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DEVELOPMENT EFFORT ON SHEET MOLDING 

COMPOUND (SMC) PARABOLIC TROUGH PANELS 

1.0 INTRODUCTION 

The Department of Energy, through Sandia Laboratories~ is 

sponsoring development of parabolic trough solar collectors. 

Improvements are required in present state of the art optical/ 

thermal performance, durability, and reliability prior to commit

ment to mass production. The Trough Development Project has as 

its goal the development and demonstration of trough collectors 

with potential for mass production with the incorporation of 

design features which have been indicated by previous collector 

development and testing. 

Objectives 

The objectives of the development effort are to: 

• Investigate the problems of molding parabolic trough 

solar reflector panels of sheet molding compound (SMC) 

• Develop molding techniques and processes by which 

silvered glass reflector sheets can be integrally molded 

into SMC trough panels 

• Provide representative prototype panels for evaluation 

• Provide information regarding the technical feasibility 

of molding SMC panels in high volume production. 

The approach taken to meet the objectives was to design 

the parabolic panel, fabricate a prototype die, choose an SMC 

formulation and mold the glass and SMC together into a vertex 
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to rim mirrored panel. The main thrust of the program was to 

successfully co-mold a mirrored glass sheet with the SMC, thus 

eliminating subsequent mirror to structure bonding operations 

and providing a good environmental seal for the silver coating 

on the molded surface of the glass. Co-molding of the mirror 

with the SMC also offers the potential for reducing the overall 

cost of SMC parabolic trough panels. 

Results 

Results have indicated that mirrored glass sheets, if 

properly strengthened to withstand the temperature and pressure 

of the molding process, can be successfully molded with SMC in 

a single press stroke using standard compression molding 

techniques. The silver reflective surface must be coated with 

an adhesive mixture that provides both protection of the silver 

and adhesion to the sheet molding compound. The SMC material 

must provide the strength and stiffness required of a structural 

backing material. Given these three parameters, that is, 

strengthened silvered glass, a protective-adhesive coating, and 

structural SMC, the actual molding of vertex to rim parabolic 

reflector panels has been successfully completed and presents 

no major problems to prototype molding. More detailed 

preparation would be required before production molding could 

become practical, but the technical feasibility of molding 

panels in high volume production has been established in this 

program. 
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2.0 TECHNICAL CONSIDERATIONS 

2.1 PART DESIGN AND TOOLING CONSIDERATIONS 

The panel design as required by Sandia was a vertex to rim 

parabolic trough reflector panel, one meter wide with a one square 

meter projected aperture area and a focal length of 19.01 inches. 

The structure of the panel was to be a sheet molding compound with 

specific requirements as outlined by Sandia. The part size was 

selected to be a vertex to rim panel with 1 m x 1 m aperature 

primarily because of tooling costs. A full rim to rim 1 m x 2 m 

panel could probably have been molded; however, the tooling 

would have been more than double the size, weight and depth of 

the tooling required for a half parabola. Figure 1 shows the 

tooling comparison. For development, the 1 m x 1 m half panels 

were adequate for establishing feasibility of co-molding 

strengthened glass mirrors into an SMC structure. Two basic 

designs were considered to provide the required stiffness of the 

panel under wind loading conditions. The first design would use 

separately molded and bonded hat section parts as the panel 

stiffening elements whereas the second design would use molded 

ribs for panel stiffening. Each design has advantages and dis

advantages as outlined in Table 1. With an eye towards mass 

production, it was decided to use ribs as the stiffening elements. 

The final panel design is shown in Figure 2. 
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TABLE 1 - Advantages and Disadvantages of Stiffeners 

STIFFENER 

Hat Section 

Ribs 

ADVANTAGES 

-Not as much part-to part 
consistency in the panel 
is required 

-Molding is better defined 

-Cost of a one-piece, 
ready to assemble 
panel 
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DISADVANTAGES 

-Cost of bonding 
operations in a 
production environ
ment 

-Matching of different 
curvatures of SMC/ 
Glass panel vs. a 
plain SMC panel 
(because of thermal 
expansion difference) 
with a consistently 
curved hat section 
stiffener 

-Greater part-to 
part consistency 
in the panel is 
required 

-Possible read
through of ribs 
on glass surface 

-Practical problems 
of molding deep ribs 



~ .... 

;:; . 
. ~ 

.0 

0 

-' 

· 
.1 

• 

~ 

• 
~ 

6 



Three problems were presented in the detail design of the 

panel: rib geometry, location devices in the mold for glass posi

tioning, and the thermal expansion coefficient difference between 

glass and SMC. The solution to each of these problems will be 

discussed. The rib geometry includes rib height, rib thickness, 

draft angle and fillet radii. The structural analysis performed 

by Sandia indicated that three internal ribs in conjunction with 

the two external coaming ribs would provide the required 

stiffness if the ribs were on the order of two inches in depth 

and 0.150 inches to 0.175 inches average thickness. The question 

arose as to the practicality of molding these ribs. From previous 

experience the draft angle for internal ribs should be approximately 

1.50 • With a total panel depth of 2.25 inches, the rib height would 

be 2.05 inches. See Figure 3. The tip of the rib should be wide 

enough to allow glass fiber flow to that area and the root of the 

rib should not be so wide as to present problems with curing of the 

material or with sink marks. With these criteria, the tip thickness 

was determined to be 0.120 inch nominal and the root thickness 0.230 

inch nominal. Another controlling factor in reducing sink marks, 

which are depressions opposite ribs and bosses caused by material 

shrinkage, is minimizing the lead-in radius to the rib. Although 

small radii may reduce sink they also may reduce fiber flow into the 

area. It was decided to make the lead-in radii at a minimum, 

approximately 0.010 to 0.020 inch, and determine the fiber flow into 

the rib after molding a few panels. If the fiber flow would need 
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to be increased, the radii could be increased by breaking the sharp 

corners on the rib side mold half and hand finish to the desired 

radius. Figure 4 shows the completed panel cross section. 

Location devices for positioning of the glass sheet in the mold 

presented another design problem. Figure 5 shows an initial concept 

employing four gaging blocks, two each in opposite corners of the 

mold punch. On the downward stroke of the cavity the gaging blocks 

move down and become part of the punch while allowing the glass 

mirror to be placed in the proper position. This concept was not 

used because: 1) the edge of the glass could rub on the gaging 

blocks causing the glass to shatter; 2) the dimensional tolerance 

of the glass could be such as to make the gaging blocks 

non-workable; and 3) the cost of the gaging blocks for a prototype 

application was expected to be prohibitive. Another idea, Figure 6, 

would use premolded SMC parts that would hold the glass in position 

with the correct spacing. Once again, tolerance limitations and 

cost made this concept impractical. 

It appeared that the glass sheet could be positioned in the 

die by making the angle of the vertex and rim coamings nearly vertical 

to prevent springback of the chemically strengthened glass to its 

original flat position. Vertical is defined as being parallel to 

the press movement. Vertical coaming on the rim side presented no 

problems because the function of the rim coaming is to end the 

panel. However, the vertex coaming angle relative to the press 

movement was critical when joining two panel halves and could only 

be changed in a position that would not influence the panel 

9 
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Pre-molded SMC Part 

Figure 6 - Glass Positioning Concept Using 
Pre-molded Parts 
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assembly. Possible locations were both ends of the one meter width 

where the cutouts exist for the receiver tube or two positions with-

in the one meter width that would not interfere with the panel 

assembly. The choice was made to alter the vertex coaming at two 

internal positions and at the same time provide locating pOints 

for the panel assembly. The final design is shown in Figure 7. 

Because of a bigher thermal expansion coefficient (TEC) of 

sheet molding compound when compared to glass, the trough panel's 

radius of curvature - and hence its focal length - would be expected 

to increase as it cools from the molding temperature to room tem

perature. Equations predict that the opened shape of the panel 

remains parabolic. The challenge is to obtain the correct focal 

length on the finished parts. 

One solution would be to acce-unt for the change in curvature 

in the design of the mold. This would entail fabricating the 

mold to a smaller focal length than is specified for the final 

part. When the panel is demolded and cooled to room temperature the 

increase in radius will bring the part to the required curvature. 

Some assumptions are necessary in this approach: 1) the material pro

perties are known (moduli, poisson's ratios, thermal expansion 

coefficients); 2) small changes in the cross-section (bosses, 

longitudinal ribs) are negligible; 3) mechanical isotropy in the 

plane of the SMC and glass exists; and 4) equations that describe 

the curvature are accurate. In general, the material properties are 

known and can be defined by a mean and a standard deviation. Some 

drawbacks exist to the smaller focal length tooling. These are: 

1) when only SMC is molded (no glass mirror) the part will not be 

13 
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to the desired shape and 2) when glass of a different thickness 

than was used in the calculations is molded with the SMC the 

proper shape again will not be obtained. Despite these drawbacks, 

the approach of making the trough panel mold to a smaller focal 

length was chosen as the solution to the thermal expansion coef-

ficient difference between SMC and glass. 

The focal length of the trough panel tooling was calculated by 

Sandia based on the results of previously molded and thermally cycled 

panels to equal 18.80 inches. Due to the shrinkage of the zinc alloy 

tooling on cooling from a liquid to a room temperature solid and the 

expansion in the tooling on heating from room temperature to molding 

temperature, it was decided to fabricate the template for the mold 

maker to a focal length of 18.95 inches. 

One other consideration in the part design was the ability to 

mold the boss,Figure 8, to be used as the attachment point from the 

panel to the torque tube. Based on the experience in molding simi

lar size bosses on automotive grill opening panels, the" molding of 

this attachment boss was not expected to present serious problems. 

A full size zinc alloy compression mold was fabricated for 

producing the trough panels. The mold maker, W.K. Industries, Inc. 

of Sterling Heights, Michigan, was provided a detail drawing of the 

part and an 18.95" focal length vertex to rim aluminum template. 

The reflective side of the mold was constructed of wood and plaster 

used to form a sand cavity into which the zinc alloy material was 

cast. The matching tool half corresponding to the rib surface was 

obtained by applying a wax and wood build-up to account for part 

15 
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thickness and rib and boss configuration. Another plaster cast 

was taken from the built-up structure for use in casting the other 

half of the zinc alloy tool. Figure 9 gives general information 

and dimensions on the tool. There are four ejector cylinders 

that are controlled by a four port flow divider to assure even 

pressure to all cylinders during ejection. There are a total of 

thirty five ejector pins of which thirty three are 1/4" diameter 

and two, located over the bosses, are 1/2" diameter. There are 

seven ejector pins per rib as shown in Figure lO . Each half of 

the mold has eight heating lines which fOllow the parabolic 

contour to assure even heat distribution. The heating lines are 

connected as shown in Figure 11. 

The trough panel mold is shown in Figures 12 and 13. 

2.2 MATERIAL REQUIREMENTS 

The material requirements specified for this program were a low 

shrink, low profile chopped glass fiber sheet molding compound with 

a vinyl ester or a UV stabilized polyester resin system. Table 2 

outlines the material properties as specified by Sandia. 

