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FOREWORD 

This report is the result of technical analysis performed for Sandia 
National Laboratories and authorized under Sandia Livermore Laboratories 
Federal Agency Order 92-8522 in support of the U.S. Department of 
Energy Solar Thermal Large Power Systems Project. The purpose of the work 
reported here was to provide a preliminary examination of the feasibility 
of improving the durability and life expectancy of second surface silver/glass 
solar mirrors by the application of impermeable protective coatings. This 
report documents the early Pacific Northwest Laboratory results in three 
areas; solder glass laminates, liquid Si02 and Ti02 overcoats, and electroless 
nickel overcoats. 
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SUMMARY AND CONCLUSIONS 

Preliminary investigations into three technologies having the potential 
of significantly 2nhancing the durability of solar mirrors are reported. The 
approaches discussed are based on the assumption that sealing the silver 
layer on second surface mirrors from the external environment with protective 
overcoats will significantly extend their useful field service life. Con­
sidered here are: 1) edge sealing a second sheet of glass over the silver 
layer using solder glasses, 2) overcoating the silver layer with liquid 
applied Si02 or Ti02 coatings, and 3) overcoating the silver layer with an 
electroless nickel film. 

Preliminary experiments were performed using Sb20S-K20 and PbO based 
solder glasses to edge seal a second sheet of glass over the silver mirror 
surface in a laminate structure. Problems encountered in the formulation of 
the Sb20S-K20 glasses forced abandonment of these low melting point solder 
glass experiments in favor of the higher melting point PbO based solder 
glasses. Unfortunately materials compatibility problems were encountered 
when using several of the commercially available PbO based solder glasses 
alternatives. 

A cursory evaluation of liquid Si02 and Ti02 coatings available from one 
commercial manufacturer was also undertaken. The films were applied as 
direct overcoats on both silver only and silver/copper mirror substrates. 
Although the process appeared to yield visually acceptable coatings, under 
microscopic examination the films were found to be porous and pinhole riddled 
after the final curing step. Consequently, they did not stand up well to 
salt spray and HCl vapor tests. Modification of the solution chemistry will 
be required to enhance the coating compatibility for silver mirrors. 

Background data was collected in an investigation of the feasibility of 
overcoating the silver or silver/copper mirrors with an electroless deposited 
nickel film. Two different formulations, one a basic solution, the other a 
commercial acidic solution, were attempted. Both chemistries claim tough, 
durable films which will resist environmental attack. Film integrity problems 
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were encountered for fairly thick films in the feasibility experiments attempted. 
Nevertheless, the concept appears sound and merits further investigation. 
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INTRODUCTION 

The problems associated with the degradation of second surface silveri 
glass solar heliostat mirrors have been well documented over the last several 
years. (1-3) Although the precise causes, mechanisms and kinetics of the 
degradation processes are still speculative, the single identified common 
denominator associated with the observed corrosion is the presence of standing 
water on the back of the mirror. If in fact liquid water is a major factor 
in limiting the useful life of the mirror, exclusion of that water from the 
silver layer may significantly extend the operating life of field service 
mirrors. 

The current commercial chemically silvered mirror technology uses a thin 
copper layer overcoated with paint to protect the silver layer. The details 
of the mirroring process are discussed elsewhere. (2) It suffices to say that 
the paint layer commonly used is relatively permeable to water. In heliostat 
structures where water can accumulate, it may act as a vehicle or a primary 
reactant for the degradation phenomena. A less permeable membrane could 
prevent the water from interacting with the silver layer and thus prolong the 
mirror life. 

Preliminary investigations of three approaches for forming an impe~leable 

barrier are reported here. These approaches are 1) placing a second sheet of 
glass over the silver side of the mirror and sealing the edges of the laminate 
with a solder glass; 2) overcoating the silver layer with a thin coating of a 
sol gel metal oxide; and 3) overcoating the silver layer with a thin coating 
of electroless nickel. These techniques were chosen for experimentation 
primarily because they may be (at least conceptually) adapted directly to the 
current mirror production lines with minimum modification and because they 
may be relatively low in cost when compared with the more proven alternatives 
such as PVB autoclaved laminates. 
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SOLDER GLASS EDGE SEALS 

Encapsulation of the silver layer between two sheets of glass is one 
method of preventing moisture penetration provided sufficiently impermeable 
edge seals can be found. Glass and ceramic compounds are good candidates if 
they can be formed into edge seals. Low melting point glasses, usually 
referred to as solder glasses, have been used by the TV picture tube industry 
for many years to provide vacuum-tight seals between two sections of the 
tube. If this technology could be adapted to solar mirror laminates to 
provide an effective edge seal, the moisture penetration concerns would be 
eliminated. 

