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FOREWORD

This final report on the "One-Piece Dome Fabrication Study" is submitted in
fulfillment of Sandia Contract 18-7830, Work Statement Task B-8. Results
from both Phases A and B are included in the report. Sandia program manage-
ment was provided by Mr. Clayton Mavis. Boeing engineering personnel contri-
buting to the project included Messrs Frank Tipton, David Kirkbride, Marcus
Berry, and Harry Dursch. Roger Gillette was project manager for Boeing Engi--
neering and Construction {BEC).

NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the
United States Department of Energy, nor any of thejr employees,
nor any of their contractors, subcontractorss, or thair employees,
makes any warranty, exprass or implied, or assumes any legal liabil-
ity or responsibility far the accuracy, completeness or usefuiness of
any information, apparatus, product or process daveloped, or
represents that its use would not infringe privately owned rights,
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1.0 INTRODUCTION AND SUMMARY

Thermoforming techniques were investigated for forming a heliostat enclosure in
one continuous operation from a flat film blank. The objective was to develop
low cost manufacturing processes using preferred materials, and to provide scale-
up data that will lead to full-scale dome production. Environmental tests have
been initiated using formed small domes to determine the life expectancy of such
domes .

Phase A used a modified existing facility to investigate the forming capability
of various materials into small domes less than 76 cm {30 inches} in diameter.
Materials and process variables were evaluated, the feasibility of various blank
preparation techniques were verified, and environmental exposure tests were ini-
tiated. Phase A also included a subcontract with Pennwalt Corporation on thermo-
forming of polyvinylidene fluoride (Kynar). This contract was continued through
Phase B.

' The variables explored in Phase A included heat distribution during forming, air
pressure and flow-rate profiles, expansion ratios, pre-heat time and temperature,
and blowing time. The heat distribution was varied during forming to determine
its effect on shape and thickness uniformity. Both uneven heating and radiant
cooling were found to effect geometry. Pressure and flow variations, and blowing
times were found to both effect shape and strength. Relatively high flow rates
and pressure were required to obtain satisfactory properties. The strain rate
required for good small domes is approximately 300%/minute. Expansion ratios

up to 27 were investigated. The high expansion domes were found to have pro-
perties comparable to the normal domes with 6.8 expansion ratios. The pre-

heat time and temperature were found to be significant in controlling the blow-
ing pressure. The hotter the film, the lower the pressure required to form the
dome. With some materials there was a problem of crystal growth when heated for
too long a time. This crystallization caused opaqueness in the film and changes
in mechanical properties. '

In Phase A, Pennwalt performed a series of biaxial stretching experiments on flat
film Kynar. A stretching machine, operated under a simultaneous two direction
stretching mode, simulated the biaxial stretching experienced by the pole of a



thermoformed dome. This work was carried out as a fractional factorial experi-
ment incorporating principles of statistical design Seven variables were cha-
racterized quantitatively in terms of their influence on six final product pro-
perties, including the effect of thermal aging on stability. Using the informa-
tion thus obtained it was possible to specify preform preparation and thermofor-
ming parameters that would optimize the dome's properties.

Phase B continued the thermoforming experiments working with larger domes. Fa-
cilities capable of forming domes 1.22 m (4 ft) and 1.8 m (6 ft) in diameter were
fabricated, preform preparation techniques applicable to full-scale domes were |
developed, and the desert exposure tests were continued. The materials investi-
gated were Kynar and polyester (Petra). The Kynar thermoforming experiments were
performed at both Pennwalt and BEC. The former investigated forming parameters |
utilizing a radiant heat facility capable of making 1.22'm (4 ft) diameter domes.
The latter investigated scale-up feasibility and process parameters utilizing a
facility which simulates processes in a full scale facility. Polyester domes
with a nominal diameter up to 1.8 m (6 ft) and Kynar domes up to 1.4 m (4.5 ft),
were made in the scale-up studies at BEC. ' :

The Kynar domes formed in Phase B had excellent mechanical properties and adequate
shape and thickness variations. The transmittance was low for those domes formed
with material that was not quenched after extrusion. Domes formed with guenched
material in Phase A had excellent transmittance.

The 1.8 m (6 ft) diameter Petra AXB dome formed in Phase B was the largest dome
formed in this study. It was very spherical and had yield strengths and trans-
mittance comparable to the better Phase A domes. The strengths were below the
design requirements because the maximum thickness of preform material available
for this study was only 0.5 mm (20 mils).

Satisfactory Kynar preforms were made using butt weld joints and press lamina-
tions. Both of these techniques along with overiapping heat seals are considered
feasible for full scale 9.7 m (31.8 ft) diameter dome production. The over1apping.
heat seals with polyester were not as successful due to localized crystal growth
with some of the polyester. The preforms laminated using vacuum did partially
fuse but the air was not completely removed. Preforms made using both of these
techniques were formed into satisfactory domes.



In Phase B, samples of Kynar from 3 domes fabricated in Phase A and a sample of
polished Tedlar 400 SG (EXP} TR were exposed for over 500 hours in a carbon arc
weatherometer. On the basis of short term correlations, this is equivalent to
16 to 28 years outdoor exposure. The Tedlar became brittle and hazy, loosing
approximately 90% of its elongation and 50% of its transmission. The Kynar lost
10 to 30% of its elongation and only 2 to 5% of its transmission.

In the desert exposure tests, 26 domes representing 9 different types were exposed
at the Desert Sunshine Exposure Test Facility. The schedule for removal and test
is 6, 12 and 18 months. The first samples after 5 months exposure were removed

and tested. A1l of these were polyester. In general, the unstabilized polyesters,
Meliform and PETG 7821, showed a substantial reduction in elongation, a slight
increase in yield strength, and very little change in transmittance. The greatest
elongation drop was noted in the heat sealed seam areas. The stabilized Petra AX8
domes showed 1ittle change in the mechanical properties and only the 4 ply laminate
dome showed any significant change in transmittance. The Kynar domes were not

_ tested because the two domes being exposed were saved for the 12 and 18 month tests.



2.0 THERMOFORMING FACILITIES

Several thermoforming facilities were used to form domes in this study. In Phase-
A, 0.36 m (1.18 ft) diameter domes were formed in a modified infrared oven. Most of
the process development was carried out in this facility. For Phase B a larger
facility, capable of forming domes up to 1.83m (6 ft) in diameter, was‘constructed
at Boeing to evaluate scale up parameters. Pennwalt, in subcontract activities,
utilized a hot air oven for Phase A thermoforming experiments on Kynar, and fabri-
cated a radiant heat faéi1ity for Phase B. The latter was capable of forming domes
up to 1.2 m (4 ft) diameter. A description of each of these facilities follows.

-

2.1 PHASE A THERMOFORMING FACILITY

An existing 1.2 m (4 ft) square infrared oven was modified to provide the thermofor-
ming facility. An overall viewiis shown in Figure 2.1-1. The modifications con-
sisted of adding auxiliary heat lamps, a preform holding fixture, and an air supply
for blowing the domes. A 25.4 cm (10 in) diameter preform was selected for the ex-
perimental domes. This provided domes 35.8 c¢m (14.1 in) in diameter when blown to'
a base angle of 45%. This is equivalent to an area expansion ratio of 6.8. The
maximum diameter that could be blown is around 76 cm (30 in) with an expansion ra-
tio a 1ittle over 30,

The infrared heat chamber consisted of steel walls coated on the inside with a re-
flective coating. The blank holding fixture was an aluminum plate to which an alu-
minum ring was attached with clamps. The film to be formed was held between the
plate and the ring. Fiberglass cloth was used under the film to diffuse the pres-
surized blowing air. This air was supplied to the middle of the bottom plate through
0.64cm (0.25 in) I.D. copper tubing .

2.1.1 Heat Source Design

The existing infrared heating source consisted of sixteen, 500 watt G-30 infrared
heat lamps. These were mounted in a reflector frame that would be raised or lowered
to vary the distance from the blank. They were controlled through a variable vol-
tage power supply. Eight auxiliary heat lamp reflectors were added around the peri-
phery of the blank holder. These each contained two 500-watt T-3 bulbs. These
lamps were also controlled by a variable voltage power supply.
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The thermal input could be varied by; physical movement of the heat lamps, chan-
ging voltage input to each lamp blank, or turnihg off selected groups of over-
head lamps. The auxiliary lamp flux could also be varied by use of reflector
shields,

2.1.2 Controls and Instrumentation

A general view of the controls and instrumentation used with the facility is shown
in Figure 2.1-2. The air used in forming the domes was plant air controlied by a
series of valves to obtain desired flow rates and pressures. The main flow con-

- trol valve utilized a calibrated orifice to control and measure flow. A given
flow rate was readily controlled, but constant pressure couid only be maintained
within Timited conditions during forming. This was primarily caused by the fact
that pressure was measured at the base of blank holder and represents the actual
pressure exerted against the dome during forming ., The resistance of the dome to
this pressure will vary with size of the dome as well as the strength of the film.
Another factor was the 1imited flow available through the pressure regulators at
pressures below 35.5 kPa (5 psi). To cover the range of flows utilized, two dif-
ferent orifice sizes were required. One covered the range of 0 to 0.03m3/min

(0 to 1 CFM), and the other from 0.03 to 0.3m3/m1n (1 to 10 CFM). The lower flow
allowed the forming of a dome in approximately 2 minutes which was considered a
reasonable forming time for full scale domes. At the higher flow rates a dome
could be formed in 10 seconds. These higher forming rates increased the strain
rates of the material and resulted in increased strength.

The radiant heat flux available was measured and recorded using calorimeters. These
were positioned in the oven adjacent to and in the same plane as the film to ob-
tain the heat flux input available to the film. The temperature of the film was
measured by both thermocouples and an infrared pyrometer. Both of these were re-
lative temperatures and were used for process control and repeatability. The ther-
mocouples were positioned between two plies of film clamped together in a small
frame and mounted on the blank holding fixture. The frame holding the thermo-
couple temperatures tended to lag behind the pyrometer readings.
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2.2 PHASE B THERMOFORMING FACILITY

The thennofoﬁming facility used for Phase B experiments is shown in Figure 2.2-1.
It consists of five major components; the preheater assembly, the plenum/aperture
assembly, the auxiliary heater array, the enclosure and the air supply system.
The facility was set up for manual operation to demonstrate the sequence of auto-
mated production. No special attention was given to environmental control of am-
bient conditions.

2.2.1 Preheater Assembly

The preheater assembly is shown schematically in Figure 2.2-2. It consists of
twelve 0.46 m (18 in) wide by0.5m (36 in) Tong infrared heat source panels. These
panels are wired to a time/temperature proportioning controller which regulates the
480 volt 3 phase power source. The heater panels are mechanically fastened to the
assembly frame which utilizes track rollers to position the preheaters over the
plenum/aperture assemb1y during preheat. Four machine screw studs allow vertical
adjustment of the preheater height.

