass to form a hermetic joint. The sealing
glass (Plasmaco frit) melts at a temperature of approximately 430 °C, which is substantially lower
than the substrate glass (float glass) melting temperature. Active elements, which begin 12.7 mm
. (0.5 inches) in from the glass panel edge, must not exceed 250 °C for a period of longer than 10
minutes when processed in an inert environment, and 200 °C for 10 minutes in a 1000 ppm O,

environment.

Analysis Description:

The finite element mesh of the chuck and glass panel assembly is shown in Figure 2. One-eighth
symmetry was uscd to minimize mesh size. The sealing glass was not modeled as it should not
significantly alter the substrate glass’s thermal response. The relevant temperature-dependent

Exceptional Service in the National Interest
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substrate glass and maranite thermophysical properties are given in Tables 1 and 2 respectively.
Aluminum thermophysical properties are assumed to be temperature-independent and are k = 177 W/

meK, ¢, = 875 J/kgeK and p = 2770 kg/m3. The effect of the active elements, which would be

incorporated in the actual upper glass panel, were ignored in this analysis (note that this provides a
conservative estimate of panel temperature since the added thermal mass of the elements will reduce ,
their maximum temperature slightly). Convective losses were assumed at all except symmetry
surfaces. Symmetry surfaces were assumed to be adiabatic (insulated). Electrical heating of the
aluminum strip was modeled by imposing the desired heater temperature history to the aluminum-
glass panel interface. Various heater temperature ramp rates and hold (“soak”) times were
investigated to determine their influence on glass panel temperature at various positions from the

periphery.

Analysis Results:

Ramp rates of 25 and 50 °C/min, and soak times of 0, 2 and 5 minutes were investigated to determine
their influence on glass panel thermal response. In all cases, a maximum heater temperature of 430
°C was employed. Of particular interest is the resulting maximum active element temperature
reached during the process. Since the active elements are not incorporated in the model, the
maximum active element temperature is assumed to occur in the comer, on the surface of the glass
panel where the elements would be attached in an actual assembly (see Figure 1). In the video
conference of April 10, 1996 with Golden Photon and Sandia, the maximum separation distance
between glass edge and active elements (the “dead-band”) was specified as 1.27 cm (0.5 inches).
Figure 3 shows the comer active element temperature histories for all ramp rate and soak time
combinations investigated. It is evident from the figure that none of the processing histories result in
maximum element temperatures less than 250 °C.

Figure 3 indicates that for realistic thermal processing parameters, maximum allowable active
element temperatures are generally exceeded for elements placed 1.27 cm in from the glass panel
edge. If, however, a wider dead-band is allowed, significant reductions in maximum active element
temperatures can be achieved. Figure 4 shows the active element comer edge temperature histories
for a dead-band of 25.4 cm (1 inch). The figure indicates that all cases (except the 25 °C/min, 5
minute soak case) result in maximum active element temperatures of less than 250 °C. Additionally,
both the 50 °C/min, 0 and 2 minute soak processes result in maximum temperatures near or below
200 °C. It is anticipated that since the wider dead-band allows for lower heating rates, and hence
reduced temperature gradients in the panel, thermally induced stresses (and hence cracking) can be
minimized. This difference in thermal gradients induced in the glass for low and high heating rates
is illustrated in Figure 5. Figures 5 (a) and (b) show the temperature distributions in the glass panel
for the 25 °C/min, 0 minute soak and the 50 °C/min, O minutes soak cases respectively. The results
of Figure 5 correspond to the time when the glass temperature 0.5 inches in from the periphery has
reached its peak value.

m

Conclusions: .

The effect of heater ramp rate and soak time on maximum active element temperature was
parametrically investigated for a peak heater temperature of 430 °C. The results indicated that, for
realistic thermal processing conditions, maximum allowable active element temperaturcs were
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exceeded when a 1.27 cm (0.5 inch) distance between panel edge and active clements was assumed.
However, if a 2.54 cm (1.0 inch) separation distance was allowed, all cases (except the 25 °C/min, 5
minute soak case) showed maximum active element temperatures remaining below 250 °C.

Another way to reduce the maximum active element temperature is to use a lower melting
temperature sealing glass. This would allow reduced heater ramp rates which would in turn result in
decreased glass panel thermal gradients. Reduced thermal gradients will, of course, reduce glass
panel thermal stresses (and glass cracking). Evaluation of lower melting temperature sealing glasses
is currently underway.

Copy to:

MS 1435 1800 H.

MS 0340 1831 F. M. Hosking
MS 1349 1846  W. Hammetter
MS 0549 2476 L. Kovacic

MS 0958 2484  P. G. Stromberg
MS 0841 9100 P.J. Hommert
MS 0828 9102  R.D. Skocypec (route to 9111, 9114, 9115)
MS 0833 9103 J. H. Bxfﬂe (route to 9112, 9113, 9116)
MS 0835 9113 ° T.
MS 0835 9113 S. E. Gianoulakis
MS 0835 9113 T.E.Voth

MS 0835 9113 Day File

MS 0443 9117 E.L. Hoffman
MS 0443 9117 H.S. Morgan




S. J. Glass -4- , May 17, 1996

Sealing Glass Upper Glass Panel Lower Glass Panel

/
/

/

/

\—‘ Maranite Chucks

Aluminum Heaters Active Elements

Figure 1 - Schematic of the panel sealing arrangement.
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Figure 2 - Finite element mesh employing one-eighth symmetry.
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Figure 3 - Active element corner edge temperature histories for a 1.27 cm (0.5 inch) dead-band.
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Figure 4 - Active element corner edge temperature histories for a 2.54 cm (1.0 inch) dead-band.
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Figure 5 - Temperature contours for the a) 25 °C/min and b) 50 °C/min, 0 minute soak cases at
times t = 1057 and 551 seconds respectively.

