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1.0 - Executive Summary 
This final report documents the work performed 
under a Phase Il Small Business Innovative Re
search program (SBIR) for the Air Force Phillips 
Laboratory. The objective of the effort was to build 
a scientific base of materials and processes data 
pertaining to high stability polymer fihns. This sup
ports the solar thermal propulsion program through 
enabling fabrication of doubly-curved membrane 
off-axis paraboloidal solar concentrators, of low 
weight/area ratio and high concentration ratio. To 
achieve this objective the following tasks were set 
forth, and are summarized below. 

Task 1: A data base of the high temperature 
viscoelastic properties of relevant film materials 
was developed. In accomplishing this task, a lit
erature search was performed as to materials prop
erties data and testing standards, and a vendor 
survey of available candidate film materials and 
suitable test equipment was conducted. Based on 
these study results, a creep testing/data acquisi
tion/processing system was designed, fabricated 
and assembled. Extensive uniaxial and limited 
biaxial testing of candidate film materials vis
coelastic properties was performed, and the re
sulting data was analyzed. The results of the ma
terials characterization task led to the selection 
of polyimides developed by NASA's Langley Re
search Center. These polyimides are available in 
solution form and can be cast on parabolic man
drels to form the desired concentrator shapes. 

Task 2: Studies concerning specific problem 
areas of the application of viscoelastic forming 
and spray/spin casting procedures to solar con
centrator fabrication processes were conducted. 
This involved relating in general the data accu
mulated in Task 1 to the configuration/materials/ 
processes design of models to be built under Task 
4. Evaluation of gore/sheet seaming and gore ver
sus seamed-sheet creep-forming options was per-
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formed. Evaluating and minimizing seam and film 
imperfection effects on concentrator performance 
were addressed. Time, temperature, stress, effects 
on dimensional stability concerns, and investi
gating processing options such as mandrel-con
trolled creep/relaxation forming versus tempera
ture- distribution-controlled pressure/creep-fonn
ing and spray/spin casting/ curing on shaped man
drels were investigated. 

Task 3: An analytical model for the membrane 
creep-forming process was developed and 
adapted. It was initially intended primarily to sup
port the temperature-profile-controlled uniform
pressure creep-forming process, but the design 
includes the capability of describing and moni
toring all other viscoelasticity-dependent film cur
vature forming processes, as well as the possible 
extension of the model predict on-station me
chanical and thermal behavior of operational de
ployed thin film concentrators. 

Task 4: Preliminary physical models were built 
in support of the foregoing tasks, and design stud
ies were done to delineate problem areas key to 
the application of this technology to the design, 
fabrication, and deployment performance testing 
of scaled-down and full scale solar rocket com
patible concentrators. An additional effort to ex
pand the casting and curing of large polyimide 
membranes was added to the original contract. 
The objectives of the additional effort were to 
demonstrate the capability to spin cast and coat 
large area polyimide reflectors and deliver the 
reflectors to the Solar Laboratory for evaluation. 
The work performed enabled the advancement of 
casting and reflective coating large one-piece con
centrators. The procedures developed under this 
task will be used in the near future for fabrica
tion of concentrators to be used for Solar Ther
mal Propulsion. 



2.0 - Introduction 
The development of Solar Powered Propulsion 
systems depends heavily on the technology 
demonstration of lightweight space deployable 
solar concentrators. Large elliptically shaped 
thin film reflectors can be packaged with other 
solar powered propulsion systems and deployed 
into low earth orbit. The Solar Powered Pro
pulsion system could produce specific impulses 
on the order of 1,000 seconds. This perfor
mance would significantly improve travel from 
low earth orbit to geostationary equitorial or
bit. A significant step in demonstrating the fea
sibility of large lightweight deployable con
centrators has been taken under this contract. 
SRS has successfully demonstrated a thin film 
casting and coating technique on large 15 foot 
triangular sections that has significant promise 
for extrapolation to large sections that can be 
used in solar propulsion systems. 

The success of the solar thermal rocket pro
gram is predicted on the availability of com
pactly-stowable off-axis paraboloidal solar con
centrators of very large area, very low weight, 
and very high concentration ratio. The most 
obvious candidate technology for such concen
trators is that of inflation deployed/inflation 
rigidized thin polymer membrane structures. 
Regardless of whether the reflective surface of 
a thin membrane concentrator is supported and 
tensioned by gas pressure, electrostatic force, 
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or drying rigidized structure there is strong ad
vantage in utilizing a precise doubly curved 
membrane rather than relying on pressure-shap
ing and/or gore configuration shaping of flat 
or singly curved film elements into a reflector 
membrane assembly. Depending on the sup
port tensioning utilized, the doubly curved 
formed membrane reduces the gas inflation 
pressure, electrostatic potential, or supporting 
structure mass. For all the above techniques, 
the available forces are at a premium. For in
flation rigidization, gas leakage mass flow rate 
through a given set of micrometeoroid punc
tures is directly proportional to the pressure 
required to configure the film. A 10: 1 reduc
tion in such configuring pressure requirement 
and consequent leakage rate could have deci
sive mission implications. Spray casting of 
NASA Langley polyimide films permits pre
cise double curvature forming operations not 
readily accomplished otherwise in polymer 
films of high stability. The objective of this 
contract was to establish the film configuring 
processes on a sound engineering basis by 
building a scientific groundwork of quantita
tive data on material viscoelastic properties and 
related forming/assembling procedures, for high 
stability films judged to be suitable candidates 
for the solar thermal rocket application. 



3.0 - Research Performed 
3.1 - Polyimide Material Testing 

and Evaluation 
The objective of this task was to generate a 
materials properties handbook comprised of 
families of curves fully describing the proper
ties of thin polymer film materials. The prop
erties of interest to the solar concentrator ap
plication, were in the regions of temperature, 
time, and stress directly relevant to creep and/ 
or relaxation forming doubly curved thin film 
materials. Extensive materials test were per
formed with "off-the-shelf' polyimides. Large 
variances in material properties were discov
ered as a result of the materials testing. The 
material properties varied with brand, thick
ness and batch. Alternative materials were in
vestigated as a result of the materials test pro
gram. NASA supplied polyimides were tested 
and found to have properties equivalent to that 
of Kapton. The NASA materials also had bet
ter atomic oxygen resistance and could be cast 
and cured in the laboratory to the desired shape. 
The following section describes the test appa
ratus that was designed for performing the tests. 
The testing philosophy, the apparatus design, 
and test methods, as well as test results, are 
also presented. 

3.1.1 - Literature Survey and 
Equipment Search 

A literature survey was conducted to determine 
the state-of-the-art in the area of thin film mate
rial characterization and analytical modeling. Nu
merous resources, including Redstone Science and 
Information Center, NASA RECON Aerospace 
Database, and AIAA Technical Information Ser
vice, were used to find pertinent literature. The 
literature survey resulted in the development of 
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an in-house creep-forming library consisting of 
over forty publications. 

A review of literature obtained yielded a great 
deal of useful information. It was found that one 
of the best sources of information about the creep 
of thin films comes from publications about the 
design of high altitude meteorological balloons. 
These high altitude balloons are usually made of 
thin polyethylene film and experience loading 
conditions that are somewhat analogous to the 
loading conditions that will be used to fabricate 
solar concentrators. During a balloon launch, the 
balloon experiences thermal and pressure gradi
ents as it ascends through the atmosphere. There
fore, balloon designers have addressed some of 
the problems associated with modeling and char
acterizing thin viscoelastic films under pressure 
and temperature loading. Another source of use
ful information comes from studies of injection 
molding techniques for manufacturing plastic 
components. There are several publications re
garding the finite element modeling of this vis
coelastic process. The literature survey also iden
tified several computer software packages that 
might be useful in modeling the creep-forming 
process. The availability and limitations of this 
software were investigated. The information ob
tained from this literature survey was used to 
assure that state-of-the-art technology was incor
porated into the design procedure. 

A search for testing standards was performed 
using the American Society for Testing and 
Materials (ASTM) Standards. Standards of me
chanical testing for plastics, films, and metals 
were considered in the search. A preliminary 
analysis of the metals standards revealed they 
were inadequate for thin films such as Kapton. 
Further investigation uncovered four standards 
which were considered. These were: D674-56, 



Testing Long-Time Creep and Stress Relaxation 
of Plastics Under Tension or Compression Loads 
at Various Temperatures; D638-84, Tensile Prop
erties of Plastics; D1204-54, Measuring Changes 

- in Linear Dimensions of Nonrigid Thermoplastic 
Sheeting or Film; and D882-83, Tensile Proper
ties of Thin Plastic Sheeting. The standards in
clude testing apparatus definition, type of test 
specimen, number of tests, material condition
ing, testing rate, and calculations. 

Some test equipment needed, including the 
oven, was available from Phase I testing. This 
oven was modified to allow the test apparatus 
to be set-up and the oven to be mobile, elimi
nating jolting inaccuracies after the apparatus 
is in position for testing. Grips were needed to 
clasp the material and were merited on slip
page minimization and an even stress distribu
tion. A specimen cutter was necessary to pro
duce specimens with straight, clean, parallel 
edges with no visible imperfections. When us
ing thin films, the cutting task must be care
fully executed to avoid tear and shear which 
would invalidate the test results. Extension in
dicators were designed to minimize stress on 
the specimen at the contact points of the mate
rial and the indicator. 

AS1M specifies that test specimens must con
sist of strips of uniform width and thickness at 
least 2 inches longer than the grip separation used 
A width-thickness ratio of at least eight should 
be used. The specimen edges should be parallel 
to within 5% of the width over the length of the 
specimen between the grips. 

AS1M D882 was adhered to for constant 
strain rate tests. The apparatus was equipped 
with a device for recording the tensile load 
and the amount of separation of the grips; both 
of these measuring systems were accurate to 
±2%. The rate of separation was determined 
by the percent elongation at material breakage 
and the initial distance between the grips. For 
an elongation at break less than 20% and 5 
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inches gauge length, ASTM requires a con
stant strain rate of 0.5 infm/min. 

A test equipment search was performed to 
identify companies which supply materials test
ing equipment needed for the testing of thin 
polymers. Several criteria were used in evalu
ating the applicability of the test items. Table 1 
is a listing of the companies contacted, the 
items of interest from each, and whether or not 
they met the specified requirements. The search 
supported our theory that it would be neces
sary to design and construct the test apparatus 
by using separate testing components due to 
the inadequacy of cUITCntly available material 
testing systems. When contacting the equip
ment companies it was realized most of the 
testing equipment was designed for materials 
larger, thicker, or easier to handle than the thin 
film polyimides. The candidate testing appara
tus must be capable of handling 0.3 mil 
polyimide film; however, it must not impart 
any loads or constraints on the film. 

Companies were contacted for availability 
of such items as grips, extensometers, load 
cells, pressure transducers, and material cut
ters. The high temperature oven used in Phase I 
was used in Phase II. The sources for the names 
of companies contacted were the Thomas Reg
ister and Standardization News. All literature 
material received from the companies were re
viewed for applicability in creep testing. De
sign ideas which were useful were gained from 
the equipment search. 

3.1.2 - Thin Film Material Test Design 
and Equipment 

The task objectives were to generate a materials 
properties handbook comprised of families of 
curves fully describing the viscoelastic proper
ties of relevant thin polymer film materials. The 
most direct application of this handbook was to 
provide the data to be used in the analytical mod
eling and the subsequent application of that mod-
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cling to optimization of the fabrication pro
cesses for the experimental model fabrication 
and subsequent follow-on work. 

The design and construction of the test equip
ment was critical in order to assure accurate 
test results. Two test equipment configurations 
were used, one for the uniaxial tests and the 
other for the combined state of stress tests. 
The test results yielded curves of both uniaxial 
and limited biaxial strain data for a large array 
of test parameters. The thin films tested were 
Dupont H Kapton, UPILEX R&S, and API
CAL polyimide film with thicknesses of 1, 0.5 
and 0.3 mils, non-metallized and metallized. 
NASA-developed polyimides were also evalu
ated for material property characteristics. 

3.1.2.1 - Unlaxial Test Apparatus 
The thin film test apparatus shown in Figure 1 
is comprised of a testing machine, temperature 
chamber, and data logging/processing system. 
The complete design drawings for this appara
tus are shown in Appendix A. The testing sys
tem is capable of performing materials charac
terization tests such as: 

• Relaxation 
• Creep 
• Constant strain rate 
• Modulus of Elasticity determination 
• Thermal Expansion measurements 
• Cylinder pressurization (Biaxial) tests 

Material tests performed with the apparatus 
adhere strictly to the appropriate ASTM test
ing procedure. The instrumentation devices are 
calibrated and traceable to NBS specifications. 
A time proportioning controller regulates tem
perature control in the temperature chamber 
for temperatures up to 800 °F. The data acqui
sition system includes a Macintosh Il computer 
which collects and stores data from several in
strumentation devices. The instrumentation de
vices indicate the testing parameters such as 
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oven temperature, load, pressure, and strain of 
the material during the test. 

The load beams shown in Figure 1 are bal
anced on low friction bearings which allow 
the grips to impart a load on the film. A load 
cell is used to measure the force of an applied 
load and also for calibration purposes. The 
grips which hold the thin film are toggle grips 
which increase the crimping force as the 
sample is stressed higher. The grips are a 
unique design which allows the test techni
cian/engineer to load the samples in the test 
apparatus easily. The design of the toggle grips 
is shown in Figure 2. 

A temperature chamber was used for deter
mining the thermal expansion/contraction co
efficient. The temperature chamber was also 
used for investigating the recovery of residual 
stresses due to the manufacturing process of 
the thin films. For example, Kapton recovers 
residual stresses in the rolled direction when 
elevated to high temperatures. 

The computer data control system is config
ured to perform creep testing at high tempera
tures for long periods of times. A representa
tive test computer screen that was used for the 
testing is shown in Figure 3. 

The test equipment design incorporated an 
extensometer that has sensor arms with clamps 
on the ends. The clamps were tightened at a 
low force around the material so as not to in
fluence the specimen. A 6-inch sample length 
between the grips with a 4-inch gauge length 
between the extensometer sensor arms was used 
in the uniaxial tests. By incorporating the ex
tensometer in the test equipment design, ASTM 
882-83 Standards were met which call for strain 
measurements to be made between the grips. 
The grips that held the polyimide film were 
toggle grips which increase the crimping force 
as the sample is stressed higher. A load cell 
was used for calibration of the testing equip
ment to a known applied weight, and to deter-
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Figure 1 Unlaxlal Test Apparatus 
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Grip Design 

Figure 2 Toggle Grip Design 

mine the onset of loading the poJymide film 
during creep tests. The load cell was also used 
in the relaxation and constant strain rate tests. 
The analog data 
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facility was dedicated for the 
creep-forming testing effort. 
An efficient laboratory set up 
was designed to allow for 
both combined stress and 
uniaxial tests. A computer 
control system was used in 
the laboratory to initialize 
testing and monitor the tem
perature chamber conditions, 
specimen loading conditions 
and strains, and other param
eters relating to the specific 
test being performed. 

3.1.2.2 - Unlaxlal Test 
Procedures 
Creep compliance testing, re

laxation modulus testing, and constant strain 
rate creep testing are mathematically equiva
lent and interchangeable for ideal linear vis-

taken from the 
extensometer 
and load cell 
was recorded 
and stored by 
means of the 
computer data 
acquisition sys
tem. This test 
equipment de
sign eliminated 
the concern of 
sample slippage 
in the grips, grip 
thermal effects, 
thermal expan
sion of the test 
hardware, and 
grip weight. 
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coelastic materials. Polyimides appear to be a 
reasonable approximation of a linear viscoelas
tic material. It is reasonable to measure in de
tail only creep compliance which is the most 
directly relevant and the easiest to measure. 
The other parameters only need to be mea
sured in sufficient detail to provide justifica
tion and correlation factors for analytically re
casting the data into other formats. 

The materials tests performed are shown in 
Table 2. A "test status" was determined for 
each test description and test condition. The 
"test status" refers to the number of polyimide 
samples that were tested at identical condi
tions. Five identical samples were tested when 
a test is classified as a "basic" test. The re
sults of the "basic" test were a plot of the 
average data from the five samples and re
porting standard deviation. For tests with a 
"correlation/exploratory" test status, two iden
tical tests were performed at the test condi
tions. Both test specimen results with a "cor
relation/exploratory" test status were plotted. 
An additional "voting" test was perf onned in 
the event of a 20% data spread. 

The test samples were principally Dupont 
H Kapton, UPILEX R&S, and APICAL 
polyimide film. The samples were 
unmetallized of 1, 0.5, and 0.3 mil thickness. 
Polyimide samples were cut at a width of 1" ± 
0.02" with a dual razor blade fixture. An ef
fort was made to minimize handling of the 
gauge length region of the samples with fin
gers, and exposure to dust, solvents, or water. 
Because of the hydrolysis weakening some
times observed in polyimide film exposed to 
water at elevated temperature, high tempera
ture hydrolysis testing was performed. These 
results were then compared to the common 
creep tests with similar oven temperatures and 
loads. The results of exploratory testing of the 
polyimide appear in Appendix A. 
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3.1.2.3- Method of Cutting 
Material Samples 

The uniaxial and combined stress tests required 
several samples of material. The sample size was 
1" x 10" for the uniaxial tests. A method that 
produces straight "clean" cuts along the edges of 
the material was desired so that effects due to 
imperfections during testing were minimized. 
Consistent sample sizes were required in order to 
ensure repeatable test results. Although appar
ently simple, cutting consistent sample sizes with 
"clean" cuts was quite difficult when working 
with thin materials. Several cutting methods with 
the 0.3, 0.5 and 1 mil material samples were 
investigated. One such method which is widely 
used in solid propellant testing involves using a 
die to punch out the sample. This method for 
thin materials such as KAPTON tended to pro
vide rough edges along the length of the sample. 
A proficient method for cutting the material was 
developed through testing several cutting tech
niques. The backing material that is used be
neath the polyimide has proven to be a factor in 
the cutting procedure. Using a semi-hard rubber 
backing material along with a dual razor blade 
tool appeared to be the most efficient method for 
achieving a good sample. A dual razor blade tool 
was designed which consisted of two metal blocks 
with the razor blades attached at an angle to each 
of the blocks. The weight of the blocks provided 
a consistent load on the blades as they moved 
across the specimen. 

3.1.2.4 - Biaxial Testing of Polymers 

There are presently no universally accepted and 
standardized combined stress tests for polymer 
thin films. An extensive literature search for 
previous biaxial tests on thin films was con
ducted. A pressurized cylinder test appears to 
be the simplest, most direct, and most versatile 
combined stress test. Several combinations of 
stress conditions can be achieved using cylin
drical specimen tests. The designed test appa-



Table 2 Unlaxlal Material Tests 

Test Number of 
Test Test Conditions Samples Status Samples Required 

Paragraph Stress Oven Thick- Roll Number Dupont Upilexor 
Temp- Vendor Apical In Description Levels, Other -- ness Batches Dlrec- of 

Proposal psi erature Material -MIis lion Repetitions 0.3, 1 0.5 0.3, 1 0.5 
Of A B A B A B A B 

Basic Creep 550, Dupont 0.3, Basic 3.1.1.1A Basic Data 1,500 - 0.5 2 X,Y 20 20 20 20 20 20 20 20 Compliance 650 Upilex 1.0 (5) 

Heat ShrlnkagE Supplementary 500, 500, Dupont Basic 3.1.1.1A and Recovery Data 3,000 600, - Upilex 0.5 1 X (5) 30 30 
700 

Iterative Creep and Hot 500, 
3 Dupont Correlational 3.1.1.1.B 1,500 600, 0.5 1 X 6 6 Recovery 700 Times Upilex (2) 

Iterative Creep and Cold 500, 
3 Dupont Correlational 3.1.1.1.C 1,500 600, 0.5 1 X 6 6 Recovery 700 Times Upilex (2) 

3,000, 500, Dupont Correlatlonal 3.1.12 Rupture Elongation 600, - 0.5 1 X 12 12 4,500 700 Upilex (2) 

500, 
Dupont Correlational 3.1.1.3A Rapid Creep Compliance 1,500 600, - 0.5 1 X 6 6 

700 Upilex (2) 

500, 0.5, 
3.1.1.38 Constant Strain Rate 1,500 600, 0.05, Dupont 0.5 1 X Correlational 18 18 Rapid Recovery 700 0.005 Upilex (2) 

in./.:. 