2.2.2 P1enum/Aperture Assembly

The plenum/aperture assembly is shown in Figure 2.2-2. The aperture ring is made
up of four 90% arc sections. The inside radius of these arc sections is formed by
a 25.4 mm (1.0 in) diameter pipe. In the clamped position these sections provide
an aperture opening of 1.1 m {42.0 in). The bottom edge of a thermoformed enclo-
sure has a 12.7 mm (1/2 in,radius molded into it as a result of the 25.4 mm (1.0
in) pipe.

The plenum consists of a steel plate with a 152 mm (6.0 in) diameter hole machined
through it. A steel pipe elbow welded to the back side of the plate connects the
hale with the air supply system. An additional drilled and tapped hole in the
plate accommodates a pressure transducer tap to monitor forming pressure.
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2.2.3 Auxiliary Heater Array

The auxiliary heater array shown in Figure 2.2-2 consisted of 19 heat lamp reflec-
tors with two 500-watt T-3 bulbs each. These units were positioned on a 1.9 m

(76 in) diameter circle around the plenum . A variable voltage power supply con-
trolled their output intensity.

2.2.4 Enclosure

The primary purpose of the enclosure was to provide a safety shield during thermo-
forming . It was constructed by nailing corrugated aluminum panels to a wood frame.
Openings were left on the top and a 1.2 m {4 ft) high by 3.6 m (12 ft) entrance/
exit opening in one wall through which the preheater assembly was rolled.

2.2.5 Air Supply System

A diagram of the air supply system is shown in Figure 2.2-2. A constant displace-
ment, low pressure blower capable of delivering 15.7 m3/min (560 CFM) of air at
zero pressure head, supplied the ajr. Control of the system pressure/flow charac-
teristics was accomplished by manual manipulation of the waste gate valve and pres-
sure control valve. After forming, the isolation valve was closed to maintain air
pressure in the finished thermoformed enclosure until cooled. )

1



3.0 MATERIAL SELECTION

Principal requirements for plastic films considered for thermoforming are: ther-
moplastic; high specular transmittance after forming; long-term environmental sta-
" bility; adequate strength; readily available in useful sizes and thicknesses; re-
latively inexpensive. The types that appear to be most promising are polyethylene
terephthalate, polyvinylidene fluoride, polyvinyl fluoride, and ethylene~chlorotri-
fluoroethylene.

A chart of the comparative thermal properties of these materials is shown in Figure
3.0-1. The glass transition temperature (Tg) the thermoforming range, the crysta-
line melt temperature (T }, and the heat sealing range is given where known. The
material design requ1rements established for a formed dome are: specular transmit-
tance equal to 86% minimum at a 0.14° cone angle and normal incidence; and strength
equal to 5.78 kN/M (33 1bs/in) yield and 9.63 kN/M (55 1bs/in) ultimate.

The materials studied by Boeing in Phase A included 3 fluorocarbons, 3 polyesters,
and a butyrate. These are listed in Table 3.0-1 along with their trade names, sup-
pliers, and thickness. Pennwalt investigated Kynar 460 and Kynar 900 in their Phase
A studies.

These Phase A materials were selected on the basis of an industry survey, a litera-
ture review, and the basic enclosure requirements. Some of them have inherent en-
vironmental resistance while others must have stabilizers added to improve resis-
tance. They cover a price range of relatively inexpensive ($2/kg) to very expensive
($33/kg). A1l of them have absorptance bands in the infrared range allowing them

tc be heated by infrared heat lamps.

The materials investigated by Bbeing in Phase B were limited to Kynar 460 (in thick-

nesses of 0.25 mm and 1.52 mm) and Petra AXB (0.51 mm thick). Pennwalt conducted
thermoforming experiments on Kynar 460 in Phase B.

12
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Figure 3.0-1. Comparative Film Thermal Properties
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Material (Supplier)

Fluoro Carbons
PVF, — Kynar (Pennwalt)
PVF — Tedlar 150-TRMF (Dupont)
E-CTFE — Halar (Chemplast)

Polyester (PET) -
Petra A and AXB (Allied)
" Meliform & Melinex-O (ICl)
PETG 7821 (Eastman Chemical)

Cellulose Acetate Butyrate
Uvex {Tennessee Eastman)

Thickness)

.051Tmm to 1.5mm (2 to 60 mils)
.03mm (1.5 mil) |
127mm & .254mm (5 & 10 mils)

127mm to .51Tmm (5 to 20 mils)
.127mm to 1.27mm (5 to 50 mils)
B51mm (20 mils) :

6.35mm (250 mils)

Table 3.0-1. Thermaforming Materials



4.0 EXPERIMENTAL APPROACH

The approach to thermoforming one piece enclosures was to combine standard ther-
moforming techniques with film orientation. The spherical shape was obtained by
simply blowing a preheated sheet of film (preform}. The orientation was developed
by the high expansion ratios (on the order of 260% elongation for a 45° pase angle
dome) - required to form an enclosure from a flat blank. This orientation is a means
of improving the strength and durability of the film. In general these properties
will be improved the most if: (1) the material is initially amorphous, (2) the
material is stretched at the lowest practical temperature above Tg (glass transi-
tion temperature), and (3) stretched at the fastest rate possible. The primary
limiting factor is that the material cannot be stretched at a rate that exceeds its
strength at the temperature of stretching. Another critical requirement for both
shape and property retention is rapid cooling after forming . Normal thermoforming
variables, as well as orientatfon changes, were investigated by varying heating,
forming, and cooling steps during the forming cycle.

4.1 EXPERIMENTAL VARIABLES

The primary variables in both Phase A and Phase B were; control of the "preform"

preheating, and the air used to form the dome., The auxiliary (side lamp) heating
and the cooling steps were varied slightly in Phase A but not at all in Phase B.

Phase B domes were much Targer than the Phase A domes, having a base diameter of

107 cm (42 in) compared to 25 cm (10 in) used in Phase A.

In the preform heating step the rate of heating was controlled by varying the power
to the primary heaters and by varying their distance to the material. The final
temperature was controlled by the heating time. The heat source temperature could
be varied with both the heat lamps used in Phase A, and the infrared panels used

in Phase B. This source temperature variation aiso controlled the wavelength of
the radiant energy being emitted. At Tower power settings, lamps radiated at a
Tonger wavelength. ’

Air used to form the dome was regulated in pressure and flow rate to obtain control-

led strain rates of the film. The volume of air used determined the final size of
the dome. In both Phase A and B, the air supply systems used controls that did not

15



allow the pressure to be regulated independently of the flow rate. This resulted
in a maximum pressure being provided to the dome forming cavity for any given flow
rate.

This was not necessarily the pressure exerted on the film. The temperature of the '
film, dome geometry, and the amount of orientation determined the pressure required
to expand the film. Because of this, for a given flow rate, the pressure varied
during the forming step. To form a dome at constant pressure would require that the
flow rate change as the dome is formed.

In Phase A the cooling step consisted of a quick shutdown of the lamps and opening
the door (one entire side of the chamber}. In Phase B, only the shutdown of the
auxiliary lamps was used.

4.2 ' FABRICATION PROCEDURES

The initial fabrication step was to prepare the preform. This typically consisted
of trimming the film to shape and mounting it in the fixture. For preforms with
heat-sealed joints, the joints were made prior to trimming. For the laminated pre-
forms used in Phase A, the various plies were positioned and bagged using the top
ply as the bag. ‘The laminant was then put under vacuum and fused using the infra-
red oven. The fused laminant was then trimmed and mounted. The laminated preforms
used in Phase B were press laminated prior to trimming and mounting.

The forming cycle consisted of three steps; heating, forming, and cooling. A typi-
cal heat flux and temperature profile used for forming polyester domes in Phase A,
is shown in Figure 4.2-1. Corresponding air flow and pressure changes are shown

in Figure 4.2-2. Similar curves were obtained during Phase B experiments except
that the heating cycle times were generally shorter and pressures were lower. For
example, Phase B experiments Kynar was heated in approximately 2.5 minutes, and the
polyester in 1 to 1.5 minutes.

In general, during the heating step the measured radiant energy rose slowly after

the initial increase when the lamps were turned on or the infrared heaters were
positioned over the sample. The heating step was continued-until the reference
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temperature reached a predetermined level indicating that the preform was at the
thermoforming temperature. . At the start of the forming step the primary heaters
were turned off, or removed, and the auxiliary heat lamps turned on. This resulted
in the drop in radiant energy and also the reference temperature. The blowing air
was turned on to a given flow rate. The pressure exerted on the film at first in-
creased sharply and then went through a reduction before increasing again. This
peak occured at approximately the same height that the spherical curvature reaches
a minimum, which is just before the dome passes through the hemispherical shape.
The length of the forming step was governed by the size of the dome. When a pre-
determined height was reached the auxiliary heat lamps and the air flow were turned
off. The dome was then allowed to cool.

19



5.0 PENNWALT THERMOFORMING EXPERIMENTS -
5.1 ‘INITIAL STUDY OF THERMOFORMING PARAMETERS

Kynar is a semicrystalline thermoplastic with excellent mechanical properties and
resistance to weathering. It is for this reason that development of domes was
undertaken with the resin. Prior to thermoforming domes, several parameters were
evaluated that were believed important in determining the final properties of -
stretched, semi-crystalline, Kynar film. - This was accomplished with an existing
biaxial stretching machine. The unit was operated in a simultaneous stretching
mode wherein heated flat film was stretched in two perpendicular directions at-
the same time. This operation simulated the phenomena experienced by the pole

of a dome during a thermoforming operation.

It was first verified that the simultaneous biaxial stretching would give radial
symmetry of the flat stretched film. To accomplish this, a film stretched biaxially
was tested for tensile values in two perpendicular directions, each parallel to an
original stretching direction, and a direction at 45° (diagonal) to the stretching
directions. Table 5.7-1 summarizes the results. The films exhibited radial symmetry,
hence, no statistical significance testing was required to establish the equivalence
of the means of each of the tensile properties recorded. It should be noted that
all tensile testing reported herein was done following the guidelines of ASTM D-882
for film, .

Table 5.1-1. Tensile Testing- for Radial Symmetry in Biaxially Oriented Film

Sample Cut 20% O0ffset Yield Break Strength Elongation
{(UTtimate) %y
MPa kpsi MPa kpsi
0o 100.0 14.5 211.6 30.7 155
45° 107.5 15.6 204.1 29.6 134
90° 102.0 14.8 210.9 30.6 141

Having verified that flat film stretching satisfactorily simulated dome stretching,
the statistical experiment design in Table 5.1-2 was undertaken. The sixteen ex-
periments 1isted were sufficient to evaluate the effects of the seven independent
variables of the study. Each of the variables (columns of the Table 5.1-2) was
tested at two levels, high and low. The values of each variable are listed in one

table for each experiment.
20
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Two resin grades were studied, Kynar 900 and Kynar 460. These resins are polymerized
differently and consequently have distinct thermal, rheolagical, and morphological
properties. Because the preforms were compression molded, evaluation of mold tem-
perature'and preform quench was undertaken. From past experience it was known that
molding conditions can be extrapolated to sheet extrusion conditions. The preforms
were then stretched at two different temperatures using two different stretching
rates. Each experiment involved stretching to a particular elongation. The values
tabulated are for both perpendicular directions; hence, by 2-1/4 is meant a 2-1/4 X
2-1/4 stretch factor amplitude. Finally, subsequent to stretching, the films were
efther heat-set five minutes or immediately quenched. .