Table 1. Float Glass Temperature-Dependent Material Properties

Property 0°C 100 °C 300 °C 500 °C 700 °C 900 °C
Thermal Conductivity 1.34 1.34 1.65 2.14 2.55
(W/mK)
Specific Heat (I/kg+K) 711.76 879.23 1130.4 1236
Density (kg/m®) 2300.0 2300.0

Table 2. Maranite Temperature-Dependent Material Properties

Property 0°C 93 °C 177 °C 205 °C 316 °C 425 °C 600 °C
Thermal Conductivity 0.13 0.12 0.11 0.12 0.12
. (W/meK) .
Specific Heat (J/kg*K) 1046.6 1046.6 1255.9 13397 14234 1423.4
- Density (kg/m°>) 737.0 737.0
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Aug. 28, 1996 memo from J. M. Herlehy, 9113 to S.E. Gianoulakis, Golden Photon Analysis
Results.
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date:

to:

from:

subject:

) Sandia National Laboratories

Operated for the US Departmen_t of Energy by
Sandia Corporation

Albuquerque, New Mexico 87 185-XXXX

-August 28, 1996

Steven E. Gianoulakis, MS 0835, Org. 9113

Julie M. Herlehy, MS 0835,0rg. 9113 =
e o

Golden Photon Analysis Results

Problem Background:

Sandia National Laboratories has been examining techniques for sealing glass solar panels using
a Jow temperature frit glass. An active element is screen printed onto the inside surface of the
top glass panel. The active element absorbs the sun's energy and converts it into electricity. For

reliability purposes, the active element should not exceed 200° C during manufacturing of the
solar panel. However, the frit glass, which is in close proximity to the active element, melts at

350° C. Thus a problem is created. If the glass is heated at a fast rate, the heat may not diffuse
to the element. Nevertheless, this approach will cause a significant temperature gradient intro-
ducing severe thermal stresses in the glass, which may result in cracking. If the glass is heated
at a slow rate, the gradient will be minimized, yet, the active element will then most likely
exceed its allowable temperature.

A thermal analysis has been performed to evaluate a solar panel sealing process, simultaneous
heating of all four edges of the panel. The results of these simulations indicated that the temper-

ature of the active element could not be kept below 200° C while maintaining reasonable ther-
mal stresses in the glass.

This memo will discuss the results of additional simulations where two opposite edges were
heated then the remaining two edges were heated. The effort of these additional simulations was

aimed at determining whether or not the active element could be kept under 200° C and reason-
able thermal stresses in the glass maintained.

Analysis Description:

A series of thermal analyses was performed to evaluate the response of the glass panels to several
processing parameters. These parameters included 1) the heating rate, 2) the dwell time defined
as the length of time the heater stays at the maximum temperature, and 3) the holding time defined
as the length of time between heating one pair of sides and then the other pair. Table 1 lists the
ranges of tie processing parameters that were evaluated :

Exceptional Service in the National Interest
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Table 1: Parametric Variables

Heating Rate 25° C/min. & 50° C/min.

.Dwell Time 0 min., 2 min., & 5 min.

Hold Time 0 Period, 1/2 Period, 1 Period, 2 Periods
Results Description:

Both time-temperature traces and maximum temperatures have been examined. The locations on the
glass where the data was taken were 1/2", 1", and 3/2" in from the edge of the glass panel. These
locations correspond to the potential edges of the active element. The second viewgraph shows the
positions of these data points.

The results from the analyses have been plotted to determine the feasibility of joining the glass pan-
els using a low temperature frit glass. There are two sets of graphs, one set for 25° C/min ramp rate

and one set for 50° C/min ramp rate. These graphs show the effects of different hold times for 0, 2,
and 5 minute dwell times. When 0 period hold time was graphed, the data was extracted from 0.5”
in from the corner because it had the highest peak temperature when both heaters were simulta-
neously active. For the staggered heating, the data was extracted from 0.5” in from the left edge. It
had the highest peak temperature because it was preheated by the first heater before it was heated by
the second heater.

Conclusion:

There is a reduction in peak (maximum) temperatures when the heaters are staggered, as seen in the
third through the eigth viewgraph.. However, there is no improvement in increasing the time
between firing the second heater after the first heater. This indicates that there is no advantage of
using a hold time greater the 0.5 period. All it would do is increase the production time.The ninth

viewgraph shows the differences between hold times from 25° C/min ramp rate and for 50° C/min
ramp rate.

By comparing a fixed dwell time and a fixed hold time, it has been observed that using a higher
ramp rate results in a lower peak temperature. When comparing a fixed ramp rate and a fixed hold
time, it can be seen that using a longer dwell time results in a higher peak temperature.
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APPENDIX C )
July 22, 1996 memo from E. L. Hoffman to S. J. Glass, 1845, Structural Analysis of a Solar

Panel Sealing Process.
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Sandia National Laboratories
Albugquerque, New Mexico 87185

date: July 22, 1996
to: S.J. Glass, 1845

o

I

from: Edward L. Hoffmar—

subject: Structural Analysis of a Solar Panel Sealing Process

1 Introduction

This report presents the structural considerations of a process proposed for hermetically
sealing two 609.6 mm-square (24 inch-square) glass panels while maintaining temperatures
12.7 mm (0.5 inches) inward from the edge of the panels below 250 °C. The reason for the
temperature constraint is that one of the glass panels contains active solar elements which are
deposited over the surface, starting 12.7 mm from the edge of the panel, in an earlier process.
If heated above 250 °C, these active elements will degrade. The region of glass without active
element coating is known as the “dead-zone.” In the proposed process, a strip of sealing glass
is sandwiched in the dead-zone between two glass panels. The panels are then heated around
the periphery to melt the sealing glass, creating a hermetic seal. The proposed sealing glass
(Plasmaco frit) has a melting temperature of 430 °C, which is substantially lower than the
melting temperature of the glass panels (float glass). The challenge of the proposed process is
to heat the periphery of the glass panels to 430 °C and then cool it before the active element
region can reach 250 °C. Initially, 152.4 mm-square (6 inch-square) mock-ups of the solar
panel will be manufactured to determine the feasibility of this process and test the hermeticity
of the joints. Only the length and width of the glass panels are scaled. The glass thickness,
spacing and dead-zone width will be the same as the full-size unit. A thermal analysis was
performed to determine the heating rates and hold times required to achieve the process goal
[1]. Results of the thermal study indicated that, for realistic heating rates, peak active element
temperatures exceeded 250 °C. The thermal study concluded that the process goal could be
achieved if the dead-zone were widened to 25.4 mm (1 inch). Even if the dead-zone is
widened and the thermal requirements are met, the high thermal gradients resulting from this
operation will cause differential thermal expansion of the glass panels, producing stresses in
the float glass. This memo presents structural simulations of the sealing process which were
performed to determine if the proposed thermal process will produce stresses in the glass
panels which are greater than the tensile strength of float glass. Simulations were also
performed to determine if the 152.4 mm mock-up accurately represents the mechanical and
thermal response of a full-size unit. The structural calculations were performed using JAC3D
[2], utilizing the results of the thermal studies as input into the structural calculations.