A review of material properties was performed to determine 

the correct SMC formulation. As can be seen from Figure 14 and 

Figure 15 (Reference l)strength in an SMC material is an increas

ing function of glass content. For the lower end of the 95% 

confidence limit a tensile strength of 15000 psi corresponds to 

a glass content of 42% and a flexural strength of 25000 psi 

17 
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FIGURE l2 - Trough Panel Mold 

FIGURE 13 - Trough Panel Mold, Another View 
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TABLE 2 - Material Requirements 

Low Shrink, Low Profile 

Good Molding Characteristics 

UV Stabilized Polyester Resin System 

Young's Modulus - 1.5 x 10 6 PSI Minimum (1.8 x 10 6 PSI Desired) 

Tensile Strength - 15,000 PSI 

Flexural Modulus - 1.5 x 10 6 PSI Minimum (Higher Desired) 

Flexural Strength - 25,000 PSI 

Thermal Expansion Coefficient (TEC) 6 to 10 X 106 in/in/oF 

Mechanical Isotropy in the Plane of the Material 

22 
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requires a glass content of 41%. Average strength and average 

moduli were also calculated from tests performed by the Budd 

Company Technical Center as shown in Figure 16 and Figure 17. 

The tensile strength requirement corresponds to a 42% glass 

content and the flexural strength requirement corresponds to 

a 33% glass content as can be seen in Figure 16. Figure 17 

indicates that the tensile and flexural moduli requirements of 

1.5 million psi are.exceeded for glass contents over 25%. The 

material property review indicated that a 40% content SMC, 

which is a standard Budd Co. formulation, would exceed the 

flexural strength, flexural modulus, and tensile modulus require

ments and provide 93% of the tensile strength requirement. A 40% 

glass content SMC was chosen for this program. 

Conversations with vinyl ester suppliers indicated that their 

resins have good chemical resistance but lack good UV properties. 

For this reason and because UV stabilizers are presently being used 

in the polyester resin market, a decision was made to use a UV 

stabilized polyester as the resin system. 

2.3 THERMAL EXPANSION CONSIDERATIONS 

The selected sheet molding compound is required to have a 

thermal expansion coefficient no greater than 10 x 10 -6 in/in/oF, 

lower if possible, and equal to that of glass (4.9 x 10-6 in/in/oF) 

in the ideal case. A review of thermal properties both theoretically 

and experimentally indicate a range of from 9 to 10 x 10-6 in/in/oF 

for the TEC. Figure 18 (Reference 2) shows that the TEC decreases 

with increasing glass content and for a fiber volume ratio of 0.3, 
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which is approximately a 40% weight content, the TEC is equal to 

10 x 10-6 in/in/oF. Figure 19 (Reference 3) shows that the thermal 

expansion coefficient decreases with temperature above room 

temperature and is equal to 9.2 x 10-6 in/in/oF for a 50% glass 

content at room temperature. To achieve a lower value would 

entail some additional research,not provided in this contract,in 

the area of additives such as carbon fibers) Wollastonite or 

processed mineral fiber. Table 3 (Reference 4) gives the thermal 

expansion coefficients of various thermoplastic composites with no 

reinforcements) 30% glass reinforcement and 30% carbon reinforcement 

where the TEC is consistently lower with the carbon reinforcement 

compared with the glass reinforcement. Table 4 (Reference 5) gives 

similar results when comparing Wollastonite with glass in a Union 

Carbide RIM 125 material. It does appear possible to reduce the 

thermal expansion coefficient by using different reinforcements and 

fillers although the effects of these additives on other properties 

are unknown. It is expected, however, that the cost of the sheet 

molding compound with the additives will increase. 

In summary, the chosen SMC formulation is a low shrink, low 

profile SMC using 40% by weight one inch chopped glass fibers in a 

UV stabilized polyester resin matrix. Before delivery of this 

formulation it was decided to calculate the thermal expansion co

efficient and insert pullout strength of similar SMC materials, to 

be followed by determination of the chosen material properties as 

outlined later in the report. 
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TABLE 3 - Thermal Expansion Coefficients of Various Thermoplastic 
Composites (Re ference 4) 

REINFORCEMENT 
MATERIAL UHREIHFORCED 30% GLASS 30% CARBON 

Nylon 6/6 45 13 10.5 

Polysulfone 31 14 7 

Polyester 53 12 5 

Polyphenylene 30 13 6 
Sulfide 

Ethylene TFE 42 17 8 

(VALUES SHOWN ARE 10- 6 IN/IN/oF) 

TABLE 4 - Thermal Expansion Coefficients (TEC) Union Carbide 
RIM125 Composites (Reference 4) 

FILLER 

None 

1/16" Milled 
Glass Fiber 

Wollastonite 

Processed 
Mineral 
Fiber 

16 

17 

32 

17 

29 

30 

55.0 

34.1 

24.2 

22.6 

34.0 

26.0 

,. 



Thermal expansion coefficient tests were done on four 

specimens cut from each of three glass content SMC moldings to 

get an idea of actual TEC values. The method entailed placing 

a three inch long by one half inch wide specimen in a quartz tube 

dilatometer per ASTM Standard D696-70. Results are given in 

Table 5. 

2.4 INSERT/MATERIAL INVESTIGATION 

The final panel design utilizes an insert in the boss as 

the attachment point for the panel to torque tube connection. 

Requirements of the boss and insert are internal 1/4-20 threads 

and a tensile load of 200 pounds. There are a variety of metal 

inserts for plastics use, such as molded-in, interference fit, 

expansion, self-threading and threaded-in inserts. Interference 

fit and expansion inserts require that the insert be installed 

in a molded-in or drilled hole by a pressing or hammering 

operation which does not agree with the brittle nature of SMC. 

The threaded-in insert requires that a hole be drilled and tapped 

before installing the insert (Reference 6). Self threading inserts 

cutting action locks the insert in place to provide strong thread 

surfaces that resist torsional and tensile loads. The size of the 

hole is critical as oversize holes result in poor strength 

conditions while undersize holes require excessive driving torque 

and may induce premature failure of the boss. 

A stress analysis of the part shows that the tensile and shear 

stresses are within the limits of the material. Figure 20 shows 
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TABLE 5 - Preliminary Test Results of Thermal Expansion Coefficient~ 

MATERIAL 

SMC-27% 

SMC-40% 

SMc-62% 

TEMPERATURE RANGE 

0-75 75-135 135-200 

10.33 11. 47 10.29 

9.43 9.35 6.35 

9.65 6.26 5.31 

Values in the table are l06in/in/oF 
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the boss-insert area. Assume that the boss diameter is a constant 

5/8" and the insert diameter is 7/16". The tensile stress is 

a = P 

T f[(t) 2 

=6.39P 

The shear stress is 

P 
= =1.90P 

( .9) ( 1T) ( i6) (.425) 

Where 0.9 is a factor used to compensate for the area of the 

threads. 

For a load of 200 Ibs., aT = 1280 psi and T = 380 psi, which 

affords safety factors of lIon the tensile stress and 5 on the 

shear stress. Although this analysis indicates large enough 

safety factors, tests were performed on insert-boss assemblies. 

Five bosses were cut from a grill opening panel (the front 

outer panel of an automobile containing headlamps and an opening 

for the grill) molded with a 25-30% low shrink, low profile sheet 

molding compound. These tests were done to get a better feel for 

possible problems. The bosses were a nominal 5/8 inch diameter 

at the narrow end and 3/4 inch diameter at the larger end, with 

lengths ranging from 1.5 inches to 2 inches. See Figure 21. 

Two different makes of inserts were installed in the bosses. 

The first type, a Trisert Insert is proclaimed to be a self-tapping 

insert. However, when attempting to thread the insert into the 

recommended size drilled hole, the boss cracked due to the brittle-
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ness of the SMC. Two larger holes were drilled until the boss did 

not crack when threading the insert. 

The second type of insert is the E-Z Lok insert which is 

fabricated with a standard external thread (see Appendix A for 

product literature). The boss must be drilled and tapped first, 

and when threading the insert microencapsulated epoxy molecules 

are broken and begin to cure, apparently locking the insert into 

the boss. 

To test the pull-out strength a hole was drilled through the 

entire length of the boss, assuring in-line tensile loads and 

minimizing bending. The large end of the boss was drilled and 

tapped to accommodate a threaded rod which is attached to the 

tensile machine. The 0.375 inch diameter Trisert insert was 

threaded into a 0.360 inch diameter drilled hole, leaving only 

0.0075 inch engagement of the thread and the SMC. A threaded 

rod was used to connect the insert to the testing machine. Be

fore testing began it was thought that the Trisert insert would 

not perform as well as the threaded in E-Z Lok insert because 

of the low thread/material engagement. 

Results of the pull-out tests are shown in Figure 22. The 

three E-Z Lok inserts did not pull-out but caused cracking in the 

bosses. One Trisert Insert also caused cracking while the other 

Trisert started to pUll-out before cracking occurred. If any 

conclusions can be drawn from these tests it is that as long as 

the insert stays attached to the boss then what is being measured 

is the material property, not the insert strength. The test 
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results indicate that the most important function of an insert 

is its ability to be consistently made an integral part of the 

boss. At this time the Trisert-Insert does not seem to offer 

this consistency, whereas the E-Z Lok insert does. 

The decision was made to use E-Z Lok inserts and perform 

pull-out tests on bosses cut from molded panels at a later date. 

This data is reviewed later in the report. 

2.5 FIXTURE DESIGN AND FABRICATION 

The fixtures required for this project are described below. 

An oven was necessary for preheating of the glass to avoid 

thermal shock on the glass as it is placed in the hot mold, to 

assist in the flow of the SMC across the glass, and to provide 

an increased chance of the SMC wetting and adhering to the coated 

surface of the glass. The oven was fabricated to accommodate 

one sheet of glass in the horizontal position. Standard electri-

cal strip heaters were used in conjunction with a temperature 

o 
controller to keep the preheat temperature at 250 F. The oven 

consisted of one inch thick insulating material lined internally 

with aluminum for heat reflection and externally with plywood 

for rigidity. 

Two cooling fixtures, Figure 23, were fabricated to hold the 

molded trough panel when cooling from the molding temperature to 

room temperature. The cooling fixtures were made by first 

constructing a female wooden model to the correct parabolic contour 

and then taking two male castings of fiberglass mat and polyester 

resin with a wood support from the female model. 

37 



~:~ ... , 
~ ... 

I 

Figure 23. Cooling Fixture-Initial Concept 

, , 



The storage and shipping rack concept is shown in Figure 24. 

Five racks, one to hold four panels and four to hold eight panels 

~ each, were constructed for safe shipment of the reflector panels. 

The inspection fixture is shown in Figure 25. This fixture 

held the assembled 2 meter by I meter panel in a horizontal 

position for the inspection performed by a three axis digitizing 

machine, which for a given X and Z coordinate value determines the 

Y position. More information on the inspection is given later in 

the report. 

2.6 PRELIMINARY SMC-GLASS ADHESION TESTS 

Flat, sample size moldings were made of sheet molding com

pound and painted mirrored glass to investigate the adhesive 

strengths between the multiple layers on the mirror. The mirror 

coatings on the glass consist of approximately 1000 Angstroms 

(3.9 x 10-Gin.) of silver, approximately 300 Angstroms (1.2 x 

10-Gin.) of copper, plus a protective paint of approximately 0.004 

inch thickness. Eight 10" x 12" glass mirrors, provided by Sandia 

Labs, were furnished to Budd with PPG Mirro-Chron 44410 paint. 