The films from the 16 experiments were tested for percent transmission, 20% offset
yield, and break strength. These tests were performed both before and after a
heat treatment for 70 hours at 60°C. The change in these properties with heat
aging, as well as the change in elongation to break and area change (i.e., shrink-

age) were also recorded. The values for these properties are tabulated in Table
5.1-3'

To fully utilize the statistical design, a Yates' analysis was performed,and pre-
dictor equations for each of the properties was generated in terms of only those
independent variables statistically significant in causing an effect. Before dis-
cussing the equations derived, certain general results are discussed. None of the
original properties of the stretched film changed significantly, i.e., beyond ex-
perimental error, with heat aging. Only area shrinkage was noted and this is dis-
cussed below. The 20% offset yield, break strength, elongation to break and per-
cent transmission were unaffected by thermal aging. In the following sections the
predictor equations will be presented for each of-the dependent variables.

5.1.1 Twenty Percent Offset Yield

Since the Kynar specimens in these experimenté did not exhibit a true yield point
in tensile propérties. an offset yield was defined. In this case, a 20% offset
yield was established. This is the intersection of the stress-strain curve by a
1ine drawn from the 20% elongation point parallel to the initial portion of the
curve as shown in Figure 5.1.1-1.
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Table 5.1-3.  Results of the 16 Run Experimental Deéign

20% Offset Yield
Before After
Agein Ageing

MPa kpsi  MPa  Kpsi
68.9 10.0 ~ 73.8 10.7
93.1 13.5 95.1 13.8
81.4 11.8  76.5 11.1

101.4 14.7 8.9 12.9

85.5 12.4 86.9 12.6
102.0 14.8 111.0 16.1
63.4 9.2 84.1 12.2
92.4 13.4 100.7 14.6
168.9 24.5  97.2 14.1
78.6 11.4  78.6 11.4
107.6 15.6 104.8 15.2
82.7 12.0 73.8 10.7
114.5 16.6 103.4 15.0
73.1 10.6 74.5 10.8
75.2 10.9  71.7 10.4
77.2 1.2 79.3 11.5

Break Strength

Before
Ageing
MPa  kpsi
108.9 15.8
176.5 25.6
141.3 20.5
178.6 25.9
146.9 21.3
192.4 27.9
140.0 20.3
138.6 20.1
204.8 29.7
146.9 21.3
203.4 29.5
151.0 21.9
197.2 28.6
116.5 16.9
144.1 20.9
156.5 22.7

After

Agei-nE
MPa psi

109.6
169.
128.
154.
146.
218.

LT T =) B B T~ -4

168.
142.

~J

214.4
134.4

200.6

]35.1
167.5
118.6
122.7
152.4

15.9
24.6
18.7
22.4
21.2
31.7
24.5
20.7
31.1
19.5
29.1
19.

24,

6
3
17.2
17.8
22.1

% Optical Transmission

(Properties Before and After Heat Ageing 70 Hours at 60° C)

Before  After

Ageing  Ageing
81.5 80
55.5 55
87 88
79 88
91 91
51 0.5
80 77
70.5 71
91.56 90
91 90 -
66.5 75
69.5 73
57 56
83.5 80
82.5 76
89.5 86

% Area Shrinkage

During Ageing

0.14

1.42
.49
.59

.65
.08
1.45
2.55

0.32
1.03
2.77



20%
Offset
Yield

Stress

g Strain

Figure 5.1.1-1, Schematic of the Definition of 20% Offset Yield

From the sixteen run study the predictor equation for the 20% offset yield is:

TYZO% = 91.6 MPa + 15.2 (Resin) + 6.0 (Exp. Ratio) - 6.9 (Stretch Temp.)

The other four variables were insignificant in changing the yield. To use the
equation, the high level of each variable is designated at +1 while the low level
is -1. Hence, for the high level of resin (Kynar 900) 15.2 MPa is added to the
91.6, and for the one low level of resin (Kynar 460), 15.2 MPa is substracted.
Similarly, for a combination of the high expansion ratio and the low stretching

~ temperature an additional 12.9 MPa is added. |

Using the high expansion ratio, the offset yield is far greater with Kynar 460
than the required value. Figure 5.1.1-2 is a graph of the predictor equation

for 20% offset yield as a function of stretch temperature for Kynar 460 stretched
3-1/4 times. The dotted line is the minimum value required.
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5.1.2 Break Strength

The stress recorded when the film breaks is also a function of its preparation
parameters. For this property, the predictor is:

Tg = 158.9 MPa + 20.5 (Resin) - 11.0 (Stretch Temperature)

The other five variables were insignificant. The predictions for Kynar 460 are
shown in Figure 5.1.2-1. The minimum break strength allowable is 94.8 MPa
(13,750 psi). Clearly there was no problem in achieving this.

5.1.3 Transmission After Heat Aging

The optical transmission test performed at Pennwalt was carried out at 550 nm
wavelength using an integrating sphere with a 1/2° acceptance angle. It was
shown to correlate well with the test performed at Boeing.

Since the optical transmission is not significantly altered with heat aging, and
optimizing this property is desired, only its predictor equation after heat aging
is reported. The equation is:

T =179.2 - 3.97 (Resin) + 3.03 (Exp. Ratio) + 2.2 (Str. Temp.)
- 8.28 (Preform Quench)

Evidently quenching the preform from the melt into water is advantageous. This
process 1imits the size of the crystals so they are not efficient scatterers of
light in the final stretched film. Kynar 460 shows a marked advantage. A 4% ad-
dition to the transmission is achievable using this resin. It is for this reason
that Kynar 460 is the resin of choice for solar application. Its molecular weight
and molecular distribution obviously cause changes in its crystallization that are
beneficial. Using the predictor equation, Figure 5.1.3-1 shows that excellent
transmissions can be expected from domes.

26



L2

Break Strength
{MPa)

140

180

160 |-

120

oCay

122 129 136

Stretch Temperature {°C)

Figure 5.1.2-1. Break Strength vs. Stretch Temperature for K ynar 460

143



eVl

09p JeuA) 10§ aumesadway Buryalans A UoIsSwsueL] % “L-£°1°G ainbl4

9¢el

(Do) Bmiviedwia] yMnens
6ClL

ccl

|

\—\

06

uoIssiwsues | %

56

0ol

28



5.1.4 Area Change After Heat Aging

The area change is reported as shrinkage, that is, a positive value corresponds
to an area decrease. The prediction is:

AA% = 1.62 + 0.38 (Resin) - 0.4 (Str. Temp.) - 0.44 (Quench)

Area change is given in Figure 5.1.4-1 as a function of stretching temperature.
As shrinkage cannot be totally avoided, it can at least be minimized and tolerance
designed into the final product.:

5.2 PHASE A KYNAR THERMOFORMING RESULTS (PENNWALT)
5.211‘ Process Experiments

In Phase A twenty-five compression molded preforms of Kynar 460 were prepared for
thermoforming usjng'the desirable conditions as determined above. These together
with Kynar 460 sheet extruded at Pennwalt were thermoformed in the Phase A facili-
ty at Boeing. The compression molded preforms were 0.76 mm (30 mils) thick and the
sheet was 1.52 mm {60 mils). It was intended in this part of the work to gain prac-
tical information on thermoforming Kynar domes.

Approximately 24 domes 35.5 c¢cm (14 in) in diameter were formed both from the com-
pression mo1ded>preforms and extruded sheet. Table 5.2.1-1 is a summary of the
thermoforming conditions. The most difficult variable to assess was preheat time
under infra-red lamps. Kynar resin being a fluoropolymer does not absorb as strong-
1y in the 3500 nm range as hydrocarbon polymers do. In fact, it absorbs very strong-
1y at 7000 nm and above. Hence, preheat time was important. It was necessary to
preheat for the minimum time that would allow .blowing at the highest pressures at-
tainable. The combination of low temperature and high pressure (or stretch rate)
was known from the earlier study to give the best mechanical and optical properties.
This fact was confirmed visually during the thermoforming operation. Several of the
domes were clear while others had a haze. The haze is attributable to an excessive
temperature during thermoforming.

Table 5.2.1-2 is a summary of tensile properties for a dome blown at low internal
pressure (#11) and one blown at high internal pressure (#17). Samples were cut from
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Dome #11

PL
BL
E

Dome #17
PL
BL
E

Table 5.2 1-2. Tensile Data of Selected Domes Formed in Boeing Phase A Facility

20% Offset Yield

MPa
88.2
110.2
68.2

116.4

117.1
73.7

kpsi
12.8
16.0

9.9

16.9
17.0
10.7

Break Strength

Elongation to Break

MPa
1585.7

154.3

105.4

194.3
188.8
130.9

kpsi
22.6
22.4
15.3

28,2
27.4
19.0

%
112
74
153

82
92
146



3'positions on the dome. The "PL" samples were taken at the top of the dome and -
were tested in a Tongitudinal direction (vertical). The "BL" samples were taken at
the side of the dome and also tested Tongitudinally (vertical). The "E" samples
were taken near the base of the dome and tested horizontally. A1l samples were
tested as per ASTM D-882. The direction of testing coincides with the long dimen-
sion of the strips.

The superior tensile properties of dome #17 are probably the result of lower film
temperature during blowing, as indicated by the higher required blowing pressure.
The comparatively large elongations-to-break of the equatorial samples indicate
incomplete stretching in this direction. This in turn is due to a lack of heat-
ing in these regions.

The next step in the development of thermoformed domes was to prepare domes of 61
cm(24 in) diameter at Pennwalt. As there was insufficient time to have an infra-

red oven designed and built in Phase A, a circulating hot air oven was prepared

for this service. A 689 kPa (100 psi) compressed air line was regu]atéd by a high
flow volume pressure regulator. The temperature profile in the oven was non-uniform.

This was determined using an IRCON infra-red pyrometer, which indicated as much
as 26°C differential between walls in the oven and an 18°C difference between
oven setting and the coldest wall. This problem could not be alleviated. How-
ever, 48 cm preforms were cut from extruded sheet and a program was begun to
prepare the best domes possible in spite of this shortcoming.

In general, the equatorial region of the domes did not stretch well. Also, the

hot walls of the oven emitted thermal energy to the growing dome while the dome
emitted to the cold walls. Hence, non-uniformity of shape often resulted aIthough'
it was minimized. Again, thickness profile and shape measurements are not indica-
tive of the potential. By proper empirical adjustment of temperature and pressure,
domes of excellent mechanical and optical properties were prepared and delivered

to Boeing personnel for desert exposure. Rather than present the evolutionary work
that resulted in these sample domes, only the data recorded for the higher gquality
domes are given. Table 5.2.1-3 is a summary of the mechanical and optical pvo-
perties of these domes. The coding described earlier for tensile testing of samples
is used here. In general, the better tensile values were obtained on domes blown
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Table 5.2.1-3 Summary of Data on Kynar 460, 61 cm (24 in) Domes

Dome # 1
20% Offset Yield (MPa)

PL 109.3
BL 110.0
E 70.5

Break Strength (MPa)

PL 170.0
BL 158.2
E 138.7

Elongation to Break (%)

PL 106
BL 94
E 133

Transmission (%)

@ 550 nm 94

nz2.1
N. T.
N. T.