500, Dupont Correlational 3.1.1.4 Heat Shrinkage 1,500 600, - Upilex 0.5 1 X (2) 6 6 
700 
500, Dupont Correlational 3.1.1.7 Relaxation Modulus 3,000 600, - Upilex 0.5 1 X (2) 6 6 
700 

Metalllzation Effects on 500, 0.3, X, Correlational 3.1.1.8A Creep Compliance 1,500 600, - 1 0.5 2 y (2) 12 12 12 12 12 12 12 12 
700 

Metalllzation Effects on 500, 3 0.3, X, Correlational 3.1.1.8B Iterative Creep 1,500 600, Times 1 0.5 1 y (2) 12 12 12 12 
700 
500, 

Correlalional 3.1.1.9A Aluminum Creep 1,500 600, - 1 0.5 1 X (2) 6 
700 

Polyester Creep Compliance, 500, 
Correlalional 3.1.1.10 HeatShrinkage,and 1,500 600, - 1 0.5 1 X 

(2) 6 
Recovery 700 

FlnRepFig3.1-0S-dr2 

ratus is shown in Figure 4. The test equipment 
is capable of applying uniaxial, pressurized, 
and torque loads to the specimen. Limited ma
terial testing was done with the biaxial test 
apparatus design. The results of the uniaxial 
testing led to use of NASA Langley polymides. 
Biaxial material tests could be done in the fu
ture with this test apparatus. The following sug
gestions are made for testing films in a biaxial 

state. Because of the difficulty of making 
nonperturbing strain measurements, the motion 
of the cylindrical specimen was measured by 
movement of the specimen end grips for mea
surement of torsional shear and "Y" direction 
strain. For future testing, strain-dot position, 
optical tracking tests, or tests with tab attach
ments to the extensometer might be used for 
post test measurements to indicate the typical 
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Figure 4 Combined Stress Test Apparatus 

magnitude and direction of the errors intro
duced by using the testing machine jaw mo
tion to indicate specimen strain. A remote sight
ing optical cathetometer concept could be used 
for correlating specimen end grip strain mea
surements to specimen central region strain. A 
traveling cross hair telescope of a cathetometer 
would sight the dots through an oven wall win
dow. Vertical and horizontal motion of the dots 
would define the axial, circumferential and tor
sional shearing strain. 

The correlation of uniaxial test data to a bi
axial stress state was investigated through ob
taining actual biaxial strain data. The primary 
objective of these tests was to determine the ef
fect of a biaxial stress state on the uniaxial creep 
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compliance. The test results were used for the 
purpose of deriving a factor that could be applied 
to the uniaxial test data. The time/temperature/ 
load dependent factor was used for analytical 
modeling of inflatable reflector creep-forming 
process involving combined biaxial tension and 
shear stress. Therefore, absolute magnitude data 
was less important in this test than ratio data, for 
differing stress conditions applied to similar test 
specimens in similar apparatus. 

3.1.3 - Polylmide Material Testing 
The following section describes the material 
testing done under this task with the test equip
ment fabricated and assembled. Several meth
ods were used to reduce the data that was taken. 



Creep compliance cmves were generated for 
Kapton material. Comparisons were made be
tween different thicknesses of material, varying 
batches, and manufacturers. The large variation 
in test results led to the evaluation and selection 
of NASA developed polyimides for advanced 
development of the inflatable concentrator. 

3.1.3.1 - Preliminary Testing 

Preliminary tests were petformed using 0.3 mil 
Kapton type H. Thermal expansion, heat shrink
age, strain and the recovery process following 
creep of the Kapton were investigated using the 
completed test apparatus. The preliminary creep 
tests of the Kapton were performed at a stress of 
1,500 psi and a temperature of 600°F. Figure S 
depicts actual test data taken during a prelimi
nary test Initially the Kapton was inserted into 
the oven unloaded; the thermal expansion of the 
material occurred immediately with heat shrink
age occmring over a longer time. The results of 
the Kapton thermal expansion taken by the test 

instrumentation were repeated by removing the 
sample from the temperature chamber, allowing 
the sample to cool, then placing the sample back 
into the temperature chamber as depicted in 
Figure 5. 

Upon loading of the sample, an instantaneous 
elastic strain was recorded, followed by pri
mary creep of the material. A constant second
ary creep rate was recorded by the apparatus 
following primary creep. The sample was then 
unloaded and hot recovery was recorded while 
the sample was in the temperature chamber. 
Finally, the sample was removed from the tem
perature chamber and the thermal contraction 
of the material was recorded. These prelimi
nary test results indicate a dramatic improve
ment in the testing apparatus as compared to 
Phase I results. 

Several qualitative creep tests were per
formed to verify and support further modifica
tions/unprovements to the testing procedures 
developed. The tests also served as a means 
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Figure 5 Prellmlnary Kapton Creep Test 
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for encountering possible errors in the test de
sign/apparatus that would need correcting before 
formal testing was initiated. Some tests indicated 
varying results in magnitude of strain for identi
cal creep test conditions. After fmther investiga
tion it was detennined that these discrepancies 
were a result of inconsistent temperatures in the 
testing chamber and the differences could be 
eliminated by requiring a one hour oven heat up 
before formal creep tests were performed. The 
temperature gradient over time was further mini
miz.ed by reducing the large step heat input from 
the heating elements to a longer cycle time with 
the step heat input reduced. 

Creep testing also revealed a strong corre
lation between initial heat shrinking and the 
hot recovery process of the material following 
creep. The two processes appeared to hold 
similar time constants for strain relieving of 
the material. Extensive formal testing subse
quently numerically verified the preliminary 
qualitative results. 

Regions of the Basic Creep Test consisted 
of: thermal expansion, heat shrinkage, primary 
creep, secondary creep, and recovery. Varia
tions in the test parameters effected the re
gions of creep results. The test parameters in
cluding temperature, load, creeping time, re
covery process and recovery time could be var
ied to yield different results. The qualitative 
tests performed included variations in the test 
parameters. For the qualitative tests the load 
and temperature were held constant (600°F and 
1,500 psi) in order to make comparisons relat
ing to the recovery process and stability of the 
material following creep. Evidence from the 
tests supported the importance of the recovery 
process to the final strain of the material and 
its stability. As expected, the hot recovered 
tests yielded the lowest final strain with the 
largest apparent stability. From the cold recov
ery tests, the strain that was "frozen in" to the 
material began to recover upon re-entering the 
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test sample into the temperature chamber. The 
recovery process appeared to continue as if the 
material had been hot recovered in the oven 
immediately after creep. The results of these 
tests led to many interesting questions regard
ing the degree of "frozen in strain" that can be 
useful to a stable creep-formed material at a 
range of operating temperatures. 

The coefficient of thermal expansion of 
Kapton was determined from creep tests con
ducted. Constant stress tests at room tempera
ture were conducted to determine the modulus 
of elasticity of Kapton Type H. Both results 
are in good agreement ( 10%) of the handbook 
value. The relative agreement between hand
book and actual test values of the elasticity 
and thermal expansion coefficient supported 
the accuracy of the testing apparatus and in
strumentation for material characterization. 

The overall results of the qualitative tests 
enabled SRS to re-evaluate the test schedule 
and make changes to the testing procedure in 
order to gain the largest amount of useful in
formation possible by the most efficient 
method. Repeatable test results were of pri
mary importance and critical to the validity of 
the testing method and apparatus. Weekly cali
bration checks of the apparatus were done 
throughout formal testing. A more detailed dis
cussion of the qualitative testing performed is 
included in the appendix. 

3.1.3.2 - Test Data 
Manipulation Software 

A method for reducing test data was devel
oped during the contract. Several uniaxial tests 
were performed at identical conditions to in
vestigate reliability in test equipment and re
peatability of tests as specified in ASTM Stan
dards. A normalization procedure was needed 
to average and statistically evaluate up to five 
identical tests. The results of the normalization 
program were used to calculate average creep 



compliance cmves for a range of operating tem
peratures and loading conditions. 

During material tests, the computerized data 
acquisition system wrote the test parameters to a 
data file, in a spreadsheet format, for further data 
reduction and analysis. The EXCEL spreadsheet 
program, written by Microsoft, was used on the 
Macintosh II to create various programs (mac
ros) to perform data manipulation of the test data 
in spreadsheet form. The macros were written to 
zero the time scale of the test data upon initiation 
of the load on the material, eliminate extraneous 
data from the displacement, and normaliz.e time 
scales for tests at identical testing parameters. 
Figure 6 represents typical raw data from two 
uniaxial creep tests with both time and dis
placement scales not correctly shifted for proper 
analysis. The offset displacement was a result 
of the actual placement of the strain displace-

0.275 I 

ment arms on the test apparatus. The time re
corded for the raw data was the time that the 
computer started taking data before the sample 
was inserted into the temperature chamber. The 
ZERO macro shifted the time scale to time = 0 
at the instant the test sample was loaded 
(Figure 7). The displacement shift correction 
was determined by averaging the data points 
before the material was insened into the oven 
and subtracting the average from the raw dis
placement data (Figure 8). Figure 9 indicates 
the results of using the ZERO macro on two 
sets of raw data. 

A normalization program was written to ob
tain desired displacement, load or temperature 
data points at specified time intervals for tests 
of panicular interest. The normalization was 
accomplished by selecting a base time for one 
test and using a step type interpolation method 
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Figure 6 Raw Data Plot of Kapton Creep Test 
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between data points of other data sets with dif
ferent time intervals. Figure 10 depicts a final 
graph of data for two tests of nonnaU:red time 
scale displacement values. The data, as shown in 
the figure, was nonna1iwl which enabled a dis
placement relationship between the two sets of 
data at specified times to be investigated. This 
program was used extensively to average uniaxial 
creep or relaxation test data at identical testing 
parameters. A smoothing macro was also written 
by using a weighted average algorithm to smooth 
raw test data. 

3.1.3.3 - Material Test Results 
"Basic" creep tests were performed with each 
type of polyimide material being tested at the 
prescribed conditions taken from the test plan. 
Figure 11 represents an actual "Basic" test with 
0.5 mil Kapton. The plot was generated from 
the data acquisition system which stored stress, 
strain, and temperature conditions relating to 
the specific times during the creep test. Three 
plots can best describe the "Basic" creep tests. 
The first plot in Figure 11 represents the ther
mal expansion, heat shrinkage, and load appli
cation of the material preceding primary creep. 
Time was assumed to be zero at the applica
tion of the load in order to relate identical tests 
to the creep process. The second graph repre
sents the entire creep test including the pri
mary, secondary and final creep strain. The 
third plot investigates the recovery process with 
an expanded time scale over the area of inter
est. This plot depicts elastic recovery, hot re
covery, and thermal contraction of the mate
rial upon removal from the oven. Each test 
performed was included in the Creep Hand
book. The information from each test was rep
resented in graphical form for easy identifica
tion of results. Identical tests were performed 
to investigate the reliability of repeatable tests. 
A statistical average of test results for identi
cal conditions with error analysis was per-
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formed to enhance and indicate the reliability 
of the test results. Comparison plots between 
testing parameters on identical materials were 
included in the creep handbook. The compari
son plots depict the importance of each param
eter (stress, temperature, creep, and recovery 
time) to the creep-forming process. Creep prop
erties of different materials tested were also 
plotted to indicate differences or similarities 
between materials. 

Kapton, Apical, and Upilex uniaxial test speci
mens were aluminized by vapor depositing alu
minum onto the specimens in a vacuum cham
ber. The metallized samples were subjected to 
test conditions similar to the unmetallized mate
rials. The results of the tests ( discussed subse
quently) revealed minor effects of the aluminum 
on the creep properties of the polyimides. 

Results of the uniaxial creep tests indicated 
a varying creep compliance at a constant tem
perature, for varying loads, indicating that the 
material was a non-linear viscoelastic mate
rial. Subsequent testing and analysis, discussed 
subsequently, indicated that this apparent non
linearity is largely an artifact due to residual 
stresses from roll-processing of the materials. 
The uniaxial creep tests performed were nu
merically reduced in order to calculate the ma
terial properties at a range of temperatures and 
loads. The information from each test was rep
resented in graphical form for easy identifica
tion of results. The creep tests were performed 
at typical creep-forming temperatures and load
ing conditions for reflector construction. 
Table 3 depicts the loading conditions and tem
peratures at which the uniaxial creep tests were 
performed. All combinations of these param
eters were used in the uniaxial creep tests. 

The data taken for each test was included in 
the Creep Handbook. A "basic" creep test sheet 
for 0.5 mil KAPTON, shown in Table 4, is for 
a stress level of 1,200 psi and temperatures of 
600°F, 650°F, and 700°F. The test sheet indi-



0.25 -.------.-----.-------"T----"""'T""-----,.---, 
Displacement B 

Displacement A 

Displacement 

(Inches) o.1o -----f------------------

0.00 --------------------------! 
-0.05 -+-----+-----1..-----+------+------+---l 

-1000 0 1000 2000 3000 4000 

Time (Seconds) 
FlnRepFlg3.1-11-13.0 

Figure 9 Results of the Zero Macro Run 

0.25 -.---------------.-----t-----~----

Displacement A 

Displacement 
(Inches) 0.1 o ~-----11-----l-----+----+------1 

0.00-----------------------1 

-0.05 ----------------1---------1 
-1000 0 1000 2000 3000 4000 

Time (Seconds) 
FlnRepFlg3. 1-12 -13.0 

Figure 10 Zeroed, Nonnallzed and Smoothed Results 

19 



Displacement 
(Inches) 

Displacement 
(Inches) 

Displacement 
(Inches) 

0.2 

0.1 

0.0 f 
Insert 
into Oven 

-0 .1 -+--r---r---r---r---r---r---r---r---r---r---r---. 

-1000 

-2000 

0.2 

0.1 

0.0 

-500 0 500 1000 
Time (Seconds) 

0 2000 4000 6000 8000 10000 12000 
Time (Seconds) 

Hot Recove~ 

Remove Remove 
Load from Oven 

-0.1 -+----,--...----,---,.-...----,---,.-...----, 

Test Conditions 
1500 psi 600°F 

9000 10000 11000 
Time (Seconds) 

12000 
FlnRepFlg3.1-13-13.0 

Figure 11 "Basic" Creep Test of 0.5 mll Kapton 

20 



Table 3 Test Parameters 

Temperature Stress Level 

500°F 500 psi 

550°F 1,200 psi 

600°F 1,500 psi 

650°F 2,000 psi 

700°F 

FlnRepFlg3. 1-14-dr2 

cates the test number, test conditions, and the 
date on which each test was performed. 
Figure 12 depicts the results of three tests at 
600°F. The graphical representation indicates 
the repeatability of the tests. 2.ero time was 
considered to be at the point when the material 
was initially stressed. The initial strain of the 
material (time < 0) was the thermal expansion 
of the material. The material was unloaded and 
allowed to recover for 500 seconds at time = 
3,000 seconds. Finally, the material was re
moved from the oven and the final strain was 
recorded. A time normalization procedure and 
statistical evaluation for the tests (shown in 
Figure 12) was done to numerically and graphi

results of the creep tests for a constant load of 
1,200 psi and varying temperatures is shown 
in Figure 16. The final creep strains for the 
material following recovery are indicated in 
the figure and are increasing with tempera
ture. Figure 17 represents the creep compli
ance of the material tested. The results from 
this figure indicate that horizontal shifts in the 
time scale might yield a good representation 
of time-temperature equivalence. Similar 
graphs are presented in the Creep Handbook 
which indicate the relationship between strain 
and varying constant stress conditions at con
stant temperatures. Vertical shift factors can 
be applied to yield a master creep compliance 
curve to predict the material response for a 
wide variety of temperature-time-stress con
ditions. 

Uniaxial creep tests were performed with 
aluminized 0.5 mil Kapton and compared to 
past un-aluminized Kapton test results. Creep 
compliances for the aluminized material were 
nearly identical to the Kapton test results. 
Figure 18 depicts the test results for both types 
of material. The deviation in the results shown 
was primarily due to the recovery of the re
sidual stresses in the aluminized Kapton. Heat 

cally indicate the repeatabil
ity of the test results. 
Figure 13 shows a plot of 
the mean of the three tests 
performed and an envelope 
of error for the tests. The 
mean curve was used for 
analytical assessment of the 
creep properties in Task 3. 
The normalization proce
dure and statistical evalua
tions were done for all tests 
performed to date. 
Figures 14 and 15 indicate 
tests results for tempera
tures of 650 and 700°F. The 

Table 4 "Basic" Creep Test Data Sheet 

~aterial: Kapton Stress: 1,200 psi Thickness: 0.5 mm 
Temperature r FJ Test Time (sec) Test Number Date 

600 3,000 KH1012T-100-600-A 5/19/88 
600 3,000 KH1012T-100-600-B 5/23/88 
600 3,000 KH1012T-100-600-C 6/08/88 

650 3,000 KH1012T-100-650-A 5/17/88 
650 3,000 KH1012T-100-650-B 5/17/88 
650 3,000 KH1012T-100-650-C 5/20/88 

700 3,000 KH1012T-100-700-A 5/20/88 
700 3,000 KH1012T-100-700-B 5/24/88 
700 3,000 KH1012T-100-700-C 5/26/88 

FlnRepFlg3. 1· 15-dr2 
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Figure 12 Kapton Creep Test Data at 1,200 psi and 600°F 

curing the material at the forming tempera
tures unloaded eliminated the heat shrinkage 
differences shown in Figure 19. 

Biaxial tests were completed and evaluated. 
Pure uniaxial stresses and combined biaxial 
stresses were applied to several cylindrical test 
specimens at the creep-forming conditions. 
Axial strain of the material was measured for 
comparisons with uniaxial creep results. Bi
axial tests with 1 mil Kapton yielded small 
amounts of axial creep with no apparent pri
mary creep. Biaxial tests with 0.5 mil material 
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yielded final creep strains similar to uniaxial 
tests. Elastic-viscoelastic analogy was applied 
to the elastic solutions of a cylinder inflated 
with a constant pressure or a purely axial load 
using Laplace transformations to eliminate the 
time parameter. Uniaxial creep compliance data 
combined with other material properties was 
used to approximately predict the axial strain 
of the material under the biaxial state of stress. 
The method proved useful for prediction and 
comparison of the actual test results. 
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Figure 13 The Mean and Envelope of Error for the 
Unlaxlal Creep Test of Kapton conducted at 1,200 psi and 600°F 

Comparison of Apical and Kapton 
The physical properties for Kapton and Apical at 
room temperature are shown in Table S. 