Exceptional Service in the National Interest
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2 Model Description

The structural calculations presented in this memo consider only the glass panels which are
sealed together. Because the sealing glass is not considered in these calculations, the
development of residual stresses due to the differential thermal expansion between the glass
panels and the sealing glass is not simulated. Such residual stresses are expected to be much
smaller than the in-process stresses. For this reason, simulations of residual stress formation
will not be performed until manufacturability is proven.

The finite element model of the proposed glass panel sealing apparatus is shown in Figure 1.
The model shown is of a 152.4 mm-square glass panel which is 3.175 mm-thick. Utilizing the
three symmetry planes in the geometry, a one-eighth symmetry model was developed. The
entire glass/frit assembly is sandwiched between two heater chucks consisting of an
aluminum heating element and a Marinite insulating block. Though necessary for the thermal
simulations [1], the heating chuck was not required for the structural simulations but is shown
in Figure 1 to demonstrate the symmetry of the thermal boundary conditions. Hence, the
structural mode] consists only of a quarter of one of the glass panels.

The float glass mechanical properties are assumed to be temperature-independent, with an
elastic modulus E =70 GPa, Poisson’s ratio v=0.23, and thermal expansion coefficient
a=940x 107 °C’L. Symmetry boundary conditions were applied along the two through-
thickness planes of the glass. Symmetry boundary conditions were not placed on the third
symmetry plane as the two glass panels are separated by a small gap. The results of the
thermal simulations were entered as input into the structural simulations. Although the
thermal analyses investigated many heating rate and hold time combinations, the only
combination used in the structural simulation was the one which yielded the most favorable

glass panel 3 symmetry planes
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Figure 1. Finite element mode! of the 152.4 mm-square glass panel. The aluminum
heating element and Marinite insulating block are not included in the
structural simulations.
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thermal results, a 50 °C/min heating rate with a 0 min hold time. To heat from room
temperature (20 "C) to 430 °C and then back to room temperature at a rate of 50 “C/min
requires 984 seconds to complete.

3 Analysis Results

The structural performance of the glass panels is presented in terms of the maximum principal
stress, as maximum principal stress controls fracture in low fracture toughness materials such
as float glass. Although the maximum temperature is attained at 492 seconds, the maximum
thermal gradient occurs at a later time. Figure 2 is a plot of the temperature and maximum
principal stress distribution in the 152.4 mm glass panel at 571 seconds, the time at which the
largest maximum principal stress occurs. The maximum temperature occurs at the corner of
the panels. However, the maximum principal stress of 39.8 MPa occurs inside of the corner.

*369.1 °C
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Figure 2. Temperature and maximum principal stress distribution in the 152.4-mm glass
panel at 571 seconds, the time at which the largest maximum principal stress
occurs.
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Allowing for a safety factor, the allowable design stress for annealed soda-lime glass under
sustained loading for 1000 hours or more is 7 MPa. Glass exhibits a time-load effect. Hence, a
glass article breaks at a lower stress under prolonged loading than under momentary loading.
In practice, glass products with surface imperfections will exhibit a short-term strength of
nearly 70 MPa. Since the duration of the peak stresses due to the proposed sealing operation
are relatively short (~1 min), the glass panels may be capable of withstanding this momentary
extreme. However, since the factor of safety is small, the probability of fracture will be highly
dependent on the condition (i.e. surface condition, flaw distribution, etc.) of the glass panels.
The fact that the peak stress is not located near the cut edges of the glass will reduce the
likelyhood of failure.

Because the cool region of glass would be proportionately larger in a full-size solar panel than
in the 152.4 mm test specimen, concern was raised as to whether the 152.4 mm solar panel
accurately represented the thermal and mechanical response of the full-size unit. Since the
maximum stress occurred toward the center of the 152.4 mm unit, the maximum stress might
actually be smaller in a full-size unit because there would be a larger cool region to strain.
Hence, the same thermal and structural calculations were repeated for a full-size 609.6-mm-
square solar panel. All of the same assumptions and boundary conditions were applied to this
model. Figure 3 is a plot of the temperature and maximum principal stress distribution in the
609.6-mm glass panel at 571 seconds. Like the 152.4 mm unit simulation, this is the time at
which the largest maximum principal stress occurs. Local to the edges, the thermal response
appears to be the same as that predicted for the quarter-symmetry model, exhibiting the same
maximum temperature and temperature gradient. As expected, the larger cool region of glass
results in smaller stresses in the center of the plate. However, the maximum stresses in the
full-size unit are exactly the same as those predicted for the 152.4 mm panel. Hence, the
magnitude of the maximum stress is due to the temperature distribution at the. corner of the
glass panel. The glass is trying to expand uniformly along the outside edges but is constrained
from doing so by the cooler inner region of glass. On the sides of the panel, the expanding
glass is constrained in one direction (parallel to the edge). However, at the corner of the panel,
the expanding glass is constrained in two directions. The close comparison between the full-
size and 152.4 mm units is due to the fact that the temperature gradients in the corner of the
glass are exactly the same for these two models. Hence, for the proposed heating concept, the
152.4 mm mock-ups assembled for proof of concept accurately represent the mechanical and
thermal response of a full-size unit.