On four of these mirrors the paint was removed, making sure that 

no visible damage was done to the copper surface. One of these 

mirrors was coated with a commercially available lacquer primer 

paint, one with an enamel primer paint, and two with an epox~ 

coating which is Key Polymer Corp. 's E-12 epoxy. One each of the 

mirrors with the Mirro-Chron paint, the lacquer paint, the enamel 

paint, and the epoxy coating were cut into 1.5" squares for future 

tensile and shear tests. The remaining four 10" x 12" mirrors 
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were kept intact. Nine 10" x 23" glass mirrors, provided by PPG 

Industries through Sandia Labs, were coated, three each, with three 

different systems labeled A, B, and C. One each of the Band C 

mirrors were cut into 1.5" squares for further testing. 

Tests were also made on the adhesion of SMC to glass with 

the same E-12 epoxy coating sprayed over the existing Mirro-Chrom 

44410 paint. Additional moldings were made at a later time where 

a PPG supplied paint 44498 was sprayed over mirrors with the 

existing Mirro-Chron 44410 paint. It was also sprayed over mirrors 

after the Mirro-Chron paint was removed and only the silver and 

copper coatings remained. Moldings were made on these two types of 

glass and also on the Mirro-Chron coated glass, each with and with-

out a coating of a catalyzed polyester resin. Table 6 gives an 

outline of the coating system and the quantity molded with SMC. 

The molding procedure consisted of placing the mirror in 

, 0 
a 300 F. flat plaque mold from five to ten minutes to assure proper 

preheating of the glass. The SMC charge pattern, which varied 

from 60% to 80% mold area coverage,was placed~on the glass and 

the mold was closed. The cycle time was three minutes at a 

nominal pressure of 700 psi. The molded parts were ejected and 

allowed to cool to room temperature before any tests were per-

formed. 

There were two testing procedures used to determine the 

adhesion. The first test, which was basically a subjective test, 

consisted of bending and twisting the molded glass-SMC panel in 

an attempt to dislodge the glass from the SMC. This test was 
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TABLE 6 - SMC - Glass Preliminary Tests-Coating Systems and Quantity 

C 0 A T I IJ G S Y S T E M 

PPG Plain 
with Polyester Resin 

Enamel Primer (Spray can) Plain 

Lacquer Primer (Spray can) Plain 

PPG EP138-83-A 

PPG EP138-83-B 

PPG EP138-83-C 

Key Epoxy E-12 

PPG 44498 

PPG 44498 over 
44410 

with 

with 

with 

with 

with 

with 

Plain 
Polyester Resin 

Plain 
Polyester Resin 

Plain 
Polyester Resin 

Plain 
Polyester Resin 

over 44410 

Plain 
Polyester Resin 

Plain 
Polyester Resin 
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QUANTITY MOLDED WITH SMC 

LARGE SIZE 
(10" x 12") 

2~ 
2~ 

~ 
~ 

l~ 
~ 

l~ 
~ 

1 

2 

1 
1 

1 
1 

SMALL SIZE 
(1.5" x 1.5") 

10 

10 

10 

10 

10 

10 



used on the 10" x 23" and the 10" x 12" mirrors. The second 

procedure, which was quantitative and was used on the 1.5 1t square 

molded mirrors, consisted of cutting the glass-SMC laminate into 

a 1.5" square unit and testing this unit in a flat-wise tensile 

test or an interlaminar shear test. These two testing fixtures 

are shown in Figure 26. 

Results of the bending and twisting subjective tests are 

given in Table 7., Failure could possibly occur at any interface; 

that is, glass/silver, silver/copper, copper/paint,and paint/SMC. 

In addition, cohesive failure could occur within anyone of these 

coatings; such failures were most often seen within the paint. 

Since these tests were not quantitative and failure was forced to 

occur, the initial concept of these tests was to better understand 

basic adhesion characteristics of various coating materials as 

they respond to the molding process. After some full size reflector 

panels were molded, these tests were further used to correlate what 

was happening in the full size panels versus what was occurring in 

the test pieces. Table 7 shows that the unconditioned 44410 paint 

did not provide as much adhesion as some of the other coating 

systems used~ Two questions arose at this point: (l)What coating 

system was good enough to provide acceptable reflector panels? and 

(2) Were the test pieces simulating the actual molding process of 

the full size panels? 

The answer to the first question was the development of the 

flatwise tensile and the interlaminar shear tests. Results of 

these tests are shown in Table 8, where all of the samples were 

tested at room temperature. The epoxy coating obviously provided 
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TABLE 7 - SMC - Glass Preliminary Tests-Subjective Test Results 

-' 

C 0 A T I 1J G SYSTEr1 F A I L U R E M 0 D E 

PPG 44410 Plain 90% between SMC and 44410 
10% between 44410 and copper 

with Polyester Resin 30% of gla~3s adhered to SMC 
70% between paint and copper 

PPG EP138-83-A Plain 100% between SMC and "A" 

with Polyester Resin 100% between SMC and "A" 

PPG EP138-83-B Plain 50% of glass adhered to SMC 
50% between "B" and copper 

with Polyester Resin 50% of glass adhered to SMC 
50% between "B" and copper 

PPG EP138-83-C Plain 80% of glass adhered to SMC 
20% between "c" and copper 

with Polyester Resin 80% of glass adhered to SMC 
20% between "e" and copper 

Key Epoxy E-12 Plain 100% adhesion of glass 

over 44410 90% adhesion of glass 
10% between E-12 and 44410 

PPG 44498 Plain 100% cohesive failure in 44498 

with Polyester Resin 100% between 44498 and copper 

PPG 44498 over 44410 Plain 100% between the two paints 

with Polyester Resin 100% between the two paints 
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TABLE 8 - SMC - Glass Preliminary Tests-Quantitative Test Results 
(Room Temperature) 

TYPE OF TEST SYSTEM 

Tensile 44410 Paint,plain 

44410 Paint,plain 

"c" Paint, plain 

"e" Paint, plain 

Key Epoxy E-12 

Key Epoxy E-12 

Interlaminar 44410 Paint,plain 
Shear 

44410 Paint,plain 

"c" Paint, plain 

"c" Paint, plain 

Key Epoxy E-12 
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MAX. STRESS 

1170 psi 

1180 psi 

1400 psi 

1090 psi 

1710 psi 

1830 psi 

1190 psi 

1580 psi 

1480 psi 

1530 psi 

1420 psi 

FAILURE MODE 

80% SMC/paint 
20% cohesive paint 

70% SHC/paint 
30% cohesive paint 

95% cohesive paint 
5% SHC/paint 

95% cohesive paint 
2% Paint/copper 
2% Silver/glass 
1% SMC/paint 

75% within SMC 
25% within glass 

90% within SMC 
10% within glass 

90% Glass/fixture 
5% Copper/paint 
5% Paint/SMC 

70% Paint/SMC 
30% Copper/paint 

60% Glass/fixture 
25% Copper/paint 
15% Cohesive/paint 

90% Glass/fixture 
10% Glass/silver 

85% Glass/fixture 
15% Glass/silver 



better adhesion in the tensile tests and comparable adhesion in 

the shear tests. It was decided to mold the next series of full 

size reflectors using the E-12 epoxy coating. 

The answer to the second question is difficult to determine 

because of inherent differences between molding test pieces ana 

molding full size panels. As mentioned earlier, the initial 

concept was to better understand adhesion between coated glass 

and SMC, and this result was achieved. Additional test pieces 

were molded later in the program when another adhesive showed 

good molding properties. Results of tests performed on this 

adhesive, also an epoxy base, will be discussed later in this 

report. 

3.0 MOLDING OF TROUGH PANELS 

The molding of the trough reflector panels can be broken into 

three distinct efforts. The first set of moldings familiarized us 

with the molding procedures and the types of problems to be expected 

in molding glass directly with SMC. The second effort was to eval

uate the effects of slower closure and slower pressure build up by 

moving the die to a different press. The third effort was to test 

the adhesion properties of a different epoxy coating with a slightly 

modified SMC formulation. The third eff~rt proved to be a success

ful attempt at co-molding glass and SMC. 

3.1 INITIAL MOLDING EFFORT 

The first trough panels were molded without glass to determine 

the charge pattern and to tryout the die. The initial charge pattern 

covered about 90% of the molding area with strips of SMC near the 
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ribs and bosses to provide fill in those areas. The charge pattern 

was changed later to cover approximately 60% of the molding area 

with pads of SMC near the bosses to provide greater flow and a 

better quality panel. 

After charge pattern tryout, a sheet of chemically strengthened 

glass was preheated at 250
0

F and placed in the mold. The charge 

pattern was placed on top and pressure applied for three minutes. 

When the press was opened the SMC had stayed on the rib (upper) 

side of the die. However, the glass did not adhere to the SMC 

and remained, unbroken, in the bottom. Encouraging signs on this 

first panel were essentially 100% rib and boss fill-out and an 

even edge of SMC around the periphery where the glass was located. 

The same sheet of glass was again used, this time coated 

with a polyester resin which is the same resin as used in the 

SMC. The same charge pattern and molding pressures were used. 

This part showed relatively good adhesion between the glass and 

the SMC. 

At this point some of the tests with flat, sample size 

mirrors as described in the SMC/Glass Adhesion part of the 

report were performed to get a better feel for the adhesion 

capability of various coatings. The molding of full size parts 

continued with E-12 epoxy coated glass and polyester resin coated 

glass, both of which provided promising results in the preliminary 

SMC/Glass adhesion tests. The following items were noted, 

although with varying degrees from panel to panel: 

• Gaseous bubbles entrapped between the glass and SMC 

• Delamination of the silver and glass 
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• Non-flushness of glass and SMC around the perimeter 

• Tendency of panel to stay in bottom half of die 

• Glass breakage in the mold 

Figure 27 shows some of these problem areas. It was thought 

that one problem with the adhesion between the glass and SMC was 

possibly due to the creation of a vacuum between the glass and 

the bottom mold half. If the vacuum can be released before and 

during the upstroke of the ram, the glass and the SMC would not 

have a tendency to be pulled apart. To alleviate the apparent 

vacuum problem, six holes were drilled in the bottom mold half. A 

0.50" diameter hole was drilled from the bottom to within one 

inch of the parabolic surface. A 0.25" diameter hole was then 

drilled through the 0.50" hole to within 0.25" of the mold sur

face. A 0.035" hole was then drilled from the top surface down 

through to the 0.25" hole. A diagram showing the location of 

the holes is given in Figure 28. 

Aluminum sheets, the same size as the mirrored glass sheets, 

were then molded with SMC to check the function of the vacuum re

lease holes and to gain confidence in glass placement and press 

operation. After the molding with aluminum, four sheets of painted 

mirrored glass were molded with SMC. The first two moldings used 

uncatalyzed polyester resin coated glass sheets, both of which 

survived the molding operation. Both panels showed non-flushness 

of the glass and SMC surfaces in the corners. The second molding 

showed large areas of silver delamination. The third and fourth 

glass sheets were coated with an epoxy E-12 coating over the 44410 
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paint. The third glass sheet diced in the mold, apparently due to 

a piece of dirt in the bottom surface. The fourth glass sheet 

survived the molding operation, although fill-out was incomplete 

on one rim corner. No silver delamination was noticed on this 

panel. 