From the material properties in the table it 
appeared that the two materials would have 
similar creep properties. Basic creep tests per
formed at SRS revealed that the two materials 
were dramatically different with respect to ther
m;tl stability (creep resistance). Following in
sertion into the oven, both materials thermally 
expanded similarly. Upon loading of the 
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samples the elastic deformation also appeared 
to be similar. The plastic deformation of the 
materials following elastic deformation was 
dramatically different. Kapton underwent a 
steep primary creep rate, while Apical stabi
lized with nearly no creep. Investigation of the 
total creep curves indicated that A pica! did not 
creep as much as Kapton did for the given 
loading conditions. The results implied that 
Apical was a much more stable ( creep resis
tant) material than Kapton. 
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Figure 14 Kaptori Creep Test Data at 1,200 psi and 650°F 

SRS 's creep test comparison conclusions 
supported Apical's claim that a thermally stable 
material could be produced by altering the pro
cessing parameters of a material with a nearly 
identical chemical composition. Apical, which 
has the same chemical composition as Kapton, 
undergoes a different processing procedure than 
Kapton. This makes Apical a superior ther
mally stable material. This fact made Apical 
less appealing to the creep-forming process. 
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Comparison of 1 and 0.5 mil Kapton 
Uniaxial creep and relaxation tests were per
formed using Kapton with a thickness of 1 
mil. The results of the tests indicate that there 
are dramatic differences in 0.5 mil and 1 mil 
Kapton with respect to creep-forming the ma
terial into an off-axis reflector. Figure 20 in
dicates creep of 1 mil Kapton at a stress level 
of 1,500 psi and temperature of 650°F. The 
maximum creep strain of the material during 
the test was less than two percent. The final 
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Figure 15 Kaptoli Creep Test Data at 1,200 psi and 700°F 

strain following recovery was nearly zero per
cent. The graph indicates that the material has 
no permanent deformation under loading con
ditions which yield a permanent set for 0.5 mil 
material. Relaxation tests also indicated that 
the 1 mil Kapton material was not suited for 
relaxation forming because of the lack of stress 
relaxation and a large recovery of the defor
maiion upon releasing the material. Figure 21 
depicts a five percent strain relaxation test for 
both 1 mil and 0.5 mil Kapton material. The 
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amount of material stress relaxation determined 
the degree of strain recovery of the material 
upon releasing the material from a constant 
strain of five percent The figure illustrates that 
the 1 mil material did not stress relax and sub
sequently a large portion of the strain was re
covered upon releasing the material until zero 
stress exists. By contrast, the 0.5 mil material 
relaxed and did not recover as much strain, 
resulting in the desired permanent set. The test 
results raised many questions with regard to the 
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Table 5 Materlal Properties of Kapton and Aplcal at 20°c 

Apical * Kapton * 
Tensile Modulus (psi) 460,000 430,000 

Ultimate Strength (psi) 35,000 20,000 

Stress at 5% Elongation (psi) 13,000 13,000 

Coefficient of Linear Expansion (in/in/°C) 2.1x10-5 2.1x10-5 

Figura 3.1-24-188 

material properties of the 1 mil Kapton at the creep
forming temperatures. Material processing differ
ences chning manufacturing account fer the vmying 
material prope.i.ties for the 0.5 and 1 mil Kaptoo. 
The 0.5 mil material is not heat cured as long as the 
1 mil material dming the manufactming process. A 
dmker amber color results due to the increased cur
ing time of the 1 mil film. Long term creep tests 
with 0.5 mil Kapton material resulted in a similar 
amber appearance. Further testing of the long term 
creeped 0.5 mil film indicated properties similar to 
the 1 mil film Long term creep-fmming (24 hrs.) 
was not measurable because of the material proper
ties changes at the elevated creep- forming tempera
tures. 

Multiple Step Creep Tests 

Material characterization tests performed dur
ing the task included multiple step load creep 
tests. Linear viscoelastic theory is derived from 
the superposition principle of a "linear mate
rial". A "linear material" can be described by 
defining the total time dependent strain as a 
function of the sum of the stresses applied to 
the material at the respective times, multiplied 
by the creep compliance of the material. The 
time dependent strain can be written as: 

e(t) = (S 1 + S2) *J(t) 
where Sl, S2 = stress levels 

J(t) = creep compliance 
e(t) = strain. 
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* Data taken from manufacturer's data sheet 

For the case which Sl is applied at tl and 
S2 is applied at t2, the total strain can be ap
proximated by the relation: 

e(t) = S1 *J(tl) + S2*J(t2 - tl) 
This theory is referred to as the Boltzmann's 

superposition principle. 
Kapton material was subjected to a two step 

loading process to further investigate the linear
ity of the material. Separate strain data for creep 
tests at 650°F and 500 and 1,200 psi were used 
to predict the strain response of the material for 
an initial load of 500 psi applied to the material 
with an additional load of 1,200 psi added after a 
1,000 second interval. The predicted time depen
dent strain was calculated by using the superpo
sition theory. An actual test was then performed 
and compared to the predicted results. The re
sults are shown in Figure 22. The material strain 
predictions consistently followed the test data 
which indicates linearity of the material at the 
testing conditions. 

3.1.3.4 - Analytical Methods to 
Represent Test Results 

Time-temperature equivalence theory for 
thermorheologically simple materials was ap
plied to the test data. Horizontal shift factors 
were calculated for each stress level at a base 
temperature of 600°F. Figure 23 indicates the 
method for obtaining the shift factors for time
temperature equivalence for a 1,500 psi stress 
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on the material. A series of 
constant stress creep tests 
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were done at each tempera
ture shown in the figure. The 
creep compliance, defined as 
the time dependent strain di
vided by the constant stress, 
was plotted as a function of 
log time. For 
thermorheologically simple 
materials, an increase in 
temperature would be re
lated to an increase in time. 
Thus, for a higher test tem
perature relative to a base 
temperature, the creep com-
pliance curve can be Figure 22 Two Step Load Creep Test 
shifted horizontally to the right along the log A linear viscoelastic material tested in uniaxial 
time axis. Similarly, for a material tested at a tension will yield the same creep compliance 
lower temperature relative to a base tempera- curves for varying constant stress levels. Several 
ture, the compliance curve would be shifted materials that are non-linear in nature which ex-
toward the left of the horizontal time scale. hibit large deformations (50%-300% strain) be-
Using the shift factors for a material exhibit- fore failure can be treated as linear over a limited 
ing this phenomena enables one to generate a strain (<10%) range. Figure 27 depicts the mas-
master creep curve with a time scale orders of ter creep curves generated from Figure 24, Fig-
magnitudes larger than the relatively short test- ure 25, and Figure 26 on the same scale. It is 
ing time at the reference temperature. This is apparent from the figure that the material be-
accomplished by performing tests at higher and haves linearly for stress ranges between 1,200 
lower temperatures than the reference tempera- psi and 2,000 psi. For the stress level of 500 psi 
ture and then applying the time-temperature the shape of the compliance curve appears simi-
superposition principle to shift the curve and lar to the other stress levels, but shifted verti-
generate a master creep curve for the stress cally. The results of these tests give a good indi-
level. Figure 24, Figure 25, and Figure 26 in- cation of the material's response to a uniaxial 
dicate application of the horizontal shift fac- stress rate for a range of creep-forming tempera-
tors to the 500 psi, 1,200 psi, and 2,000 psi tures and stresses. The material creep compli-
stress levels. It is interesting to note that the ance curves can be applied to the creep-forming 
shift factors that were calculated are entirely process in order to determine creep-forming time, 
separate for each stress level, but are similar relaxation time, and temperature needs to achieve 
for identical temperatures. The similarities in- the desired off-axis shape. 
dicate that at the range of temperatures tested An objective of Task 1 testing was to de-
(5000F-7000F), the material somewhat exhib- velop constitutive relations for KAPTON and 
its the characteristics of a thermorheologically other polyimides at the creep-forming tempera
simple material. tures and loads, which would allow for the 
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Figure 25 Master Creep Compllance of Kapton at 2,000 psi 
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Figure 27 Master Creep Compliance Curve 

calculation of the final shape and stability of 
the creep-formed reflectors. Schapery (1) char
acterized non-linear materials by expanding 
methods in linear theory to non-linear theory 
by the use of vertical shift factors in creep 
compliances along with the horizontal shift fac
tors in thermologically simple materials for 
time-temperature equivalence. 

The constitutive laws for isothermal condi
tions were modified to incorporate a time-tem
perature equivalence relationship. Initially, the 
effect of a uniform temperature was addressed. 
The relaxation modulus and creep compliances 
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at a base temperature TO were defined. 
G(t, TO) = G(t) = L(log t) 

The shift function D was defined for a 
thermologically simple behavior to take the 
form 

G(t, T) = L(logt + D(t)) 
where 

D = log(D(t)) 
The reduced time u was then defined by: 

u = tD(t) 
The reduced time functions allowed us to 

pass from the constitutive equations at the base 
temperature TO to any constant temperature T. 



The constitutive equations for a variable tem
perature field T(x, t) required further modifi
cations to the isothermal viscoelastic equations. 
The reduced time u was generali7.ed, consis
tent with the time-temperature equivalence. The 
thermal expansion coefficient was then taken 
into account in the dilational response of the 
material. The reduced time for transient prob
lems included a dependence on both position 
and time. A ''pseudo-temperature" was devel
oped which included thermal expansion. The 
results of the development indicated that the 
instantaneous stresses at each material point of 
the body are functionals of the preceding local 
strain and temperature history. Muki and 
Sternberg (2) indicate that the functionals are 
linear in strain but non-linear in temperature. 
Application of the time-temperature shift fac
tor was applied to creep data as well as relax
ation data. The relaxation data curve yielded 
an indication of long term stability of the creep
formed reflector. 

3.1.3.5 - NASA / Langley Developed 
Polyimide Materials 

The extensive creep testing conducted in this ef
fort led to the results that different thicknesses of 
Kapton, and different brands of polyimide, dis
play markedly different viscoelastic properties. 
Also it was demonstrated that Kapton film of 
thicknesses greater than 0.5 mil display such a 
low creep compliance as to be practically non
creep-formable. Kapton 0.5 mil in thickness 
which has been subjected to prior creep-forming 
and annealing processes also displayed a lower 
creep compliance. These results led to the evalu
ation of polyimide films developed by NASA 
Langley research center. The film material from 
NASA is received in solution form and can be 
cast on mandrel substrates and cured to fabricate 
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double curvature membrane. 
The 6F+BDAF polyimide (Reference NASA 

Technical Memorandum 876501, "Optically 
Transparent/Colorless Polyimides") was made 
by LaRC from 2, 2-bis (3, 4-dicarboxyphenyl) 
hexafluoropropane dianhyclride (6F) and 
2, 2-bis [ 4-( 4-aminophenoxy ) phenyl] 
hexafluoropropane (BDAF), which was ob
tained from commercial sources and purified. 
The material was one of a family of films 
evaluated and reported in the referenced memo
randum. "A need exists for high-temperature 
(200°-300°C) stable, flexible polymeric film 
and coating materials that have high optical 
transparency in the 300-600 nm range of the 
electromagnetic spectrum for applications on 
space components such as multilayer insula
tion blankets, solar cells, and thermal control 
coating systems." 

It was recognized that such a material could 
have applications also for space inflatable so
lar concentrators. Such a film would be needed 
as an optically transparent front membrane 
needed to form the pressure enclosure. It could 
also be used as a substrate for aluminizing as 
the front or rear surfaced reflector element. 

Upon investigation, it was found that the 
family of materials evaluated included both heat 
imidized and chemically imidized films. The 
chemically imidized is reversible; it can be re
dissolved and used again. 

Further, since the materials may be obtained 
in solution and then cured, any size/thickness 
film may be produced, without seams. Since 
the chemically imidized film is reversible, it 
may be solvent welded, allowing a very uni
form butt joint weld to be made of very thin 
film. This technique has been used to patch 
and join ½ mil film. 

• 



3.2 - Reflector 
Fabrication Processes 

The objective of this task was to evaluate key 
issues of process and assembly technology of 
inflatable concentrators. The task supported 
transferring basic materials data generated in 
Task 1 into the designing, on a sound engi
neering basis, the concentrator scale models 
built in Task 4. The fabrication processes origi
nally considered were using the off-the-shelf 
polyimides. Methods to seam flat sheets and 
gore segments were considered. Methods to 
form films using mandrel techniques were also 
evaluated. Advance mandrel techniques such 
as geodesic network and liquid spin cast man
drels were considered. Concentrator fabrica
tion techniques using NASA polyimides were 
discovered during the course of study under 
this task. The results of this task led to further 
evaluation of spin and spray cast polyimides 
in Task 4. Several models were fabricated in 
Task 4 using the techniques discovered and re
fined under this task area of reflector fabrica
tion processes. 

3.2.1 - Seaming of Flat Sheets, 
Gores and Combinations 

The options investigated for creep forming off
the-shelf polyimides into parabolic shapers 
were: 

a. Seam flat sheets together, creep-forming 
(CF) an entire concentrator simultaneously: in
volves large deformations, easy/forgiving seam
ing procedure, good for correcting seam dis
tortion and filling wrinkles/imperfections (for 
mandrel creep/relaxation forming (CRF), not 
for pressure CF), but requires large furnace, 
and may have large spring back and recovery. 

b. Seam flat gores into paraboloidal shape, 
then CF gores into double curvature: requires 
large furnace, difficult seaming procedure, little 
imperfection corrective because little deforma
tion especially at seams. 
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c. CF radial (geometrically identical) gores, 
precise trim and inch mark peripheries, then 
seam on a radial mandrel: fairly easy seaming, 
seams need not withstand CF temperature, fur
nace and mandrels can be small; little defor
mation, therefore little imperfection correction, 
and no seam distortion correction. 

As previously determined, pressure sensitive 
adhesives were unsuitable for long term high 
stability applications because of their inherent 
poor ambient-temperature viscoelastic proper
ties, even for seaming previously curvature 
formed film gore sections. The adhesive of 
choice for seaming polyimide film is TPI, both 
for seaming arrays of flat sheets to be subse
quently creep-formed in a large furnace and 
for seaming together already curvature formed 
gores. One obvious question raised by locally 
heat cured seams is distortion from local heat 
shrinkage; however, since heat shrinkage 
largely arises from relaxation of residual 
stresses, if the creep-formed gore sections were 
properly annealed/stress relieved for long term 
stability, as part of the creep-forming process, 
they should display no heat shrinkage during 
seaming operations. Local heat shrinkage dur
ing seaming might be a problem for joining 
flat sheets that were to be subsequently creep
formed, but in that case, heat shrinkage 
wrinkles/distortions should be automatically 
removed during creep-forming. 

For full size concentrator fabrication the out
come of the final trade-offs between (a) creep
forming the entire concentrator, in a very large 
furnace, from a flat sheet seamed together from 
many flat strips, versus (b) seaming together 
many curved gores previously creep-formed in 
a small furnace, is not obvious. Method (a) 
requires an extremely expensive furnace, for 
30 meter or larger concentrators, and may re
quire many tries before a defect free film is 
produced, due to the very large area of film 
involved; however, the geometry is relatively 



simple to deal with, and seaming of flat sheets 
is an order of magnitude easier than seaming 
of curved gores. Method (b) allows a large 
creep-formed concentrator to be built using 
only a modest size creep-forming furnace, and 
for this reason is more likely to be chosen for 
the first attempt at building a full scale con
centrator; however, it involves complex, hard 
to visualize, and very difficult to fixture for 
creep-forming, geometries of the individual 
curved gores, especially for the off-axis para
bolic configuration. Fixturing for seaming of 
preformed gores is inherently extremely diffi
cult. SRS has had successful experience in 
seaming large flat sheets (in fabrication of 20 
foot and 50 foot pressure-shaped concentra
tors) and singly curved meridianal gores (in 
fabrication of 9 foot solar water purification 
spherical concentrator), using pressure-sensi
tive tape technology, and successful experience 
in making straight seams of 3 foot length in 
flat sheets using heat cured TPI technology, so 
it is reasonable to expect to be able to extrapo
late this experience to TPI seaming of large 
arrays of flat sheets. 

Distortion due to double thickness of a lap 
seam is a concern both during creep-forming 
from a large seamed flat sheet and for elastic 
stretching due to normal operating tension in 
the case of a concentrator assembled by seam
ing together precreep-formed gores. The high 
bond strength of TPI adhesive allows use of 
seam overlaps as narrow as the practicalities of 
seaming fixturing will allow. Measurements 
must be made to allow realistic upper and lower 
limits to be assigned to the widths of the band of 
significant distortions to be expected on either 
side of a seam, as a function of seam overlap 
width, both for seams made before creep-forming 
and for films assembled from precreep-formed 
gores and subsequently tensioned into specularity. 
The effect on this distortion, of using an embossed 
heat curing iron which over tensions the seam 
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longitudinally, is to be evaluated. 
Compliance, curvature matching to film sup

port fixtures, and temperature/time uniformity/ 
control are concerns for a seam curing iron 
for use in seaming preformed curved gores. It 
is expected that careful "tuning" of the heat 
inputs, insulation, and heat losses, along the 
length of a long strip-type curing iron, will 
give adequate temperature uniformity without 
recourse to such techniques as circulating liq
uid or thermostats. The technique of a motor 
driven embossed heated roller should be in
vestigated and compared with curved compli
ant strip curing iron techniques. Such varia
tions as a square or hexagonal stepping flat
face curing iron driven by a "Geneva stop" 
mechanism should be explored. 

For pressure CF, seams are a major con
cern, and must be narrow and linearly pre-over
stretched. For mandrel CRF, seams are a mi
nor problem as to distortion effects and seam 
width. CRF process tends to correct seam dis
tortion/wrinkles. 

Seam effects vary directly with in-flight in
flation pressure; a major advantage of CF vs. 
assembly of concentrator from flat sheet gores 
is that less inflation pressure is needed to 
achieve proper geometry, which reduces ef
fects of seams and effects of film imperfection 
thickness variation, and also reduces leakage 
from micrometeoroid punctures. 

3.2.1.1 - Seaming of Flat Sheets 
of Kapton 

Work was done to investigate the effects of seam 
behavior of Kapton-Kapton lap joints. The ob
jective was to develop the detailed seaming pro
cedures for fabricating large, uniform seams and 
to characterize the creep behavior and lap shear 
strength of the seams for creep-forming. Two 
types of adhesives, TPI and a heat curable 
polyimide, were tested to determine which was 
more suited for the seaming technique. 



The procedure which was used for the seam
ing process is as follows: The adhesive was spread 
over one end of the Kapton; a second sheet was 
then placed over the adhesive (See Figure 28). 
The seamed area was then placed between two 
aluminum heat conducting bars with heating ele
ments. A unifcnm weight was placed on the seam
ing apparatus and the temperature slowly in
creased until a final temperature of 400°F was 
reached. The seam was then cooled back down 
to room temperature and subsequently removed 
from the seaming apparatus. 

Numerous tests were conducted with both 

y~ 
Width 

A 

lKapton 

.,Seam with TPI / Glue 
,1 

TPI / Glue 

adhesives at varying thicknesses and seam 
widths. The seam widths varied from ½" to 
¾". The most promising results were obtained 
from the ½" seam using a thin line of the heat 
curable polyimide. The seams made in this 
manner appeared much smoother and more uni
form with little or no bubbling of the adhesive 
occmring. The TPI seams produced noticeable 
bubbling due to the off gassing of the volatiles 
during the cure cycle. 

For pressure CF this is a major concern, e.g., 
thickness variations or property inisotropies, 
causing bulges/wrinkles. For mandrel CRF 
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these effects are negligible. Low in-flight in
flation pressure of CF concentrator reduces ef
fects of film thickness variations. 

3.2.1.2 - Long-Term FIim Effects 
Long-term film effects are a greater concern, 
for larger deformations; however, mandrel CRF 
inherently involves long high temperature sta
bilization/annealing process, which is condu
cive to high stability. 

Inputs were given to Task 1 to perform rea
sonably long duration recovery tests, at a vari
ety of temperatures, on creep-formed films. 
Using the Arrhenius-Eyring relations, activa
tion constants were derived and other appro
priate analyses performed that allowed theo
retical extrapolation/prediction of recovery (and 
other factors affecting dimensional stability) 
over a period of years at projected operating 
and storage temperatures. 

3.2.2 - Reflector Construction 
Without Seams 

Ideally a thin film reflector of any desired size 
would be constructed to any desired shape with
out any seams. Currently, large thin film re
flectors must be constructed from flat stock 
material off rolls up to a maximum width of 
96". Any double curving of the film must be 
achieved by processing, such as creep-form
ing. Gores, flat or doubly curved, musr then be 
assembled to form a large area reflector. As
sembly control of all the stresses at the seam is 
difficult. Even if a completely stress free, 
wrinkle free seam is achieved, the reflector is 
no longer homogeneous across the surface. 
When a stabilizing force is applied to hold or 
further shape the reflector, this non-homogenity 
tends to result in flats or scallops across the 
reflector, a major source of figure error. 

