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FORWARD

This report is the result of surveys and technical analyses performed
for Sandia Laboratories in support of the U.S. Department of Energy, Solar
Thermal Large Power System. The purpose of the surveys and analyses are fo
provide background information and procurement specifications for materials
which have potential application in heliostat construction. This report
covers the work performed under the reflective surface substrates charac-
terization and specification task. The report emphasizes the properties of
foam core sandwich constructions.
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INTRODUCTION

A mirror module design for use on heliostats for power generation requires
that distortion of the mirrors be limited to 1.4 milliradians. To meet this
requirement, the mirror must have a high modulus so that the total weight of
the module will not cause a critical deflection in the mirror and thus be out
of focus and ineffective. One method of achieving a high modulus without unduly
increasing the mass is to design the mirror module as a sandwich structure with
skins of relatively high modulus separated by a 1ightweight core. One of the
proposed mirror moduie designs for the Solar Thermal Large Power System uses
a sandwich structure with a 1/8 inch thick glass second surface mirror as the
front skin and a 20 gauge galvanized steel sheet as the back skin. Both skins
are bonded to a 2-inch thick polystyrene foam core with a polyurethane adhesive.
The facing skihs in this design act together to resist the externally imposed
bending moments and the foam acts to stabilize the skins against buckling and
to resist the shear stresses set up by the external loads. The adhesive is
used to bond the skins and foam into an integral structure.

High shear loads can be experienced at the bond 1ine and even though
an adhesive or cohesive failure may not result, the adhesive may undergo
viscoelastic deformation. This deformation may ultimately cause critical
deflection of the mirror, at which time it will cease to function effectively.
Viscoelastic deformations are defined as time-dependent changes in the
material (creep or stress relaxation) under a mechanical lToad. Creep is the
time-dependent change in strain at constant stress, and stress relaxation is
the time-dependent change in stress at constant strain. Viscoelastic
deformation of the adhesive is, therefore, critical to the functional design
of the mirror module. The research studies conducted at PNL and reported
in this document were directed toward determining the relationship between
viscoelastic deformation of the adhesive and deflection of the mirror module.
The results of studies by Hart(]) on long-term compressive creep of poly-
styrene foam indicate that viscoelastic deformation of the foam core for a
mirror module is not significant and was consequently not evaluated in our
program.



THEORETICAL ANALYSIS

Calculations were made of the forces which might be expected within a
foam core sandwich deflected to cause a 1.4 milliradian distortion of a mirror
skin. This is the maximum allowable distortion for the mirror, referred to
as critical deflection in this report. These calculations were based on a
cantilevered foam core sandwich 10 inches Tong and 2 inches wide with skins
of 1/8-inch glass and 20 gauge steel separated by a 2-inch thick polystyrene
foam core. Details of the calculations are contained in Appendix A. The
results are summarized in Table 1, along with the published data on the
polystyrene foam proposed for the mirror module. From this analysis, it can
be concluded that the foam core has adequate strength to resist an immediate
failure when the sandwich is loaded to a point of critical deflection. A
calculated force of 9.5 pounds was determined to be necessary to cause a
critical deflection. This is equivalent to a compressive loading of approxi-
mately 5 psi, a flexure loading of approximately 2 psi, and a shear loading
of approximately 1 psi. The compressive, flexural, and shear strengths of
the foam are 25 psi, 60 psi, and 35 psi, respectively.

TABLE 1. Material Properties of a Polystyrene
Core and Theoretical Forces Induced
at Critical Deflection

Shear strength of Styrofoam IB* = 35 psi
Shear modulus of Styrofoam IB* = 1100 psi
Compressive strength of Styrofoam IB* = 25 psi
Compressive modulus of Styrofoam IB* = 1000 psi
Flexural strength of Styrofoam IB* = 60 psi
Calculated force required for critical

deflection on a 10-inch span

(Appendix A) = 9.5 pounds
Calculated maximum shear stress (at

steel/foam interface)(Appendix A) = 0.96 psi

*Sytrofoam Brand Plastic Foam, Technical Data, Dow Chemical Corporation.