3.2 SECOHD MOLDING EFFORT 

At this point it was decided to move the die to a press used 

in production SMC molding. The first press, used in research and 

development projects, did not provide the closure rates and press

ure build-up rates usually found in production presses. The 

second and subsequent molding operations with the 1m x 1m panels 

were conducted at Budd Co. 's Carey, Ohio production facility_ 

Although the vacuum release holes functioned properly, they 

did not provide conclusive evidence that if the ram opening was 

slowed more the adhesion problem could be solved. The gaseous 

bubbles seemed to be caused by air entrapment with a possible 

solution being to reduce the charge pattern coverage to allow 

greater flow of the SMC to push the air out in front of it. The 

glass breakage in the mold could be reduced by careful cleaning 

and placement. 

After molding panels with slower closing and opening, the 

same results occurred as with the previous moldings; that is, 

the adhesion between the glass and SMC was poor and areas of 

glass-silver delamination were evident. Both a rigidized resin 

system SMC, as was used in the first moldings, and a flexibilized 

resin system SMC was used in this effort. A good flow SMC mate-
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rial is needed for complete mold fill-out. After a molding serie2 

which did not achieve the desired success, it was decided to re-

evaluate the molding procedure, material flow ability, factors 

affecting SMC to paint adhesion, and factors affecting glass to 

silver adhesion. 

3.3 THIRD MOLDING EFFORT 

The third molding effort differed from the first two efforts 

in two ways. First, a coating consisting of a flexible epoxy resin 

was used on the back surface of the glass in an attempt to increase 

adhesion and decrease silver/glass delamination. Second, a flexi

bilized resin SMC material with a higher flow was used to achieve 

complete mold fill-out. 

The coating over the existing protective paint on the sil-

vered mirror required several major characteristics. It had to 
o 

have adhesive strength at 300 F; it had to adhere to the paint 

and provide protection to the silver and copper layers; and it 

had to be adhered to by the SMC during molding. A Sandia develop

ment effort which included lap shear tests at 300
0

F investigated 

and evaluated several potential coatings. The coating finally 

selected was a mixture of 80.0 parts by weight of Shell Chemical 

Co. Epon 828, 20.0 parts by weight of Ring Chemical Co. Versamid 

140, and 15.0 parts by weight of B.F. Goodrich Co. Hycar ATBN. 

Two methods, paint rollers and a wooden tongue depressor, were 

used to apply the coating under non-controlled conditions over 

the painted side of the mirrored glass. The coating was then 

cured for 30 minutes at 200 oF. The cured coating had small 
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circular discontinuities or small circular areas approximately 

1/4" diameter with a very thin coating. The coating discontin

uities could be seen in the molded panel on very close inspection. 

The SMC material used in this third molding effort was 

modified for higher flow by increasing the polyester resin to 

filler ratio in the resin mix by approximately 3% to 4%. The 

glass fiber content remained 40% by weight. 

The trough panels molded with the coating on the glass and 

the modified SMC achieved the required adhesion between the glass 

and the SMC without silver-glass delamination. The glass and 

SMC front surfaces are flush around the entire periphery of the 

panel. The gaseous bubbles were decreased by using the higher 

flow SMC which allowed for a smaller area charge pattern which 

pushed air out of the mold instead of trapping it. Glass break

age was reduced by extra care and cleanliness of the mold prior 

to placement of the glass in the mold. 

This final molding effort proved to be a success at co-mold

ing reflective glass and SMC into parabolic trough panels. 

4.0 ACTUAL MATERIAL PROPERTIES 

A 40% glass content rigidized polyester SMC was used on the 

first two molding efforts while a 40% glass content flexibilized 

polyester SMC was used on the third molding effort. Published 

data sheets indicated that the flexibilized resin SMC would pro

vide the same strengths and the same thermal expansion coefficient 
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as the rigidized resin SMC; however, the tensile and flexural 

moduli were expected to be 10% to 15% less, although still re

maining above the 1.5 million psi required level. Tensile tests 

and thermal expansion coefficient tests were made on flat plaque 

molded parts. Flexural t~sts and glass fiber content tests were 

performed on both flat plaque parts and trough panel moldings. 

A summary of the properties for the rigidized resin SMC 

molded in flat plaques is presented in Table 9. Selected pro

perties for samples taken from a 1m x 1m molded panel are 

summarized in Table 10. 

Flexural and tensile tests were also performed on the flexi

bilized resin SMC used in the third molding effort. Samples were 

cut from a molded flat plaque as shown in Figure 29 and also from 

a molded trough panel as shown in Figure 30. The results indicate 

that the strengtns and moduli are averaging the expected values. 

Results are shown in Tables 11, 12,and 13. 

5.0 PANEL INSPECTION 

: 

Two trough panels fabricated in the second molding effort were 

mechanically inspected using a digitizing machine, which for a given 

X and Z coordinate determine a Y value as defined by the coordinate 

system shown in Figure 31. The two one meter square trough panels 

were assembled into a one meter by two meter rim to rim panel for 

this inspection. The center line of the transverse axis is 

arbitrarily defined by Z = 50.000'" and the center line of the 

longitudinal axis is arbitrarily defined by X = 100.000". For each 

56 



TABLE 9. Properties of Rigidized Resin SMC - 40% Glass Content, 
Flat Plaque Moldings 

Tensile: 

Flexural: 

Material 
Content: 

0 = 14,215 

E = 2,192,200 

0 = 29,417 

E = 1,692,200 

Resin - 27.8% 

Filler- 30.4% 

Glass - 41. 8% 

psi 

psi 

psi 

psi 

by weight 

by weight 

by weight 

TABLE 10. Selected Properties of Rigidized Resin SMC - 40% Glass 
Content, 1m x 1m Trough Panel Molding 

Flexural: 0 = 26,635 psi 

E = 1,510,000 psi 

Material Resin - 27.0% by weight 
Content: 

Filler- 30.6% by weight 

Glass - 42.4% by weight 
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'rABLE 11 - Tensile Test Results-Flexibilized Resin SMC, 40% 
Glass Content 

0y (psi) Cult (psi) E (psi) 

- 11,230 16,940 1,783,300 x 

s 1,016 1,033 125,700 

cov 9.0% 6.1% 7.0% 

n 4 4 4 

TABLE 12 - Flexural Test Results-Flat Plaque Flexibilized Resin 
SMC, 40% Glass Content 

°Max (psi) E (psi) 

- 26,650 1,536,400 x 

s 3,470 146,100 

cov 13.0% 9.5% 

n 8 8 

TABLE 13 - Flexural Test Results-Trough Panel Flexibilized Resin 
SMC, 40% Glass Content 

°Max (psi) E (psi) 

- 28,970 1,482,000 x 

s 8,020 296,800 

cov 27.6% 20.0% 

n 14 14 
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". 

Z value, which ranged from 32" to 68" in increments of 4", thirteen 

X values were used and the associated Y value determined. This 

represents a total of 130 points that were measured over the entire 

panel surface. 

A computer program was developed that will define a best fit 

parabolic equation trough a number of points. For each Z value, 

thirteen (X, Y) values were inputed to the computer to determine the 

best fit parabolic equation through those thirteen points. This 

procedure was used for each of the ten Z values. Appendix B shows 

the results of the analysis for each of the ten Z values. Each 

printout produces the following: 

• Z Value 

• X Value 

o Y Value, which is the inputed value 

• Y Estimate, which is the computer calculated value for the 

best fit equation through that particular (X,Z) coordinate 

• Residual, which is Y values minus Y estimate 

• Focal Length 

• Coordinate of the focal point 

• Correlation coefficient 

Results of the analysis show that the focal length varied 

from 19.34" toward the center of the panel to 19.50" toward the 

outer edges. It is believed this is due to the crowning of the 

panel because of the thermal expansion mismatch between the glass 

and the SMC. That is, relative to the center of the panel the 

outer edges are opened, which would give a greater focal length. 
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It is also believed that the attachment along the vertex is 

critical in obtaining the correct focal length because of a tend

ency for two halves to open at the vertex. Also, with the boss 

attachment points relatively close to the vertex, even a small 

error in positioning the bosses results in compounded error at 

the rims due to a cantilever effect. Results in another con

tract, Sandia 74-9133, indicates that the focal length of two 

halves when bonded and riveted at the vertex and rigidly attached 

to an accurate fixture averages 19.02". 

An average focal length for the entire panel was also de

termined and is included in Appendix B. The average focal 

length is 19.405" with the focal pOint located at (X,Y) = 

(100.000, 19.429). The equation of the best fit parabola is: 

(X-l00.000)2 = (4) (19.405) (Y+19.405-19.429) 

(X-l00.000)2 = 77.620 (Y-.024) 

An interesting fact noted during the computer analysis is 

that the focal length and focal point coordinates from the left 

half of the parabola cannot be averaged with the focal length 

and focal point coordinates froD the right half to obtain the 

focal length and focal point coordinates of the entire parabola. 

For example, for Z = 60.000", Table 14 shows that the focal 

length for the full parabola is less than the focal lengths for 

each half. This fact is possibly due to the fitting of a best 

fit equation through the data points and the mathematics of the 

problem does not allow for simple averaging. Averaging should 

not be used. 
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Left Half Right Half Full Parabola 

Focal Length Focal Pt. Focal LengthlFocal Pt. 
. I 

Focal Length Focal Pt. 

19.423 1(100.049,19.430) 19.427 (99.962,19.446) 19.385 (100.000.19.406) 

TABLE 14 - LEFT; RIGHT AND FULL PARABOLA DATA 

6.0 MOLDING OF SMC LIP AROUND GLASS 

CheQically strengthened glass and SMC were molded together 

in a flat plaque die to determine if a lip of SMC could be success-

fully molded around and under the glass surface without breaking 

the glass, Figure 32. Variables included thickness of the lip 

and length of glass overhang. Combinations were: 

• .060" thickness, .125" overhang, two sides 

• .125" thickness, .25" overhang, two sides 

• .060" thickness, .25" overhang, four sides 

• .040" thickness, .25" overhang, four sides 

All combinations attempted were successful in that a clearly 

defined lip of SMC was molded under the glass surface without 

breaking the glass. This SMC lip provides a mechanical locking 

device to hold the glass in place and gives an added safety fea

ture to keep the glass and SMC together. Subsequent molding of 

vertex to rim trough panels has shown that the SMC lip is appli-

cable to large curved panels. 

7.0 PANEL MODIFICATION 

The original concept for the assembly of the vertex to rim 



SMC 

Thickness J Overhang ~ 

Figure 32. Molding of SMC Lip Around Glass 
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SMC panels was to join two panels at the vertex and mount this 

assembly directly to a ten inch diameter torque tube. But be

cause of the desire to keep various trough panel designs adap

table to a common strongback, this concept was changed to 

account for different attachment points. The assembly of two 

vertex to rim panels into one rim to rim panel includes the 

following: 

• Remove the boss areas on the molded panel~ 

• Bond and rivet the vertex coamings 

• Bond and rivet steel doubler plates between the panels 

to provide additional strength across the vertex joint 

• Bond and rivet steel hat section parts with floating 

attachment nuts to provide a mounting feature 

Figure 33 shows the two panel assembly, of which two were 

assembled to develop the necessary fixtures and procedures. 