There are two primary considerations that must be factored into the 
solder glass edge seal concept. One involves thermal expansion compatibility 
with the glasses to be sealed. The other involves the thermal stability and 
the chemical compatibility of the silver mirror layer to be encapsulated. 

Ideally, the thermal expansion coefficients of the solder glass and the 
laminated glass should be identical. A typical expansion coefficient for 
soda-lime silicate glass is 74 x 10-7 °C- l . Since matching the expansion 
coefficient of the soda-lime silicate with common solder glasses is not 
practical, it is desirable to minimize the temperature excursions encountered 
by the glass during processing (i.e., use very low melting point solder 
glasses). In addition, high temperatures (>300°C) even for relatively short 
time periods (minutes) may lead to severe agglomeration or oxidation of the 
silver layer unless the mirror is surrounded by an inert atmosphere. (4) 

Preliminary experiments at PNL explored the use of antimony oxide­
potassium oxide solder glasses. Although the coefficient of thermal expansion 
for the antimony oxide based glasses is larger (~1.4X) than for soda-lime 
silicate glasses, the low softening temperature (2S0°C)(S) is attractive even 
though a possible sealing temperature of lOO°C-1SO°C higher might be expected. 
Unfortunately, these glasses were not commercially available and attempts to 
formulate them in the laboratory were unsuccessful. 
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Two commercial vendors (Mobay Chemical Corporation and Corning Glass 
Works) that supply lead oxide based solder glasses were contacted. These 
glasses are formulated with a range of expansion coefficients (42 x 10-7 °C-1 -
89 x 10-7 °C- 1) and sealing temperatures (440°C-750°C). Several mirror 
laminate samples were prepared using these glasses. 

The construction of the laminate samples ;s shown in Figure 1. The 
soda-lime silicate glass was chemically silvered. 
only; others were both silver and copper coated. 

Some samples were silvered 
None of the test samples 

were painted. A small (~1 cm) band of the metalized layer was removed around 
the edge of the test coupon. The solder glasses were mixed into a slurry 
using amyl acetate as the solvent vehicle and applied to the stripped regions 
around the edge of the coupon. A second piece of soda-lime silicate glass 
was then fit over the mirror. The sample was placed in an argon-filled tube 
furnace and heated for the time and temperature recommended by the manufacturer. 

SODA-LIME 
SILICATE GLASS 

CHEMICALLY DEPOSITED 
SILVER OR SILVER/COPPER 

MIRROR 

SOLDER GLASS SEAL 

FIGURE 1. Schematic Diagram of Solder Glass 
Edge Sealed Laminated Mirror 
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Although the samples sealed, there were several complications. For the 
silver only mirrors, the silver layer appeared to oxidize and turn nearly 
transparent. The silver/copper overcoated mirrors showed different character­
istics. The silver layer remained visually intact as did most of the copper 
overcoat. However, the reduction of the lead in the solder glass was much 
more noticeable than in the silver only mirror. The solder glass turned an 
opaque gray indicating possible reduction to the base metal. 

The integrity and the durability of these solder glass seals were not 
tested. Although lead-oxide-based glasses are not noted for their durability, 
the geometry of the seal reduces the durability requirements of the seal con­
siderably. 

In summary, the experiments indicate that there may be some fundamental 
problems associated with the application of the lead-based solder glasses. 
It is possible that controlled local heating around the edge of the mirror 
might alleviate these problems, but more research is necessary to draw firm 
conclusions regarding the feasibility of this technology for sealed mirror 
applications. 