4 Conclusions

Finite element simulations of a proposed glass sealing process were performed to: (1)
determine the mechanical response of 152.4 mm solar panels manufactured for proof-of-
concept, and (2) determine if the 152.4 mm mock-up accurately represents the mechanical and
thermal response of a full-size unit. The simulations yielded nearly identical thermal and
mechanical results for both the full-size unit and the 152.4 mm mock-up, indicating that the
152.4 mm mock-ups accurately represent the mechanical and thermal response of a full-size
unit. The simulations revealed that the magnitude of the largest maximum principal stress is
the result of the large temperature gradient at the corners of the glass panel. In the corners of
the panels the expanding glass is constrained in two directions. The large temperature gradient
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in the corners (a product of the rapid heating rate) resulted in a predicted maximum stress of
over 39 MPa, much larger than the 7 MPa design stress usually used for float glass. However,
since the duration of the peak stresses due to the proposed sealing operation are relatively
short (~I min), the glass panecls may be capable of withstanding this momentary extreme.
These large stresses could be reduced by reducing the heating/cooling rate. However, this
would undoubtedly result in a thermal response which would not satisfy the process
requirements of maintaining temperatures below 250 °C in the active-clement region. Another
way to circumvent the high thermally-induced stresses inherent to this process is to
sequentially heat the parallel edges of the panel. This modification to the sealing process
would eliminate the high temperature gradients in the corners of the glass which produce the
large stresses. This modification to the sealing process will be investigated next.

*367.1°C
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Figure 3. Temperature and maximum principal stress distribution in the 609.6-mm glass
panel at 571 seconds, the time at which the largest maximum principal stress

occurs.
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Sandia National Laboratories
Albuquerque, New Mexico 87185-0367

date: September 24, 1996
to: S. Jill Glass, MS-0367, Dept. 1833

—

from: Paul M. Baca, MS-0367 (1833)
845-7133

We originally met in your office on 8/14/96 to discuss options in sealing the Golden
Photon photovoltaic collector. You showed me a test unit, and explained that two other
sealing methods were being researched here at Sandia. I have read correspondence
between Golden Photon and Sandia, have spoke to Scot Albright at GP, and have
contacted Various GP suppliers.

Performance goals include:

e 100 times less water absorption

e Materials compatibility with; soda lime glass, aluminum, various PV surfaces, (Ni-
Cr, Sn02, Cu, Cr-Pd-Au, etc.)

Possible elimination of an edge seal

Elimination of a desiccant

Ease of assembly

A 15 to 20 year life span

An 85 degree F, 85% RH operational environment

Scot says that the collector has undergone several iterations since he gave you the part
that you have in your office. As of July 1996, the stainless steel spacer will be removed,
a “U” shaped edge band will replace the aluminum extrusion, and a different desiccation
system will be added. Formerly, they used HB Fuller TL-0471 urethane as an edge
sealant. The new spacerless design will use Fuller’s UR-5127H urethane.

GP’s surface preparation and assembly follows these guidelines:

e Glass panes are cleaned with Alconox, water rinsed, and towel dried

e Anedge margin about 0.35” is ground around the periphery of one pane using a 220
: grit diamond wheel

e ADCO’s PIB-7, (polyisobutylene),which contains 0.010” diameter glass beads is
applied to one glass surface

e The panes are matched together and bonded

e A urethane adhesive is applied to the periphery of the panes and the retention
channel, (“U” shaped band), is applied

o




In order to reach the level of performance that GP expects, surface preparation prior to
bonding becomes a major consideration. I suggest the following:

e Perform all work in a clean environment

e Wear powder free butyl rubber gloves and a dust mask

"o Degrease the glass with MEK or acetone

e Mask and abrade both surfaces to be sealed with 600 grit abrasive

e Unmask and wash all surfaces with 1 tbs. Alconox to one gallon water
¢ Rinse with DI water

¢ Dry in oven at 200 degrees F

e While warm, etch each edge with a solution of chromium trioxide, (1 pbw), to DI
water, (4 pbw), for 10 minutes

¢ Rinse off the immersed edge with DI water and immerse the next edge, rinse and
repeat until all edges have been etched and rinsed

Oven dry the glass at 100 degrees F
Allow the glass to cool

Degrease edges with MEK or acetone
Blow dry with clean compressed air
Apply sealant and cure

I realize that this procedure is more extensive than what is currently used. Tam
concerned that GP is not getting better permeability figures for this material. Several
reasons may account for this. Most importantly, the current surface preparation in
conjunction with the glass beads may be creating leakage paths at the interface of the
ground glass and the glass beads.

Grinding glass correctly is not a trivial operation. In order to avoid imparting
unwanted physical anomalies to the glass, the wheel must be dressed properly. The
wheel must then be fed incrementally to the glass, and traverse smoothly across the
glass while the work remains rigidly fixtured. A liquid coolant should be used to
remove fines and avoid over heating.

I suggest a finer abrasive. A 220 grit diamond wheel has an average micron size of
66. By going to a 600 grit aluminum oxide paper, size drops to about 15 microns.
This reduction in groove depth will minimize leakage paths while offering mechanical
interlock.

PIB is one of the best materials available for this type application. I calculate that on a
24” square panel utilizing a 0.010” bondline, there would be 0.96 square inches of
exposed adhesive. Water accumulation figures given to me by GP on units
incorporating a spacer and desiccant, suggest the permeability for this system exceeds
the value normal for this material. However, PIB formulations vary widely from
manufacturer to manufacturer as do their properties.

ADCO will not reveal the glass bead loading on their PIB-7 material as it was
originally produced for another consumer and its nature is proprietary. It may be that
the loading is too high for this application. They also will not say whether or not the
beads have been treated with a coupling agent. This is critical to the bead/sealant
interface. I would like to see testing done with PIB-3, which has no beads.

2




Other materials should be considered. There are butyl compounds that can match
PIB’s moisture permeability and may offer better wet-out and adhesion to the glass.
Polyvinyl butyral is used extensively in glazing applications. Also, there are urethanes
on the market which initially have higher moisture permeability, but then couple with
water molecules after a time. This coupling retards further permeation unless the
differential pressure of the water vapor becomes significant.