8.0 INVESTIGATION OF EPOXY COATING 

The successful molding effort was due in large part to the 

use of the epoxy resin mix that provided the required adhesion 

of the glass to the SMC. However, this mix was rather thick and 

not easily applied to the back of the glass. The purpose of the 

coating investigation at Budd was to determine a method of apply

ing the mixture to the protective paint of the chemically streng

thened glass mirrors so that the coating is thin, uniform, easily 

applied and similar in properties to the successful mixture. The 

method of approach was to perform brushing and spraying tests of 
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various blends using reactive diluents and solvents, overlap 

shear tests including room and high temperature testing, molding 

with SMC, and tensile and shear tests of molded SMC/glass samples 

at room and high temperature. 

Table 15 shows the results of one inch wide, one inch over-

lap shear specimens of ten different mixtures tested at room tem-

perature and 3000F. The butyl alcohol/toluene mixture (#8) was 

chosen as the best candidate at the time. Additional input was 

received from Sandia indicating that previous epoxy based adhes-

ives with toluene may present long-term adhesion problems. The 

decision was made to try Methyl Ethyl Ketone (MEK) as a solvent. 

Results of spraying tests to acquire a smooth surface indi-

cated that the mixtures required filtering to remove solid par-

ticles of epoxy. Both the butyl alcohol/toluene mixture and 

the MEK mixture provided smooth surfaces after filtering. 

Both mixtures were sprayed on mirrored glass, molded with 

SMC, and tested to obtain tensile and shear values at room tem-

o 
perature and 300 F. Results are shown in Table 16. Although 

the butyl alcohol/toluene mixture gave slightly greater high 

temperature properties than the MEK mixture, it was decided to 

use the latter because of concern over the long-term toluene 

adhesion capability. 

The procedure for coating of the mirrored glass is as 

follows: 

• Clean the back painted surface with a clean cloth 

damp with methylene chloride. Wipe the painted sur-

face at least twice for complete cleaning. 
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TABLE 15 - Epoxy Coating Investigation 
Overlap Shear Test Results 

Mixture No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Strength (psi) 
Room Temperature 

1833 

1000 

830 

350 

1680 

1700 

55 

1860 

120 

134 

Mixture Identification - Each mixture, except #7, is a 

143 

140 

128 

o 

o 

67 

o 

76 

o 

5 

combination of the basic mixture #1 plus additives to make the 

basic mixture sprayable. 

(1) The basic mixture is: 80g Epon 828 

( 2 ) Basic mixture plus 

( 3) Basic mixture plus 

( 4 ) Basic mixture plus 

20g Versamid 140 
15g ATBN 

17g Butyl Glycidyl Ether (BGE) 

17g BGE plus 2 drops Airout 

21g Toluene 
21g Methyl Isobutyl Ketone 
21g Cellosolve 

3g Cyclohexanol 
2 Drops Airout 
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TABLE 15 - (Continued) 

(5) Basic mixture plus 30g Methyl Isobutyl Ketone 
33g Toluene 

3g Cellosolve 
3 Drops Airout 

(6) Basic mixture plus 63g Methylene Chloride 
3g Cyclohexanol 

3 Drops Airout 

(7) Finnaren & Haley Epoxy-Polyester Coating System ONLY 

(8) Basic mixture plus 33g n Butyl Alcohol 
30g Toluene 

3g Cyclohexanol 
3 Drops Airout 

(9) Finnaren & Haley Epoxy-Polyester Coating sprayed on 
and cured. Coating #8 sprayed on top of F & H. 

(10) Basic mixture plus 33g n Butyl Alcohol 
30g Toluene 

3g Cyclohexanol 
.33g Silicone Surfactant 
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TABLE 16 - Epoxy Coating Investigation 

Flat Wise Tensile and Interlaminar Shear Test Results 

No. of Average 
Coating Application Temp Samples Strength Failure 

. 

80, E-828 70°F 1 1129 psi Between fixture 
20, V-140 Sprayed and SMC 
15, ATBN 300°F 1 188 psi 100% Cohesive 
11, BGE 
22, MEK 

80, E-828 
70°F 

80% SMC/Coating 
20, v-140 1 767 psi 
15, ATBN Sprayed 20% Within SMC 
33, Butanol 
33, Toluene 

300°F 2 230 psi 100% Cohesive 
(229,231) 

None - 300°F 1 71 psi SMC/Paint 
Paint/Copper 

80, E-828 70°F 1 1264 psi Between Fixture 
20, V-140 and SMC 
15, ATBN Sprayed 
11, BGE 
22, MEK 300°F 2 74 psi 100% Cohesive 

(52,96) 

80, E-828 70°F 1 1707 psi Between Fixture 
20, V-140 and SMC 
15, ATBN Sprayed 
33, Butanol 

300°F 33, Toluene 1 189 psi 100% Cohesive 

None - 300°F 1 60 psi SMC/Paint 
Paint/Copper 
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• 

• 

Prepare the adhesive as follows: 

Epon 828 - 2000 g (56.6%) 

Versamid 140 500 g (14.1%) 

ATBN 375 g (10.6%) 

MEK 660 g (18.7%) 

Degas 

Using four paint filters, pour half of the above 

mixture into 2 quart spray gun. Cover the remain

ing mixture to prevent solvent evaporation. 

Spray the cleaned sheet in a horizontal position . The 

second coat is to be sprayed 90 0 to the first coat. 

The third coat is to be sprayed 90
0 to the second coat. 

The cured coating is to be 0.009" nominal thickness. 

• Cure the sprayed sheets for 1 hour at room temperature 

plus 1 hour at 240 0 F. 

9.0 COST 

A production quality steel mold for producing a 1m x 2m 

panel would cost in the area of $400,000. This cost does not 

include core pins or slides for locating the glass in the mold 

although such items may be required for accurate glass placement. 

The detailed design of such a locating system would dictate its 

additional cost to the mold. Mold delivery would be approximately 
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38 weeks with an additional 10 weeks for mold tryout, fabrication 

of samples and the beginning of production. Total time from mold 

.order to production is approximately 48 weeks. A 1m x 1m pro

duction quality steel mold would cost approximately $165,000, not 

including core pins or slides for glass placement. Mold delivery 

on the half panel tool would be approximately 28 weeks with an 

additional 10 weeks for tryout and sample fabrication. 

Sheet molding compound materials with a 40% by weight glass 

fiber content are commercially available in the price range of 

$0.80 to $0.90 per pound in production quantities. The 1m x 1m 

panel consists of about 25 pounds of SMC. With an optimized panel 

design and production tooling the weight of SMC for a 1m x 2m panel 

could be reduced from 50 pounds (2x25 pounds) to approximately 45 

pounds. Thus, direct material cost, not including wastage and 

scrap rate, would range from $36.00 to $40.50 per 1m x 2m panel, 

or $1.67 to $1.88 per square foot of aperature area~ 

Current automotive parts, such as a hood, of the same general 

size as the 1m x 1m panel, are being molded for approximately $2.00 

to $2.50 per pound, which includes direct material, direct and 

indirect labor, press burden rates, overhead, and about a 6% 

allowance for scrap. This price does not include the price of the 

glass and a probable higher scrap rate due to glass breakage, 

both in handling and during molding. The molded cost per pound 

of SMC for the 1m x 2m panel is expected to be in the $2.00 to 

$2.50 price range also. The molded cost per square foot of 

aperature area would be $4.18 to $5.23. 

Two other items, one standard and one non-standard, are 
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required for solar panel molding. A glass preheat oven, ~ot re

quired for standard SMC molding, is necessary for the reasons 

outlined in the Fixture Design and Fabrication section of the re

port. A check gauge is also required to verify the parabolic 

contour dimens~onally (as opposed to optically). The cost of 

these two items would be approximately $10,000 to $15,000. 

Chemically strengthened glass, more expensive than annealed 

glass, was found to be necessary for successful molding of solar 

panels. The estimate of the cost of high volume production for 

the glass fabrication, the strengthening process, and the silvering 

process is in the range of $3.00 to $3.50 per square foot. 

Other capital expenditure items may be considered for solar 

panel molding. Although increasing capital investment initially, 

these items may prove cost effective in the long run by reducing 

material waste and increasing daily output. An automatic glass 

handling device, automatic SMC material cutting and loading into 

the press, and automatic unloading of the panel fall into the 

category of such items that can reduce cost over production 

quantities. Since manual operation is still the norm in SMC 

molding and because the above items would require devices speci

fically tailored to solar panel molding, costs are difficult to 

estimate. 

In summary, cost information on producing SMC solar panels 

has been provided although a specific cost is difficult to cal

culate because of unknown variables in production glass prices 

and the molding parameters not able to be completely defined in 

this prototype development effort. 
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10.0 CONCLUSIONS 

The results of this development effort have established that 

solar reflector panels can be produced by high volume, low cost 

production methods typically used by the automotive industry. 

Several problems encountered during this project required new 

materials and/or new processes in order to achieve successful co-

molding of the strengthened glass and the SMC into an integral 

structural reflector panel. The co-molding of these two materials 

eliminated a separate bonding operation (of the mirror to an SMC 

molded structure) and provided an environmental seal for the sil-

ver coating on the molded surface of the glass. Co-molding also 

offers the potential for reducing the overall cost of the panels. 

The major factors in this project included: 

• design of the die 

• use of chemically strengthened glass 

• development of a coating for the mirrors 

• use of an SMC material with appropriate flow and 
strength characteristics 

• execution of good molding practices 

The design of the compression molding dies is critical in 

that it must be of the proper focal length (curvature) to produce 

a cool molded part of the design focal length. Large temperature 

changes (300 0 F to 70 0 F) and thermal expansion mismatch considera-

tions make this a real challenge. Evaluation of the parts pro-

duced under this contract are expected to provide information 

to aid in die design to produce the specified focal length of 
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molded parts. This area will require additional correlation. 

The die must also present a smooth, accurate surface to 

support the glass during molding. Since no ejection pins can 

be used against the face of the glass, the die design must be 

special to assure that the part stays on the proper (ribbed) half 

of the die, yet be easily ejected. The ejection action must push 

uniformly on the part to avoid distortion of the part when it is 

at molding temperature when the SMC/glass interface adhesion may 

be most vulnerable. 

The chemically strengthened glass mirrors are indispensible 

to this fabrication concept. Other types of glass would probably 

not survive the molding conditions. The chemically strengthened 

glass can be produced and silvered as a flat sheet using existing 

production facilities and then elastically formed to contour dur

ing molding. 

A protective coating was found to be necessary over the 

regular mirror paint. This coating was necessary to provide good 

adhesion of the SMC to the mirror without producing delamination 

within the multiple layers of the reflective glass (silver, copper, 

and paint). The delamination effects encountered in early molding 

were eliminated by the coating which provided the required adhesive 

strength at molding, temperature. A suitable method of appliation 

of the coating was developed. The long term effectiveness of the 

coating is still to be determined; preliminary results are excellent. 

One of the major areas still needed in solar reflector devel

opment is that of a good protective coating for the silver and 
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copper on glass mirrors. This coating should be in lieu of the 

paint presently used throughout the mirror industry. The required 

characteristics for this coating can be specified for a development 

effort. 

Environmental testing is underway on the molded panels. 

Preliminary evidence·indicates that some silver degradation is 

occurring after extended exposure to high temperatures (120 0 -160 oF). 

The cause of this degradation is unknown; the molding temperature 

of 300 0 F is one of several suspected factors. Investigations 

continue at Sandia. 