179.9
N. T.
N .T.

106
N. T.
N.T.

91

11

121.3
N. T.
N. T.

188.7
N. T.
N. T.

92.5

12

130.8

211.7

96

92.5

14

151.7
114.7
96.2

211.3
196.5
162.0

82
104
124

92



more quickly. A11 were blown at an oven setting of 178% except #14 which was
blown at 175°C. This number, because of the poor'temperature profile of the
oven, unfortunately does not reflect the sheet temperature (if the sheet had
reached this temperature, it would have melted).

5.2.2 Environmental Test Domes

The Kynar domes being tested by Boeing were thermoformed by Pennwalt. The first
dome Tisted in Table 5.2.2-1, the "Forming Example" dome, was fabricated in the
Boeing facility with a diameter of approximately 38 c¢m (15 in). The others were
larger, approximately 61 cm (24 in) in diameter, and formed using the modified

hot air-oven. The mechanical properties are given in Table 5.2.2-1 and the trans-
mittance values in Table 7.2-6. These values will be used for subsequent compari-
son of data from desert exposure domes.

5.3 PHASE B THERMOFORMING FACILITY: (PENNWALT)

To thermoform 1.2 m (4 ft) diameter domes in Phase B, a 1.83m (6 ft) cubical
chamber was utilized. It was constructed of steel with Maronite insulation on
the inner walls. Heat to the 86 cm {34 in) diameter preform was provided by
radiation from infrared sources located at three levels within the chamber. Ref-
erence to Figure 5.3-1 will facilitate description of the details. The top heat-
ers, in the ceiling, are slow-response planar, infrared emitters. The emitting
surface is 1.5 m X 1.5 m square with the center 0.9 m X 0.9 m capable of being
lowered closer to the preform (see #2 Figure 5.3-1). The temperature of the en-
tire ceiling panel was controlled utilizing a fhermocoup]e imbedded in one of the
heater units.

The infrared heaters located in the center of the oven and at the bottom, numbered

3 and 4 respectively, were arranged in a ring encircling the dome. They were quartz-
Jjacketed tubular emitters. Unlike the ceiling panel, they were fast response heat-
ers capable of quicker temperature chandes on demand. The temperatures of the cen-
ter and bottom ring were independently controlled.
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Yield stress Ultimate stress Yield strength
Dome Position | Direction - Elongation

MPa kpsi MPa kpsi % kN/m . ibs/in
One piece Top Vertical 91.7 13.3 171.7 249 76 6.6 32.7
(forming Horizontal 88.2 128 160.6 233 78 6.3 36.1
example) Side Vertical 89.6 13.0 163.8 223 82 7.0 40.0
; Horizontal 76.2 109 1324 19.2 95 6.7 384
Bottom Vertical 88.2 12.8 150.3 21.8 2 126 7.3
Horizontal 49.0 71 81.4 11.8 228 83 47.6
One piace Top Vertical 94.5 13.7 153.1 22.2 78 1.7 439
(test) Horizontal 97.2 14.1 162.7 236 79 7.4 424
Side Vertical 80.0 11.6 138.6 20.1 101 9.0 61.2
’ Horizontal 79.3 -11.6 137.9 20.0 11?7 8.7 49.7

Bottom Vertical 814 1.8 137.2 19.9 137 15.2 86.9
Horizontal 62.0 9.0 104.8 15.2 199 1.3 64.7
One piece Top Vertical 98.6 14.3 169.3 23.1 21 9.1 51.8
(environmental Horizontal 98.6 143 162.7 23.6 82 89 50.6
test) Side Vertical 94.5 13.7 168.2 24.4 102 "7 66.7
Horizontal 745 108 127.6 18.5 148 10.1 57,8

Bottom Vertical 98.6 14.3 166.6 22.7 127 19.8 113

Horizontal 624 7.6 88.2 128 287 13.2 756.2

Table 5.2 2-1. Kynar Domes—Mechanical Properties -







The Kynar preform was held on a base shown in Figure 5.3-2 with an annular ring and
clamps. Air was introduced at the bottom of the base through a diffuser, The air
supply was a compressor supplying 689 kPa (100 psi) pressure to a Moore Model 42H30
pressure regulator which adjustably 1imits the downstream pressure to values between
6.9 and 207 kPa. An open-end air flow of 3.54 m3/min (125 scfm) is deliverable from
this regulator. The internal pressure of the dome was monitored during thermofor-
ming by an Ametek Model #58G 0015BN2 pressure transducer with output to an oscillo-
graphic recorder. Figure 5.3-3 is a picture of the entire facility.

5.4 PHASE B KYNAR THERMOFORMING RESULTS (PENNWALT)

For the scaled-up domes required in Phase B, the facility described in Section 5.3
was used. From the initial studies and thermoforming runs of Phase A it was ex-
pected that good quality domes would result from quick blowing at témperatures bet-
ween 140-150°C. Therefore as an initial task the infrared heaters had to be cha-
racterized. That is, the Athena controllers settings and therefore the infrared
heater emissions had to be adjusted so as to efficiently heat the Kynar which ab-
sorbs most strongly at 7000 nm wavelength and above.

The actual heating behavior of the Kynar preform is shown in Figure 5.4-1 for
several ceiling, infrared heater temperatures. The temperatures were monitored

by a thermocouple sandwiched between two 1.52 mm Kynar preforms. The Athena con-
troller was set to a temperature and measurements began when the ceiling panel
equilibrium was reached. For this series of experiments the center 90 cm X 90 cm
ceiling section was Towered to 30 c¢cm from the Kynar after it had reached tempera-
ture. As expected the Kynar responds best at the higher emitter temperatures, and
tevels out at long times.

Thermoforming experiments were performéd with the oven walls at ambient tempera-
ture at the beginning of the heat-up. Figure 5.4-2 is a plot of the profile of
temperature across the diameter of the preform for a ceiling panel temperature of
260°c. Thermocouple #4 is the center with all the others equally spaced out to

the edge. The variation in temperature across the preform shown in the figure was
unacceptably large, resulting in deformation of the center of the preform at the
expense of the outer perimeter. The ring of bottom tubular heaters were ineffective
in aI]éviating this profile. For future work these 1ights could be put to better
use if they were directed towards the perimeter region of the preform.
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Figure 5.4-1. Effect of Infrared Heater Temperature on Kynar Heating Characteristics
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Alternately, the ce111ng panel should either have a temperature profi]e “increasing
radially from the center to edge or be much Targer than the preform

To alleviate the temperature profi1e in the present effort, a c1rcu1ar Kynar sheet
25.4 cm in diameter and 0.76 mm thick was used to shield the center of the preform
during heating., In addition the center panel of the ceiling radiant heater was
raised to approx1mate1y 1.5m from the prefbrm This was done to provide more uni-
form heating over the preform. ‘ | S

In add1t1on to prefbrm temperature non-un1form1ty, d1ff1cu1ties were a1so encoun-
tered with the air supply used for forming domes. In the 1n1t1a1 air supp]y ap-
paratus, 1nsuff1cient voTumetr1c air flow was available to fonn domes at desired
growth rates. A 1arger pressure regulator, descr1bed ear1ier, was 1ncorporated
to a]leviate this ‘problem.

To date, no satlsfactory Kynar domes have been thermoformed wWith the Phase B Penn-
walt fac111ty Domes produced were genera11y non- spher1cal 1n shape, or, because
of air supply limitations in early exper1ments coo1ed before they cou]d be pro-
perly formed.

5.5 WEATHEROMETER TESTS

Samples for weatherameter tests were cut from 61 cm (24 in) diameter Kynar domes
prepared in Phase A. Specimen locations included the pole (PL), longitudinally
from the side (BL) and latitudinally from the side (E). Tedlar film* was also
included in the test for reference purposes. All samples were 1/2 in. wide, con-
forming to specifications in ASTM D 882 for tensile testing of film. Tensile

and optical properties of one half the samples were measured and recorded. The
other half were subjected to accelerated weathering in an Atlas Dew Cycle weathero-
meter operating without filters for the carbon arc. This test is recognized as the
most severe accelerated weathering test.

Weathering of film is accomplished by repetitive two-hour cycles. During the
first hour films are subjected to 1ight from arcing carbon electrodes. The 1ight

ggz§gt polyvinyl fluoride, 400 SG(EXP)TR, co-polished with Mylar {DuPont 200 X

43



is rich in W especially below 300 nm. Temperature of the black penel inside
the weatherometer was 63 + 2.5 % (145 + 5°F), air temperature was 44.5-49%
(112- 120°F) and the relative humidity was 50%. The second .hour was a dark
cycle wherein the relative humidity was maintained greater than 95%, and air
temperature was dropped to 26 5- 31°C (80- 8a°F).

After 558.8 hours of continuous exposure the samples were removed and tested

It has been the experience of personnel in the Kynar Coating Department at
Pennwalt that 100 cycles of the carbon arc weatherometer has correlated with

3-5 years outdoor exposure. On this basis, the exposure approxfmates'lﬁ 28
years of outdoor weathering. It is apparent from Tables 5.5-1 and 5.5-2 that
Kynar withstood the exposure quite successfu11y. The Ted1ar became brittle and
very hazy. Figures 5.5-1, 5.5-2 and 5.5-3 are semulog plots of the norma11zed
20% offset yield; break tensile and ultimate elongation for Tedlar, and the
pole samples from each Kynar dome. Normalized values are calculated by dividing
the tensile property after exposure, by the control's va1ue Figure 5.5-4 is a
semilog plot of the optical transm1ss1on charge after weather1ng. These figures
summarize visually the changes reported in the tables. - )
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Table 55-1. Tensile Testing of Kynar—Tedlar (Contral and After 558.8 Hours of Weatherometer Exposure)

Sample g%%aOffset Y;:;g Bﬁggk Tens;lf E1ongat1g£ to Break

TEDLAR
Control 34.5 5.0 61.4 8.9 372
Exposed - - 60.7 s.8 23

KYNAR
Dome 6
PL 111.0 16.1 - 189.5 27.5 144
Exposed PL 127.5 18.5 182.7 26.5 105
E 77.2 11.2 137.2 19.9 197
Exposed E 72.4 10.5 104.8 15.2 177
BL - 93.8 13.6 . 159.4 23.1 142
Exposed BL 113.7 16.5 171.1 24.8 133
Dome 7 | |
PL 88.2 12.8 142.8 20.7 154
Exposed PL 104.8 15.2 137.3 19.9 124
E 80.7 n.7 - 151.8 22.0 193
Exposed E 77.9 11.3 129.0 18.7 176
BL 84.8 12.3 145.6 21.1 173
Exposed BL 86.2 12.5 134.5  19.5 136
Dome 15
PL 91.7 13.3 155.9 22.6 145
Exposed PL 104.8 15.2 143.5 20.8 130
E 97.9 14.2 140.7 20.4 128
Exposed E 95.8 13.9 132.5 19.2 106
BL 83.4 12.1 147.6 21.4 115
Exposed BL 102.0 14.8 137.3 19.9 104
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Table 5,52 Transmission Before and After Accelerated Weathering

KYNAR
Sample Tedlar #6PL  {I6E #7PL  #7E #1SPL  #15E
Z Transmiggion
Before Exp. 89.5 90.0 88.5  8B.5 88 ~  89.5 89.0
After Exp. 45 86.5 86.0  B7.5 84 82 85.5
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6.0 THERMOFORMING EXPERIMENTAL RESULTS

The formed domes were evaluated by measurement of transmittance, strength and
geometry. Values were obtained for the different materials and for various for-
ming conditions. For the environmental test domes the most promising forming
conditions were used for each material.