SRS investigated materials recently devel
oped at the Langley Research Center for appli
cation as spray molded reflector film of any 
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shape and size. One type material was devel
oped for use as a binder for paint pigments 
used to coat space radiator surfaces. It is used 
with a solvent thinner and sprayed on, dried, 
and removed as a film from the mold surface. 
No curing at elevated temperatures is required. 
Characteristics of this and others in this family 
of materials are described in NASA Technical 
Memorandum 87650, Optically Transparent/ 
Colorless Polyimides. The one currently under 
evaluation as a film is Polymer 6F - BDAF. 
These films were formed with the material and 
successfully removed from water and glass 
molds. Presently, samples were aluminized to 
evaluate the optical surf ace qualities. 

A small 6 inch parabolic glass cast polyimide 
model was constructed. The material used was 
an insoluble heat cured (at 450°F) polyimide 
material with similar properties of Kapton. A 
sodium silicate release agent was used on the 
glass mandrel to permit the film to be removed 
from the mandrel following curing. Residual 
stresses in the material caused the outside edges 
of the cast material to "curl up". Further heat 
curing was found to relieve the residual stresses 
induced during the casting process. Further re
finements to the processing parameters were 
subsequently investigated. 

A considerable amount of interest and effort 
has been applied to the spray-casting, spin-cast
ing, and doctor blading methods of forming a 
film on a mandrel. It is a very appealing con
cept, as to formation of seamless films of arbi
trary shapes and arbitrary thicknesses, in 
polyimide of properties resembling Kapton. 

Previous mandrel casting work had largely 
involved chemically imidized solvent soluble 
6FDA+4BDAF polyimide. The same film
forming techniques were applied to heat
imidized insoluble BTDA+4,40DA polyimide. 
Processing techniques were similar except that 
the chemically-imidized material was heated 
only to about 200°F during film hardening (by 
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solvent evaporation) whereas the thermally 
imidized material was heated to 600°F during 
cure. The chemically imidized film acquired 
strong residual stresses during the mandrel con
strained one dimensional shrinkage during dry
ing, contributed to by the fact that it began to 
acquire considerable strength before its solvent
evaporation shrinkage was completed. By con
trast, the thermally imidized material did not 
acquire high strength until after drying-sbrink
age was complete, i.e., during subsequent high 
temperature imidization. However, even if fully 
annealed by prolonged exposure to the 600°F 
curing temperature, upon subsequent cool down 
of film (yet bonded to the mandrel) it must 
closely track the mandrel in thermal expansion 
coefficient, (especially in the 400°F to 600°F 
range, where the film is able to creep rather 
rapidly) or else it will "freeze in" substantial 
residual stresses. Films of heat cured polyimide 
typically have shown evidence of high tensile 
stresses upon removal from glass or silicate 
coated aluminum mandrels, and also have dis
played high stresses with respect to fibers of 
graphite, Kevlar, and fiberglass imbedded in 
them prior to heat curing. Polyimide thermal 
expansion coefficient nominally ranges from 2 
x 10-5/°C at ambient temperature to 4 x 10-5/ 
°C at 300°C, perhaps favoring use of vespel 
bulk polyimide, silicate coated for film part 
off, as mandrel material. 

Soluble polyimide (of interest to drying
rigidized film supporting structures) was found 
not to adhere well to heat cured polyimide film 
Mixtures of TPI with soluble polyimide, heat 
cured, were found to make a seemingly satis
factory adhesion promoting primer coat when 
applied to heat cured films. Under some con
ditions, adhesion of a second layer of heat cured 
polyimide applied to a previously heat cured 
polyimide film appeared marginal, perhaps also 
requiring a TPI primer coat. 1PI is an excel
lent adhesive and has been used to form films 
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by itself, but it is not desirable for that purpose 
because it is very difficult to part off the man
drel, it is considerably more brittle than the 
other polyimides, and it is strongly inclined to 
form bubbles during heat up. 

It was found convenient to color the resin 
with Shachihata blue stamp pad ink before ap
plying it to the mandrel, to facilitate visual 
detection of thin spots in the film during appli
cation of the liquid. This ink did not appear to 
affect the process behavior or properties of the 
film after curing. The blue color of the film 
changes to green as imidization occurs, due to 
the heat-cured polyimide developing its char
acteristic amber color. Such pigmentation of 
the film may have useful applications for se
lection of film absorptivity/emissivity, for in
space thermal control purposes. 

3.2.3 - Mandrel Film Curvature 
Forming Techniques 

Creep/relaxation forming inherently involves 
use of accurately configured mandrels. Spray 
in spin casting of polyimide precursor, on man
drel, followed by high temperature cure and 
active release from mandrel, eliminates seams. 
However this process has difficult mandrel part
off, requires very large vacuum metallization 
facility, and places much more stringent re
quirements on mandrel surface finish and ad
hesion properties, than CRF. 

3.2.3.1 - Fabrication of Reflector 
Models Using Creep and Relaxation 
Forming Techniques 

It was decided to study relaxation fanning of 
film curvature by stretching a Kapton film over 
a polished glass mandrel and exposing it to 
600°F, removing it, and monitoring film ge
ometry after various intervals of temperature. 
This was expected to verify predictions of film 
relaxation behavior based on uniaxial data gen
erated in Task 1. 



An 18" diameter glass 
parabolic mirror with a 
22" focal length was used 
as a mandrel to creep
form · a flat sheet of 
Kapton into a parabolic 
shape. Three models were 
constructed using the 
creep and relaxation form
ing process with the glass 
mandrel. The models 

Table& Materlal Configurations 

Model Film Type of Seam 

A Aluminized Kapton No Seam 

B Aluminized Kapton TPI with 1 Seam 

C Un-Aluminized Heat Cured Polyimide 
with 4 Seams 

Flgure3.2-02-l88 .. _----------------------------------------------------------------------------------_-;_-----.. 
were made with the different material configu
rations listed in Table 6. 

Each Kapton sheet was attached to a circu
lar aluminum hoop with TPI polyimide glue. 
The TPI was cured at 400°F. During the cure 
process the Kapton heat shrunk causing the 
material to "tighten up" on the hoop. The form
ing process is shown in Figure 29. Initially, 
the material was placed in the oven with the 
mandrel placed on top of the material. The 
oven was then heated to the 600°F creep-form
ing temperature. The material under the state 
of stress creeped until the mandrel contacted 
and was supported by the aluminum hoop. The 
Kapton material then relaxed the induced 
stresses due to the creep-forming process. The 
material was then allowed to cool to room tem
perature following the relaxation process. 

A method was developed to inflate the model 
reflectors with a slight pressure while still on 
the support hoops. The device constructed in
flates the reflector with enough pressure needed 
to hold its shape for optical measurements. 
Each formed reflector was inflated and the fo
cal points were measured. The focal points were 
measured to be 22 ". The seams did not effect 
the final geometry of the reflectors. The creep
forming time and stresses were large enough 
to enable the seams to take the shape of the 
m~drel. The appearance of the seams were 
good with few discontinuities across the seam. 
Model C was seamed with heat cured polyimide 
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in four sections and then formed to the man
drel. The film was aluminized following the 
forming process. The seams for the model were 
extremely good and shaped to the mandrel quite 
well. 

A parabolic plaster cast mandrel was used 
in the creep-forming process and results simi
lar to the glass mandrel were achieved. Finally, 
a plaster cast off-axis mandrel was constructed 
using computer generated shaped data. 

A computer program that was previously de
veloped to analytically describe and plot an 
off-axis paraboloid was revised in order to ob
tain the x, y and z coordinates needed for the 
construction of an off-axis paraboloid frame 
structure. At various points along the minor 
axis (y axis) the values for x vs. z were deter
mined. At points along the major axis (x axis) 
they vs. z points were calculated. The x vs. z 
and y vs. z were plotted on graph paper and 
cut out. The sections were then used to trace 
the curve on aluminum strips. Again, using the 
program, the values for x versus y were calcu
lated and plotted on graph paper. This outline 
for the paraboloid was an ellipse in the x, y 
plane. 

A 12" x 18" x 0.5" pan was filled with plas
ter and used as the base surface ( the x, y plane) 
for the structure. The outline of the ellipse was 
then traced on the surface. The various values 
of y where the x vs. z plots were taken were 
located. The same process was performed for the 



x values where y vs. z was plotted. The alumi
num. pieces were placed in position forming a 
structural frame for the off-axis paraboloid mcxlel 
Again, using plaster, the model was filled and 
shaped. The model was dried in the oven and 
shaped with a fine grade polishing agent. 

Off-axis reflector models were creep-formed 
using the plaster cast and shaped mandrel de
scribed above. The reflector models were creep-
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Step3 
Creeping until 
Mandrel Hits Stops 
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formed on the mandrel for three hours at 650°F. 
The dimensions of the mandrel smface were made 
to yield the following reflector shape geometry: 

• Semi-Minor Axis - S.S" 
• Semi-Major Axis - 7. l" 
• Focal Length of Parabola- 4.76" 
The curvature of the reflector models was 

compared to the computer generated shape data 
by using a shaping tool. Figure 30 depicts a 
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Figure 29 Creep-Forming Process to Mandrel 
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creep-formed model inflated and compared to 
shaping tools on both the major and minor axis. 
It is apparent from the figure that the reflector 
closely resembles the desired shape to produce 
the calculated reflector y. Optical methods were 
used to measure the focal point of the reflector 
shown in Figure 31. A laser ray tracing tech
nique was used to visually indicate the focal 
point of the off-axis reflector model. The ex
perimental focal point determination closely re
sembles the analytically calculated results of 
4.76". The reflectance of the material was not 
adversely affected by the creep/relaxation form
ing process. The mandrel technologies devel
oped for this relatively small model will be 
expanded to yield larger creep and relaxation 
formed reflector prototypes. 

Large scale reflectors can be constructed us
ing seamed sections of creep-formed Kapton 
film. The curvature of the film sections can be 
creep/ relaxation formed to a mandrel with the 
desired curvature. The off-axis reflectors are 
sections of a larger pa
raboloid. Gore sections of 
the reflector can be taken 
that are identical in cur
vature but different in 
size. A single mandrel can 
be constructed to produce 
every gore geometrically 
correct. Slicing the large 
paraboloid into sections 
by radial planes, each con
taining the axis of revolu
tion of the paraboloid, 
yields identical sections of 
the paraboloid shown in 
Figure 32. The top view 
of the paraboloid with the 
projected view of the re
flector is shown in Fig
ure 33. The intersection 

with the paraboloid are identical for each plane. 
Therefore, using one section of the paraboloid 
as a mandrel for gore sections will make all 
sections necessary for the off-axis reflector. By 
using the mandrel geometry from Section A of 
Figure 34, all sections of the reflector can be 
formed and seamed together using polyimide 
seaming procedures developed under this task. 
Sections B and C in Figure 34 could be cut to 
the correct shape and seamed together on the 
forming mandrel in order for the seams to com
ply to the correct curvature. For this particular 
design, creep-forming the gores in only one 
direction would be necessary. 

3.2.3.2 - Liquid Mandrel Centrlfugal 
Spin-Casting of Polylmlde FIim 

The availability of the relatively large turn
table used for spin casting of polyimide films, 
and concern about the substantial cost and 
weight of a precision machined off-axis creep/ 
relaxation-forming mandrel of large size, led 

B. Minor Axis 
curves of the radial planes Figure 30 Reflector Compared to Mandrel Shaping Fonns 
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Figure 31 Optlcal Investigation of Focal Point 
for Off-Axis Reflector Model 

to renewed interest in the technique of poly
mer film casting on a liquid substrate. This 
technique was employed many years ago for 
making sub-mil thickness polymer film for the 
skin of indoor endurance contest rubber-motor 

z 
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model airplanes to be flown inside such large 
enclosures as the dirigible hangar at Lakehurst, 
New Jersey. In that technique, a drop of spe
cial "microfilm dope" was dropped on the sur.:. 
face of stationary water in a bathtub. It rapidly 
spread over the entire surface of the water, 
then lost its solvent to the water and/or to the 
air. It then was carefully lifted off by use of a 
large submerged loop of wire, dried, and ap
plied to the model airplane structure. It is rea
soned that, in view of the historical evidence 
of the practicality of liquid-substrate film cast
ing, if that technique could be combined with 
centrifugal formation of the liquid substrate sur
face into a perfect off-axis paraboloid on a 
suitably controlled turntable, and if the sub
strate liquid were heated to a temperature suf
ficient to cure insoluble polyimide, and if air 
introduction were then used to separate the re
sulting polymer film from the liquid substrate/ 
mandrel before centrifuge coast-down, a cost-

Make Mandrel 
from this Section 

Figure 3.2-08-!3.0 

Figure 32 Slicing Paraboloid by Radlal Planes 
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Projected View of Reflector 

Figura 3.2-07•13.0 

Figure 33 Projected View of Reflector 

effective technique for producing geometrically 
precise paraboloidal seamless polyimide films 
would result. The substrate liquid would need 
to be matched to the polymer film precursor 
liquid (soluble polyimide in diglyme, or heat 
curable polyimide in DMAC, or epoxy in 

MIBK) in the following ways: 
• Film precursor liquid must not be signifi

cantly/rapidly miscible in substrate liquid. 
• Film precursor liquid must wet the surface 

of substrate liquid. 
• Film precursor liquid must be less dense 

A1 

A2 

Figure 3.2-08-13.0 

Figure 34 Gore Sections of Off-Axis Reflector 
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than substrate liquid. 
• Solvent phase of film precursor liquid must 

be higher in vapor pressure than substrate liq
uid (at the same temperature); substrate liquid 
boiling point must be higher than curing tem
perature of film polymer. 

The candidate film precursor liquids men
tioned above all are based on powerful sol
vents which are rapidly miscible with water 
and most other organic liquids. Diglyme mixes 
rapidly with water, glycerine, petroleum oil, 
castor oil, and perchloroethylene. It mixes 
rather slowly with DC 704 silicone oil, and 
diglyme/polyimide solution dropped on the sur
face of DC 704 spreads rapidly to form a thin 
surface film which can subsequently be re
moved intact. However, miscibility is great 
enough that the film forming solution loses its 
solvent to the DC 704 within a minute, too 
rapidly for well-controlled film formation, and 
the resulting film looks rather cloudy. Diglyme/ 
polyimide solution dropped on the surface of 
concentrated sulfuric acid floats on the surface 
without apparent mixing nor interaction, but it 
does not wet nor spread across the surface of 
the acid. In spite of high miscibility of diglyme 
with water, diglyme/polyimide dropped on the 
surface of water does not wet the surface suf
ficiently to spread out into a film. Exactly the 
same is true of a polyamine liquid (epoxy cata
lyst). Diglyme does not appear miscible with 
R6104 silicone liquid, but diglyme/polyimide 
liquid dropped on the surface of R6104 does 
not wet it sufficiently to spread out to form a 
film. However, diglyme/polyimide liquid 
dropped on the surface of mercury wets the 
surface of the mercury, spreading out rather 
rapidly to form a thin film. This film appears 
to reduce the surface tension of the mercury, 
but no other interaction between the two liq
ui~s is apparent. Mercury is a dangerous mate
rial health-wise, especially if heated, but if mer
cury were used as liquid substrate for film cast-
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ing, during most of its time in service its entire 
surface would be covered with a layer of im
miscible polyimide/diglyme liquid, which 
should serve as an effective vapor barrier to 
prevent emission of hazardous vapor. As the 
boiling temperature of mercury is in excess of 
600°F, it should be possible to heat it suffi
ciently to cure :films of heat-curable polyimide 
cast on the surface of the mercury. Low melt
ing point metals such as gallium and Cerrobend 
might be candidates for spin-casting liquid 
mandrels, but gallium is too expensive and 
Cerrobend oxidizes rapidly. 

Development of a practical liquid mandrel 
spin-casting facility for off-axis paraboloidal 
films would require attention to at least the 
following points: 

• Precise speed control of turntable; prefer
ably by positive selectable gearbox and syn
chronous motor. 

• Liquid mandrel container vessel shaped 
very nearly to match desired film shape, to 
allow minimum depth of mercury in vessel. 

• Trunnion mount (with viscous damping) 
to allow vessel to swing upward and down
ward freely during slip-clutch spin-up and coast 
down to prevent liquid spillage. 

• Mercury circulation/heater/level control sys
tem, to heat and cool the mercury and maintain 
uniform temperature during film curing, and to 
compensate for thermal expansion of mercury. 

• Spray nozzles to distribute the film precur
sor liquid reasonably uniformly over the liquid 
mandrel surface while the turntable is in motion. 

• Air injection system to separate film from 
mercury before coast down of centrifuge. 

A small film of soluble polyimide was cast 
on the surface of a pool of mercury, and dried 
at elevated temperature. The resulting film qual
ity appeared good, as to strength, smoothness, 
and transparency. Some of the mercury clung 
rather tenaciously to the film and was difficult 
to rub off, which was unexpected. It appears 



likely that the most serious obstacle to use of 
this technique for forming doubly-curved sur
faces may be the large and powerful in-plane 
shrinkage of the film as the solvent evapo
rates. Bonding of the film to container vessel 
peripheral walls, by local pre-drying, might par
tially solve the problem, but some distortion 
of film shape might yet occur. One solution 
would be to use a Cerrobend (or a similar eu
tectic alloy) as the liquid mandrel, then allow 
it to solidify before and during evaporation of 
the solvent from the film. After film drying, 
the Cerrobend would then be re-melted to ef
fect heat-curing of the film (in the case of heat
cured polyimide). Another option may be use 
of a low viscosity slow-curing solvent-free ep
oxy as film-forming liquid, which should dis
play negligible volume change and conse
quently negligible in-plane shrinkage during 
curing. Also, for some epoxies, acetone can 
serve simultaneously as a thinner and as cure
initiation inhibitor; in such case, the acetone 
could facilitate wetting and spreading of the 
epoxy, but the epoxy would not acquire suffi
cient rigidity to generate shrinkage stresses until 
the acetone had largely evaporated. Devion 5 
minute epoxy, both with and without acetone 
thinner, appears to wet the surface of mercury 
reasonably well. A small very thin film of ac
etone-thinned Devcon epoxy, displaying some
what promising properties, was cast and cured 
on the surface of (stationary) mercury. 

A three inch diameter dish of mercury was 
spun on a turntable to produce a concave pa
raboloidal surface, and acetone-thinned/inhib
ited pre-catalyzed epoxy was placed on that 
surf ace. The solution failed to wet the mercury 
sufficiently to form a stable film over the en
tire surface, although in a similar test using a 
smaller pool of mercury it had appeared to do 
so_ .. The large and powerful drying shrinkage 
of the polyimide solutions of interest seemed 
to make them unpromising for casting on a 
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liquid mandrel, even though they wet the mer
cury very satisfactorily. Attention has shifted 
to centrifugally cast solid mandrels. Investment
casting wax was centrifugally cast and films 
of soluble polyimide were cast on its surface. 
For thin films with short drying times this ap
peared promising, but with thick films involv
ing long drying times, it became evident that 
the diglyme solvent of the polyimide was at
tacking the wax and incorporating significant 
amounts of it into the film. Also, the wax had 
unacceptable (about 5%) volume contraction 
upon freezing, and its free surf ace developed a 
matte finish upon solidification (because of its 
having a crystalline structure). 