LIQUID 5102 AND TI02 COATINGS 

A limited investigation of commercial liquid based silicon dioxide and 
titanium dioxide protective films was initiated to determine if they could be 
used to protect silver mirrors from chemical attack and degradation. The 
liquid chemistry was supplied by E. Merck, Darmstadt, West Germany through 
distributors in the United States. Although only limited technical data was 
available from the manufacturer, the claim is made that the process is capable 
of yielding tough, thin, pinhole-free films on some substrate materials. 

The oxide films are formed after the deposition of an organometallic 
liquid coating and the subsequent evaporation of the carrier solvent (proprie­
tary composition). The actual deposition process recommended by the manufac­
turer involves spraying, curtain coating, dipping or spinning the solution 
onto the surface to be coated followed by three heating steps. The first 
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bake is a 5-min predry at 60-80°C. The film is then hardened (the solvent 
driven off) 5-10 min at 200°C and then baked (presumably to densify the 
coating) for 5-10 min at 450-500°C. 

The experiments performed in this investigation addressed several con­
cerns regarding the applicability of the films for solar mirrors. First, it 
is necessary to know if silver or silver/copper overcoated mirrors capable of 
withstanding the high processing temperatures required to densify the films 
without significant degradation due to agglomeration of the silver. Second, 
verification that the films applied as recommended or with slight variations 
actually form nonporous, pinhole-free coatings over the silver and copper 
metalized substrates is required. The major concern is the performance of 
these oxide coated mirrors compared to the traditional paint coated mirrors 
in durability tests. 

All the samples discussed here were prepared in an identical fashion 
except for varying the time of the final heat treatment. The soda-lime 
silicate glass substrates were silvered in the traditional manner(2) and 
dried in a lOO°C oven for 5 min to remove any residual moisture. Both 
silver only and silver/copper mirror samples were prepared. 

The liquid Si02 or Ti02 solution was applied using a spin-on technique 
recommended by the manufacturer. A 6000 rpm centrifuge was modified to 
accept a single 15 cm (6 in.) square sample centered on the axis of rotation. 
A small quantity (~l cc) of the liquid was dropped onto the center of the 
cleaned rotating substrate. The liquid flowed to the outside leaving a 
visually uniform coating on the sample. The film thickness as measured by 
an optical angstrometer varied from about 0.2 to 0.4 microns depending on the 
amount of thinning solution used. 

Most of the samples survived the 10-min, 200°C bake cycle in atmosphere 
that is used to drive off the solvent and harden the coating. There was 
little or no visual degradation of the silver at this point. However, no 
optical spectra were run to detect agglomeration or silver colloid formation. 
Microscopic examination at 400X revealed no evidence of agglomeration. 
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In the early attempts, the silver only 5i02 overcoated mirrors degraded 
rapidly in the 10-min, 500°C bake. Therefore, the temperature was reduced to 
400°C and samples were baked for 2.5, 5, 7.5 and 10 minutes. Visually, the 
2.5 and 5 min samples showed no hazing or oxidation. However, observation 
at 400X using a darkfield reflecting microscope revealed numerous small 
pinholes in the 5i02 and silver layers. The pinholes increased in density 
and size with increasing baking time. 

The left side of Figure 2 shows a 400X micrograph of a silver only 
mirror prior to application of the 5i02 overcoat. Numerous small pinholes are 
present. In a transmitted light photograph at this magnification, the holes 
are barely visible. The photograph is slightly overexposed; therefore the 
holes appear larger than they actually are. The right side of the figure 
shows the 5i02 overcoated mirror after the 5-min, 400°C bake. The pinhole 
density of the 2.5 min mirror was about half of that for the 5 min mirror. 
The size of the pinholes in the photograph appear the same in the transmitted 
and darkfield reflected images and are much larger and more numerous than the 
pinholes prior to baking. 

The copper-coated silver mirrors showed slightly different character­
istics. After the high temperature bake the characteristic copper color 
of the mirror was nearly gone on most of the samples and the mirror back 
looked silver. Only the mirrors baked 2.5 min remained copper colored. 
Again pinholes were found on the mirrors baked for 5-10 min at 400°C. There 
appeared to be no pinholes on about half of the mirrors baked for only 2.5 min. 

The Ti02 overcoated mirrors produced fared worse than the Si02 overcoated 
mirrors. In addition to pinhole formation, a network of cracks developed in 
the coating. Figure 3 shows a typical 400X micrograph of a mirror baked at 
400°C for 2.5 min. 