The concept of differential pressure is noteworthy. GP currently uses a beaded
desiccant between the panes to capture water. In the future, they plan to remotely
locate a desiccant canister that will also relieve the ratcheting that takes place during
expansion and contraction of the panes. In effect, they have built a pump with a semi-
permeable membrane. An alternative may be to seal the glass, but locate the desiccant
source between the seal, and the “U” channel. This would require a fillet on either side
of the channel against the glass. The desiccant could then be plumbed to the space
between the aluminum channel and the glass.

Instead of a desiccant, an internal pressure source such as a compressed gas with a
molecular orifice, or a sublimation material may provide positive internal pressure.

I'would like the opportunity to visit and exchange ideas with GP. Much could be
learned from a hands on tour. Please contact me if you plan a visit in the near future.

Copy to:
BK Damkroger, MS-0367, Dept. 1833
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Hardware Drawings.

47




' 1 L3 1 N . T 0 Ll AL L Ko R
0°11-0Md-VE Mbiee $6-0vg.r-1Jy-¥8 mvis
O (TR D)
Levisul3 Q31 31SSYIONN
ANy wu 1wl { MY ST ST Geiawes "n“ﬂ.—& R
(401084 413082 031 318SYIINN . 9ot
-..m»:»-Oa l.:v..hl._u“n -.-ﬂ ...hu.
avi ualdsiejefeyr] om e 059"
[Is[v]sie"[) V-y NS
v v
|m Ry adincn
ot .—
Selvigee” o227
UBOHS Widle V't
e —fo—e oL ux
- . = |
019 ¥000°s g-g oo
0L 2
con's -
§00°F000°1 U
|- coy' n2 l_ et LU TTR 1)
¥ 7
o6t X2 i
] ors"t uy Tem——— - = “ .
h :-JM—\ @
. [
10
'y _ .
one's us's : 0059
torp 1 810°F500°9 ot _
i i ” N
@ 1 |
_ ®
£2) S )]
T — wwe] ] i
4 BOOHEE
/ NAONS W1d3d 01 OC ...._ _
T\ —’ ||=0|-=..- P :.n.-llﬁ' ‘
| g " oy
q Mvide 32 LLUA 056 ) mo ) !
2 [178 ] . 9
o065 "wel _
0008 X2 .
G L8
o []
THRL 80°1 “ILINVEVM IVINIAVH i
‘0000064 ¥Dd SININIVINOIM WHINIS ‘1
$3iom
: ] 1 v 031 41SSV 1NN

)




QLT T - ‘
ou_lu:..m. g i
v s [3]s]r]e]2 L. 0 WM ¥ 82
s /1 J
v
944 ANoHS 1430
I P e TR
pOOL 1T
oo W
to0's
wes 82
Y-y W 0is X -
) ) e
S g vide 13
019°F005 ¢ ﬁ!....- 1% ——ef
52 v ‘l_ (11N b (LTI TR I fo— 0 1 —of mu-m-nua-.-ﬂmmmm.nu
=1 ..— : l =1 =1 N / e ]
LA [— - )
S \—A_ [§=D) (O] " Y T o .__..—_ a8 — .
fo) . ) : HR Rt
(o] m 0L tene = ﬁ u (\” _:..n x®
_ \ 1S LU " .nov ‘8
® _ 588 || )
o o 01077006 'L ¢
: 0°s 12
_ /1 ford //mnn_.uwﬂs ot
0105056 £ 0
“ ot N A "
© ) &
0 it |
) - C)) &y A ] )] ()]
—u_ L] Inlf‘ /’un<nn.,0
_ ﬁ'”»“wﬂo”Wa.-w Ilt fl.l ILTS BRRUYI €3
N - NEONS W141C OL 095 Xv po—=t— 88" £68° 12 ooy "
_; o658 o
\ fo- 0951 ?
[ ot
os's
00871 JI2S )
v/ R
) ) 008’0 X -
) e v
e
. o
8 ;
) 6 )
‘WML 0871 ‘TAINVIYR SWINdIVM ‘2
-GR08088 NAY SININISINOIE WHINIE® 0
T - TER] 152100
7 tae aynasacl
o [ ] uv  Jmin = vioam i
HEIAN &
) T 2 ) P [ v 0313155V1ONN




[ — _ 1

t
$°it-08d-¥S sitim 8- €057 130-¥1 iz

i ) sams 000 10w [C 120 iz

627 ISH|3 g3141SSYIINN
By 1 oveb | 31k WAV SN mraved
(ROLONd ¥3070D) NO) EYINAYL 31§
in) MM W v
wol108
‘Y3LIVIN C¥300H
p L)
v v
y00-820 158 . coa-e2r158 . 8-820 158 . 100-030154
100 %006 _ 180" %00 _ 1007008 _ 100" %008 "
. £80° F082 " _ [ .m.__ _ IR N ﬁ _ 200°F62" w [
. . B . R N AWHL 100 FST'P H
DUNL 108" FOST' S _ AUNL 100" ISP _ _ NUHL 100" F052' @
soqpe _ 108" F51§ " —fu _ _
! ' :..«!».Jl 100 Fi6° l—l—
-1 1 4 M N X
— 2..%2... _ | ¢ .«_o. . _ i oee- _ { ! N
$o0-Foos"1 ! . o] Se0 LN . o] $89 Toee s 500 %000 1
i | |
V _ _ _ _ _ 010°%000°¢
_ : H ]
| | | | | |
£00°F000°¢ _ c08 ¥a00°y . _ _ $00°¥600'y _ _ £00°F000°y _ $00°¥000"r
' £00°%000°8 . ' $00°F008°9 ' ' S00°%000°9 €00 Fa00°9
N _ M M 3704 NUKL 100 F052° @ OL
3 _ _ _ IWINDIINY TG00 Luvd oniLvn il 5
I0H MuML 100°%02° OL - . N H <d
I 108 Lave' onivn wiia : ] : I _ 5
<t _ _ I |
O anyci g, Tose o t . 2701 NUNL $00°F052°# O H . Fose: \ _ W
H1evs CaE-MRzs-raein - 12 ' _ T A P Bl v _ u._:.w...o...L...o._.._z.-j....«-...-w_a # ' _ 200508 ol .u.“_.z_uj..w..ﬂ._n b
9 0
402° L1481 3H YD "LNIANSITY Wid
N SRR AR U R e LT ~§
SOL-1909 CRANINAWY Wil 2
0000068 ¥4 BININININGD® TWYNID 1
3T
t [] « | v 031 31SSY 1IN0