Cerrobend metal, covered with high-boiling 
liquid to prevent oxidation, was tried. It dis
played very little freeze-shrinkage and produced 
a macroscopically good paraboloidal shape, but 
its surface, mirror-smooth while melted, de
veloped a very rough surface from growth of 
large crystallites/dendrites, upon freezing. It 
was obvious that the cerrobend possessed a 
complex phase diagram, and that such materi
als are less promising than those having a 
simple phase diagram, for free-surface-critical 
casting. Sulfur was tried, but it also froze to a 
matte surf ace and displayed unacceptable 
freeze-shrinkage. It was concluded that only 
materials of amorphous or quasi-amorphous 
(polymeric) structure could produce the re
quired specular free surface and lack of a "step 
change" in volume at solidification. Heat-cured 
two component silicone resin was centrifugally 
cast, but concentric ridges appeared in the free 
surface, presumably resulting from the uneven 
(torch) heating utilized. RTV 60 silicon was 
cast, in two-inch and eight-inch diameter sizes. 
The smaller size displayed a specular well
shaped surface, and allowed good films of 
soluble and heat-cured polyimide to be cast on 
its surf ace. The films did not separate during 
drying nor heat-curing, yet could be easily 



peeled off without damage, subsequently. The 
eight inch diameter mandrel also possessed a 
specular surface, but displayed concentric 
ridges suggesting standing waves, excessive ef
fects, or bleed-through of ridge geometry from 
the underlying pan. Soluble and heat-cured 
polyimide films were spin-cast on this eight
inch mandrel. Initial film formation was diffi
cult due to poor wetting, but once formed, the 
liquid films were stable on the RTV60 sur
face, and dried to form continuous uniform
looking films. They remained in contact with 
the concave mandrel surface until dry to the 
touch, but then subsequently as the last frac
tion of solvent departed, the film stiffness in
creased sufficiently that the drying shrinkage 
pulled the films completely free from the con
cave surface of the silicone mandrel. 

A three inch crucible and cover was carved 
from a magnesite firebrick, and filled with bro
ken soda-lime glass, which was subsequently 
"melted" with a propane torch, and spun on 
the turntable. A paraboloidal glass mandrel of 
promising characteristics was obtained. The ra
tionale for interest in a centrifugally cast glass 
mandrel is as follows: 

• Satisfactory spin-casting and subsequent 
active (water) mold-release experience obtained 
with polyimides on glass substrates/mandrels. 

• Centrifugal casting of glass has recently been 
applied successfully to fabrication of large pre
cise astronomical telescope reflectors, reponedly 
showing a substantial cost and fabrication-time 
advantage over the traditional cost-and-grind tech
niques for making large telescope optics. 

• Glass is low in cost and has well-known 
characteristics that can be tailored to cover a 
wide range of viscosity/temperature curves and 
thermal expansion coefficients. It produces a 
specular free surface upon solidification, and 
byvirtue of its high but Newtonian viscosity 
when soft, it tends to dampen vibrations/har
monics of the turntable mechanical system. 
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3.2.3.3 - Geodesic Network Mandrel 
Creep/Relaxation-Forming Study 

A geodesic network mandrel resembling a dress 
form or wire basket was made by cutting a 
10.5 x 13.5 inch elliptical opening in a ½6 inch 
steel plate, placing this plate around an exist
ing plaster off-axis mandrel, and stretching and 
spot welding .01 inch nichrome wires in a triple 
lay (equilateral-triangles) pattern over/against 
the surface of the plaster mandrel and attach
ing them to the periphery of the elliptical cut
out in the steel plate. A 0.5 mil sheet of Kapton 
was then bonded to one side of a 10.5 x 13.5 
inch aluminum hoop, and a similar sheet was 
bonded to the other side of the hoop, to form a 
closed vessel, and a pressurizing tube was at
tached. This latter assembly was placed flat on 
the floor of the test oven, with the pressurizing 
tube extending out through a port in the oven 
wall, and the geodesic network mandrel was 
placed down over the hoop-mounted Kapton 
film assembly. Air pressure was applied and 
the oven temperature was raised to 660°F. 
Creep was continued until the film filled or 
contacted the entire mandrel. Then the film 
assembly was removed, cooled, and inspected. 
Line imprints of the mandrel wires were vis
ible at the low-curvature end of the film, in the 
limp condition, but these completely disap
peared under very slight pressurization. 

The model looked promising, and appeared 
to support the concept and did not indicate any 
basic problems, though it was apparent that 
the creep process should have been continued 
longer. A basic premise of this technique is 

that the stress in a circular edge-supported 
membrane of constant thickness, subjected to 
constant pressure, is a linear function of diam
eter of the membrane (or diameter of any cell 
of a membrane supported by pressing against a 
network frame), whereas center-point deforma
tion of such a membrane varies roughly as the 
square of the diameter of the membrane (or 



cell of a network-supported membrane). 

3.2.3.4 - Graduated Thickness 
It was conjectured that one practical means for 
achieving pressure shaped concentrator aber
ration correction was to seam together suit
ably-configured gores of differing thicknesses 
and therefore produce differing deflections un
der uniform pressure load. Obvious objections 
to this technique were the step discontinuities 
in thickness involved and the probable diffi
culty/expense in procuring film stock manu
factured in a wide range of slightly-differing 
thicknesses. The experience recently gained in 
spin-casting relatively large seamless sheets of 
polyimide film of highly-uniform thickness 
suggests that modest process changes should 
allow fabrication of large seamless sheets of 
polyimide film incorporating smooth gradual 
variations in thickness of arbitrary magnitude 
and distribution. The analytical model devel
oped in Task 3 could be exercised. given suffi
cient resources. to specify. either for the fully
elastic case or for the viscoelastic case or for 
the combined case of elastic configuring fol
lowed by heat cure in the pressurized condi
tion. the precise distribution of film thicknesses 
required to produce the desired concentrator 
geometry. The case of elastically configuring 
a dried but un-cured film of heat-curable 
polyimide. under uniform pressure. then heat
curing it while thus distended. which is the 
most interesting case. is based on the assump
tion that all relevant properties of the polyimide. 
in the dried un-cured state and in the cured 
state. are reasonably linear or at least very ac
curately known and repeatable. This process 
could be applied equally well to symmetrical 
or off-axis paraboloids. By use of ultrasound 
or other thickness gauging. coupled with local 
spray-on adjustment of film thickness. an arbi
trarily-precise tailored pattern of thickness 
variation over the film surface should be ob-
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tainable. for a sheet of film of arbitrary size 
(assuming a flat glass substrate built up of many 
smoothly resin jointed flat plates of glass). 

A small (8 x 8 inch) film of linearly-tapered 
thickness was fabricated by doctor-blading 
soluble polyimide resin using tapered blade
guides. This film was subsequently mounted 
in a 7 .5 x 6 inch elliptical frame and pressur-

ized. It qualitatively appeared to support the 
concept. However. doctor-blading. either lin
ear or rotary as has been employed in our pre
vious spin-casting work. seems much less 
adaptable to precise and arbitrary thickness tai
loring than spray-casting. Furthermore. some 
temperature elevation for drying acceleration 
is required. Where film thickness uniformity is 
desired. slow drying and strong surface ten
sion effects are desirable aids to the long-range 
leveling of the resin. but these effects make it 
difficult to maintain a non-uniform thickness 
distribution of polyimide resin on glass sub
strate when room temperature drying is uti
lized. Drying rate and resin viscosity must be 
adjusted such that short-range leveling occurs. 
for surface specularity, but long-range leveling 
is inhibited. 

By contrast with other techniques addressed 
under this contract. this method of film config
uring could possibly require no controlled tem
perature distribution in the processing oven, 
no previously-configured smooth surface man
drel other than a flat glass plate, and no preci
sion turntable nor rotary high temperature cast
ing furnace. It is anticipated that this concept 
will be further evaluated as follows: 

• Spin-cast, dry and cure a uniform 18" diam
eter circular film of heat curable polyimide, on a 
glass substrate. Aluminize it, bond a 16" metal 
ring to it, remove it from the glass substrate. 

• Pressurize this film to f2 configuration, and 
perform a single-diameter laser ray trace fig
ure configuration. 

• Calculate a pattern of thickness adjustment that 



shou1d correct the obseived figure abemuions. 
• Mount film on turntable, and spray on con

centric adjustments to thickness (dry and dial 
indicator measure thickness, iteratively with 
spraying) until the calculated thickness distri
bution is obtained. Heat-cure and stress-relieve. 

• Pressurize to f'2 configuration, and repeat 
laser ray trace. 

• Repeat these steps until a good (10,000: 1 
CR) figure is obtained. Then measure and map 
as precisely as possible the actual thickness 
distribution of the film. 

Symmetrical Paraboloid, 
Fully Elastic Case 

A sheet of ½ mil aluminized Kapton was 
bonded with TPI adhesive to a 12" I.D. alumi
num hoop, and backed with Plexiglass to form 
a pressure vessel. A pressurizing nozzle and 
flexible tubing were attached. Templates were 
laid out on and cut from poster-board, one con
figured as an fl parabola (12" diameter, 0.75" 
center-point .depth) and one configured as an 
f0.75 parabola (12" diameter, 1.0" center-point 
depth). The vessel was pressurized with air until 
the Kapton sheet approximated the shape of 
the fl template, which was placed diametri
cally across it. 

The fl template was then replaced with the 
f0.75 template, and the vessel was pressurized 
until the Kapton sheet achieved its best fit to 
the template. Upon release of pressure, the 
Kapton sheet was seen to have yielded slightly 
and become slightly loose/baggy in its central 
region. Warming it with a heat gun caused it 
to recover its flatness. 

Then an annular sheet of ½ mil Kapton was 
laid out and cut, of 13" O.D. and 6" I.D. The 
outer periphery and inner border of this sheet 
were coated with TPI adhesive, then superim
posed (aluminized side outward) on the 12" 
diameter hoop-mounted Kapton film described 
above, and heat cured. Then the pressure ves-
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sel was reassembled, pressurized, and tested 
as described above. 

The fl template was then replaced with the 
f0.75 template, and the vessel was pressurized 
until the Kapton sheet achieved its best fit to 
the template. The resulting geometry demon
strated no deviation between the template and 
the film profile could be clearly discerned 
within the limits of accuracy of the test (prob
ably about ±,01 "). The cusp-like discontinuity 
in profile at the step-point in film thickness, 
clearly apparent in the previous test, was barely 
visible in this test. Probably the nonlinearity in 
Kapton properties near the yield point, which 
the f0.75 test slightly exceeded, accounted 
largely for this observation. It probably also 
was a significant factor that a given ratio of 
peripheral thickness to central thickness of a 
circular film gives optimum aberration correc
tion only for one value off number. 

Symmetrical Paraboloid, 
Creep Formed Case 

The plexiglass backplate was removed from 
the 13" OD. and 6" ID. model described above 
and was replaced with a sheet of½ mil Kapton, 
TPI-bonded to the rear side of the 12" I.D. 
aluminum hoop. A stainless steel pressurizing 
tube was attached, and the assembly was placed 
in an oven. Pressure was applied, and the oven 
temperature rose steadily to 640°F, at which 
time the model was removed. Pressure was then 
released. Under minimal inflation pressure, the 
single-layer side appeared to have crept to a 
configuration of approximately f0.9, and the 
double-layer side appeared to have crept to ap
proximately fl .1. 

Under pressurizing until the single-layer side 
achieved its best fit to the f0.75 template. Thus, 
the deviation from parabolic, at f0.75, with 
single-layer film, for the creep-formed case, 
was significantly less than that for the nomi
nally fully-elastic case probably because of 



greater creep in the highly-stressed central re
gion. Because of geometrical factors, points of 
greatest deviation of pressurized film from pa
raboloidal shape do not conespond directly to 
points of greatest stress, and therefore, it is not 
to be expected that a film which has crept un
der uniform pressure would have the same ge
ometry as a film which has been elastically 
deformed under uniform pressure to the same 
center-point deflection. 

During pressurization of the above described 
creep-formed film, the film was observed to 
go through a stage of displaying strong paral
lel ridges, .04" deep, 0.5" peak-to-peak spac
ing, such as are often seen in creep-formed 
films. These ridges were completely absent 
from the limp film before pressurization, and 
from the fully-pressurized film. They indicate 
anisotropic recovery of the creep, presumably 
arising from anisotropies introduced by roll 
stretching and/or by processing steps done under 
uniaxial tension, during manufacture of the film. 
These anisotropies are in themselves a strong ar
gument against using roll-processed film for pre
cise concentrator applications, especially where 
creep-forming is to be used, but even for fully
elastic deformation applications. 

The model was inverted, and pressurized un
til the double-layer/dual-thickness film 
achieved best fit to the fl template. The cusp
like discontinuity was much less evident Maxi
mum deviation from parabolic was about .04", 
but part of the deviation appeared due to some 
film separation from the support hoop. 

The fl template was then replaced with the 
f0.75 template and the vessel was pressurized 
until best fit was achieved. The film profile 
appeared to be very close to the template in 
shape, but maximum deviation between film 
and template was about .02". 

Qualitatively, looking sideways at the model 
during full inflation, the profile of the single
layer side looked very much like the arc of a 
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circle, while the profile of the double-layer side 
looked very much like a parabola. 

Off-Axis Parabola, Elastic Case 
A sheet of 0.3 mil Kapton was bonded with 
TPI adhesive to a 10.5 x 13.5 inch aluminum 
hoop. A second sheet of 0.3 mil Kapton ex
tending ½ the length of the major axis was 
bonded on top of the first sheet. Then a third 
sheet of 0.3 mil Kapton extending ½ the length 
of the major axis, was bonded on top of the 
second sheet Then a sheet of Kapton was 
bonded to the rear of the aluminum hoop, to 
form a closed vessel, and a pressurizing nozzle 
and flexible tubing were attached. Upon pres
surizing, an approximate off-axis paraboloidal 
shape was obtained, but due to many leaks, 
rips, and repairs, insufficient pressure was ap
plied to allow quantitative measurements. 

Off-Axis Parabola, Creep Formed Case 
A film model was placed in an oven, heated to 
640°F, and pressurized, until significant creep 
occurred. Then it was removed, cooled, in
flated, and its major axis profile compared to a 
cardboard template laid out and cut in the theo
retically conect shape. Qualitatively, the model 
profile looked good, suggesting that the 3:1 
variation in film thickness from one end to the 
other end of the major axis is about optimum. 
A layer geometry is probably appropriate, to 
give optimum shaping in both major axis and 
minor axis deviations. However, the amount 
of creep obtained was only about half that re
quired to match the template shape, and many 
local deviations were caused by excessive adhe
sive and rip repairs, so a quantitative measure
ment was not feasible. 

3.2.4 - Reflective Coating 
of Polyimides 

Methods to reflective coat polyimide were in
vestigated. Vapor deposition of aluminum in 



a vacuum chamber and electroless silvering 
were done to develop techniques for coating 
the reflector models constructed. 

3.2.4.1 - Aluminum Vapor Deposition 
Experiments aimed at aluminizing thin (.2 mil) 
spray cast polyimide film were done. The film 
samples (up to 18" diameter) were installed in 
the vacuum chamber at a distance of 18 inches 
from the single tungsten filament The filament 
was loaded with small pieces of high purity 
aluminum wire. The chamber was evacuated 
to about 5 x 10-4 torr, and the filament heated 
with a high current transformer. A uniform alu
minum coat was rapidly deposited. The spray 
cast film had a smooth, matte surface as a re
sult of the spray process; the aluminum film 
followed this completely, precluding specular 
reflection measurements. It appears that when 
the spray casting process is improved (with 
better mold surface, solvent concentration, and 
spray technique) a film quality comparable to 
that of roll coated Kapton can be achieved. 
One problem encountered with the spray-cast 
film was handling, due to its extreme thinness. 
The .2 mil (.0002") film is probably near the 
lower limit for safe handling. 

Further experimental work is in progress, aimed 
at depositing both silver and nickel coatings, 
chemically. This will avoid the need for a very 
large vacuum chamber, and provide a base metal 
suitable for applications needing a high conduc
tivity surface. The nickel coating is expected to 
be easily applied and suitable for plating other 
metals onto it, while the silver provides a highly 
ductile, very reflective coating. A thin, transpar
ent over coat can be applied to both protect the 
silver from tarnish, and somewhat enhance its 
reflectivity for solar power applications. 

Techniques for aluminization (vacuum
evaporation of aluminum) of folded film 
samples were evaluated. The restrictive sizes 
(24 inch diameter) of the available coating 
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chamber required that the film be folded in 
squares of about 14-15 inches, aluminized, ex
tracted and refolded, then coated in another 
area. The sample used was about six feet in 
diameter, and 15 runs were made to aluminize 
the central portions. 

The results indicate that it is acceptable to 
fold and aluminize large pieces of film. The 
problems encountered were: 

a. Smoothly folding and supporting the film 
without wrinkles (which would mask off the 
aluminum). 

b. Non-uniform deposition due to varying 
source-film distance. 

c. Non-uniform or discolored film due to dif
fering vacuum pressure at the time of deposition. 

d. Multiple handling of film, because of the 
many refold cycles. 

All of these problems are easily solved, al
though the handling and folding will always 
require great care. The film, while less than 
.001 inch (1 mil) thick, proved very durable 
and showed no permanent damage due to fold
ing. It was even found possible to use tape to 
hold the film; the aluminum adherence with
stood the tape removal. 

It appears that it will be feasible to aluminize 
large, one piece films using the fold technique. 
The outstanding facility requirements are: 

• The largest practical chamber 
• Multiple aluminum sources for uniform film 
• Fast recycle time (refold and reload) 
• Pressure (vacuum) of 10·5 torr or better 

( 10·6 torr preferred) 
• Tables, and other large, flat, clean areas to 

perform folding. 

3.2.4.2 - Electroless 
Deposition ·of Sliver 

The need for an economical method of apply
ing reflective coatings to the large pieces of 



film being produced lead to the selection of 
chemical silvering. While chemical silvering 
is a common method of producing second-sur
face glass mirrors, it is rarely practiced with 
thin, plastic substrates. Silver is a very good 
reflector but it suffers rapid degradation when 
exposed to sulfur-polluted atmosphere. Silver
ing was selected for evaluation because: 

• It does not require large (> 8 foot diam
eter) vacuum chambers, as atuminizing would 

• It can be deposited while the plastic film 
is still on the substrate 

• It could be used as a second-surface miITor, 
allowing the plastic film to protect the silver 

• Experience with and data collected from 
the silvered film would be valuable, since sil
ver is typically a better reflector than alumi
num, it can be protected (with an extra coating 
step), and would be durable in space with the 
proper AO coatings. 

• Silver coatings can be rapidly stripped and 
replaced as needed during laboratory testing 
of films, while aluminizing in a large chamber 
would be slow and expensive. 

The first attempts at silvering polyimide film 
used the well-known Brashear process, and also 
the Martin process (see references), which re
duce metallic silver from a silver nitrate solu
tion. First attempts gave brilliant, durable films, 
which indicated the applicability of commer
cial silvering operations for mirror production. 
These methods, suitable for large area mirror 
production, use similar chemical techniques, 
but are applied with an external mix spray gun. 
We felt this would give rapid, uniform cover
age of large film areas. 

The initial trials with spray equipment and a 
six foot film were relatively unsatisfactory. The 
film was dull, tarnished rapidly, and was very 
uneven. After several attempts at spray silver
ing, the following observations were made: 

• Spray silvering appears to work best at 
relatively high temperatures, 80°F or more 

54 

• The spray mixture (silver/reducer ratio) is 
critical 

• Surface cleanliness is very critical, 
• Surface preparation, that is "tinning", is 

necessary 
• Handling and cleaning up of waste solu

tions were quite messy 
• Dwell time of the silver/reducer mixture 

was not adequate to fully deposit the silver on 
the film; much silver was wasted. 

A method of bath silvering of film while 
supported on the glass deposition substrate was 
used. Fair reflectance was obtained by form
ing a retaining wall around the leveled film 
and mixing the silver/reducer directly on the 
film . After several trials and refining certain 
procedures, an effective process was developed. 