5alt spray and HCl vapor tests which are good indicators of protective 
coating permeability when used on silvered mirrors were performed on the 5i02 
overcoated mirrors. Most of these mirrors degraded nearly as rapidly as bare 
silver mirrors while the 2.5 min final bake mirror lasted 50% longer than the 
uncoated mirrors. The vapor tests thus verified the lack of protection offered 
by the coatings. 
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( a) Ag COATING PRIOR 
TO Si02 OVERCOAT 

(b) Si02 OVER Ag AFTER 
5 min BAKE @ 4500 C 

FIGURE 2. 400X Darkfield Micrograph of Silver Mirror Surface (a) Prior 
to Si02 Overcoat and b) After Si02 Overcoat is Baked 
5 Minutes at 400°C. 
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FIGURE 3. Pinholes and Surface Cracking Observed in 
the Ti02 Overcoated Silver Mirrors after the 
final 2-1/2 minute 400°C Bake 

Attempts were made to apply a second coati ng of Si02 over the first in 
hopes of filling the pinholes. In general, the double overcoat was ineffective 
when applied on top of a high temperature baked first coat. 

Time and available resources did not allow further experimentation with 

processing parameters. Thicker coatings applied by multiple overcoating 

prior to the first bake were not attempted. No attempt was made to bake the 

coatings in an inert atmosphere. If silver agglomeration is responsible for 
the pinhole formation in the films, then placing the mirrors in an oxygen­

free atmosphere during the high temperature cures may inhibit the agglomera­
tion(4,6) and the subsequent pinhole formation. 
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While the limited experiments reported here did not produce the dense, 
pinhole-free coatings on silver only or silver copper substrates that were 
desired, it is not clear that they are incapable of doing so. These experiments 
were designed to perform a limited asse3sment of only one commercial coating, 
not test the generic value of the solgel concept. It is likely that solgel 
coatings can be formulated that densify at significantly lower temperatures 

(250-300°C). If the coatings can be densified without the formation of 
pinholes, they may provide the inexpensive (~$O.50/m2), durable, impermeable 
coating required to significantly increase the life expectancy of solar 

mirrors. 

ELECTROLESS NICKEL OVERCOATS 

Mirror lifetime might also be extended if the final metallic coating 
applied to the mirror during production would provide good corrosion resistance 
and negligible permeability. Such a layer might isolate the vulnerable 
silver layer between two stable barriers and prevent access by some of the 
environmental stresses responsible for degradation. Thin nickel coat~ngs 

prepared with an electroless process are one candidate. Nickel is attractive 
because of its corrosion resistance, wear resistance and hardness. The 
electroless deposition process is conceptually compatible with the conventional 
wet chemistry mirror production process and yields coatings with low porosity 
and good film uniformity. 

Electroless nickel technology has received considerable attention since 
the first deposition using hypophosphite reduction nickel was reported in 
1946. (7,8) The processes developed since that time have been applied to 

metals, glass and other dielectrics, and plastic substrates. The electroless 
nickel films are used on many components of moving mechanical systems because 
of their hardness and corrosion resistance. Film thicknesses used for mech­
anical system components range from 4-50 ~m to insure long service lifetime 
but thinner films may be feasible. Plating is conventionally performed by 
component submersion in dip tanks using a single solution rather than with a 
spray-on process because the desired film thicknesses are readily obtained 

more quickly. 
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A variety of electroless nickel solutions are available (open literature 
and proprietary formulations) that allow the use of either acidic (pH 4-7) 
or basic (pH 8-11) baths. (9,10) The reaction is autocatalytic and deposition 
does not begin until the solutions are exposed to an active surface. This 
allows the solutions to be premixed and stored without the deposition reaction 
occurring. This is in contrast to the commercial silver and copper solutions 
which are maintained as separate com)onents and the deposition process begins 
only when the solutions are mixed. (2 Most electroless nickel solutions are 
used at elevated temperatures (80-90°C) to achieve the desired deposition 
rates. 