e e S

: — ¢ ‘ ¢ — XX XXX unx.nu-u NOISIJIbd u.z»E
0°11-0Yd-VS w1350 o 96-995-¥-134-¥S smvuis ~
I 90 1 i0ns {000 1 3wasfgizriaov ] | *
0EViSY|D Q31 41SSYIONN
IR ONiaved |8 NOIIVIIISEVIY DMIAVHG
(NOLOHd N3GI09) () 431 31SSYTIIONN
MOV IVILAIEEYY) LAVd
d01 V| s
431VIH "43Q070H mulo[sfrie[zfi| o — 100" F00S v
|
¥
S00°F2I1€°
g 1vi3g 33S _
NYHL 100 F052 @
000°'¢ 31vIS
g Mnviig
100" FSLE"
“
1
1L 8
]
500 F0I10° X S 1 1
(260°) S00 F000 "1 _
¢
|1 soo-Fooo¢
. -
_
_ 600 F000°9
G00 F000"'¥ .TIII..
]
!
_ )
|
; N L 200 Fr20 @
370H NYHL 100 F052 @ OL |
az-onnze- (shiver” xz—| |
1 | ]
S00 F9G1° p—
"91-1909 ‘WANIWATY  :TVIYILYNA 2 ¢
"0000066 Y3d SINIWIYINOIY TVYINIO "
594 “omrh@«wmawﬁn”n v 000-0€YI6H ‘S3ION
angv | awwd uve 0114199830 I .u-_...a 51 N Luve
TROISIAE AV KDIS30
' 2 * ¢ v Q3141SSVIONN




; _ ¢ 4 ¢ _ xx xxx xxxC xx = n81s1o3ud D1u1In039
0 L1-08d-¥S wisiwo | 96-49S-¢-134-VS snivis
) 10 | 1334s ] 000 23Wwas | €12v 12303 | |
levicyla Q31 41SSYIONN
YIGNON ONTMVEA [I2iS NOTIVII4ISSYTD ONIMVHA
y | (NoloKd N3AI09) (1 031 41SSYIONN v
NOI LY JISSYTD LUvd
S3lYld v| anssi
“INIWNNOTIVY ‘NId sl elsrlelz] V] oms

WNWINIW “NMOHS HL1d3Q Ol
gZ2-ONNZE-(8#)IFI91°

S00 FOovL @

€00 F290° Il\*
HE

[ ] ’ Ax
J- NIW GLE’
= _
010 F000°1
’ 2
/le_o.ﬂomo. X S
200 F0G52 @ -

"P0€ SS CIVIYILVNA e
(4 ) . .

$94 ST T STIRNOIE S 0000066 ¥3d SLNIWIYINOIY TVYIN3D (

/ €816 "A3IISIM L v 000-1€V15Y .
0AdY | ¥wnd 3ive H01 14183530 40 a3uvasve | NOL 55y 30NN Luve *SJILON
] SNOISIAIY ADNIOY NDISIO

_ 2 b ¢ y@3141SSYIONN




: — ¢ Q £ XX XXX XXX XX = z&.m_uuxa J1413IN0I9
0°L1-0dd-¥S wioiko | 96-495-7-134-VS smvis
I 30 | 135 [000 " 013was [ €127 1 239v3 ]

2ev 16| 9 Q31 41SSYIONN
YIGNON ONINYHO [3218 NOJL¥D1 J15SV1D DNINYEG

v [(voloHd N3a100) () G3141SSYIINN v
NOILYD13iSSY1D LEvd
SSV19 v ansst
.HZMEZO-J( .Z_& 1 gleclelciz]i 13348

010 F62¢"
[¢] 8
> <}
010 FGSI0™ x SV
> 1061521 @ >
"y0€ SS SIVIHILVYNA e
¢ "0000066 Y34 SLNIWIYINOAY TVHINID T a
S9Od 8y | ‘OHIGWOYLS ' d
/ €816 ‘A3T3ISIM'L A 000-2¢¥1GY . wu.—OZ
QAdY | ENHD ve NOI1d4142530 AB G3YvdIud pwumm ss! YIGNAN 18V4 !
- SNOISIAIE AON3O¥ NOISI0
_ 2 A ¢ vyQ3141SSYIONN



|

Y

XX XXX XXX XX = NOISIJ34d D1H13N039

0°L1-08d-¥$ mistwo]

$6-d35-9-134-¥S snivas

t w1 100§ “0awas € 12r1 23]

CEVISH(D

#I0AN Ouinvad [IT18

Q31 41SSYIINN

011214183V 1) DaIavEG

(NOLOHd N3QI0D) (n)

AT8W3SSY 31Vid
431V3H wWoli09

N

Q31 41SSYIONN

HOUEYILSIBEVID LUVe

Y ngse

wlejsjr|eje|) snam

Bty

A1BW3SSY
YIHSYM TVOIdAL

— . — —— e - — e o ]