The SMC materials used in this development effort demonstrated 

that proper material selection is very important in achieving good 

flow, complete fill and required material properties. Flow char

acteristics are particularly important with ribbed structures, as 

well as the problem of poor thermal conductivity of glass inhib

iting heat flow from the die to the SMC through the glass. 

Thermal expansion, strength, and modulus are important in the 

response of the panel to its outdoor environment. 

Mounting features, such as molded bosses suitable for 

installation of threaded inserts, were established as appro

priate methods of providing panel attachment to the collector 

framework. Bosses were successfully molded and insert installa

tion techniques were developed. Pullout strengths of inserts 

were determined to have acceptable safety factors. 

The success in fabrication of half parabola (vertex-to-rim) 

panels gives confidence that a full rim-to-rim panel with glass 
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could also be molded, if strengthened glass panels of the proper 

size were available. Design of the rib structure for a rim-to

rim panel would require consideration of the torsional and deflec

tional stiffness requirements as well as the strength of the SMC 

material and rib depth which can be molded. 

Molding operations with glass mirrors clearly showed.a 

requirement for extra care in maintaining cleanliness of the mold 

face. The glass mirror is placed against the mold face and held 

there under molding pressure. Any grit, dirt, or other contamina

tion under the glass can be expected to cause fracture of the glass. 

When strengthened glass fractures, it "dices" or fractures through

out into very small pieces. A fractured piece of glass will 

inevitably leave small particles which must be thoroughly cleaned 

out of the die prior to the next molding. The stringent clean

liness requirements will probably cause an increase in mold cycle 

time and, in the event of a fracture, in clean-up time. In 

addition, the mirrors must be preheated immediately prior to mold

ing and transferred quickly to the press. Such operations are not 

typical in production SMC molding and will require more than normal 

manpower and facilities. Thus, the production rate of mirror 

panels may be expected to be slower than for current SMC auto parts. 

Any future production molding of glass mirrors into SMC 

structures will require a method of automatic positioning of the 

preheated glass within the mold and its retention in the speci

fied position during charge placement and molding. Simple aids 

were devised for this project and they functioned very well. 
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However, each sheet of glass was carefully placed by hand by two 

people and double checked after SMC charge placement. A more 

sophisticated, automated method of glass placement and retention 

should be a high priority in further development of SMC reflector 

panel structures. 

11.0 RECOMMENDATIONS 

The prototype reflector panels fabricated under this contract 

have shown the technical feasibility of co-molding chemically 

strengthened reflective glass with sheet molding compound into 

1m x 1m vertex-to-rim parabolic panels. Additional development 

will be required before mass production would become feasible. 

Future efforts will be required in the areas of: environ

mental evaluation of presently molded panels; die design to pro

vide positive positioning of the reflective glass in the mold; 

protective coatings for the glass; SMC material correlation with 

structural analysis; investigation of long-term creep in SMC; 

design of an optimized 1m x 2m panel with integrally molded 

attachment points; and automated techniques for glass handling, 

SMC loading, panel demolding, and possible on-line optical in

spection techniques. 
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APPENDIX A 

INSERT PRODUCT LITERATURE 



Repair and pr~vent 
stripped threads 
with 

THBEADINSEF1TS 

Fast and easy to install 
No special tool3 
of any kind required 

A-l 



-

Ii' -< ..... --

Installation 
is easy as 1-2-3 

1 Drill with 
standard drill. 

; 
I 

" ., 

I 
t , 
I 

3 Turn E-Z LOK home flush 
with bolt. stud or spark plug, 

A-2 

E-Z LOK external threads are standard size and 

pitch to permit use of standard drills and taps, No 

special tap sizes or installation tools are required. 

Use in: 

, " 

magnesium· aluminum· cast iron· steel 

copper • brass 

Automatic self-locking external thread 
with use·activated adhesive 

E·Z LOK inserts will not back out or vibrate loose , 
Immediately on Installation, microencapsulated 
epoxy molecules begin to set, and the newly in· 
stalled insert can be fastened to within minutes. 
The adhesive continues to cure overnight until 
comp lete ly set. 
The adhesive seals against liquids and gases to 
pressures of 6,000 psi, and bonds to virtually all 
metals. 
Easy Removal 
Use a standard screw and bolt extractor to back out a 
damaged Insert and then replace it with a new Insert. 
Removal Is simply a matter of overcoming the resls· 
tance to torque·out which has been produced by the 
thread locking material. 



E-Z u.:K 
THREAD INSERTS are available in a wide range 
of sizes for machine screws, bolts, studs and 
spark plugs with coarse, fine or metric threads. 
Now in rust protective finished steel or 303 
stainless, passivated. 

COARSE 
THREAD 

StZES 

FINE 
THREAD 

SIZES 

METRIC 

THREAD 

SIZES 

E-Z LOK 
PART NO 

1329-004 
329-006 
!329-008 
1329-3 
329-4 
329-5 
329·6 
329·7 

.329·8 
329·9 
329-10 
329-1018 
329-12 
329-16 

.329·332 
'329·428 
329·524 
329·624 
329·720 
329·820 

i329-10F 
\329·1216 
650·6 
650·8 
650·10 
650·12 
650-14 
650·16 

INTERNAL 
THREAD 

4-40 
6-32 
8-32 
10-24 
1/4-20 
5/16-18 
3/8-16 
7/16-14 
1/2-13 
9/16-12 
5/8-11 
5/8·11 
3/4-10 
1-8 
10·32 
1/4·28 
5/16·24 
3/8-24 
7/16·20 
1/2-20 
5/8-18 
3/4·16 
11,16 ·1.0 
M8 -1.25 
Ml0-1.50 
M12·1.75 
M14·2.0 
M16-2.0 

EXTERNAL 
THREAD 

10-32 
1/4-20 
5/16-18 
3/8-16 
7/16-14 
1/2-13 
9/16-12 
5/8-11 
3/4-10 
3/4·10 
7/8-9 
7/8-9 
1-8 
1-3/8-12 
3/8-16 
7/16-14 
1/2·13 
9/16-12 
5/8-11 
3/4-10 
7/8·9 
1-8 
3/8·16 
112-13 
9/16·12 
3/4-10 
7/8-9 
1-8 

.~, 

..... ' ? 

8et?~ 
~. e Packed lIve ."en p",ls I. a 

carton, depending on size. 

Use E·Z LOK Thread Inserts for: Jigs and 

Fixtures' Bolster Plates' Dies' Machine Tools 

• Metal Patterns' Farm Machinery' Engine Blocks 

• Parts Salvage' Stripped Threads in any material 

LENGTH 

.250 

.280 

.290 

.406 

.437 

.484 

.515 

.656 

.656 
.656 
.687 

1.125 
.781 

1.250 
.406 
.437 
.484 
.515 
.656 
.656 
.687 
.781 
.406 
.484 
.515 
.656 
.687 
.781 

TAP DRILL 
SIZE 

5/32 
7 
F 
5/16 
23/64 
27/64 
31/64 
17132 
21/32 
21/32 
49/64 
49/64 
7/8 
1·9/32 
5/16 
23/64 
27/64 
31/64 
17/32 
21/32 
49/64 
7/8 
5/16 
27/64 
31/64 
21/32 
49/64 
7/8 

TAP MINIMUM FULL 
SIZE THREAD DEPTH 

10-32 9/32 __ 
1/4-20 11/32_,_ 
5/16·18 7/16 
3/8-16 15/32 
7116-14 1/2 
112-13 9/16 
9116·12 19/32 
5/8-11 23/32 
314-10 3/4 
3/4-10 3/4 
7/8-9 13/16 
718-9 1-1/4 
1-8 7/8 
1-3/8-12 1-3/8 
3/8-16 15/32 
7/16·14 1/2 
1/2-13 9/16 
9116-12 19/32 
5/8·11 23/32 
3/4-10 3/4 
718·9 13/16 
1-8 7/8 
3/8-16 15/32 
112-13 9/16 
9116-12 19/32 
3/4-10 3/4 
718-9 13/16 
1-8 7/8 

METRIC INTERNAL / METRIC EXTERNAL 
1450·3 

METRIC 
'450-4 
,450·5 

BOLT '450·6 
-450·8 

SIZES :450·10 
;450·12 
450·16 

FOR 14MM 
'SPARK PLUGS 75014 
112.7MM REACH) 

303 
:303·3 

COARSE 303·4 

THREAD 
303·5 

303·6 
SIZES 303·7 

:303·8 
,303·332 

FINE '303·478 

THREAD 
'303·524 
:363624 

SIZES ,303·720 
;303·820 

COARSE 335·4 
;3J55 

THREAD ~~]56 ---
SIZES 1335·8 

'335·10 

M3·0.5 M6·1.0 6.5mm 5.1mm 
M4-0.7 M8-1.25 7.5mm 6.9mm 
M5-0.8 M8-1.25 7.5mm 6.9mm 
11,16·1.0 Ml0·1.5 10.5rnrn 8.6mrn 
M8-1.25 M12-1.75 12.5mm 10.4mm 
Ml0·1.5 M16·2.0 17.0mm 14.0mm 
M12·1.75 M16·2.0 17.0mm 14.0mm 
M16·20 M24·3.0 20.0mm 21.0mm 

M14-1.25 M18·1.5 11.5mm 15.5mm 

STAINLESS STEEL, PASSIVATED 
10·24 3/8-16 .406 5/16 
1/4·20 7116·14 .437 23/64 
5/16·18 1/2·13 .484 27/64 
3/8·16 9/16·12 .515 31/64 
7/16·14 5/8·11 .656 17/32 
1/2·13 3/4·10 .656 21/32 
10·32 3/8·16 .406 5/16 
1/4·28 7/16·14 .437 23/64 
5/16·24 1/2·13 .484 27/64 
3/8·24 9/16·12 .515 31/64 
7/16-20 5/8·11 . 656 17/32 . 
1/2-20 3/4·10 .656 21132 

EXTRA HEAVY WALL 
1 4-20 112-13 
5/16-18 

3/8·16 

::--___ 9116-12 

5/8·11 
718-9 
1-8 

1/2-13 
5/B·11 

A-3 

.484 

.515 

.656 

.687 

.781 

27/64 
31/64 
17/32 
49/64 
718 

M6-1.0 
M8-1.25 
M8-1.25 
Ml0-1.5 
M12·1.75 
M16·2.0 
M16·2.0 
1\124-3.0 

M18-1.5 

3/8-16 
7116-14 
112·13 
9/16·12 
5/8·11 
3/4·10 
3/8·16 
7/16·14 
1/2·13 
9/16·12 
5/8·11 
3/4-10 

1 2-13 
9/1U-12 
5/8·11 
7/8·9 
1-8 

7.8mm ' 
8.5mm 
9.0mm 
12.0mm 
14.5rnm 
15.5mm 
19.0mm 
24.0mm 

12.7mm 

15/32 . 
1/2 
9/16 
19/32 
23/32 
3/4 
15/32 
112 
9/16 
19/32 
23/32 
3/4 

9/16 
19/32 

23/32 
13/16 
718 

, 



E--Z L£JK 
THREAD INSERT 
REPAIR KITS 

KIT 

• Ouantities and sizes established from thorough analysis of 
demands of industrial, tooling, automotive, farm and heavy 
equipment users 

• Packaged in heavy duty, welded steel box with hinged lid 
and snap lock 

• Ideal for shop storage or carrying in tool box for field 
applications 

• Speedy, convenient method for repairing a broad range of 
threaded hole sizes anywhere, anytime, in most any material 

QUANTITY INSERT PART INTERNAL 
NUMBER OF INSERTS NUMBER THREAD 

EXTERNAL 
THREAD 

10 329·3 10·24 3/B·16 
COARSE 10 329-4 1/4·20 7/16·14 
THREAD EZ·CIOB 10 329·5 5/16·IB 1/2·13 
#10 to 1/2" 10 329·6 3/B·16 9/16·12 

Convenient thread repair kits 

contain a selection of popular 

sizes of E-Z LOK thread inserts. 