VISCOELASTIC ANALYSIS

Polymers are comprised of a tangle of long-chain molecules which sometimes
have crosslinking between the chains. When a stress is applied to a polymer,
the molecules tend to relax themselves to release the stress. For instance,

a tensile force lower than the ultimate strength of the polymer will cause

the molecular chains to straighten out as much as possible. This reorientation
takes place slowly and is thus a time-dependent property. Temperature also
influences the molecular reorientation since the molecules are able to move

more easily at higher teﬁperatures. This action is defined as the
viscoelasticity of a polymer and is as important as the static properties of

the foam core sandwich in the mirror module. Viscoelastic properties are

often evaluated by measuring either stress relaxation (changes in stress under
constant strain) or creep (changes in strain under constant stress). These

two parameters are mathematically related so either can be measured and

related to the other. Stress relaxation is more easily determined experimentally
than creep so it is often used for viscoelastic evaluations. One of the inherent
problems in this type of testing is the long time periods required to obtain
useful data. However, research by Ferry, Williams, Landell and others on
polymer systems has resulted in a correlation between time, temperature, and
stress which allows superposition of the test data so that long term predictions
can be made with short term tests.(2’3) Using this relationship, it is possible
to measure viscoelastic parameters for short periods of time at a number of
different temperatures and correlate the data to provide a long-time stress
relaxation or creep rate for the temperature desired. These extrapolations

have proven effective over periods of several hundred hours.

EXPERIMENTAL

Sandwich test specimens 2-inches wide by 10-inches long were fabricated
by bonding 1/8-inch thick second surface glass mirrors and 20 gauge gal-
vanized steel to the two faces of 1-inch thick Styrofoam 1B (Figure 1). The
mirrors were obtained from the Carolina Mirror Company with PPG VC4409 mirror



FIGURE 1. Experimental Test Specimens



backing paint. The galvanized steel was primed with 3M EC-1945 primer and
the sandwich was bonded with 3M EC-3549 polyurethane adhesive. The specimens
were tested in flexure using three-point bending with an 8-inch span.

They were deflected to 0.015 inches and the stress relaxation measurements
were made for ten minutes. (Critical deflection for this length of sample

is 0.011 inches). The tests were performed at 100°F, 120°F, 140°F and 160°F.
They showed no changes in stress at any of the temperatures measured. The
failure to show any stress relaxation precludes the use of time-temperature
superposition to predict long-term effects. However, the lack of stress
relaxation in these tests indicates that the stress levels were too Tow to
cause any viscoelastic reorientation of the polymer molecules. Limited
testing was then conducted with 0.050 inches deflection (greater than four
times allowable) to see if the additional stress would cause viscoelastic
deformation. The results of the latter tests are shown in Figures 2 and 3.

A time-temperature superposition extrapolation of the data was performed.

The calculations are included in Appendix B and a graph of the extrapolated
data is shown in Figure 4. The curve of Figure 4 is shown as a band rather
than a line to include the experimental confidence 1imits of the data. This
curve was then used to calculate the force required to maintain a 0.050 inch
deflection of the test sample for .20 years at 100°F. The modulus value

used for the initial conditions was taken from the top of the band and the
value at 20 years was taken at the bottom of the band to present the worst
case. Under these conditions, the initial force to cause a 0.050 inch
deflection is 64 pounds and the force to maintain the deflection after 20
years is 42 pounds. The same calculations were performed with the temperature
at 120°F and the beginning and 20-year forces were 61 pounds and 33 pounds,
respectively. The curve does not allow 20-year extrapolations for temperatures
greater than about 130°F.

The stress relaxation curve used in the above calculations was based on
a deflection of 0.050 inches which is significantly greater than the 0.011
inches permitted for a critical deflection. This curve cannot technically
be used for determining stress relaxation at critical deflection since the
forces calculated would be somewhat lower than they would with the correct
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curve. However, these calculations were performed to give a conservative
indication of the general magnitude of the forces involved. At 100°F the
initial force is 14 pounds and the 20-year force is 9.3 pounds. At 120°F
the initial force is 13 pounds and the 20-year force.is 7 pounds. The
weight of the mirror sandwich for these test samples with an 8-inch length
is 0.36 pounds. Consequently, external forces would be needed to create
the necessary conditions for creep deformation of the mirror module.

THERMAL ANALYSIS

Test specimens fabricated, as described in the previous section, were
subjected to thermal cycling (3-hour cycles) to determine if expansion and
contraction would cause any visible effects in the sandwich structure.
Specimens were cycled 100 times between 160°F and 80°F. There were no visible
changes (delamination, warping, etc.) in three samples after this test.
Another test was performed to determine what temperatures could be expected
at the bond line with the galvanized steel skin of the sandwich facing the
sun on a hot day. A panel 12 inches by 12 inches was fabricated by bonding
a 20-gauge galvanized steel plate to a 1-inch thick piece of Styrofoam IB.