Peacock Laboratories (see references) was 
the source of the silvering chemicals. Their 
silver solutions are more economical than buy
ing the chemicals from a chemical supply com
pany, while assuring adequate purity. The so
lutions needed are: 

• Solution A - Concentrated Silver Solution 
• Solution B - Concentrated Activator Solution 
• Solution C - Concentrated Reducer Solution 
• No. 77 Cleaning Agent 
• No. 93 Sensitizing Solution. 
In addition, an adequate supply of distilled wa

ter is required for diluting the solutions, washing 
film, and cleaning glassware and bottles. 

Following Peacock Laboratories' recommen
dations, the following procedure were used: 

1. Mix one part of solution "A" with 16 parts 
of water. Add one part of solution "B" and 
mix thoroughly. Then, dilute to make 32 parts 
of activated silver solution. 

2. Mix solution "C" - one part diluted to 
make 32 parts of reducer solution. 

3. The surface to be silvered is cleaned with 
distilled water and then washed with a dilute 
(l-to-5 or -10) solution of #77 cleaner, and 
rinsed several times with water. Care must be 



taken to avoid scratches in the film. 
4. Use a 1-to-64 dilution of #93 sensitizer to 

wet and coat the surface. Do not allow the sur
face to dry after this step. Rinse off the sensi
tizer, and keep the surface wet with water. 

5. Pour the required amount of activated sil
ver solution (step 1) onto the surface. Elimi
nate any trapped air bubbles, and use the pour
ing process to make sure that all remaining 
water droplets (or sensitizer) are replaced by 
silver solution. At this point, it seems benefi
cial to wait a short time (1 to 5 minutes), al
lowing the silver solution to become uniform 
and evenly distributed. The activated silver so
lution should be at least ½ inch deep; 1 inch 
will give a better thickness. 

6. Reduce the silver by applying the reducer 
(step 2). Starting at the edge, pour a very small 
amount into the silver, distributing evenly. The 
objective is to have a 1: 1 ratio of silver: re
ducer evenly mixed and distributed. When the 
mix is achieved, there is a short, temperature
dependent delay of several seconds to perhaps 
two minutes before any visible activity occurs. 
The mixture may be agitated during this time 
to ensure uniform mixing. When the deposi
tion starts, the solution will rapidly darken with 
metallic silver, while the surface will become 
plated with silver. The solutions may be agi
tated during this time, but avoid any contact or 
disturbance of the silver film - this will 'result in 
a dull, scratched, thin film of silver. The solution 
will display further changes in color and appear
ance. It is recommended to leave the solutions in 
place for at least two minutes after the last color 
change (to a cloudy, brown appearance). 

7. Pour off (or otherwise remove) the silver
ing solution and wash thoroughly with distilled 
water, preferably in a spray, to remove all traces 
of the unused silver compounds. The silver 
should then be dried with warm air. Avoid 
touching or scratching. 

8. Further protective coatings may be fol-
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lowed, for example paint, thin plastic, or cop
per plating. Take care to avoid dissolving the 
polyimide film by improper use of solvents. 

It was felt that the techniques for electroless 
silvering of films (Brashear chemical reduc
tion deposition process) left room for improve
ment in the following areas: (1) ease or conve
nience of application of uniform high 
reflectivity film over a large geometry doubly
curved film, either mounted on a forming man
drel or inflated after removal from such a man
drel; (2) reflective film adhesion to the 
polyimide; and (3) silver film tarnish protec
tion, preferably of such nature as to allow first 
surface mirror usage. 

Both silver and polyimide have a rather low 
degree of chemical reactivity, so, little oppor
tunity for chemical bond contribution to adhe
sion exists, and silver film adhesion must de
pend largely on van der Waals type forces. 
Therefore, it was felt that every effort should 
be made to optimize the film deposition pro
cess from the standpoint of adhesion. This con
cern was discussed with Mr. Bob Davey of 
Peacock Laboratories, supplier of the silvering 
chemicals used. He expressed the following 
opinions: 

• Silver adhesion to the polyimide should be 
adequate, though not great. 

• Use nonabrasive cleaner and rub with a 
soft cloth; cleanliness is essential, but it is very 
easy to scratch the polyimide surface so as to 
reduce its reflective specularity. 

• Double the recommended concentration of 
sensitizer solution. Its wetting agent will assist 
in wetting the hard to wet polyimide. Don't 
add detergents or additional wetting agents to 
any of the process solutions. 

• Warm the silvering solutions moderately, 
and/or use a warm spray-booth for spray sil
vering; try to accomplish the entire process, 
from cleaning to completion of film deposi
tion, in as little time as possible. 



• Some people etch (to roughen and oxidize) 
surfaces of plastics to improve film adhesion, 
but this is to be avoided if possible, because it 
typically reduces the reflectivity of the finished 
film. ff you must etch, use a mild caustic. 

Small test samples were cut from soluble 
polyimide film, cleaned initially in isopropanol, 
then cleaned, each in one of a variety of deter
gents, swabbing with Q-tip cotton swabs. They 
were then rinsed in distilled water, sensitized, 
rinsed, and bath-immersion silvered. The de
tergents used were: Peacock 77 diluted 5:1 with 
water (as recommended by Mr. Davey), Pea
cock 77 undiluted, Peacock 77 diluted 1: 1 with 
isopropanol, Alcojet highly a1ka1ine laboratory 
dishwasher detergent, Never Fog windshield 
wetting agent, Sunclear solar still droplet in
hibitor, household ammonia solution, and con
centrated sodium hydroxide solution. All 
samples yielded a reasonably uniform, bright 
film, and no obvious differences in appearance 
or rate of silvering were noted. Two tests for 
adhesion were used: (a) rubbing with a dry 
cotton swab and (b) applying, then peeling off, 
3M magic tape. No clearcut differences in film 
adhesion were noted among any of the samples. 
For these and some similar samples made sub
sequently, the following general statements 
could be made: (a) all thin films/deposits failed 
the dry swab rubbing test but passed the tape 
peel test and (b) all thick deposits passed the 
dry swab rubbing test but failed the tape peel 
test One supposes that it merely took longer 
to abrade through the thicker films in the rub
bing test; this test may have tested wear resis
tance more than adhesion. The thinner films 
did not appear continuous, and may have oc
cupied merely isolated sites of high activity 
and adhesion, whereas the thicker films may 
have grown laterally from such sites, to in
clude intervening areas of lower activity and 
adhesion. It also appeared that adhesion of thick 
silver films improved with time after deposi-
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tion (some reference to this was seen in the 
literature, along with some indication that bur
nishing may improve adhesion). This may have 
been due to evaporation of trapped water mol
ecules or relaxation of stresses due to the depo
sition process, or adjustment of silver atom lo
cations to positions of lowest energy or closest 
approach to polyimide film atoms. In any case, 
after drying 1 hour, even rather thick silver 
films on polyimide marginally passed, or some
times passed, the tape peel test. By compari
son, good quality aluminized Kapton usually 
(though not invariably) passes the magic tape 
peel test. As with any electroless plating pro
cess, extreme care in achieving and maintain
ing surface cleanliness and wetting, and plat
ing solutions purity appeared essential to tol
erable film quality. 

Both for protection of the silver film against 
abrasion and excessive tarnishing, when used 
as a second-surface reflector, and preferably to 
allow use of the film as a quasi-first-surface 
reflector, it was desired to find a suitable trans
parent protective overlayer for the silver on 
polyimide. Typical lacquers optically suitable 
for that purpose, such as that sold/recom
mended by Peacock Lab., or acrylics such as 
Krylon and various other brands, invariably 
contain toluol and/or xylol, which are damag
ing to the soluble polyimide. Peacock Lab. for
merly sold a mineral spirit soluble lacquer that 
would have been compatible with the soluble 
polyimide, but discontinued it because of the 
slight amber hue. Mr. Davey of Peacock Lab. 
said it seems impossible to get a mineral spirit 
soluble lacquer with fully satisfactory optical 
properties. In general, one can say that the 
soluble polyimide of interest is not soluble in, 
or significantly swelled by, or attached by 
simple straight-chain hydrocarbons. Simple 
alcohols are compatible with this polyimide, 
but not complex or aromatic alcohols; ketones 
are invariably damaging; simple ethers are 



alright but complex ethers are good solvents 
for it; and halogenated hydrocarbons either 
swell it or dissolve it As to lacquer resins that 
can be used with merely petroleum distillate 
as thinner, one can list some kinds of polyure
thane, and modified linseed oil. Great Day clear 
aerosol spray enamel of Illinois Bronze Paint 
Co., containing only simple hydrocarbons as 
thinner (and probably polyurethane resin) was 
tested and found compatible with the soluble 
polyimide film, silvered and/or unsilvered. It 
did not appear to dissolve, attack, or swell the 
polyimide or tarnish the silver. It dried smooth 
and level, though it possessed a faintly detect
able amber hue, not quite as crystal clear as an 
acrylic. Judging by eye, the total visible spec
trum reflectance of a first-surface silver film 
coated with it is probably 95% that of the same 
film before coating with the lacquer. Thin lac
quer greatly improved adhesion of a silver film 
to a glass slide, and produced substantial, though 
less marked, improvement in adhesion of a silver 
film to a sheet of polyimide probably because 
the silver films were very porous and allowed 
the lacquer to penetrate to the substrate, and the 
lacquer had a high adhesion to the glass, whereas 
it did not have a high adhesion to the polyimide. 
No material to date has been found which does 
not dissolve or attack this soluble polyimide, or 
display a strong adhesion to it The Great Day 
lacquer is rated for outdoor use, which· implies 
tolerable resistance to UV and moisture. Various 
water-based overlayers, namely, sodium silicate, 
potassium silicate, colloidal silica, and Sunclear, 
were tried, but they all displayed unsatisfactory 
adhesion to the silvered polyimide. 

An attempt was made to obtain simulta
neously both the geometric flexibility of the 
spray method of applying the silvering solu
tions, and the convenience and control of the 
bath method, by use of capillary wicking to 
position the silvering solutions on the surface 
to be silvered. Wicks of muslin cloth, Handi-
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wipe, .Kaydry, and paper towel, were placed 
on a presensitized glass slide, and silver solu
tion and reducer solution were poured on so as 
to saturate the wicking. The resulting silver 
deposits were all too thin, and only the muslin 
produced a uniform looking (non-mesh-like) 
film. For silvering a doubly-curved film on a 
convex forming-mandrel (or such a film, in
flated, after removal from such a mandrel), one 
can visualize temporarily attaching contour ter
race fences, to allow concentric pools of sil
vering chemicals to be used in the bath mode, 
but this would not be easy. The spray method 
of applying the silvering solutions appears 
messy, wasteful of expensive solutions because 
of rapid run-off, and difficult to cover a large 
area reflector fully within an acceptable time 
after application of the sensitizer, though it 
seemingly works well in moderate scale manu
facturing of glass mirrors, where experienced 
operators get the process going rhythmically. 
It may yet be the best method for silvering a 
large doubly-curved polyimide film; probably 
the film should be rotated slowly on the spin
casting turntable during spraying of the silver
ing solutions, the temperature in the spin-cast
ing booth (and of the spray-liquids) should be 
elevated to about 95°F to maximize reaction 
before run-off of liquids, and the humidity in 
the spray-booth should be elevated to 95% to 
prevent drying of some areas while spraying 
other areas; the spin-casting booth should help 
retard contamination of the polyimide film be
tween completion of detergent scrubbing and 
completion of silvering. 

The spray technique for electroless deposi
tion of reflective silver coatings on polyimide 
film was studied on the premise that it is po
tentially more practical than bath techniques 
for silvering large doubly-curved surfaces. Af
ter acquiring some experience in spray silver
ing, a comparison test was conducted, in which 
two similar polyimide samples, mounted on 



12 inch hoops, were silvered, one by the spray 
method and one by the bath method. The re
sulting silver film deposited by the spray tech
nique looked superior to the bath deposited 
silver film; and by this time the spray tech
nique had begun to seem easier to use and 
control than the bath technique. However, con
siderable unexplained variability was yet be
ing encountered from sample to sample. An 
additional conversation was held with Mr. 
Davey of Peacock Labs. He suspected that our 
major problem was variability in the trace min
erals in the bottled distilled water being used, 
and he recommended use of a demineralizer. 
This helped somewhat; also changing to an oil 
less air compressor to drive the spray air brush 
seemed to help somewhat. One 18-inch hoop
mounted film, spray-silvered, looked very good 
both as a first-surface and as a second-surface 
mirror, except for pre-existing scratches. It has 
not tarnished significantly during two weeks 
exposure to laboratory atmosphere, though the 
literature indicates that such films tend to tar
nish rapidly, especially from airborne particles, 
unless overcoated promptly after deposition. 

A fresh sample of spin-cast film was made 
to investigate silvering before separation of the 
film from the glass casting substrate. Care was 
taken not to touch the film with any solid ob
ject; spray cleaning and spray sensitizing were 
used, prior to silvering. The film wetted dur
ing exposure to the highly detergent cleaning 
and sensitizing solutions, but de-wetted vis
ibly during the subsequent rinsing operations 
(using distilled water). It was then spray-sil
vered. Silver deposition was very nonuniform 
and adhesion was poor. Ann St. Clair ofLaRC, 
developer of the soluble polyimide, was con
sulted for recommendations. She said that all 
polyimides are difficult to metallize by elec
troless deposition, but that the polyimides 
which we are using are particularly difficult 
because the fluorine items make the film sur-
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faces intensely hydrophobic and very inert 
chemically, such that poor adhesion is likely 
to be more of a problem than poor wetting/ 
nonuniform deposition. She said these materi
als are difficult to etch chemically; the most 
promising candidates for etchant being strong 
alkali, or a mixture of water and solvent in the 
case of soluble polyimide. She believed that 
everyone who has successfully electroless 
plated even conventional polyimides has been 
forced to resort to mechanical abrasion, typi
cally "rubbing in" the catalyst or sensitizer so
lution. The literature surveyed had indicated 
that most industrial electroless plating of plas
tics relies on chemical etching. This literature 
also indicated that only a rather small range of 
types of plastics are practical for electroless 
plating, and invariably some form of suboptical 
roughening of the surface is required in order 
to give high adhesion. 

The above mentioned film sample, still at
tached to the glass substrate, was etched free 
of silver using nitric acid. Then, one third of it 
was etched with warm concentrated sodium 
hydroxide (which appeared to cause a signifi
cant lasting improvement in wettability), rinsed, 
and spray sensitized; a second third of the film 
was spray sensitized with sensitizer solution 
containing 30% acetone (any stronger concen
tration of acetone visibly damaged the surf ace, 
any weaker concentration did not appear to 
affect wettability significantly); the remainder 
of the film was spray sensitized with the nor
mal sensitizer solution then rubbed gently but 
thoroughly with a Shurwipe cellulose wiper. 
The film was then rinsed and silvered. The 
alkali etched region and the acetone etched re
gion looked nonuniform and blotchy, but the 
wiper rubbed region looked uniform, specular, 
and of fully satisfactory quality. Film adhesion 
was good, for the Shurwipe rubbed region and 
for the alkali etched region, i.e., capable of 
passing the Scotch tape peel test, after drying. 



The entire film was then etched clean with 
nitric acid, and the procedure which had been 
successful with the Shurwipe rubbed region 
was applied to the entire film surface. This 
time the entire surface came out nonuniform, 
with random blotches of thin deposit covering 
about 20% of the area. Further etching, clean
ing, and silvering attempts seemed to indicate 
that the number and size of the regions which 
silvered poorly was increasing with time, and 
also, that adhesion was improving with time, 
as the surface became progressively more 
scratched from repetition of the procedure. Nei
ther strong alkali, nor strong acid, nor vigor
ous rubbing with a Shurwipe, was able to oblit
erate the poorly-silvering regions/blotches on 
the surf ace. It was felt that subsurface elec
trets, on locked-in electrostatic charges in the 
highly nonconducting polyimide, might be dis
torting the auto-galvanic charge exchanges 
which are instrumental to the electroless depo
sition process. Grounding of the wiper during 
rubbing with sensitizer seemed to produce 
slightly better coatings than insulating the 
wiper, but not decisively so. Severe etching of 
the surface with a solvent was tried, but this 
resulted in destruction of the sample. Fragments 
of the film were removed, inverted, and taped 
down, to determine whether long contact with 
the glass substrate might have produced dif
ferent silvering behavior than that of the other 
(air dried) surface of the film. No differences 
in wetting nor adhesion were noted. Triton wet
ting agent was added to the rinse water. This 
seemed to improve uniformity of deposition in 
some cases, on freshly prepared unrubbed film, 
but adhesion remained unsatisfactory on such 
film. Because thin coatings seemed more ad
herent than thick coatings, deposition in two 
stages, separated by drying, was tried; no im
pre>vement in final adhesion was observed. A 
strange phenomenon was noted several times, 
when a rather thick silver coating was applied 
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to a rather poorly wetted film: The deposit ap
peared rather white and mane-like and just 
barely specular, but as spraying proceeded, a 
sharp transition to a silver colored, specular 
condition, of much lighter adhesion, began at 
some points and propagated slowly but with 
visible speed across the surface of the film, in 
a manner suggesting a wave front. Various op
tical polishing agents, e.g., red rouge, black 
rouge, bornesite, and alumina suspensions, as 
well as Bon Ami soft abrasive cleanser, were 
tried as surface rougheners, but typically no 
clearcut improvements in wetting, silver uni
formity, or adhesion resulted, even when abra
sion was carried to the point of general reduc
tion in surface specularity and/or visible 
scratching of the polyimide surface. 

An old film sample made from an old lot of 
the soluble polyimide, which had been dried at 
elevated temperature, was observed to silver 
much more easily and uniformly than more 
recently cast films. Freshly made films dried 
at low and high temperatures did not display 
clearcut differences in silver acceptance, and 
thus failed to support the reasonable hypoth
esis that trace amounts of solvent in the film 
were causing the seemingly unpredictable 
variations in coating quality from film sample 
to film sample. This casts possible suspicions 
on lot-to-lot variability of the polyimide resin 
batches received. Also yet under suspicion is 
photoelectric formation of subsurface electrets 
from long exposure to fluorescent lighting. 

In any case, the spray applied electroless sil
ver coatings attainable at present on soluble 
polyimide film seem marginally adequate for the 
present needs of this project, in reflectance, 
specularity, uniformity, durability, adhesion, and 
ease and predictability of deposition. The pre
ferred coating process at present is as follows: 

a. Mix Solutions: activated silver: 40 parts 
deionized water, 1 part Peacock silver A, 1 
part Peacock activator B 



• Reducer: 40 parts deionized water, 1 part 
Peacock reducer C 

• Sensitizer: 20 parts deioIU.7.Cd water, 1 
part Peacock sensitizer 93 

• Cleaner: 2 parts deionized water, 1 part 
Peacock cleaner 77. 

b. Scrub with cleaner solution, using 
Shurwipe held in bare hand. 

c. Spray rinse with deionized water. 
d. Scrub with sensitizer solution, using 

Shurwipe held in bare hand. 
e. Spray rinse. 
f. Spray silver plus reducer (dual airbrush). 
g. Spray rinse 
b. Blow dry with clean dry air. 
The silver coating must not be subjected to 

stress, nor touched with a solid object, until it 
has air dried overnight; typically such a coat
ing will fail a Scotch tape peel test performed 
directly after initial drying of the coating, but 
will pass the same test if allowed to "age" 
overnight before testing. 