6.1 POLYVINYLIDENE FLUORIDE (KYNAR)

Kynar was the primary material investigated in Phase B. Processing parameters
were proven and test domes were fabricated in this Phase.

6.1.1 Kynar Process Experiments

The Phase B Kynar domes were formed using techniques developed in Phase A, Pre-
heat times for 1.5 mm (60 mil) thick preforms were around 2.5 minutes. Domes

were formed in around 15 to 20 seconds, with pressures up to 17.2 kPa (2.5 psi).
The Kynar was found to be very temperature sensftive, i.e., there is only a 30°C
(54°F) difference between the lowest forming temperature and T (melt temperature).
Also, due to the high thermal expansion of the Kynar, wrinkles would form in the
blank during preheating. This caused very unequal heating in the preform due to

a combination of intermittent contact with the holder, which acted as a heat sink,
and variations in the distance from heat source causing unequal heat input. These
preforms could not be formed satisfactorily. A partial solution was to maintain
tension on the preform during heating with a slight positive air pressure. This
allowed the center section to bubble up and become warmer than the edges. Ade-
quate domes were formed using this technique as shown in Figure 6.1.2-4, but they
were limited in the maximum sizes obtainable.

Because of the sensitivity of Kynar to temperature, future studies should devote
effort to assuring uniform temperature of the preform . Particular attention should
be given to increasing temperature along the periphery of the preform where radia-
tion heat sinks are visible to the Kynar. A more uniform preform temperature should
allow greater expansion along the edges of the dome resulting in larger domes more
spherical in shape.
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6.1.2 Properties of Phase B Kynar Domes

Dome # 1/5/1f was selected to test for thickness variation, mechanical properties
and transmittance because it exhibited a better shape than most. The thickness
variation for the thermoformed dome is shown in Figure 6.1.2-1. A strip of mate-
rial was cut from base to base through the polar cap and then a micrometer was
used to determine thickness. Starting with a base thickness of 1.5 mm the dome
remained quite thick for the first 10 cm and then thinned down from 1.2 m to ,
0.35 mm within the next 5 cm. The material remained optically cloudy until it
necked down to a thickness of 0.5 mm or less, which took place after the initial
12 to 13 cm. The top hemisphere was uniform in thickness, exhibiting a variation
of + 0.05 mm . It is expected that with more uniform heating of the preform, the
Kynar near the base can be made thinner.

Specuiar transmittance of the Phase B Kynar dome was measured with a Beckman DK-2
spectrophotometer and a Gier Dunkle integrating sphere detector, using a scattering
cone angle of 0.59°. Specular transmittance was calculated from spectral data.
using an air-mass-2 solar spectrum. Results are tabulated and shown in Figure
6.1.2-2.. The top of the dome came close to meeting the requirement of 86% trans-
mittance but the equator and the area near the base were measured at 75% and 62%
transmittance, respectively. Upon investigating the reasons for low transmittance
it was found that preform material had not been quenched following extrusion. Penn-
walt determined in Phase A that for maximum transmittance, the material should be
quenched in water immediately after extrusion.

Using the same Kynar dome (Dome # 1/5/17) the tensile yield, tensile ultimate, ulti-
mate elongation, and yield strength* values were determined, Samples were cui from

five positions; the polar cap, opposite sides on the equator, and opposite sides

15 cm up-from the base. Each sample was divided into three vertical direction cou-

pons and three horizontal direction coupons so that a total of 30 microtensile tests
were performed.

* Yield strength is the load in kilonewtons per meter of film width at the 20% offset
in the case of Kynar. In the case of all other films yield strength is the load at
the proportional limit.
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Measurements taken every 15 cm along the
circumference except at the base which

Actual profile of dome 1/5/17 are in 5.0 cm intervals

Thickness measurements are in ; 0.13 “-}2 0.10
millimeters ' -1

Figure 6.1.2-1, Thickness Versus Circumference of a Phase B Kynar Thermoformed Dome (No. 1/5/17)
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0.59° cone angle integrated over solar

‘spectrum (—air mass 2)

T =.83 (0.12 mm thick)

T=.75
(22 mm thick)

T=,75
{0.16 mm thick)

T= 57 (0.30 mm thick) T=.59 (0.27 mm thick)

' “Figi.ii'é 6.1.2.2. * Specular Transmittance of Phase B Kynar Dome No. 1/5/17} vs. Dome Position



The mean values were then computed for each direction and are shown in Table
6.1.2-1. The Kynar easily passed all strength requirements. The minimum yield
strength was 10.5 kN/m which is 85% higher than the desired 5.7 kN/m. The mini-
mum ultimate strength, which was 16.3 kN/m, is 72% higher than the desired 9.5
kN/m. -

The shape of large domes formed in Phase B experiments was measured by optical
comparison photography. Photographs were taken of Kynar Dome # 1/5/15 (which
was one of the better shaped domes} with a grid backdrop. A best-fit circle

was then concentrically traced over the picture. Figure 6.1.2-3 shows the pro-
file of the Phase B Dome # 1/5/15 with a best-fit circle diameter of 1.27 m (50
inches). The difference between the radius of the best-fit circle and the actual
radius was measured every 30°. The differences were converted to percentages of
radius and then plotted. The dome was rotated in 452 increments to get an over-
all shape. The results of this test are shown in Figure 6.1.2-4 and show a maxi-
mum- radius variation of +9.3% and -8.5%. Although slightly greater than the de-
sired +5%, results were encouraging considering the early stages of process deve-
lopment.

6.2 POLYESTER (PETRA)

The majority of investigations on processing of polyester film were done in Phase

A with Petra material. These included variations in heat flux, heating time, air
pressure and air flow. In general these tests showed that: both shape and strength
were improved by increasing the strain rate; preheating time and the resulting film
temperature directly effect the blowing pressure and should be kept to a minimum
for improved strength; and heating during forming affects the final shape of the
dome. These are general results, and appiied to all films tested. In Phase B

these results were used to form a Petra dome approximately 1.8 m {6 ft) in diameter.

6.2.1 Polyester Process Experiments
To investigate the effect of strain rate on dome strength properties, domes were
formed using various air flow rates. Domes formed at lower strain rates (forming

time 120 seconds) had marginal properties. Domes formed in 35 seconds {strain rate
276%/min), and 13 seconds (strain rate = 743%/min) all had appreciably better pro-
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..+ | Yield stress |Ultimate stress| g oo Yield strength

- R gation
Position Direction Iy 1o Tkpsi | MPa | kpsi % | KN/m | Ibs/in
Polar cap Vertical 90.3 | 13.1138.6 { 20.1 77 12.9 74.6
Horizontal 80.6 |11.7 1255 18.2 56 105 60.8 -
Equator Vertical 115.1|16.7 | 160.6 | 23.3 99 18.2 | 105.2
Horizontal 744|108 | 108.2 | 15.7 126 13.2 76.0
Equator Vertical 1103 | 16.0 { 157.2 | 22.8 101 20.6 | 118.9
Horizontal 88.2112.8|135.8 19.7 163 16.0 86.6
15 cm Vertical 106.8| 155 [146.8 | 21.3 106 32.1 185.5
above base Horizontal 47.6] 69| 73.81{ 10.7 288 174 | 100.3
15 cm Vertical 108.2|15.7 | 154.4 | 22.4 110 329 | 190.0
above base Horizontal 51.0| 74| 848|123 278 17.8 | 102.6
Base material Vertical 489| 71| 524 | 7.6 344 78.7 | 4544
{1.5 mm thick) | Horizontal 38.6| 56| 46.2| 6.7 237 61.6 | 3554

'Table 6 1.2-3 Mechanical Properties of Phase B Kynar Dome {No. 1/6/17)
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1% = 0.64 cm (0.25 in)

135°

Figure 6.1.2-4. Deviation of Phase B Kynar Dome Fro:ﬁ a True Sphere Measured In %



perties. These results are compared in Table 6.2.71-1. The values were obtained
from specimens taken from the top of the domes. Other values obtained at dif-
ferent dome heights and in both the vertical and horizontal directions all showed
a similar relationship with strain rate.

The overall strain rate was calculated by first determining the area expansion
ratio by dividing the final area of the formed dome by the initial area of the
flat blank. For a theoretical dome with a base angle of 45% the area expansion
ratio is equal to 6.83. By taking the square root of this area expansion ratio,
an indication of the average linear strain can be obtained as follows, using a
gauge length of one:

Final area _
Tnitial area ~ ©+83

Final length _ 1/2 _
Initial Tength (6.83) = 2.61

Area Expansion Ratio =

Linear Expansion Ratio =

Linear Strain = égﬁggafgn;,’ghga@e length - 409 (2.61-1)/1 = 1614
The film thickness does not remain constant over the entire surface of the dome
during the forming operation. To obtain a better understanding of the local ex-
pansion ratios and film thicknesses in a formed dome, an analysis was made assuming
- the longitudinal stretch ratios were uniform. This assumption was based on a marked
test dome in which equally spaced concentric circles marked on the preform ended up
roughly as equally spaced latitude lines on the formed dome. The longitudinal
stretch ratio was found to be 3.3. That is 1 unit stretched to 3.3 units. The
linear strain or elongation would be equal to 2.3 or 230%. The latitudinal stretch
ratios were calculated by dividing the radii of the expanded concentric circles by
their initial radii. The results varied from a latitudinal stretch ratio of 3.2
near the top to 1.7 near the bottom of the dome. This is equivalent to 220% and
70% linear elongation, respectively.