A thermocouple was embedded at the glue Tine in the center of the plate.

The panel was then placed in the sun in a horizontal plane on the ground with
the steel plate up and allowed to come to equilibrium temperature under the
following conditions: ambient temperature, 98.6°F; wind velocity, less than
3 mph; insolation on the horizontal, 852 Watts/m2 (270 BTU/hr/ftz). The
plate reached a maximum temperature of 140°F. The maximum attainable
temperature of a plate will be a function of angle, elevation off the ground,
ambient temperature, amount of corrosion of the steel plate, wind velocity
and solar insolation. The test conditions were more severe than those that
are likely to occur with an actual mirror module. However, if a temperature
increase of 40°F above ambient is considered possible for a mirror module in
operation, it is feasible that the temperature of the steel plate could
exceed 160°F, which is the maximum recommended temperature for the foam core.



CONCLUSIONS AND RECOMMENDATIONS

The structural integrity of a polystyrene foam core mirror module appears
to be adequate to withstand an external force which would cause the mirror
to deflect 1.4 milliradians without an immediate structural failure. It also
appears that creep forces greater than 20 times that applied by the weight
of the mirror module would be needed to cause the mirror to deflect 1.4
milliradians in 20 years at a continuous temperature of 120°F. This condition
also requires that the mirror remain in the same orientation for that time
period. If it is turned up and down every day, the creep forces will tend
to cancel out. Because of the conservative nature of the calculations based
on stress relaxation with a 0.050 inch deflection and because of the lack of
any relaxation with the tests at 0.015 inch deflection, it is our judgment
that creep forces will not cause the mirror models to distort beyond its
critical 1imit in 20 years with temperatures up to 150°F.

Based on these conclusions, the specifications for reflector surface
substrates, outlines in Table 2, should be adequate to produce a reliable
mirror modu]e for use up to 150°F. This temperature is approaching the
temperature limitations of the polystyrene foam (160°F), and if an operating
temperature higher than this is expected, further studies to provide data
at the expected temperatures should be conducted.

TABLE 2. Specifications for Reflector Surface Substrates

Compressive strength of core = 25 psi
Shear modulus of core = 1100 psi
Compressive modulus of core = 1000 psi
Compressive modulus of core {due to creep)

after 20 years* = 200 psi
Bond shear strength between core and facings

measured in flexure = 50 psi
Bond shear strength due to creep after 20 years* = 10 psi

Adhesive should be thixotropic
Adhesive should have a minimum pot 1ife of 1/2 hour

*Long-time performance as predicted by accepted superpesition
principles.

10



APPENDIX A

The following equations used for theoretical analysis of a structural

sandwich are found in Gibbs & Cox:(4)

3 2
- PL” h"e
d = 3T 1+ ——?-] 6.86*
41
2e = XF {2 -3 4 (&3 | 4 2€ [ 30(©) - 3r (93 + 293 687
Gf h h Gc h h h :
E
r= El‘i 6.88
XC
=V

fx i 6.37
P=V = Toad
d = deflection
E = flexural modulus of elasticity
I = moment of inertia
G = shear modulus
Q = weighted static moment = ZEiAiy'
fs = shear stress
A = shear area

y' = distance from neutral axis to any point being evaluated

Other symbols and their values are as indicated in Figure A-1.

Equivalent areas and widths of the sandwich are calculated using the
equations

= A
5 = A2 X E—-and b = T

*Equation numbers from the reference are used for utility.
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The area of the glass is used as a basis

]
.2
= A =0.1 - 0. o g
Ag Ag 25 x 2 = 0.250 in bg 2
Ac' 22 x—=2000 g4y 0% in? b,' = 4.2 x 1074
9.5 x 10
30 x 10° 2
A = 0.025 x 2 x 22102 0.16 i b = 6.4"
9.5 x 10 :

] 1
neutral axis of the sandwich = x = %%ﬁli—

taking moments around the bottom of the steel face

_ (0.16)(0.0125) + 8.4 x 107

0.16 + 8.4 x 10°

x 1.025 + 0.25 x 2.088
44 0.25

1.277

>
"

equivalent moment of inertia

=g ElIfl§-+ Aty
T2 iX

and. the equivalent stiffness factor

iy 3
F1' = BELL = ZE, |l 4 A2
it i 712 X

3

1l

3 -4

T2
8.4 x 107 x 0.2522J + 30 x 106[5-4 x 9.0

3 . 2
+0.16'x 1,252

6 6

[{]

1.565 x 10% + 0.667 + 7.52 x 10% = 9.089 x 10°

A-3

+



2e is calculated using Equation 6.87 for two glass faces and two steel
faces then averaged to obtain e for the sandwich.