IINIIVM SS10004 Wd LNINADOO-YN _ TVIUILYN ISNIRI-N3  ASSV H1d 0.00¥ V-5V E SV-UV  JUVMUILIV-LTY
1Y) uuuMﬂll J0n AV IWILVN/ND1 84183830 “ON_I0UIN0Y/ Luvd
SININI¥1N038_IVEINID 000g0et
SG0OR1IN TVGINID "ONINBVA 0016166] V&
101108 ‘31VVd L2y
WOLI0U "43LV3H ‘830 10H -62y \Vﬂnq - Ey
N01108 *931¥3H_"83IQI0N 3 r = (@)
WOL108 "H3LVIH _H3G10H -e2y 0 4
0@ "43LVIN 4300 MY
3 Y1 _"ININNSTIV_Wid - [
DI[SLC" X INNZE-(@aIVal  dv) GH _iNS ‘M3IWJS -166915n| @ |
1169)¥31" "¥10 0300038 HINSVA 9-0295VN| 91
z 00 GLE” X Q) 061 '3111A31130  YIHSVA v-15[ 91 @..'.'
01 U | Sav3T JN3L ADIH 01 005 X 052 @ "YILVIH [IXLEIN
\Lm_ n®
s 44
¢ R
/ \
£ Py /
[ { N
“ , L2
%mmmmu"mmmm}um :ﬁu_._}u_
LB
¢ Amw
oof ®
f A .
“i14 JONIYIAYILNG 1007 Li4 SS3Hd AHHu
‘VL2E-66G-916 XV4 00L1-96G6-915 INOH
"8ISI1 AN "AVMYNOOY (S¥3 "3IAV NVIJO0 66 i
‘ONI ‘O¥3G'W'M WO¥J Q3NIVLIBO 38 AVAW 4
‘1268-GP€-S0S INOHd "601L8 KN
‘3IN0HINONATY 3N ‘L1SIM AVMIBVYJ AW3IQVIY 0089
ONI'VRL 40 "A1Q V "SLNINOAWOJD OSNILDINNOD WOU4 YO
"LOSK-2SP-L0S XV HO 00ES-¥GP-L0S INOHJ
“086S-18655 NW YNONIM “GAIE AQNNB 1p2) )
§94 Y8Y1 "OYIUNOHIS 4 ‘STOYLNOD MOTLYM  ‘WOYL Q3NIVLIEO 38 AVKW |
R T FR LTI v| oca-gerisy
Qnav | wnwd uve nOIIdINIEI A8 Q3uvadue {3401 1gg) R, :SILON
PYTIYYT] A3 1830

v Q3141SSVIONN




! _ | L] ¥ ¢ L P ORD MAL KB BA © AVIBIISM siaiieiav
"L1-004-VS sitrew $4-998-9-7]0-¥8 seavg m .
1 o oonm {008 13w 12D 10w
) 1 A : A78KISSY _ *
tholone mioWn) | eu.h..umuum..ﬁ _ YIHSVM VIIdAL .
.._nuunu,‘ Y (1] V] ! _
¥31V3H dOL LRI " : .
[ WIGhiw TSEO0M N TIMO00 W Wiy W) ASIY Uk GO ST 0N G0N V0 NNNWIN _ —
|-|=|.|. V143 YN/NO114)180830 T T T ) M .
S$INMIEI033 TVEMIY LR .
v TEuI N WORTD I3 LT _ _ '
T : .
401 "WlivI4 “NM08 _
$) S10° T A0 (8410917 " 4¥) @ 133 AN —
[] €3%a30_IWIYA| : ! D
i VAT “BNSYE| . i
] S0VI1 Ml WSIN 9T M9 X TP TWUYM ]
- -
“ e
= ©
o oo
. .
@\ . . o
[] ]
-9 -]
3 r e 3
(@ g - I - ) JOF RN
I: o
ooog ;
i
. P ©
L1 H -
u Au..\ 1
[]
' o
1 ©
[
g . O
& e - - - a2 2 T
N il
Ini O SH3NDS S1NILNOIL D, n“w..‘r:oum»<“<
] Jor 't inateonl sos sTion 1va “Livadn <3 q
.m«._....:«: -d 88410488 21 uang
IR ¥ m
b B T S I YT T T Y™
I | - HHH R
wn o] un  |wiaom 8 oaweama | B84 fons
ItA N
' € I 3 03141SSY1INN




! _ ¢ Q £ XX Xxx xxx°Xx = N81S1934d J141INO3D
0°'Li-08d-¥S wioiwa| 96-438-7-134-¥S snivis
1 40 1 133us | 005 " 02wds | €127 1 239v2 | ]
GeEVicYyi|a G3141SSYTIINN
HIGNNN ONIMVEG (3218 NOTIVDTSISSYTD ONIMVYO
vy |(NOLOHd N3G09) 1, Q31 31SSYIONN v
NOILYIJISSYID Luvd
KOL108 v T s
‘SSV19 | SlS|PE2] 1] s
a——— (|0 "FE2E6 "G ——o
200 " F8I | —ofj—
9 g
|
,
W
ket 010 F2¢6°9 A
) )
"SSY19 CVIYIALVNW e
‘0000066 Y3d SLNIWIYINOIY TVYINID "
q . a
$94d ¥8%1 'OH3IBNOYLS d S31ON
/ €816 'A313ISIML v 000-SE¥ 16y
QAdY | uNHD 31v0 NOILd 18§30 A8 Q3uv4INd _w.u.mm s$) T
SNOISIAZY ADNIDV NDISIO
_ 2 ¢ | v@3141SSVIOND




|

4

¢ , L! XX XXX XXX XX = z&_m_uuzm J1¥1IN039

0°11-04d-vS miovo] 96-9d35-¥-134-VS snivis
1 0 | 133ns [ 005" 03was [ £12¥ 1 o30v0 ]
9eviGYd| g Q31 J1SSVYTONN
YIBNNN ONIMVHE {3218 NOELVIIA1SSVID ONIMVYG
(NOLOHd zuo._oo::v a3 41SSYIDNN v
NOIL¥II41SSVID L¥Vd
d01 v[ 3nssi
SSV19 s |elslvlelz] | s
——— 0|0 FZE6 G —
010" F8I |~ —wffeu—
" g
010 "F2€6°6G 4
J
—
"SSVIO IVIYILYNW 2
354 78v1 "943GNOBIS 4 ‘0000066 ¥Y3d SINIWIYINOIH TVHINID " ¢
/ €816 "A3N3SIML v 000-9€V 16y
oadv | wnd 1uva 0114142530 19 azuvadns | 0T ss) I *S3ILON
NoTSIAIg AIN3OY NDISIO
! 2 £ vrd3141SSYI1DONN




— 3 W { » 3% AK5 BERRE & WOISI

a3) J1SSYIINR

1473 1D SR

401004 -uoso.- mn

ATGNISSY ONITV3S
TINVY SSYI9

SRLICIE L TV _E,_rhr.lﬁ.w
wu_| 3 [l | e ]
S SININYA10038 WUIRI0] ——  — oeesosilva]
ST 1) NN T I TT KT
' ) o 6 ® .
o
N ..W..
‘L —

0081 Y08
atdeas Mt W
W o+ Inez
' / a

N‘ V g-g woians
/w

- s
J.