COARSE 
THREAD 
1/2" to 1" 

EZ·CBI6 

6 329·B 
6 329·B 
7 329·10 
7 329·12 
2 329·16 

1/2·13 3/4·10 
1/2·13 3/4.10-
5/B·11 7/B·9 
3/4·10 1-8 
I·B 1·3/B·12 

Refills available packed 
five or ten to a carton, de
pending on size. 

FINE 
10 329·332 10·32 3/B·16 
10 329-42B 1/4·2B 7/16·14 

THREAD EZ·FIOB 10 329·524 5/16·24 112·13 
#10 to 1/2" 10 32:)·624 3/B·24 9/16·12 

6 329·B20 1/2·20 3/4·10 

METRIC 10 650·6 M6 ·1.0 3/B·16 

THREAD EZ·M612 10 650·B MB ·1.25 1/2·13 
10 650·10 MIO·I.5 9/16·12 

M6 to M12 6 650·12 M12·1.75 3/4·10 

METRIC INTERNAL/ METRIC EXTERNAL 
10 450·3 M3·0.5 M6·LO 

M3·0.5 10 450-4 M4·0.7 MB·I.25 
to EZ·MIOO 10 450·5 M5·0.B· M8·1.25 
M8·1.25 10 450·6 M6·1.0 MIO·L5 

10 450·B MB·l.25 MI2·1.75 

M8-1.25 10 450·B MB·I.25 MI2·1.75 

to EZ·M200 10 450·10 MIO·I.5 MI6·2.0 
B 450·12 MI2·1.75 MI6·2.0 

M16·2.0 5 450·16 MI6·2.0 M24·3.0 

303 STAINLESS STEEL PASSIVATED 
COARSE 10 
THREAD . 10 

EZ·C303 10 
303 STAINLESS 10 
#10 to 1/2" 6 

FINE 10 
THREAD 10 

303 STAINLESS 
EZ·F303 10 

10 
#10 to 7/16" , ~ , 6 

.'CJ 

303·3 10·24 3/8·16 
303·4 1/4·20 7/16·14 
303·5 5/16·1B 1/2·13 
303·6 3/B·16 9/16·12 
303·B 1/2·13 3/4·10 

303·332 10·32 3/B·16 
303·42B 1/4·2B 7/16·14 
303·524 5/16·24 1/2·13 
303·624 3/B·24 9/16·12 
303·820 . 112·20 3/4·10 

P.O. BOX 2069. GARDENA. CALIFORNIA 90247 
(213) 321·1271 

Form No. 888-678 

Prinled In USA 



APPENDIX B 

COMPUTER ANALYSIS RESULTS 

FOR DIGITIZED INSPECTION 
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---POL y:~n~ I AL Rf': eRe- 55 ION: ~ ~-. ~ . T 20 
---------_ .. ,-- .-.----~----.... _._------,-, ,._----_._-------
_-,-P...:..:OUWl·~' ALJEf!RF.:S S 1 flN._(lF: , __ r)F,GR,H"---'2"'-_--'-_____________________________ _ 

----------------------------------------, -----_ .. , 

. ______ .... __ , _____ , _,' _______ "____ _,. ARt.~, Or:,J~E51f)\I/ltS ___ . ______ . 

__ --"O..:..:;A;s~~V,~J,j.!H.J NO. Z VALVf, X _!,~lUE Y VALor Y ESTtMATF prSIOUAL 

t::J 
I 

P 

- '32 ~-o 000 0 ----, ,- -----b2.S0000 tR.OS701 tR.Obb3b -O.OOQ3S 

2 32.00000 oh.I)OOOO 1'1.'15;00 t " • 4-2'3-b l-----O . 02 f) 1ft 

3 32.00000 7t1.Hc;,00 8.'Ib200 li."~704 1l.00tlQb 

4 11.00000 H??~OOO 4.00400 '1.0 7tHi i"----;-O:o rtl'K-f----

5------. ---32.0000 o'-------q o-:'i 2 c;, 0 0 i.20 1100 1.?QlI0, 

b 3,.00000 '1s.ooooo O.OQbOO 0.0'1 H t 
--_.p---- .. ".,. 

7 32.00000 too.ooooo O.O?Q(}O O.OQ2Ab 
._-" .. -... --

0.11200 O.OQIJbO 8 32.00000---1'(ji:ooooo 

Q 52.00000 to'l.Fi7C,OO t.2q~OO t.2QStlC; 

to 32.00000 
,. __ .. _---

117.75000 ------" -~'1 '0406'- ----- 4"": 0 R b 71 

1 I 12-~ 00000 12'>.bc?C)OO A.tlR400 A.tlbH37 

12 :S2.00000 1 B.50000 t4.4bOOO lU.lUI04t1 

13 32.00000 t37.~OOOO 1 R • au q-O ,----------iH:O'8 icf 3 

THF F~CAL LENGTH IS tq.4qb~' 

THF FOCAL POINT IS LOCAT[n fOR Z = 32.000 AT X = qq.QQ11R ANO Y = tQ.S3Qb9 

T~E cnw~fLATrON cnfFFtCIfNT TSO.QQQQ63 
--,--------- ._-_ .. 

- -- .. -- _ .. _.- .--- .. --.-~ ----------,_._---, 

-0.Oc?710 

0.0022Q 

-O.Oit'db 

0.011'10 

-O.OOOtlS 

0.0112<1' 

0.01')b3 

O.OIQljo 

-0.033Q2 



POLYNUMtAL NEG~ESSrON ••••• T Lit 

~_~,,--,ql: ~~(\"'~ A,=-y~ ~~F:~~ tn~_ QF _ Q~~!~t :-f_=-2 ________________________________ _ 

--------.---.-- .. -----

----- --.---- -----_.-.------ ___ TARLE OF ~£$t.O\JAl.S __________ . 

__ =ORSfAV!.lJot .. NO. Z VAllIE.. X Y~LUf Y VALUE Y fSrr"'ArF PF.SJOliAl 

IJ:j 
I 

-----
2 

3 

II 

s 

b 

--.------- - _._--_._ .. - -.------ --------_. 
3".00000 62.';0000 18.10701 tR.11714 -0.01011 

-- ._.-._-- ----.--.---.... ---.-- --
'b.OOOOO "".~OOOO t4.LlQiOO lLl.qhLlqb 0.0215q 

3b.00000 74.37500 1\.47hOO . ~.47r,ql 0.00008 

jb~-O-OOOO 82:-?-~OO-0 4.0"&)00 - -a-:-o-i\?5b -O~-O 115-b-----
--- -----.. - -- . -- ----. ---- ..... -_ .... -. 

3b.00000 90.12S00 1.2bl00 1.iAq~q -0.02HQ 

1b.00000 98.00000 0.OQ200 O.OtHqO 0.010bO 

1\5 7 3 b • 00 00 0 1 00-.-0 00 0 (; 0 • 0 0 1 0 0 0 • 0 2 q A 1\ -0.02tHiA 
._-----_._. - .. _-----

8 3".00000 101.Q')QOO o.OqQoo O.Of$120 0.0171'0 

q 3".00000 t OQ.IPC;OO 1.2')200 1.?KHO 0.00830 

10 3b.00000 117. 7~OOO 4.10000 ---'q --:-() fff3i?-:-- O.01~b6 

II 
-- - -_.-._--

3b.00000 t25.b2S00 8 -:I.d ifo 0 Ei-:-ll1 ~Tf~------('-: '0-0 ~ 6 q - - . - ... 

I? 3b.OOOOO 1 :n.';oool] lLl.4RSOO lLl.LlhlOb 0.02l')" 

11 
- - ---_._- .,------

Jb.OOOOO 137.C;OOOO 18.0~200 18.114l.1Q '--0:' oji~<i--

--------- ---------------- .. ----.-----
T~E FOCAL LENGTH IS J').LI'ALIb 

TH~ FOCAL POINT IS LOCATEO FOR Z = 3b.000 AT X =100.00140 AND Y z IQ.qb83~ 

THE (OR~ELA TlON COfFF II': IHili st:.OOOO-Oq 
.. ,------- ---,-----

._--_ .. _---------------
I • ~ • 



, , 

POL YNOt·.fAL --REGRF·SsioN~~ ::-. --1 -·22-·-- -----.-.- ---.--.---- .. -- .. 

__ ...:...p.:!()L~Nn"'T Al. Rrr.RF.~SInN OFOFGRfJi. 1 . __ ._ 

,._. ___ .1._,- ___ .. __ ... _____ ..• ". ______ "_'" . 

. __ . __ ._._ T A "'t. E. OF RE:; I Dl, AL S ._. ____ ... 

__ -"O,-,-,~=:SfJ~V~J I.ON NO. Z VA.L.!1F, X. VAlJ1F. Y V~'-'JF Y EST t tolA 1 E PFSJOUAL 

ttl 
I 

L0 

2 

3 

Q 

5 

b 

7 

8 

q 

'10.00000 b2.S0000 
.. _._-- ----.---.- -------.--,---

'H.t~~OI 18.t5\4q -O:OOqii7-·-_·--
---------_ .. - ._- ._._. __ ._---_._- _._- .. _--_. 

ltO.OOOOO hb.SOOOO , II. &,2000 llt.4q2bJ 0.02717 

'10.00000 7/~. 37')00 8.4H500 R.~qOc;,3 -O.005c;,~ 

QO.OOOOO A2. 2S0 0-0-·----·····-·· II.07C)OO-------q·:(fHbc)O -0.0-1 1 qO-- _.--

IJO-. 00000----- 90.12500-------·- t:·ib ~oo----·-·---·---f~-?ij lit' -o-:-olM-iti-··-·· 

ltO.OOOOO qs.OOOOO O.Ofl~OO O.07~' .~ O.OOqRn 

40.00000 100.00000 0.00700 0.02:S?? -0.01b2l 
... __ .. _---- .. -- ... --_._----_.,. -... -." .-. 

40.00000 101.QQqOO 0.OA300 0.07Q1,) O.00J:\b4 

~O.OOOOO toq.lnc,oo 1.211400 t.,>7etR O.005U? 
._--_.- - •. -.---.---.. "--- -- _ .. " ....... . 

to IJO.OOOOO 117.7')000 i1.0QhOO 4.0R04e; 0.01'35'3 

tlO.OOOOO 
--_ ........... _._ ... . 