If the longitudinal and Tatitudinal stretch ratios are multiplied tbgether to obtain
an equivalent area expansion ratio, which is then divided into the original film

*

- Base angle is defined as the angle between a vertical line passing through the
geometric center of the dome, and the point of intersection between the dome
and base plane.
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Table 6.2.1-1. Effect of Strain Rate on Tensile Properties of Polyester Domes

Dome Base Forming | Ave. Strain Tensile Properties—At Top Horizontal

Diameter| Time Rate -

{cm) (sec) {%/min) Yield Stress Ultimate Stress | Elongation Yield Strength

%
MPa | kpsi MPa kpsi kW/m Ibs/in

10-19-6 25 120 80 69.6 10.1 1014 14.7 169 3.0 17.2
1031-16| 25 35 276 91.7 13.3 162.5 243 20 4.2 239
10-31-16| 25 13 743 98.6 14.3 174.4 253 62 45 257
352 107 12 805 73.8 10.7 133.8 19.4 115 48 278 27.8




thickness, an indication of the final thickness can be obtained. For a 0.5 mm
(20 mi1) initial film thickness, final thickness varies from 0.05 mm (1.9 mil)
near the top to 0.09 mm (3.6 mil) near the bottom. These values agreed fairly
well with actual measurements as shown in Figure 6.2.1-1. This figure shows the
calculated distribution of stretch ratios and thickness variations, as well as
the actual measurements made on a small dome formed in Phase A. The larger Phase
B domes were also thin at the top and increased in thickness towards the base,
but the change was more gradual through the middle of the dome. This can be seen
in Figure 6.2.2-1. | ' "

The shape of the Petra domes were improved considerably by forming at a high strain
‘rate. The domes formed at strain rates below 100%/min tended to be bulgy and équat-
ty. Dome # 10-19-6, formed in 120 seconds, had a radius 17% greater than a theore-
tical sphere of the same height. This is compared to a 7% variation in radius for
Dome # 10-31-16, formed in 35 seconds. This also held true for the larger Phase

B domes where Dome # 1-5-22, formed in 12 seconds, had a radius only about 1.5%
greater than theoretical.

6.2.2 Properties of . Phase B Petra Domes

The same tests that were performed on the Kynar thermoformed domes were repeated on
large Petra domes using the same procedures. Dome # 3-5-21 was selected for eva-
luation of its mechanical and optical properties because it exhibited one of the
better shapes. The thickness variation vs. circumference of the Phase B Petra

AXB dome is shown in Figure 6.2.2-1. The dome exhibited very uniform thickness
(+0.015 mm) once the initial necking down near the base plane had taken place.

Mechanical properties were determined from samples cut at the polar cap, opposite
sides at the equator, and 15 cm up from the base. The results of the microtensile
tests, shown in Table 6.2.2-1, indicate that the Petra dome did not achieve the
desired yield strength of 5.7 kN/m and ultimate strength of 9.5 kN/m. Increased
strength can be achieved in future work by increasing preform thickness from 0.5
mm (20 mi1) to 0.75 mm (30 mil) or thicker.
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Calculated film thickness

" Linear stretch ratios

045 mm

.048 mm

055 mm
048 mm

Measured film thickness

3.3

t <32

(Dome No, 10-31-15)

3.3
067 .058 mm t
SR mm | V<23

074 mm .
D

33

090 mm t
1.7

20 mil preform thickness

Figure 6.2 1-1. Calculated and Measured Stretch Ratios and Film Thickness Disrnbutton
for Polyester Dome Formed in Phase A
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Measurements taken every 15 cm along the

. ; circumference except at base which are in
a 0.04 : :
Actual pI'OfI]B of dome 3-5-21 0.05 | N 5.0 cm intervals

. 0.06
Thickness measurements

are in millimeters

0.06 ~
& k g . y OIS 12 Thh = kY . 3
0.10° 2 Wyl _~ S Py T8 0.09
0.17 g ity ' 5 g : 0.10
0'28// i A ‘ \\01.3
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Figure 6.2.2.1. Thickness Distribution of a Phase B Petra AXB Thermoformed Dome (No. 3/5/21)
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Yield stress |UItimate stress|

Positi Directi Elongation | Yield strength
ostion—{Larection I aipa [kpsi | MPa | kpsi % kN/m | Ibs/in
Polar cap Vertical 655| 9.5[1000|145| 171 38 | 219
Horizontal 73.8110.7 | 133.8} 19.4 115 4.8 27.8

Equator Vertical 84.8(12.3 (1434 | 20.8 85 47 | 27.0
Horizontal | 64.1| 9.3| 93.1] 135 172 39 | 223

Equator Vertical 91.0[13.2 | 138.6 | 20.1 72 62 | 356
Horizontal 60.0| 87| 8341 12.1 199 3.9 22.6

15 cm Vertical 104.8 | 15.2| 151.0 | 21.9 51 100 | 578
above base Horizontal | 51.0| 7.4| 97.9]14.2| 269 38 | 222
15 cm Vertical 133.119.3| 177.2| 25.7 42 127 | 733
above hase Horizontal 476f{ 69| 648 9.4 314 4.7 26.9

Table 6.2.2-1. Mechanical Properties of Phase B Petra AXB Dome (No. 3/5/21)




Transmittance values measured on large Petra domes near the base, equator, and-
polar cap are shown in Figure 6.2.2-2. Respective values at the base and equator
exceeded the desired transmittance of 86% at 0.14° scattering cone angle (633
nanometer wavelength). Transmittance at the pole was 3% lower than the goal.
Lower transmittance at the polar cap was believed to be caused by localized over-
heating of the preform which led to crystal growth in the mqterié1. It is be-
1ieved this problem can be eliminated by creating a uniform thermal environment
during heating.

The shape of a Phase B Petra dome was measured similarly to the large Kynar dome.
Petra Dome # 1-5-22 was chosen to evaluate because it was the largest one blown.
A best-fit circle of 1.73 cm (68 in) was then concentrically traced over the pic-
ture as shown in Figure 6.2.2-3. The differences between the actual radius and
the best-fit radius are shown -in Figure 6.2.2-4. The geometry of the dome fell
within the desired +5% radius variation.

6.3 OTHER MATERIALS

In phase A several other film materials were investigated as potential one piece
domes. These included other poiyesters, cellulose acetate butyrate, polyvinyl
fluoride, and ethylene-chlorotrifluoroethylene.

6.3.1 Polyester {Meliform and Melinex-0)

" Meliform was used to prepare one-piece test domes and domes with heat sealed joints.
The Melinex-0 was used to form Taminated domes and domes with high area expansion
ratios. The mechanical properties of the Meliform dome are given in Table 7.2-4.
The high expansion dome tested was formed at an average strain rate of 500% per
minute. It was formed from a blank 1.27 mm (50 mils) thick. The expansion ratioc
was approximately 27, with the dome height of 63.5 cm (25 in) and a diameter of 68.6
em (27 in). '

A1l of the Meliform domes had a slight cloudiness after forming . An unsuccessful
attempt was made to eliminate cloudiness by trying various preheat cycles and for-
ming times. These experiments resulted in a loss in transmission as can be seen

in Table 7.2-6. The Melinex-0 preform material had a yellow appearance which tended
to disappear during forming (probably by thinning).
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, Cone Angle
T = .86 (0.05 mm thick) Position 08|.14 | .28 | .59

Polarcap .80 | .83 | .84 | .85
Equator 86| .87 | .87 | .87
15 cm above :

base .87} .87 | .88 | .88

633 nm source with various cone angles

X | T=.86 (0.05 mm thick)

99

T =.86 (0.09 mm thick)

~ 0.59° cone angle integrated
solar spectrum

Figure 6222 Transmittance of Phase B Petra AX8 Dome {No, 3/5/21)
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Profile of Petra AXB dome at o°

Figure 6.22-3 Best Fit Circle Concentrically Traced Over a Profile of a Phase B
Petra AXB Dome From a True Sphere Measured in % (No. 1/5/22)
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135°

00

45°

1% = 0.86 cm (0.34 in)

Figure 6.2.2-4. Deviation of Phase B Petra AX8 Dome From a True
Sphere Measured in % (No, 1/6/22)



6.3.2 Polyester (PETG-7821)

One piece test domes and domes with heat-sealed joints were formed from PETG-7821.
A1l of these were formed at high strain rates. The mechanical values are given

in Table 7.2-3. Transmittance values are given in Table 7.2-6. This material for-
med very similar to Petra. '

6.3.3 Cellulose Acetate Butyrate (UVEX)

The cellulose acetate butyrate material used was thicker than desired for thermo-
forming domes. Because of this and the limited number of samples avai1ab1e,'no
satisfactory thermoforming process was developed. The maximum size obtained was
slightly larger than a hemisphere. Those that were blown with increased tempera-
ture or pressure developed thin spots with resulting uneven shape. Some surface
deterioration was also noted on blanks with long preheat cycles. The samples with
shorter preheat cycles showed good c]arity, and fairly uniform thicknesses were ob-
tained for the hemisphere shape.

6.3.4 Polyvinyl Fluoride (Tedlar)

The Tedlar tested was a special formable grade having minimum orientation. It was,
however, very thin (0.04 mm) for dome thermoforming preforms. A hemisphere was

the largest shape successfully formed. One dome reached approximately 22 cm (9 in)
in height before failure. This was equivalent to an area expansion ratio of 4.

The theoretical area expansion ratio for a hemisphere is 2, and for a 45° base angle
dome is 6.8. The domes had good clarity, but a sharp transition could be seen bet-
ween stretched and partially stretched material. No tests were made on material as
no satisfactory domes were formed.

6.3.5 Ethylene-Chlorotrifluoroethylene (Halar)

The Halar films used were relativity thin (0.25 mm) for thermoforming and appeared
to have a residual orientation that prevented the forming of a uniform dome. Any

- domes that were formed past a hemisphere had definite bulges and thin spots that
generally resulted in failure. Even the hemisphere size domes had irregular thin
areas. These areas, however, were very clear compared to the thicker areas. There
was no indication of crystallinity, even with the preforms exposed to a Tong pre-
heat step. Unoriented thicker material for preforms would be necessary if satis-
factory domes are to be formed from this material.
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6.4 PREFORM PREPARATION _ !

With domes larger than approximately 1.85 m (6 ft) in diameter the size of the pre-
forms required exceed the width of presently available film materials. For'exf,
ample, & 9.69 m (31.8 ft) diameter dome with a 45° base angle would require a pre-
form diameter of 7.3 m (24 ft). Accordingly, an investigation was conducted to
select and evaluate preferred processes for preparation of large preforms.

In Phase A, two approaches to fabricating multi-piece thermoforming blanks were
evaluated. In one, a simple overlapping heat-seal was used. In the other, a
laminate was made by fusing plies of film together with butt joints on the inner
plies. Polyester films were used to evaluate these techniques. The preforms fa-
bricated in Phase A were approximately 0.3 m (1 ft) in diameter. -

In Phase.B,vwhere preforms 1.2 m (4 ft) in diameter were used, two'types of joints
and two ways of laminating were investigated. The joints consisted of an overlap
joint made in a press, and a fused butt weld which was pressed flat. The lamina-
ting techniques were press-laminated, and roll lamination. In the Tatter the sam-
ples were preheated prior to lamination. A1l of the Phase B investigations uti-
lized Kynar film. Results of these studies, discussed below, showed that it is i
considerad very feasible to fabricate large preforms by either pkess Taminating

or heat sealed joints. The latter can be accomplished by either overlapping or

butt welding. ' | |

It is not possible to extrude full-scale one-piece preforms at the present
time due to size limitations of existing extrusion equipment.