As it was felt that the silver spray-coating 
process had been adequately mastered to met
allize a film sample of interesting size, a 4'-6" 
diameter film was spin-cast. Four successive 
attempts were made to spray-silver it. Each 
time, unsatisfactory results were obtained, and 
some additional factor which seemed to ac
count for the poor adhesion and/or poor uni
formity of the coating, was discovered and cor
rected. Typically, satisfactory coating was ob
tained on 30% to 60% of the area of the film, 
but solution run-off from previously-sprayed 
or subsequently sprayed areas interfered with 
proper film deposition. A piece of FEP teflon 
tape was used to patch a hole accidentally torn 
in the film, and it was visually obvious that 
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the teflon tape accepted the silver coating much 
more readily/rapidly/thickly than the surround
ing polyimide film. Attempts were made to 
rework or touch up or complete the silvering 
of the film when the latter was incompletely 
silvered due to running out of silvering solu
tion, but these attempts to blend the subse
quent coating smoothly with the previously
deposited coating produce very unsatisfactory 
results, and the solution run-off loosened the 
previously-deposited coatings. The spray sil
vering technique was evaluated considering the 
following: 

• A viable process for metallizing large area 
films must have a large safety margin, must be 
forgiving of random variations in application 
conditions over the film area; and if not a si
multaneous-over-entire-area process, it must be 
possible to blend smoothly a subsequent coat
ing with a prior coating. 

• Wetting of polyimide is marginal; attempts 
to chemically etch polyimide or mechanically 
sub-optically roughen it were unsuccessful; 
anti-tarnish overcoating either gave a yellow
ish tinge or interacted with underlying soluble 
polyimide, and unprotected thin silver coatings 
are very susceptible to tarnish-through from 
airborne contaminant droplets or gases. 

• By contrast, vacuum aluminization has 
been demonstrated, on this polyimide mate
rial, to give a coating with acceptable unifor
mity, adhesion, reflectance, durability, and ap
pearance, with no surface preparation required. 
Unlike electroless plating, the vacuum evapo
ration coating technique/equipment can be uti
lized to deposit a wide range of reflective and 
protective-overlayer materials. 



3.3 - Refinement of 
Analytical Model 

The objective of Task 3 was to develop/adapt/ 
refine an analytical model of the membrane creep
forming process that would enable thin film so
lar concentrators to be curvature formed, in a 
predictable, well defined manner, using the tem
perature profile controlled unifmm pressure creep
forming process. As the project proceeded, the 
objective (and the analytical model capability) 
evolved to include description/monitoring of other 
variations of viscoelastic curvature forming pro
cesses such as mandrel controlled creep relax
ation forming, and on station mechanical/ther
mal behavior modeling of operational deployed 
thin film concentrators. 

Analytical modeling techniques capable of 
supporting the design and analysis of thin film 
solar concentrators have been developed. The 
objective of improving Phase I modeling based 
on a uniaxial Burger's equation describing vis
coelastic material behavior was achieved 
through the development of a detailed finite 
element model. Major milestones accomplished 
as a result of the modeling effort to date in
clude; an extensive literature survey resulting 
in the compilation of a thin film forming li
brary, a review of software applicable to analy
sis of thin film structures, development of a 
pre/ post-processor, data reduction techniques 
for incorporating test data into the numerical 
model, and finite element model development 
and verification. In addition to model develop
ment, techniques and guidelines for numeri
cally efficient implementation have been for
mulated. The result of this effort is a design 
tool capable of supporting construction of thin 
film solar concentrators. 

The analytical model developed in Phase I 
was based on a uniaxial Burger's model. This 
mQdel served the purpose of quantifying the 
rheological behavior of KAPTON film and also 
provided some capability to model the creep-
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forming process. In Phase I the creep-forming 
process was modeled by discretizing the 
KAPTON film into a series of finite strips and 
then applying a Burger's model to each strip. 
The material could be modeled with either lon
gitudinal strips, as shown in Figure 35 or with 
transverse strips. The major limitation of this 
model is that each strip acts independently; the 
deformation of one strip has no influence on 
the deformation of the other strips. Therefore, 
the combination of longitudinal and transverse 
strains, required to achieve the shape of an 
off-axis solar concentrator, can not be accu
rately represented by this model. 

For Phase Il a more general finite element 
model was developed to support the creep
forming effort. The finite element model elimi
nated some of the limitations associated with 
the finite strip 1. In the Phase Il model the 
KAPTON Film was divided into many dis
crete finite elements. Figure 35 shows a finite 
element model of the KAPTON film. Within 
each of the elements the behavior of the mate
rial is governed by a constitutive equation 
which relates stress and strain. The constitu
tive equation can be made general enough to 
include elastic strains, creep strain, and plastic 
strain. The shape of the finite element made it 
possible to relate material strain within the el
ement to the relative displacement of discrete 
nodes located on the element. By combining 
the constitutive equation and the nodal displace
ment/strain relationship, equations can be de
rived which relate nodal point forces to nodal 
point displacements. Therefore, if the forces 
applied to the film are known, the displace
ment of the film can be calculated. The major 
advantage of the finite element model over the 
finite strip model is that a force applied at any 
node within the material affects the behavior 
of all of the material. Therefore, the model 
deforms as a continuous media and the true 
state of stress and strain within the material 



can be determined. An added advantage of the 
finite element model is that the displacement of 
the nodes are solved for directly. Therefore, it is 
relatively easy to determine if the particular set 
of loading conditions being modeled has pro
duced the desired off-axis reflector shape. 

The capabilities of the finite element model 
allow it to be used as a design tool to support 
the creep-forming effon. The effects of vari
ous factors such as temperature distribution, 
forming pressure, oven time, and recovery pro
cedure can be parametrically evaluated. The 
results of the parametric evaluations can be 
used to estimate the values of the parameters 
necessary to produce an off-axis reflector. 

A list of finite element software packages 

G1 

was evaluated to determine which software 
package is most suitable for modeling the creep 
forming process. Software documentation was 
obtained and reviewed. Software developers 
and distributors were questioned regarding the 
capabilities of various finite element programs. 
Two software packages, ABAQUS and 
NEPSAP, were chosen for detailed review. 

ABAQUS is a general purpose nonlinear 
analysis program developed and distributed by 
Hibbit, Karlsson, and Sorensen, Inc. It has so
lution algorithms capable of solving problems 
involving both geometric and material non
linearities. Data input options are provided for 
several creep laws that can be chosen to model 
the material behavior. One of the creep laws avail-

z 
G3 

V 

able is similar to the 
power law that was suc
cessfully correlated to ma
terial test data in Phase L 
ABAQUS also includes 
well documented results 
for incorporating user 
supplied creep laws into 
the solution. This option 
allows the creep-forming 
model to be easily 
adapted to more complex 
creep laws if required. 
Arrangements were 
made to access 
ABAQUS on a CRAY 
computer through Con
trol Data Corporation's 
Data Services. 

Phase 1 Unlaxlal 
Burger's Model 

Phase 2 Finite 
Element Model 

NEPSAP is another fi
nite element program 
suitable for modeling the 
creep-forming process. 
NEPSAP is distributed 
through the Aerospace 
Structures Information 
and Analysis Center at 

Figure 35 Comparlslon of Phase 1 and 
Phase 2 Analytlcal Models 
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Figure 3.3-01-13.0 



Wright-Patterson Air Force Base. An advan
tage of using NEPSAP is that the FORTRAN 
source code is available. This allows the user 
to modify the solution routines to be particu
larly efficient on a specific problem. 

Each of the two software packages, NEPSAP 
and ABAQUS has advantages and disadvan
tages associated with using them to model 
creep-forming. However, in the final analysis 
ABAQUS was chosen as the most suitable soft
ware for further model development. Several 
factors contributed to this decision. One of the 
primary concerns regarding NEPSAP was that 
much of the source code was highly machine
dependent and difficult to implement on most 
computers. The documentation of the machine 
dependent ponions of the code was poor. 
Therefore, it was difficult to estimate the 
amount of resources required to develop a 
model using this software. On the other hand, 
the ABAQUS software is well documented and 
more general in terms of capabilities. There
fore, it was felt that ABAQUS provided the 
most cost effective and technically attractive 
approach to modeling of pressurized polyimide 
film at high temperatures. Model development 
proceeded using ABAQUS. 

As part of any large finite element modeling 
task, having a preprocessor to generate the large 
amounts of input data can be a valuable tool. 
A preprocessor is a computer program written 
to generate and output the large amounts of 
data in a specified format to be used as input 
into another program. A preprocessor can gen
erate the node and element data for a finite 
element model much faster and more accu
rately than can be done manually. Making large 
or small changes to a large finite element model 
is greatly simplified using a preprocessor. 

The program to generate the creep behavior finite 
elerrent nxx:lel was written in as general a form as 
possible to allow later revisions. The following para
graphs give a brief description of the capabilities 
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that were included in the program. 
To specify the initial geometry, any major 

and minor axis could be input to generate ei
ther elliptic or circular boundaries. The num
ber of radial and circumferential divisions could 
be any even number. A spacing parameter al
lowed the radial divisions to be concentrated 
to either the inside or outside of the geometry. 
The origin of the geometry could be located 
anywhere within the boundary. This allowed 
the origin to be placed at the point of maxi
mum expected deflection for an off-axis re
flector. The origin was not limited to being on 
the major or minor axis. An option was in
cluded in the model to take advantage of sym
metry and only create a partial model. This 
saved computer resources and allowed more 
detailed models for the same computer time. 

To save computer resources in running large 
finite element codes, efficient node numbering 
was required to produce a banded stiffness ma
trix. Generally a stiffness matrix with a smaller 
band width will run more efficiently. An option 
was included in the preprocessor to renumber the 
nodes in a more efficient manner than the pro
gram initially used to generate the geometry. 

Options for creating four different types of 
element were included in the program. The four 
element options included a three point triangle, 
six point triangle with midside nodes, a quad
rilateral element with four sides, and a 15 point 
solid wedge with midside nodes. The four ele
ments are illustrated in Figure 36. The three 
point triangular element and four point quadri
lateral element are linear elements which rep
resent the relative displacements of the ele
ment comers with a linear relationship. The 
six point element with midside nodes repre
sents the relative nodal displacements of the 
element nodes with a quadratic relationship. 
The quadratic element can more accurately rep
resent complex strain fields than the linear ele
ment. However, the linear element can pro-



3 Node Linear Shell 
15 Node Quadratic Solid 

6 Node Quadratic Shell 
Figure 3.3-02-13.0 

gram. The standard reflec
tor defaults were based on 
assumptions used in the 
past for deriving the 
shapes of on-axis and off
axis parabolic reflectors. 

The tremendous 
amounts of output pro
duced by a large finite el
ement analysis can often 
make the results difficult 

Figure 36 Elements that can be Generated by the Preprocessor to interpret. Therefore, a 
vide the same accuracy as the quadratic ele- postprocessor has been developed to help in
ment if more elements are used in the model. terpret the results from the finite element 
The 15-point solid was also included in the model. The postprocessor compares the shape 
program because of the different way a solid predicted by the finite element model to the 
element handles bending moments from the shape of a perfectly formed solar concentrator 
way a shell element does. The aspect ratio of of the same siu. The results are displayed in 
all the elements is a concern especially for the the form of contour plots representing the mag
very thin solid element. nitude of the differences in the two surfaces. 

In large finite element models, the best way The contour plots provide graphical represen
to check the input data is through plots. An tations of how the shape needs to be modified. 
option was included in the preprocessor that The effect on the shape of changing the design 
efficiently plots the input data on an in-house parameters is graphically illustrated by the 
HP plotter. Figure 37 gives examples of both postprocessor. 
on and off-axis models with an elliptic bound- The capabilities of the finite element mod
ary. The radial and circumferential divisions eling, using the ABAQUS software, were quan
are 8 and 24 respectively. Figure 37 gives ex- tified for several aspects of the analysis re
amples of the radial divisions concentrated to quired to support the development of thin film 
the outside and inside. The radial and circum- solar concentrators. Procedures, techniques, and 
ferential divisions used in Figure 38 ate 6 and guidelines were established for various aspects 
12 respectively. of modeling this type of structure. It was dem-

One of the primary interests from the creep onstrated that ABAQUS could accurately in
behavior model will be the final deflection of corporate nonlinear effects and viscoelastic 
the film. An option was included in the pre- material behavior into analysis of thin film 
processor to be able to compare the finite ele- membranes subjected to a variety of thermal 
ment mod.el predicted deflections with the e of and loading conditions. 
a perfect reflector. The program prints the dif- Accurate modeling of thin film structures in 
ference between actual and ideal deflections. applications such as the forming of solar re-

Since there are two reflector configurations flectors is difficult because of the effects of 
that will be run most of the time, an option for geometric nonlinearity and viscoelastic behav
using standard off-axis or standard on-axis de- ior of the material. To aid in model develop
fault input parameters was included in the pro- ment, each of these problems were addressed 
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A. Focus Located at the Center 

B. Focus Located at the Point of Expected Maximum Deflection 

Figure 3.3-03-13.0 

Figure 37 Examples of Finite Element Model with Elllptlc Boundary 
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A. Shape Factor Z:0.5 

B. Shape Factor Z=1.5 

Figure 38 Examples of how the Shape Factor z Effects 
the Position of Elements In the Finite Element MOdel 
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Figure 3.3-04-13.0 



independently. A set of simplified models were 
used to evaluate the accuracy of the results for 
loads producing large deflections. Another 
model was used to evaluate creep modeling 
capabilities. The cases modeled were simpli
fied to the point that they can be verified ana
lytically or by testing. 

Thin film structures carry transverse loads 
primarily through membrane stresses and are 
incapable of supporting significant bending 
stresses. Therefore, the support reactions must 
be tangent to the surface of the film. This ef
fect causes the support reactions to be a func
tion of the displaced geometry of the film. In 
this situation standard small displacement 
theory, typically used for finite element analy
sis, is invalid. The ABAQUS software incor
porates an iterative solution scheme capable of 
modeling structures where large deflections in
troduce geometric nonlinearities. Models were 
developed to evaluate these capabilities and to 
establish a procedure for incorporating geo
metric nonlinearity into analysis of reflector 
models. For this study, the Kapton film was 
considered to be linearly elastic. The geometry 
modeled was a circular membrane supported 
at the edges. Initially, the film was flat A pres
sure load was applied to the film which caused 
out-of-plane displacements. This geometry was 
chosen because an analytical solution can be cal
culated for this case. The primary objectives of 
this study were to evaluate the software capabili
ties for handling this type of nonlinear analysis 
and to develop model building guidelines for in
corporation i..rito reflector modelL11g. 

The first concern of any finite element model 
development is to construct a suitable gridding 
scheme capable of accurately representing the 
strain field within the geometry. For this par
ticular structure, the fact that the loading and 
gepmetry are axissymetric with respect to an 
axis through the center of the membrane would 
allow the entire structure to be analyzed by 
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modeling only a sliver of the actual structure. 
However, modeling of an off-axis reflector re
quires that at least half of the structure be mod
eled. Therefore, the test models constructed rep
resented half of the structure. Three basic 
gridding schemes were used in model devel
opment. These schemes are illustrated in 
Figure 39. The first models constructed used 
three and four node shell elements. It was nec
essary to use shell elements because the 
ABAQUS software does not incorporate any 
true membrane elements. However, it was 
found that with proper boundary conditions ap
plied, the shell elements could be used satis
factorily. The problem encountered with this 
type of grid was that as the model was refined 
by increasing the number of angular divisions 
in the grid, the elements near the center be
came either very small or very skewed. There
fore, in order to have an acceptably fine grid 
on the outer portions of the model, the grid 
was overly refined near the center. This re
sulted in an appreciable increase in the execu
tion time of the model with little improvement 
of solution accuracy. Therefore, grid reduction 
techniques were employed near the center of 
the model. The first scheme utilized a combi
nation of three and four node elements to re
duce the number of angular divisions near the 
center of the model. This helped solve the prob
lem of element skewness near the center of the 
grid but still resulted in very small elements in 
that region. Finally, a third gridding scheme 
was conceived which proved to be the most 
numerically efficient. This grid utilizes all four 
node shell elements and allows more flexibil
ity in defining the relative coarseness of the 
grid in different parts of the model. 

Benchmark cases were run using all four 
node element forms of gridding. Several guide
lines were developed which are applicable to 
reflector modeling. The cases modeled used 
the material properties of Kapton at room tern-



NOTE: Actual models 
contained more elements 
than illustrated here 

Initial gridding tech-
nique using 3 and 4 

E-lf-+-+--li---1 node shell elements 

Grid reduction tech
nique using 3 and 4 
node shell elements 

Uniform gridding 
technique using all 
4 node shell elements 

Figure 3.3-05-13.0 

Figure 39 
Finite Element Grlddlng Techniques 

used for Membrane Analysis 

perature: elastic modulus - 430,000 psi; 
Poisson's ratio - .34. The material was 0.005 
inches thick and the diameter of the membrane 
was 30.0 inches. The applied pressure was 0.1 
psi. The maximum deflection, which occurs at 
the center of the membrane, can be calculated 
analytically by the methods presented in 
Timoshenko's Strength of Materials. The best 
results were obtained when using a grid con
sisting of 338 nodes and 336 elements. Half of 
the membrane was modeled. This resulted in a 
maximum ratio of element size to membrane 
radius of nine percent and the minimum ratio 
was two and a half percent. Using this grid, 
the model results agreed with the analytical 
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solution for the maximum deflection to within 
three percent. With this grid the solution con
verged in 30 iterations. Further model refine
ment resulted in only small increases in accu
racy and relatively large increases in computa
tional time. Therefore, it is felt that the ele
ment size ratios stated above are numerically 
efficient and suitable for reflector modeling. 

In addition to gridding requirements, the 
membrane models also led to the development 
of other procedures applicable to reflector mod
eling. In the first simulations conducted using 
this model, the membrane was initially assumed 
to lie in a single plane, i.e., it was perfectly 
flat. This resulted in highly nonlinear behavior 
of the support reactions in the first iterations 
of the solution. This phenomenon occurred be
cause a membrane has no bending stiffness. 
Therefore, the in-plane loads would have to 
approach infinity to support a transverse load 
for a perfectly flat membrane. As a result, a 
large number of solution increments were re
quired to reach a converged solution. This 
problem was addressed by building the model 
with a very small amount of sag built into the 
geometry of the unloaded membrane. It was 
found that a large reduction in the number of 
iterations required to obtain a converged solu
tion was achieved with little effect on the ac
curacy of the results. In fact, since finite ele
ment models approach the exact solution from 
the side of being too stiff, the initial sag actu
ally slightly improved the results. 

The boundary conditions applied to the 
model were also found to affect the conver
gence rate of the solution. Theoretically, a 
membrane should have the same deflection re
gardless of whether the edges are clamped or 
pinned. However, since shell elements were 
used in the model, boundary conditions were 
important. In a forming process the edges of 
the membrane will most likely be clamped. 
Therefore, in the first runs the rotations at the 



outer edge of the models were constrained. This 
procedure led to convergence problems and di
agnostic warnings of excessive rotations in the 
shell elements. Much better convergence rates 
and results were obtained when the edges were 
modeled as pinned. This approach is realistic 
and does not conflict with actual conditions in 
a forming process because the Kapton film be
haves like a true membrane. 

Based on the results obtained from the mod
eling discussed above, it is felt that the finite 
element models using the ABAQUS software 
can adequately model the effects of nonlinear 
geometry associated with forming of thin film 
solar reflectors. 

In addition to complications associated with 
large deflections, a reflector model must also 
be capable of handling viscoelastic material 
behavior. There are several ways to address 
this problem using ABAQUS. The software 
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has provisions for incorporating arbitrary, user
defined time dependent constitutive relation
ships into the solution procedure. There are 
also several widely used creep laws already 
incorporated into the software. It was decided 
to evaluate the time hardening form of the creep 
rate equation found in ABAQUS. The power 
function relates derivatoric stress level and time 
to the creep strain rate. Temperature depen
dence is introduced by inputting the material 
constants in tabular form as a function of tem
perature. An interpolation algorithm is used to 
evaluate material constants for values which 
lie between specified values. The form of the 
equation is shown below. 

Ecr= Aqntm 
where: 

q = equivalent derviatoric stress 
t= time 

Ber = strain rate due to creep 
A, n, m = material constants 

A simple test case was developed to further 
investigate the suitability of this type relation
ship for application to thin film solar reflector 
analysis. The grid used for the model is shown 
in Figure 40. 