_ll ; o
SUILVIN ¥ In07
FEL] [

—Sud1vIN ¢ InOT (000°8)

-9 SEILYIN 2 INOI-

o8'9) . B o

0 =

8
04 POPE TOYIMGNIS 4
2 S8 13103818 ¥ 000-LEV18Y
wolwo ] uw Jwnamn 0 sowmime | 9 Ton: [
™y A N

! ‘ I v [} : I v 31315SVIoNN




: : * ¢ _ XX XXX XEK°KX T NOIS1DI4d D1MLINO3D
0°L1-08d-VS misr | 8- 96-120-¥-134-VS snvis ~
V% 1 ims | 005 0 nwar | 12vi i3 T *
8EPISY]D a3141SSYIONN
¥30mAN ONIAVEA [IT18 NOVLYDT JISSYYD DUMIAVND
TNOIOHd W34109) " @3131SSYIOND
NOILVI) JI83YTID Lave
.xom JOHLNOD M 0 0/1c 1 X2
v INOYY “TINVA STRTvTeTR( T e
000°¢€ Xv (688°)
Y 11v1i3g 338
G2l
Y
= il 0
~ — 00,048 X2
000°¥I
8
00S° 11 X2
_H_ _H_ 0006
0056 X2 §99,029°¢ x2
> O U
000°S X2
000°€ XZ~
b) S32vid 8 . - .
000°1° 31v2S 00§°¢ x& — 00 0LL 1 X2
V TTvI3g 000°'6 X2
S00 ' F01G° 000°€1 X¥
[
000°G1 X2
' 00061
G000 FSSL”
| |
"290V1061VdAd¥ S.YIN /020p-908% Y¥I0LS
6961-99¢-505 ¥O 00LS-€€E¥-008
c , 8119, X1 ‘HLYOM L¥0J °“IAIHQ 31683d olviL
. SJOINOYL2313 Q3I1TIV  ‘WO¥4 GINIVIEO 38 AVH 2
‘0000066 ¥3d SINIWIHINOIY TVHINIOD i
94 y8y1 ‘SYIANONLS ¢
/€816 ‘A313SIN‘L v 000-9€Y 15y *S3ION
aadv | wwmd uve 0114182830 A8 QJuvdlne —w.d" st [
SHOISIATY Anasv N9IS30
' : + N »  Q3141SSYIONN




: _ ¢ ﬂ ¢ XX xxx xxxxx_: N81S1538d D181IW039
G Li-04d-vS Ni9iko] £6-3dy-01-WHI-¥S smvis
! 401 13ws [ 621" 03was| €121 939va ] [
0GeEYSHIg 31 41SSYIONN
HIANON ONIMYHA IS NOLLVIIZISSVID ONIMVYD
v [ {NOLOHd N30I09) o a3i31SSYIINN v
NOHIYDLAISSY ) L¥Vd
ATENISSY XMOVH v] 3nss)
T0YLNOD ¥3ILVIH eTelvlelal i o .
IViyILvm SSID0Ud M4 LNINNOOG-YN  TYIHILVN 3ISNIANI-N3  ASSY Y34 0.034 SY-SYV  Q.038 SV-¥¥V 3ILVNYILIV- LV Ll
INOZ Q934
LEI%] 133HS  fIL0N IVIYILVH/NOI Ld 18830 ‘ON TONLNOY/ LUV ‘ON rl
SININIYINOTY 1VUINID 0000066 | VA
SQOHIIA_TVHINIO ONINHVN 0016166 VN
[ X086 10YINOD 'INOB] ' 1INV 000-8€v 18] 1 % i
Z 286 531835 'NI1I108LINOD 100-0SEPSH| 2 |__4
£ SE6 S3143S ' ¥31I08LNOD 200-05evsH| 2 0 0
8 ¥ NG v €00-0S€PSH] |
g Y-311K-V-N1Q _JOYINOD U3M0d JLVLS 01108 700-0SEPSH]| ¥ B
3 MOVY dOL 318v1 S31835 SHOW 1907106 1SHOB] | 0 op
ol ol
9 o]
[ ] [ |
[ [
L L
rlli_ -
S
— = ’ —
-
===
\ __J
-
L
a a
$9d vEEZ ‘OUIBAOYIS d
/ €816 'A3T3SIML v 000-0SE¥SY
0AdY | ¥whd uvo NOI1d 183530 4@ d3yvdueé pwumm ssi SIBNON 14¥d
M SNOISIAY AJNIOY HOI(S3C
! z b ¢ y@3141SSYTONN




Distribution:

5 Golden Genesis Co.
Atn: J. Michael Davis
4595 MclIntyre St.
Golden, CO 80403

2 Global Solar Energy
Attn: Scot Albright
12401 W. 49th Ave.
Wheat Ridge, CO 80033

1 Golden Photon
Attn: Gail Constancio
PO Box 4040
Golden, CO 80402

1 MS 0367 B. K. Damkroger, 1833
6 0367 S.J. Glass, 1833

2 0443 E. L. Hoffman, 9117

1 0443 H. S. Morgan, 9117

1 0455 M. L. Tatro, 6231

2 0501 P. G. Stromberg, 2334
2 0710 P. M. Baca, 1845

1 0752 D.L. ng, 6219

1 0752 M. A. Quintana, 6219
2 0835 S. E. Gianoulakis, 9113
1 0835 S. N. Kempka,9ll3

2 0835 T.E. Voth, 9113

1 0873 L. Kovacic, 143022

2 0958 R. R. Dubois, 1484

1 0959 F. P. Gerstle, 1492

2 0959 S.T.Reed, 1492

2 1349 W. F. Hammetter, 1846
1 1349 R. E. Loehman, 1800
2 1411 F. M. Hosking, 1833

1 1434 G. E. Pike, 1802

1 1435 D. E. Arvizu, 1800

MS 9018 Central Technical Files, 8940-2
0899 Technical Library, 4916
0619 Review & Approval Desk, 12690
For DOE/OSTI
1 1380 Technology Transfer, 4212

BB —

61