For two glass faces

6 3 6
2e = 22010 [2 - 3(z5s) + (%) J* 1700 [3 x 220 (25s) -

3.96 x 10
6 3 3
9.5 x 10 f 2 2
3 x =560 (2.15) * 2(2“.‘1‘5‘) ]
2e = 3249

For two steel faces

6 3 6
2 e - D210 [2 - 3(2.2‘15) * (2.215) J +[§“?g% 3 x B (2.215)'

13 x 10
6 3 3
30 x 108 7 2 2
3 X 5450 (2.15) *2 (2.15) ]
2e = 10, 252
2e avg = 10252+ 3249 gy

maximum allowable deflection = 1.4 x 10_3L inches
from Equation 6.86

p d3EI
3} h2e
L1 + 5
41
P = 9.5 1bs force to cause maximum deflection

A-4



shear is calculated from equation 6.37. For shear at the glass/foam bond
line

y' = 0.748 inches
6

x 2 X 0.125 x 0.748
6 X 2

9.5 x 9.5 x 10
9.089 x 10

fs = = 0.93 psi

For shear at the steel/foam bond 1ine

y' = 1.227 inches

‘ 6
fs = 9.5 x 30 x 10° x 2 x60.025 x 1.227 _ 0.96 psi

9.089 x 10° x 2



APPENDIX B

(3) have developed equation B-1 (the WLF equation)
which defines a single function (AT) that can be used to represent the time/tem-
perature dependence of viscoelastic properties:

Williams, Landel and Ferry

= r0 0
Tog AT = C](T - To)/(C2 + T - TO). B-1

In using this equation Alog AT is determined by physically measuring the
distance between the stress relaxation curves for different temperatures.
These measurements are then summed to obtain Tog AT at the experimental
temperatures. T-To/log A. is then plotted as a function of T-T0 and

C? = _ET%ﬁé'and Cg = X—l£T§£g§EE= This process was followed to develop

the values of Table B-1. Since the relaxation data wasn't sufficient to
produce overlapping curves, the 140°F'curve was extrapolated and pseudo
curves for 120°F and 150°F were added as shown by the dashed lines in

Figure B-1. The plot of T-To/log AT Vs T-T0 is shown in Figure B~2. The
calculated log AT column in Table B-1 is determined by using the constants
C? and Cg obtained from Figure B-2 and plugging them into Equation B-1. The
calculated AT values are used as the shift factors to produce Figure 4.

TABLE B-1
AT
T, °K AT Alog AT log AT log AT calc log AT
317
322 1 6 6 1.833 5.6
333 22 2 1 2.00 12.7
338.5  27.5 5.8 16.8  1.637
344 33 5.7 22.5  1.467 21.9

The calculations to determine the forces required for critical deflection
at time and temperature are as follows:
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Worst case at 100°F

Tog E%; = 4,72 at time 0 and 4.54 after 20 years
0

E = 5.248 x 107 psi at start
E =.3.467 x 10% psi after 20 years

3
E = L x P

4 x b x d3 x deflection

= span length = 8 inches

= force

= width = 2 inches

= thickness = 1.160 inches

A}

for a deflection of 0.050 inches

A o U
i

- _E_
P = 520
Pstart = 64 pounds
on = 42 pounds
for a deflection of 0.011 inches
_ E
P = 3757
Pstart = 14 pounds
P20 = 9.3 pounds

Worst case at 120°F

log E%; = 4,72 at start and 4.45 after 20 years
0

5.012 psi at start
2.692 psi after 20 years

B-4



for a deflection of 0.050 inches

- E
P= 550
Pstart = 61 pounds
P20 = 33 pounds
for a deflection of 0.011 inches
p =L
3727
Pstart = 13 pounds
on = 7 pounds

B-5
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