The films deposited by the electroless processes are mixtures of nickel 
and phosphorus. The phosphorus content has been found to decrease as the pH 
of the solution is increased(11,12) with the range of phosphorus content 
being ~3-12 wt.%.(13) The unannealed films are a solid solution of phosphorus 
in a very fine polycrystalline nickel system. (14) No evidence has been noted 
of phosphorus segregation to large grain boundaries during deposition with 
the associated potential for grain boundary penetration by environmental con­
taminates. Heat treatment of the films converts them to a mixture of Ni 3P 
and nickel. (15) 

The film nucleation and growth processes on many substrates are very 
similar to those seen in the wet chemistry silver deposition process for 
mirror production. Glass substrates must be pre-treated with stannous 
chloride or palladium chloride solutions to sensitize and activate the 
surface before application of the nickel solutions. (11) This allows the 
initial nickel crystallization which then propogates the autocatalytic 
reaction. Film growth on these substrates begins at discrete active sites on 
the surface and progresses with the growth of hemispherical islands. (16) 
However, film growth on naturally active surfaces proceeds as uniform film 
growth without the presence of island structure. (16) Experience with copper 
substrates is not completely clear. Brown and Jarrett(lO) indicate that 
copper alloy surfaces must be pretreated with palladium chloride while Graham 
et al. (17) prepared films on copper with no mention of surface activation. 
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The different growth regimes may allow the use of a mirror structure that 
would facilitate the growth of a uniform thin nickel overcoat for improved 
environmental stability. 

The deposition rate for most electroless nickel baths are fairly slow 
compared to those for the mirror industry silver and copper processes. These 
nickel growth rates and the standard commercial coating thicknesses of 
5-50 ~m have dictated the use of dip tanks for film deposition. But the 
application as a protective mirror backing requires only a film thickness 
that produces negligible porosity. Thus the process may be suitably adapted 
to a spray application during the standard mirror production run. Deposition 
rates up to 127 ~/hr have been reported for hydrazine based chemistry opera­
ted as alkaline solutions. (10) This rate would allow the deposition of a 

° 1000A film in less than 3 seconds and would be compatible with conventional 
mirror production. But, the morphology of the resulting films for very thin 

° coatings (~1000A) and the suitability of the solution for either silver or 
copper substrates have not been reported. 

Preliminary experiments have been initiated to assess the suitability of 
an electroless nickel film as an environmental barrier on conventional wet 
chemistry silvered mirrors. Key unanswered questions include: 1) morphology 
for thin films, 2) porosity for thin films, 3) suitability of rapid deposition 
rate solutions on silver or copper substrates, 4) practicality of spray-on 
application techniques, and 5) the environmental stability of coated mirrors. 

One solution deposition technique taken from the literature(18) was 
examined in the laboratory at PNL. The solution contained a Ni++ salt, 
sodium hypophosphite as a reducer, and had a pH between 8 and 10. The 
solution was heated to 91 + 5°C. Dip treatment of silver films on glass 
destroyed the silver film and demonstrated no nickel film growth. No samples 
were tested in this solution with glass/silver/copper mirrors. 

An acidic electroless nickel was obtained from MacDermid, Inc. for 
additional tests. The pH 5.0 solution also contains sodium hypophosphite. 
The recommended deposition temperature is 76-88°C. Deposition rates cited 
are 10.1 and 20.2 ~m/hr at the two temperatures respectively. This rate is 
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only ~20% of the maximum value noted in the literature. Dip processing of 
glass/silver samples resulted in delamination at the silver glass interface. 
Further tests are required to determine if this delamination resulted from 
internal film stress in the relatively thick (5-6 ~m) nickel layer or from 
chemical attack of the silver/glass interface. 

The commercial solution was also used with a glass/silver/copper mirror. 
Silver/glass delamination again occurred for these relatively thick films, 
but to a lesser degree than seen for the glass/silver samples. The copper 
film was not pretreated with tin chloride or with palladium chloride before 
the nickel application. 

The experiments performed in this preliminary study were far too incon­
clusive to make a firm recommendation on the suitability of this technology 
for enhancing the durability of solar mirrors. The literature which stresses 
their integrity and durability is very encouraging. However, examination of 
thinner films is necessary before a judgement can be made. Since this tech­
nology may be readily adaptable to existing mirror lines at nominal cost, it 
should be pursued further. 
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