I?S.b2C,Oo Ii • tI R io-o---------·s-:tl R , I A .--- -------;c-- 0 • 000 R 2 1 t 

t~ (10.00000 t!l3.~0000 ILl.,)OQOO tLl.(lROal 0.02'SSQ 

t f·---~--- 40.00000 137.C,0000 lR.tl000 lR.t,q~? -~.O£»I}~2 

THt: FPrn LENGTH IS tQ.,QA?4 

• 
THE FOCAL POINT IS tnrATED FOR Z = ~O.OOO AT X :r:100.00710 AND '(: tc).Q?t11f, 

THF cnR~ELATlnN cn~FFt(tfNT TS1.000010 

__ ._ - "W • ___ W" ______________ •• ___ _ _ _______ • __ "W •• ______ • 



----_._-- --_. '--
POlYNo~tAt REGRESSION..... T 21 

--_._--- ------

__ ....:...P-=OLYNO~ I II Rff!R('~' ON Qt:_O(,i~F.o..!-F'---..!? __ ----'-___________________________ --:..-__ 

. ____ TAR~F;.'OFRE~lP.IJ-~L"-'S~--~~----. 

__ =n"SF~v~!.I_ON NO. Z VAlUf. X ~AlUF Y VALUE: Y EsrtMATF RfSIOUAl 

I 44.00000 b?50000 18.toROO 1~.to~30 -0.00011 

-----~--'----.. _._--- ---------
2 44.0000n bb.50000 Ill.S·HOO 14.t;O~nO 0.032l&O 

1" 411.00000 7l&.17500 8.l&R500 R.l&q~2:S -0.01321 
- -----.. ----- . ------
4 114.00000 82.2S000 11.07"100 a.oq~ll -0.01711 

S 1111.00000 QO.t?500 
.---~ ..... __ ... -:-----

1.2b'WO 1.?e,b2Q -O.0222Q 

-
" ..... ooono ql\.OOOOO 0.07400 0.0607? -/l.00n72 

tJ:l 
I 

-I=" 7 ail ~OOOO-O~---l' 00.00000 o. 00200 -----o~·niq \7 --·---·--~c:i:on.\ 1 

8 
.:-----=-._-- ---- ----

1111.00000 I02~OOOOO 0.08?00 O.Otil?" ·-'----·-··O~OOO-7b-

q 1111.00000 10Q.R7C;OO 1.28bOO 1.2RM7q -O.0027Q 

10 
----'-----:-----_. - . -.. _------ - .. - .. 

4".00000 117.50000 " .oqo(io~ :\. 9A2t4j,---------O. 1 0 ii-~-·----
- ----------_. --_._- .. _-- - ,_. 

II 1111.00000 125.b2500 H.l&7tiOO R.50~bA -O.02bb~ 

12 ..... 00000 1~1.50000 14.52200 ta.51 ~OQ o.OOtiQf, 
._----_ .. 

t 1 114.00000 117.50000 tH.tQllOt IfI.l77ln -O.OBI'; 
-_.- - - --_.. ~- - .-

THf ForAl LENGTH IS lQ.17bbO 

THE ForAl POINT IS LOCATFO FOR 2 = qq.OOO AT X = QQ.QQS1? ANO Y = tq.~osq~ 
--rtif-.--CORRFlATJIlN COEFF'JelfNT T51.000010 

-----------_._------

, ' , , 



~ .) ~ . 

--p-ni YNO'''UL Rfr.RF!;StON •••• -. T 24 

__ pnl.'!' r~,,'q "l __ Rf G~f' ~ ~ t ON OF O~ GHf= L_~ __ -'-______________________________ _ 

________ TABU:: OF R~:~TO'''AI.~ __ _ -------- ------ - -- ------------

_-'O~~_'__-~p_y __ ~JJ ON NO .. Z YA'=l!~, X_VA,=ll~ _y _V~I,J!f, __ y fSTtMAH. ~FSJOllAL -- ... "'-, ... _--- .. _... ----

--
lIR.OOOOO #)2.50000 IA.IAtoo lR.UW07 -O.OOH07 

---------- - - --._------- ----._---.- ----
2 ~H.OOOOO bb.50000 

, 4"'.00000 74.37500 

~ taA.OOOOO Al.?~OOO 

--------- ----ci----------QH.OOOOO qO.12r,OO 

trJ 
I 

IJl 

b 

1 
---------.. ----- .----.--------

4"'.00000 

lIh.OOOOO 

R QA.OOOOO 

q lIB.OOOOO 
-----'---- ----------- ._-

10 tH1.00000 

qA.OOO(lO 

100.00000 

10l~OOOOO 

10Q.A7'>OO 

117.7'>000 
----- - .. -.... _._------, .. _.,- .. - .-. 

1 I ~k.OOOOO 1?5.b2500 

12 4H.OOOOO 1 ·B.'50000 

-'-"-'---n ~R.OOOOO 131.50000 

Tiff FOCAL lE'NGTti IS Iq.'I.l77~ 

Iq.')tH~OO tq.r,ltlQq O.02'hlh 

I:i ./~AbOO fI.')OI7l1 -0.01'>7" 

4.07600 q.OR7IQ -O.Olll'l 

t.ilb';)OO 1.?7"" -O.otOH 

0.07700 O.ObbOh 0.OIOQ3 

0.00000 O.Olllln -O.Ollllh 

o • 071:1 0 0 -----._- -O'::-6-b" h 1 O.OI2~8 

1 .?H 300 1.27'O~ O.OOQQ2 

" .OtHOO 4.0l\321 O.OOjJq 

--------------- -------- - _.-
S.OAtOO 8.QQSQA -O.Oll.jQii 

ltl.5~400 lt1.51 tllt O.022SQ 
,--_ .. - ._- .-- _. -- .. -_._._----_._-_ .. _--- ... -". --"--'" 

lk.lbSOl IS.IAOh' -O.OI';)bl 

THF FOCAL POTNT TS lQCATfO FOR Z : u~.OOO AT X =100.001l30 AND Y: .q.3hlqa 
. ---- - -

rHf rO~RnATI0N fnFHtrtFNT TSO.qQq"lt.C; 

----.------ .. -- . --------------------~---------------------.--



--P~oi..-yp.IO~' At RE GRf ~s 1 ON •••• ~ T 2'; 

_ ~OlYNnv,~~ HtGRFsstnN ~,~ f)~GRFf,-_ .... 2 __ --,-__ _ 

TA81,f _ QF ~e ~ It!''!~~ _~ __ ~ ______ _ _ ___ 0._ •.• _ 

__ n~S[~V~IInN Nn. 2 VALUE, )( V~llJE Y V/iLut Y fSTtMATf WfSJDllAl 

----~-- - -~---------- S?~OOOOO ----~~- ---------_._. __ .- --.--------
b2.50000 lB.tKtOO IA.1Kcnq -0.0087& 

- --------~--- ~ ---~-- -~ ---- -- - - ----- -----~ - ----------- ~ ,----- --~---~-- ---- -- ~,--

tJj 
1 
CY\ 

2 ~?OOOOO b~.50000 tQ.';LlfiOO 14.51q3q O.02t:\e" 

3 ~?OOOOO 7Q.:\7'iOO ----------------~----------~-------8.48600 A.S01QO -O.015QO 
- --_._--- ------ -- ---- --- - -_ .. _- --

II ~?OOOOO Kl.?C;OOO 11.07600 Q.OHn~ -O.OllB 
- - ~ 

r; ';2.00000 QO.12"OO 1.2h80{J 1.27570 -O.007nQ 

b 5?00000 QR.OOOOO 0.07700 0.On100 0.01000 

1 ';2.00000---- --i()o-.noo-oo 0 .-o-O~O()-----o-.-oTc;i-i--- -0.01027 

8 
~ ----- - --_. 

Sl.OOOOO lOl~oOOOO 0 .. 0 7QOci ---------o-:o-hj,(iti-~ 0.0120b 

q 52.00000 IO".KIC;OO t.?AI)OO 1.?7"37 O .. OOqb~ 

------- ~ -.-0 '-'2.00000 1 t 7 • 75000---- -" ~ 0 A 700 -- - - -- Q ~ OHb 7 ~ ------~-- 0.00027 

1 I ~7.00000 125.h2500 n.IHI:SOO H-~ <;0 loj------~ -~-;.o. 0 180_~ 

12 ~2.00000 1 :n.soooo 14.1)£1100 lt1.r,1~?8 0.02272 

n 52.00000 t:s7.,)OOOO 'ti.17hO', 1~.lAH,\2 -o.Ote'." 

T"E FOCAL ltNGTH 13 lq.~QtI~q 

. TUF FOCAL PotNT I~ LOCAlEO FOR Z a: 52.000 AT X =100.00070 AND y= 1Q.3r; Q bh 

THf [o~rElATtoN COffFl[IfNT tsO.qQqQhh 

, , 
\ . 



, . . , 

.. -- -·-POL Y rlOM J 4C Rt: r.Rf SS t ON" ••••• T iJb 

____ ~9~.YNnM'4~_~fGRF~SJnN OFOF~Rf( l_~~~.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ .. __ . _____ .TAl·H.~ Or: ~ESIOUI\UL ____ . __ .. 
--~,.---- -_.- -- ._--_ .. ~ 

__ J!~~(~V4JIQ~.NO. Z ... V~'=.'lr, X VA\:~!F,:. Y V~lllf Y_[~!.l~~!f RF~r_QU~=L __ ---,_ 

c;b.OOOOO b2 -.50000 1--/:i -. 1-& 8 0 0 ------lft-. 1-7-7-;J ,,----·-0.00 q 241 

._-_ .. _--.. _- .-....... .._-_ .. - .. - ... _--------- _ .. ---_. 
? ~b.OOOOO 6b.~n"OO 14.~'700 H~.c;10.?O 0.02b80 

----------

j C;b.OOOOO 7q. :nsoo fl.qf;'>OO 8.4981b ·O.013lb 

II «;b.00000----82 .21)()OO----~-4-.-oj500 --- .--Q ·~0·R7b3 ·0.01 2b l 

--~~-~~~----- - .. --.... -.~---.- .... --.-- t .27 h 0 0---------• • -illi 5·9-:------. 0 • 0 02 'jq 

tJ:I 
I 

::--J 

~ ~b.OOOOO 90.12500 
~~-~---

b ~h.OOOOO 98.00000 0.07600 0.07101) 0.004'14 
... _ ... --- _. ----... - -_. __ .. -.---.- -._--"_. 

7 5b.00000 100.00000 0.00':100 O.Olq~q -0.01439 

H I)b. OOOOO----··-t o·? ~ 00000 0.08'100 
.. ----.... - .... - -- .. -------

0.07103 0.017Qb 

q «;b.OOOOO 10'1.1\7')01) 1.?f\f\OO 1.271i4b 0.OO~5Q 

10 r,b.noooo 117.75000 4.0R700 4.0Rns -0.00031\ 
.-----,-.. -----_._-_ ..... - -- .----_. 

11 50.00000 125.0?r,OO R.47QOO 8.4Q780 -O.Olbt\O 

12 C)b.OOOOO 133.50000 14.r,2QOO 14.50Q71 0.01Q2Q 
._---_._-_ .. _----

l~ ~b.OOOOO 137.50000 tR.1L'!800 lli.17b73 ·0.00872 

THF FOCAL LENGTH I~ 19.3b17b 
--.--- ---:--~ ----- ------- - .... 

T~E ForAL POINT IS lOCATFO FOR Z: 5b.000 AT X :100.00010 AND Y = Jq.1Rt15 

TifF CI}IH?rlA(rON·COfFFICHNT TSO~9QQQbb 
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