6.4.1 Heat Sealing Experiments

Overlapping heat sealed joinEs with the 0.51 mm (20 mi1) polyester materials were
‘made in Phase A using an impulse sealer heating on the top only. With thick
materials this increased sea11ng time to the point where some materials became ,
opéque due to crystal growth in the seal area. The strength across joints in for-
med domes was generally within 10% of the comparable base material. The Shape of
domes was comparablie to domes without seams, except for a small area adjacent to
the seam. ' “ '
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In Phase B, 1.52 mm (60 mil1) thick Kynar film was joined with an overlapping heat
seal using a press to provide the heat and pressure. A very good fdsed Joint was
obtained but'the remaining sheet material became wavy due to not being held flat
in the press. In trying to thermoform these wavy preforms, thin areas were over-
heated and failed when pressure was applied. No domes could be formed with these
preforms.

Despite the above problem, heat sealing an overlapping joint is still considered
a feasible way to fabricate full scale blanks. The equivalent of a long narrow
press could be used at each joint area to fuse only the overlapping portion of
the film. This approach would be very adequate for Kynar film. For polyester
film the added thermal cycle could cause local crystal growth. A press or heat
sealer 7.3 m (24 ft) long and approximately 0.75 m (0.5 ft) wide is very feasible.

6.4.2 Lamination Experiments

Laminated preforms were made using both polyester and Kynar films. The polyester
| laminates were 4 ply and the Kynar, 6 ply. Both had butt joints on the inner plies.
The holyester laminates used 0.127 mm (5 mi1) films. In Phase A these were laminated
and fused by vacuum bagging and using the infrared oven for the fusion heat source.
| By this technigue, adequate fusion was obtained to allow the forming of a dome
with butt joints on the inner ply. These joints did not separate or delaminate
during forming. However, with the hand lay-up techniques used, it was not pos-
sible to remove all of the air between Taminations.

In Phase B, Kynar was successfully laminated using a press. Six 0.25mm (10 mil) .
plies were assembled using butt joints on the 4 inner plies. The resulting laminates
were free of any air pockets or voids. Domes with diameters of around 1.2 m (4 ft)
were formed with those laminates. Only a slight trace of any of the butt joints
could be found in the formed dome.

An attempt was also made to laminate Kynar using a safety glass laminating line
at Binswanger Mirror Company in Tempe, Arizona. The Kynar plies were placed bet-
ween two pieces of glass and then passed sequentially through an oven, a roll, a
second oven, and finally through a final roll. It was possible to heat the Kynar
film to fusion temperature but it was not possible to remove all of the air. An
autoclave cycle was tried on some of the samples without success.
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A press appears to be the best way for laminating the film preforms. West1ake
Plastics Company, who laminated the Kynar for this program considers press
laminating the most promising way of obtaining 1arge preforms. The largest i
existing press capability is a "4000 ton" press with a custom design‘Bed size:
of 6.1mx 6.1 m (20 ft. x 20 ft.). This press will produce suff1c1enf pressﬁre
to laminate the Kynar. With a 7.3 m (24 ft) diameter bed 1t will have 827 kN/m
(120 psi) pressure. The Kynar was laminated us1ng 69 kN/m (10 psi).

6.4.3 Butt Welding Experiments

Kynar samples, 1.52 mm (60 mil) thick, were butt welded, trimmed, and formed in

. Phase B. The joining process consisted of heating the edges of the film, joining,
and then locally pressing. The resulting joint was void free and formed adequately.
This process is one of the more promising for making full scale blanks.

6.4.4 Wide Extrusions

The present capab111ty for extruding Kynar and unoriented polyester is 1 27 m (50 in).
The maximum known width of a sheet extrusion plant is 3.4 m (11.1 ft). The extru-
sion width required for a full scale dome formed with a 45° pase ang1e is 7.3 m
(24 ft). Discussions with manufacturers indicated that equipment to hand1e‘extru-
sions of this width is possible, but not practical for small production rates.

The width of the extrusion die and the diameter of the extruder would both
have to be considerably larger than any presently available. Theftake-off
and cooling rolls could utilize papér machine rolls which are up to 9.6 m
(30 feet) wide.

An alternative approach to full-scale preforms is to expand domes to a higher ratio
(smaller base angle) and use smaller preform. The smaller preform'wou1d, however,
have to be thicker to obtain the same final dome thickness. For a preform 3.0 m
(10 ft) in diameter the thickness would have to be increased 500%, and the dome
expanded to a ratio of about 40 to 1, with an 18° base angle. This might be pos-
sible with polyester materials which have been formed to an area expansion ratio
of 27. Kynar would require additional process work since it has been limited to
expansion ratios of about 7. ‘
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7.0 DESERT EXPQSURE TESTS

In Phase A, desert exposure testing was initiated on domes of the most promising
materials, joining techniques and lamination approaches. The purpose of this
testing was to verify the weatherabf1ity of the various materials and processes.
Table 7.0-1 provides a 1ist of the five materials selected. A1s0 included are
the supplier names, number of domes instailed, and types of joiring and lamina-
tion processes being tested.

7.1 APPARATUS

A total of 26 sample domes of nominal 35.5 cm (14 in) diameter, except for the

61 c¢cm {24 in) Kynar domes were prepared and installed at the Desert Sunshine

- Exposure Test Facility (D.S.E.T.) near Phoenix, Arizona. Twenty-five domes were
mounted on a steel rack 1.22 m (4 ft) above ground level. An additional dome
(PETG 7821 one piece) was mounted 3.7 m (12 ft) above ground for purposes of de-
termining any differences in effects of particular abrasion and deposition.

Figure 7.1-1 depicts the domes and test apparatus. Figure 7.1-2 is a photograph
of the overall set-up and Figure 7.1-3 is a close-up photograph showing two domes,
the gas supply bottle, regulators, and delivery lines.

Domes were clamped to base plates on the rack utilizing the preform flange at

the battom of the dome, a tie-down ring-flange and gaskets. The domes are in-
flated with air which is delivered by 1ines running from a compressed air bottle

to fittings penetrating the base plates. Each dome is provided with a small hand
valve that allows individual on-off control as well as acting as a low-flow res-
triction in the event one or more domes are damaged. A water manometer is provided
to monitor supply line pressure. A pressure of 6.9 kPa (1 psi) was maintained in
the domes. This provided a film stress approximately equal to that of a full scale
dome.

7.2 RESULTS OF DESERT EXPOSURE

After 5 months of exposure, 5 domes were removed for evaluation of optical and
mechanical properties. During these 5 months, the domes were exposed to 53,600
Langleys (1 Langley = 1 ca1/cm2), hail, dust storms, freezing weather, and winds
in excess of 13.4 m/s (30 mph).
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Table 7.0-1. Environmental Exposure Test Materials

Melinex-O — U/V stahilized polyester

. Number
Material Supplier of domes Process
installed
Kynar 460 — Polyvinylidine Fluoride Pennwalt 2 One piece
(Blown by Pennwalt)
Petra AXB — U/V stabilized polyester | Allied Chem. 3 One piece
3 Heat sealed joint
3 4 ply-butt joints
PETG 7821 — Unstabilized polyester | Eastman 3 One piece
3 Heat sealed joints
Meliform — Unstablized polyester IC]1 Americas 3 One piece
-3 Heat sealed joints
IC] Americas . 3

4 ply-butt joints
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The following domes were removed for testing: Me]ifofm, PETG 7821 with a heat
sealed joint, Petra AXB, Petra AXB with a heat sealed joint, and a Petra AXB

4 ply laminated dome. During the first 5 months of exposure there were several
dome failures which prevented testing of all the various domes. Some of the
failures were caused by handling and installation., Two of the 3 Melinex domes
failed in this manner and were damaged beyond repair. The third dome was left
for further exposure. The other failures were environmental related. Every
polyester dome whose failure was environmental related was either formed with

a heat-sealed joint, or was made of unstabilized polyester.

The first PETG 7821 dome installed on the 3.7 m tower failed after 2 weeks. A
second PETG 7821 dome (previously on the horizontal rack for 4 months) was in-
stalled on the tower and was torn beyond repair after one -and a half months.
These failures (cause unknown, but likely material becoming brittle) prevented
study of differences in abrasion and deposition.

Kynar domes were left in the field for longer exposure because previous studies
showed negligible loss of performance after 5 months. '

The mechanical properties of Phase A thermoformed domes after 5 months exposure,
are compared to their control values in Tables 7.2-1 through 7.2-5. The unsta-
bilized polyesters (Meliform and PETG 7821) showed a substantial reduction in
elongation values and a small increase in yield strengths. This is a normal trend
for unstabilized polyesters. The Meliform dome showed an average elongation drop
of almost 30%, and the PETG 7821 dome showed a drop of almost 50%. The elcongation
of the seam at the polar cap of the PETG dome decreased from 57% to only 3% during
the 5 month outdoor exposure.

The Petra AXB domes {which are stabilized) showed T1ittle if any degradation in
their mechanical properties, The only change of real significance was a decrease
in elongation from 54% to 21% across a heat sealed joint at the pole.

Table 7.2-6 compares the optical properties of the domes before being sent to
D.S.E.T., "as received" after 5 months exposure and after being cleaned. The
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Exposure Position Direction Yield Stress Ultimate Stress Elongation| Yield Strength
: %
MPa kpsi MPa kpsi kN/m Ibs/in
Control Polar cap Vertical 95.1 13.8 | 160.6 23.3 66 43 248
Horizontal 93.1 135 | 1338 194 69 44 25.0
Seam 64.8 94 | 834 12.1 54 " 3.8 21.8
Equator Vertical 96.5 14.0 | 1650.3 21.8 74 5.6 321
Horizontal 79.1 10.9 | 102.0 14.8 162 4.7 271
1cmup Vertical 1165 16.9 | 1565 22,7 67 10.7 60.9
from base Horizontal b61.7 ' 7.6 62.7 9.1 357 6.0 341
5 months at Polar Cap Vertical 102.7 149 160.6 23.3 79 39 224
D.SE.T. Horizontal 1158 16.8 131.0 19.0 87 4.1 235
(53,600 Seam 97.2 14.1 97.2 141 21 34 19.7
langlaeys)
Equator Vertical 109.6 15.9 1613 234 83 8.5 31.8
Horizontal 88.3 12.8 1158 16.8 187 4.2 24.3
1cmup Vertical 126.9 184 1875 27.2 78 8.9 516
from basa Horizontal 71.0 103. | 71.0 10.3 353 6.3 36.1

Table 7.2-1. Mechanical Properties of a Phase A Petra AXB Dome With a Heat-Sealed Joint

Before and After Desert Exposure
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Exposure Position Direction Yield Stress Ultimate Stress Elongation | Yield Strength
"%
MPa kpsi MPa kpsi kN/m tbs/in
Control Polar Cap Vertical 75.1 10.9 | 10556 15.3 95 43 248
Horizontal 82.7 12.0°| 139.3 20.2 72 4.1 23.6
Equator | Vertical 89.6 130 | 1255 | 182 | 89 5.5 313
Horizontal 64.8 94| 1144 16.6 29 4.2 23.8
1cmup Vertical 120.7 175 | 1544 224 56 13.1 74.7
from base Horizontal 46.9 68 | 9.3 8.6 324 6.7 38.3
6 months at | Polar cap Vertical 96.5 14.0 142.7 20.7 68 39 22.4
D.S.E.T. Horizontal 104.1 15.1 151.7 220 67 4.2 24.2
(63,600 ‘
langleys) Equator Vertical 108.2 18.7 180.0 | 26.1 7 6.0 345
Horizontal 84.1 12,2 122.0 12.7 126 4.9 28.1
lemup | Vertical 1407 204 | 2206 |320 | e 9.6 55.1
from base Horizontal 53.1 7.7 66.2 9.6 318 6.0 34.7

Table 7.2-2. Mechanical Properties of a Phase A Petra AXB Dome Before and After Desert Exposure
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Exposure Position Direction Yield Stress Ultimate Stress Elongation } Yield Strength
%
MPa kpsi MPa kpsi kN/m Ibs/in
Control Polar cap Vertical 127.6 18.5 | 198.6 28.8 61 3.7 214
Horizontal 62.1 .9.0 97.9 14.2 67 2.9 16.8
Seam 46.2 6.7 | 46.2 6.7 57 3.4 19.3
Equator Vertical 58.6 856 86.9 12.6 88 39 22.5
Horizontal 44.1 6.4 496 7.2 220 4.6 26.2
1cmup Vertical 88.9 129 | 133.1 19.3 80 14.3 815
from basa Horizontal 81.7 7.5 68.9 10.0 160 3.1 17.9
5 months at Polar cap Vertical 99.3 144 105.5 15.3 47 3.2 18.7
D.S.E.T. Horizontal 97.9 14.2 109.6 159 42 3.7 213
{53,600 Seam 102.0 14.8 102.0 14.8 3 31 17.8
langleys)
Equator Vertical 108.9 15.8 137.2 19.9 39 6.0 34.8
Horizontal 71.0 10.3 76.5 1.1 74 3.6 206
Tcmup Vertical 1234 17.9 168.9 245 35 116 66.2
from base Horizontal 49.6 1.2 53.1 1.7 149 4.4 25.2

Table 7.2.3.  Mechanical Praperties of a Phase A PETG 7821 Dome Before and After Desert Exposure
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Exposure Position Direction Yield Stress Ultimate Stress | Elongation] Yield Strength
N . - "%
MPa kpsi MPa kpsi o kN/m Ibs/in
Control Polar Cap | Vertical 78.6 11.4 | 1338 19.4 | 46 2.6 14.6
Horizontal { . 80.0 1.6 | 131.0 19.0 54 2.3 ‘ 13.1
Equator Vertical 84.8 12.3 | 1358 19.7 | 73 3.2 1 1856
Horizontal 8.6 85 | 100.7 14.6 143 25 144
Tcmup Vartical 1195 17.3 | 181.3 26.3 67 9.1 52.1
from base Horizontal 46.9 6.8 54.6 7.9 338 3.7 21.0
5 months at Poiar Cap Vertical 95.1 13.8 97.2 14.1 40 2.6 15.2
D.S.E.T. Horizontal 1014 14.7 102.7 149 | 32 2.8 16.2
{63,600 ‘
langleys) Eq uator Vertical 108.9 158 | 1255 | 18.2 39 s 22.1
Horizontal 7.7 104 84.8 12.3 94 2.3 13.5
1omup Vertical 128.2 18.6 161.3 234 61 8.1 485
from base Horizontal 62.1 9.0 64.8 2.4 266 3.6 - 20.7

Table 7.2-4. Mechanical Properties of a Phase A Meliform Dome Before and After Desert Expa;sure
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Exposure Position Direction Yield Stress Ultimate Stress EIongation Yield Strength
MPa kpsi MPa kpsi % kN/m | Ibs/in
Control Polar cap Vertical 97.2 14.1 146.2 21.2 655 45 259
Horizontal 90.3 13.1 161.3 234 68 4.2 24.0
Equator Vertical 95.1 138 144.8 21.0 144 5.7 32.7
Horizontal 84.8 12.3 143.4 20.8 103 4.6 26
Tcmup Vertical 1448 21.0 191.7 27.8 51 14.4 82.5
from base Horizontal 683 | 99 77.9 1.3 232 6.2 35.6
6 months at Polar cap Vertical 99.3 144 124.8 18.1 49 3.7 216
D.S.E.T. Horizontal 108.2 18.7 135.1 19.6 51 38 220
{563,600
langleys) Equator Vertical 101.4 14.7 133.1 19.3 89 5.1 294
Horizontal 84.8 123 114.5 16.6 110 45 258
Temup Vertical 109.6 15.9 156.5 227 72 8.0 46.1
from basa Horizontal 738 10.7 75.2 109 2n 6.3 36.4

Table 7.2-5. Mechanical Properties of a Phase A Petra AXB Laminated 4-Ply Butt Joints |
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Integrated solar 633 nim source
. ‘spectrum Cone angle

Material cone angle .59° 0g® | 140 2g0 590
PETG 7821 Control 87.6 87.0 | 87.2 | 875 | 87.6
As received 85.6 86.1 | 863 .| 868 | 86.9
Cleaned 87.1 882 | 88.3 | 80.0 | 898
Petra - Control 86.5 874 | 874 | 88.0 | 88.3
{one piece) As received 85.0 864 | 864 | 86.8 86.9
Cleaned - 85.0 866 | 87.3 | 874 | 87.6
Petra Control 856 | 87.56| 84.0 | 858 | 86.0
(4 ply) As received 81.7 81.2 | 820 | 831 | 84.1
_ Cleaned 81.5 83.2 | 836 | 85.0 | 86.0

Meliform Control 79.0 764 | 768 | 768 | 77.0
‘ As received 76.5 74.6 | 74.7 75.2 75.6
Cleaned 79.0 765 | 769 | 772 | 774
Kynar " Contral 887 868 | 873 | 87.9 | 893
Melinex Control 83.7 86.0 | 865 | 87.2 87.5

Table 7.2-6. Transmittance of Dome Materials Exposed & Months
(563,600 Langleys) in Desert




material is cleaned finally by immersion into an ultra-sonic bath, then rinsed in
~distilled water and air dryed. The loss of transmittance {measured at the polar
cap) due to the effects of particulate accumulation ranged between 2.2% and 0.9%
measured at a cone angle of 0.14° with a 633 nm wavelength. This is even more
interesting in light of the fact that there was no measurable rainfall at D.S.E.T.
during the last month of exposure. From visual observations made at D.S.E.T. be-
fore removal of the domes, no variation in accumulation could be detected from
top to bottom and side to side.
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8.0 FULL SCALE DOME CAPABILITY

The present study has proven the feasibility of forming domes with adequate
strength, transmittance, and geometry. The scdle-up from experimental domes in
Phase A ‘to the pre-production domes in Phase B has proven the facility concept

and verified the scaling factors for the thermal and air flow requirements. These
concepts and techniques can be applied to full scale one-piece dome fabrication
with considerable confidence. :

The facility concept utilized in Phase B was based on full scale dome requirements.
The base fixture was fixed, with the preheater being moveable. This allowed the
film to be stationary during preheating and blowing . The moveable preheater worked
very adequately. The movement time, 2 or 3 seconds, did not effect the forming
cycle.

The infrared preheaters used in Phase B can be scaled up by a simple increase in
area. The edge overlap and the variable heights designed into the facility are
directly applicable to a full scale dome. An indication of the power output and
time of preheating is shown in Table 8.0-1. These are the values used in all of
the satisfactory domes that were formed.

Table 8.0-1. Preform Heating

Power Source Power Heating Time

Source Temp Qutput Kynar Polyester
Phase A/Tungsten Bulb 3000°%C 5.4 kw/m? 5 min. 3.5 min.
Phase B/I.R. Heater 370°C 10.8 kw/m2 2.5 min. -
Phase B/I.R. Heater 260°C 7.8 kw/m° - 1.2 min.

Domes formed at average strain rates of around 500%/minute were found to be satis-
factory in both Phases A and B. To obtain this strain rate with the Phase B domes
required flow rates of 5.1 m3/min (180 c¢fm). The maximum pressure required was
16.5 kPa (2.4 psi). Using this same strain rate for full scale domes will require
flow rates of 1360 m3/min (48,000 cfm}. The maximum pressures required would be
about 2.1 kPa (0.3 psi).
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The auxiliary heaters and the enclosure prevent premature or uneven cooling during
forming of the dome. With the rapid forming cycle being used, this was minimized
to a great extent in Phase B. For full scale doeme fabrication an enclosure with
auxiliary heating will be required that will minimize uneven radiant coolind during
forming.

As the size of the preform becomes larger, more consideration must be given to
holding technigues. Thermal expansion and uneven heating due to local heat sink
areas are two of the prime problems. These problems were solved fairly satisfac-
torily in Phase B by maintaining a slight pressure on the preform during heating.
For a full scale preform a comparable system could be used, or the material could
be allowed to sag. '

As discussed in Section 6.4, techniques for fabricating preforms for full scale
domes have been developed. These consist of laminates and heat sealed joints.
The most promising and cost effective technique for Kynar film is a pressed butt
weld, which joins lengths of extruded material.
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9.0 CONCLUSIONS AND' RECOMMENDATIONS

The work in th1s study has proven the feasibility of using thermoforming tech-
niques to fabricate one-piece domes. Experimental domes with adequate trans-
mittance, strength and geometry have been made. High strain rates, (short for-
ming times) and minimum forming temperature were found to be important to_qptain
high strength and acceptable shape. - ' N '

Information was developed to allow scale-up to full size, 9.69 m (31. .8 ft) d1a-
meter domes. Material preparation and initial thermoforming parameters were
developed from two-directional stretching tests and from fabrication of 0.36 m
(14 in) experimental domes. The facility concept and the thermal and blowing
requirements were verified by forming 1.83 m (6 ft) diameter domes.

Processes were developed for fabricating preforms with heat seal joints, butt
welded joints, and laminations. These techniques will allow an alternate to one-
piece preforms where material widths or thicknesses are limited. Domes were for-
med using all of these methods. It is considered feasible to use these methods
to form preforms 7.3 m (24 ft) in diameter for full scale dome fabrication.

Environmental testing included weatherometer tests and desert exposure tests.

The weatherometer tests exposed Kynar and Tedlar samples to an equivalent 16 to
28 years exposure. The Kynar withstood the test much better than the Tedlar,
loasing only 2 to 5% of its transmittance compared to 50% for Tedlar. The first
samples from the desert exposure test have been removed and tested after 5 months
exposure., The unstabilized polyesters showed substantial degradation while the
stabilized ones did not.

While it is considered that sufficient general information has been developed to
proceed with full scale dome fabrication, there are areas where additional detailed
information would be usefui. This pertains primarily to preheating the Kynar pre-
form. Studies on the absorption charactefistics of Kynar, emitted energy charac-
teristics of the heaters, thermal expansion effects of the preform, and heat sink
potential of the preform holder would produce more efficient and uniform dome
fabrication. This type of information would also be useful for polyester domes

but it is not so critical due to the greater thermoforming temperature range for
the polyesters.
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