The model was constrained in the longitudi
nal direction along the upper boundary and 
loaded along the lower boundary to produce 
the desired stress level. A comparison of the 
results obtained from the ABAQUS model to 
actual test results is shown in Figure 41. The 
creep test data shown is for creep tests con
ducted with a stress of 1200 psi and tempera
ture of 600°F, 650°F, and 700°F. The test data 
plotted for 600°F and 700°F was obtained by 
averaging the results for three separate creep 
tests for each of the temperatures. The tests 
were normalized by shifting the time scale to 
zero at the point the load was applied to the 
specimen. The specimens were unloaded at 
slightly different times, which resulted in a 
slight distortion of the data after the time the 
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specimen was unloaded. It can be seen from 
the figure that excellent results were obtained 
from the ABAQUS simulation for the initial 
thermal expansion and for the creep behavior 
of the film. The test data was reduced in order 
to obtain the following material constants which 
were used in the model shown in Table 7. 

The method for reducing the data to obtain 
the creep rate material constants was the loga
rithmic curve fitting method. A logarithmic 
curve fit was performed on the actual strain 
versus time data. The strain rate was then ana
lytically evaluated for each case. The stress 
hardening parameter, n, was assumed to be one. 
This is a valid assumption for many materials. 
This assumption states that the material be
haves as a linear viscoelastic material. A re
view of the creep test data shows that Kapton 
behaves as a linear viscoelastic material with 
deviation from this assumption being noted 
only for very low stress levels. Figure 42 
shows a comparison of the actual test data to 
the curve generated by the curve fitting. This 
test data corresponds to creep tests performed 
at a stress level of 500 psi. 

The form of the equation generated by curve 
fitting is shown below. 

E = K1t1'2 
This equation is differentiated in order to 

obtain the strain rate equation needed for the 
finite element model. 

dE_ = K2K1 t1(2-l 
dt 
K2K1 =Arf 
K2-l = m 

The stress and stress hardening parameters 
are known. Therefore, A and 
m can be calculated for each 
case. Temp (°F) 

Initial simulations using this 600 
me_thod resulted in a large 650 
overshoot in the creep strains 

700 predicted by ABAQUS. The 

problem was identified as being related to the 
fact that ABAQUS treats the creep strain and 
elastic strain separately. The test data that was 
being reduced contained both the instantaneous 
elastic strain and the time dependent creep 
strain. To overcome this problem, the test data 
was normalized with respect to the strain re
corded at 1.5 seconds after loading. This strain 
was subtracted from the remaining test data 
and the time scale was shifted to make time 
zero correspond to 1.5 seconds. A standard 
logarithmic curve fit was then applied to the 
shifted data to obtain the material creep con
stants. ABAQUS results using these constants 
were very good for the initial portion of the 
creep curve. However, the model tended to 
slightly overshoot the creep curve for the lat
ter part of the test data. It was found that this 
problem could be corrected by increasing the 
value of m predicted by the curve fit by five 
percent. This had little effect on initial creep 
strain predicted by ABAQUS and improved 
the overall results. 

Figure 41 illustrates how well the ABAQUS 
creep results agreed with the test data. How
ever, because of the distortion of the test data 
caused by averaging of test data from tests 
which ended at different times, the figure does 
not show how well final permanent strain re
maining in the specimen after it was cooled 
and unloaded was predicted. To evaluate how 
well the permanent strain was predicted, data 
from individual tests were examined to deter
mine the amount of elastic recovery after load
ing. The model results compa."Cd well to the 
test data for the cases of 600°F and 650°F. 

Table 7 Materials Constants 

a(ln/lnl°F) E(psi) A(in/ln/sec) n m 

1.34429E-5 1.925E5 3.321E-7 1.0 -0.6708 
1.6687E-5 0.972E5 5.720E-7 1.0 -0.7214 
1.767E-5 0.902E5 9.238E-7 1.0 -o.n61 

Flgu19 3.3-0lklr2 
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a-= 500 psi 
T=600°F 

Cf= 500 psi 
T = 650°F 

Cf= 500 psi 
T = 700°F 

Figure 3.3-09-13.0 



For the 700°F case the model over predicted 
the amount of elastic recovery in the film. This 
was possibly due to some physical change that 
occurred in the material between the tempera
tures of 650°F and 700°F. 

Based on the results discussed above, it is 
felt that the time hardening form of the creep 
law can be applied to the analysis of Kapton 
reflector structures. 

The results from the creep modeling tests 
were incorporated into the membrane model 
to investigate how the model could be used to 
analyze a reflector. The membrane model was 
subjected to various temperatures and allowed 
to creep under a pressure loading. The mem
brane displacements, as a function of time, were 
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observed. The model behaved as was expected; 
however, there is currently no data available 
to verify the results. 

The studies that were conducted have shown 
that ABAQUS modeling can be used as a pow
erful tool for analyzing reflector forming or 
other aspects of thin film reflector design. It is 
felt that the modeling techniques have been 
refined to the point of being applicable to ac
tual design problems. At this time, various pro
totype model forming techniques are being ex
plored by reflector design team. For this rea
son, no further finite element modeling is 
planned until forming procedures are refined 
and problems are identified which require the 
support of the finite element model. 
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3.4 - Reflector Models 
The objective of this task was to desi~ fabri
cate, and evaluate thin film concentrator physi
cal models by use of the technology estab
lished in Tasks 1, 2, and 3, -as a verification/ 
demonstration of that technology. This tech
nology can -then be applied to the large size 
fabrication of thin film concentrators using the 
procedures developed. Spin casting and ther
mal forming of 1 meter and larger symmetri
cal models were made. One symmetrical model 
was reflective coated using vapor deposition 
of aluminum. An off axis mandrel was also 
fabricated for spin and spray casting of NASA 
polyimides. 

3.4.1 - Reflector Models 
Constructed 

The reflective film fabrication process options 
delineated under Task 2 are directly relevant 
to the design of a physical scale model. Tech
niques developed in Task 2 were used to fabri-

cate and test several models. The models were 
fabricated using thermal forming technique 
with spin cast polyimide materials supplied by 
NASA/Langley. 

Thin polyimidc films 1.125 and 0.5 mils 
thick were produced up to seven and one-half 
feet in diameter on a flat substrate. A six and 
one-half foot diameter, 0.5 mil film was re
moved from the substrate while attached to an 
aluminum ring. Figure 43 is a photograph of 
this sample. Thickness uniformity over the sur
face measures better than ± 0.05 mils which 
was the accuracy limit of the measurement de
vice used. Specular reflective quality appeared 
equal to or better than commercially available 
polyimide films. Although the objective is to 
produce a seamless reflector of any siz.c in
cluding diameters of 30-40 meters, seams in 
the reversible polyimide have been made by 
solvent welding. Seams of an extremely ho
mogeneous nature have been produced. No ad
hesive, overlap, or tape is needed. The film 

was produced from 
chemical imidized 
6F+4-BDAF powder 
obtained from LaRC. 
Additional develop
ment in solvent weld
ing of polyimides is 
needed to fully define 
the processes. 

Figure 43 Spin cast Polylmlde FIim Mounted on Aluminum Suppon 

The objective of the 
thin film spin-casting 
effort is to produce the 
required siz.c of reflec
tor film without any 
seams. If seams are un
avoidable for a particu
lar design, solvent 
welding is to be used 
to obtain a seam as ho
mogeneous in nature as 
the rest of the film. 
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Table 8 Symmetrlcal Models Contructed tested. A summary of the 
symmetrical models con
structed is shown in 
Table 8. 

Test Artlcle Material Status 

4 foot flat with step and Reversible 
repeat vapor deposition polyimide 

Failed during testing 

The first model con
4 foot, creep formed Recycled film Ruptured during forming structed consisted of a thin 

film membrane with a 
4 foot, creep formed "New" reversible Tested 

polylmide vacuum deposited alumi

4 foot, creep formed Heat lmmidized Tested and results 
num coating stretched 
across an air pressure/heat 
formed plexiglass dish as 
shown in Figure 44. 

5 foot spin cast flatg Reversible 
polylmide 

Clear, good film 

Films obtained from this process are usable as 
flats, as pressure shaped disks obtained from 
an initially flat film, or as heat/stress creeped 
preshaped disks (including shaping against a 
mandrel). Both symmetrical and off-axis para
bolic and spherical reflectors may be obtained. 
In the spin-casting process, the thickness of 
the film is varied by varying the viscosity of 
the solution used. The surface smoothness, the 
characteristic that controls the achievable 
specularity of the reflector, is controlled by 
the substrate surface quality upon which the 
film is cast and the film stress provided while 
in the operational configuration. 

A clean room enclosure for the film spin
casting table was designed and fabricated. This 
enclosure provided temperature and humidity 
control and continuous positive pressure atmo
sphere during film-casting and curing processes 
with support air passing through a 100,000 class 
filter. A clean room environment is necessary 
for film spin-casting because the film "attracts" 
minute dust particles during the curing pro
cess. When the film is cured and dry, entrapped 
dust particles cause surf ace imperfections. 

Symmetrical Model Construction 
Several four foot diameter symmetrical thin 
film reflector model were constructed and 
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Table 3.4-01·13.0 The reflector membrane 
is ½ mil clear polyimide 

spin cast, with no seams, from a solution of the 
LaRC 6FDA + 4BDAF. The film was cast on a 
five and one-half foot diameter piece of glass. 

The film was held at the edge, released from 
its glass substrate and epoxyed, while in ten
sion, to the plexiglass dish. This was the first 
attempt to vacuum deposit the aluminum. in a 
step and repeat process. Several lessons were 
learned. The most significant problem was the 
vacuum seals used. Where the gaskets over
lapped on sections already aluminized, gasket 
residue discolored the front surface side of the 
reflector. Too great adherence of the gasket to 
the fresh aluminum can result in peel of the 
aluminized surface. Where the gasket contacted 
the film prior to its being aluminized, residue 
later prevented good adherence of the alumi
num to the film. An alternate gasket material 
and appropriate gasket cleaning between 
aluminization steps could correct these prob
lems in the future. The 1.2 meter (48 inch) 
diameter symmetrical reflector model failed 
during optical testing. The reflector membrane 
which was attached to a pressure/heat-formed 
plexiglass dish was ½ mil spin-cast polyimide 
film which was aluminiz.ed in a step-and-re
peat aluminization process. The volume be
tween the film and dish was evacuated during 
optical testing to focus the reflector. The film 



Figure 44 Vacuum Deposhed Aluminum Thin FIim Polylmlde. 

ruptured before meaningful optical figure data 
was obtained. The cause of the rupture was 
over stressing of this thin film. 

A second 1.2 meter ( 48 inch) diameter sym
metrical model was constructed using the re
dissolved film that ruptured during testing and 
additional polyimide (LaRC 6FDA + 4BDAF) 
material to make the film thicker. This model 
consists of the following major components: 

• Reflective film (nonaluminized); 
• Plexiglass back dish; and 
• Machined 4 feet diameter aluminum film 

and back dish support ring. 
An additional plexiglass back dish, was ther

mally formed in the 6' x 8' film creep-forming 
oven from ¾" thick bronze color material. This 
dish was fabricated to provide higher dimen
sional accuracy than the plexiglass dish used 
on the first symmetrical model. It was found 
that the dish used on the first model in which 
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the film was attached directly to its shoulder 
ring surf ace, caused distortions it the film be
cause the shoulder ring was not flat enough 
and the dish would distort under its own weight 
when mounted in its support stand. 

In this model, the reflective film is attached 
to a machined aluminum ring, for dimensional 
stability, and the plexiglass back dish is attached 
to the opposite side of the aluminum ring. When 
the volume between the film and back dish is 
evacuated via a port through the aluminum ring, 
the film is "focused" in a manner that simulates 
on-orbit deployment using a jettisonable front 
inflatable film membrane. The film on this 
model was not aluminized because: (1) the fea
sibility of the step-and-repeat aluminization pro
cess was previously demonstrated; and (2) the 
extensive time required for aluminization with 
the currently available equipment. 

The film for this symmetrical model was 



spin-cast in the dehumidified, filtered clean 
room enclosure, and a smooth, uniform, clear 
film achieved. Only one small, non-fatal de
fect was found. The film thickness near the 
edge (at 25-11.2" radius, about 2" inside the 
spun edge) was 1.7 mils thick. 

The film was removed from the glass plate 
and epoxied to the aluminum support ring (48" 
ID., 54" OD., and 2" thick). As a trial of the 
figure measurement technique, and to get a 
baseline for this mirror, the ring was clamped 
to a plexiglass dome, sealed, mounted in the 
test position, and fitted to the vacuum pump/ 
manometer. After about 1 hour of careful 
pumping (at about 1" ~O pressure) the film 
was judged to be stabilized, and the optical 
figure was examined. As usual, about 70% of 
the inner surface was spherical (i.e., about 35" 
diameter), while blending into an outer zone 
of progressively shorter radius of curvature. 
This is consistent with an ablate spheroid, or 
an ellipsoid with the optical axis being the mi
nor axis. Several sets of data were taken at 
different locations along the optical axis, and 
arc reported . 

The film/ring was assembled to a ¼ 11 alumi
num plate; this time a 1/s II thick, l II wide silicone 
rubber gasket was used to prevent air leakage 
rather than silicone caulking which was used pre
viously. The assembly was installed in the oven, 
and allowed to heat up to 3(5()°F (air tempera
ture) and 350°F (ring temperature), taking over
night (about 16 hours) to reach stability. The air 
was to pass through about 40 feet of copper tub
ing, in the oven, to preheat it 

When the creep-forming was attempted, the 
pressure was gradually increased, and the film 
formed a bubble. The pressure required was 
much higher than expected, and the film de
flection appeared roughly proportional to pres
sure. At about 6 psi, on the regulator gauge, 
the film ruptured very near or at the ring. The 
film then relaxed back to flat. No creep-form-
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ing had occUITed. 
The conclusions on what caused the film 

rupture are: 
1. It appears undesirable to heat the film for 

any extended period before creeping; the "cook
ing" seems to set the film in a physical state 
that does not creep. 

2. The film was thicker than the Kapton films 
used before, and evidently quite strong. 

3. Future work should be done with a 
"green", i.e., uncured, fresh film. 

4. Mounting and handling techniques now 
appear to be adequate; control of film proper
ties seems to be the only remaining issue. 

A third 1.2 meter ( 48 inch) diameter sym
metrical model was constructed by spin cast
ing. The film for this model, also composed of 
a solution of LaRC 6FDA + 4BDAF, was spin 
cast to a thickness of one mil for added 
strength. While mounted on an aluminum sup
pon ring which had an aluminum back plate 
attached, the film was creep-formed to a depth 
of five inches. The cast film is depicted in 
Figure 45. 

Subsequent to creep-forming, the center sec
tion of the film was aluminized using the 
vacuum chamber apparatus. It was then at
tached to the plexiglass dish after the ruptured 
film was removed. 

Optical Testing of Membrane 
The mirror, mounted on the plexiglass dome, 
was tensioned with 0.75 inch of water pres
sure as indicated by manometer. Little change 
in figure was observed after the mirror became 
smooth; therefore at these pressures there is 
little stretching of the membrane. Observation 
of the focus achieved near the center of curva
ture (radius was measured at 89.13 inches) in
dicated that the central 32 to 36 inches was a 
reasonably accurate reflector, with most of the 
light from a small (-0.04") point source con
centrated within about .3 to .4 inch. Light from 



was used. The depth of 
the curved mirror was 
measured with a depth 
micrometer at care
fully located radial in
crements. The error in 
depth measurement 
was approximately 
±.005 inch, and in ra
dial location, approxi
mately ±.015 inch. 
These errors were due 
to the necessary care 
in avoiding puncture 
of the film by the mea
suring tool. The inner, 
36" diameter was 
checked at 2 inch in
crements of radius; 
then at 1 inch incre
ments to the edge. 

The radius of curva
ture used was based on 
the depth of curve at 
the vertex (center). 
This value was slightly 
less than the distance 
to the center of curva
ture as estimated using 
the point source for 
smallest focus. 

Figure 45 Fonned Thin FIim Membrane Using NASA Polylmlde Figure 46 and Fig
ure 47 provide the 

the outer regions came to a shorter focus, and 
observation using a mask with a 4" center-to
center array of¾" holes (about 125 were used) 
indicated that wrinkles near the edge contrib
uted to scatter in the outer zone, that is, be
tween about 16 and 24 inches off-axis. 

_Since the slope and surf ace errors observed 
were beyond the limits of the precision mea
suring setup, a mechanical profiling method 
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measured slope errors 
of the two radii of the mirror that were ob
served. A negative slope error indicates a 
shorter focus at the point of the error. 

The sign and magnitude of the slope errors 
can be varied by choosing another radius of 
curvature as a reference. This can be done to 
lessen the total plotted error but the variation 
from point-to-point will remain. Figure 46 and 
Figure 47 indicate that the inner 32 to 36 inches 
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of the mirror were close to a sphere, with slope 
errors in the .010 or lower range. Therefore, 
errors were on the order of 30 minutes (112 
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Figure 47 Slope Error along Radius 2 

80 

degree). The outer zone confirmed ini
tial observations as to wrinkles and 
shatter focus. 

Figures 48 and Figure 49 provide the 
measured smface error, referenced to the 
central radius of curvature. The points 
plotted represent the difference between 
the observed coordinates of a surface 
point and the theoretical coordinates of 
a reference sphere. Figures 48 and Fig
ure 49 indicate that a slightly longer ra
dius of curvature could have been used 
to give a better fit, but the important 
characteristic of these figures is the dif
ference between the plotted curve and a 
straight line (the horizontal axis repre-
sents the reference sphere). Again, the 
figure of the mirror varies fairly 
smoothly out to about 16"-18" from the 
center. 

Based on these observations, it appears that 
the present technique works toward an approxi
mate spherical mirror, with a "turned-up" edge, 

of shorter focus. A parabolic mirror would 
go the other way, that is, "turned-down" 
relative to a sphere. These observations 
indicate that edge effects in creep-form-
ing and mounting of the film limited the 
observed surface accuracy. 

Off-Axis Model Mandrel 
Design Selection 
Several off-axis creep-forming mandrel 
concepts have been investigated result
ing in detailed evaluation and conceptual 
design of a geodesic network mandrel and 
a solid full surface metal mandrel. Ex
cessive three dimensional tolerance re
quirements for the geodesic network 
stringer attachment points tend to elimi
nate this concept to produce a model of 
practical size. The weight of a solid full 
surface mandrel is of some concern rela-
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The mandrel that was machined is 

shown in Figure 50. 

3.4.2 -Application of 
Reflective Coating to Spin
Cast Soluble Polyimide Film 
An apparatus was assembled for step
and-repeat aluminization of arbitrarily 
large films. Subscale tests proved the 
feasibility of the concept in principle, 
and fullscale model film aluminization 

...... - ., subsequently demonstrated its practical-------------------
-0.140 

Figure 48 Surface Error along Radius 1 

tive to handling difficulties during the creep
fonning process; however, a mandrel made of 
aluminum does appear to be manageable with 
the existing facilities and equipment The speci
fications for an aluminum mandrel are : 

Rm= Semi-Minor= 17.3278" 
R = Semi-Minor Axis= 13.6078" 

ity. The following key technical obser-
vations were made in the course of set

up and check-out of the apparatus shown in 
Figure 51. 

• Relatively large high-conductance by-pass 
tube interconnecting the chamber volumes or 
opposite sides of the film being metallized is 
required to prevent harmful level of pressure 
differential across the film during roughing 

pump-down and during chamber vent-
ing. o--------------------4-------------1-Radius 

-0.004 • Unless all sources of outgasing are 
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:;.rror -0.04o 
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meticulously eliminated, it is necessary 
to mask-define the edges of the area 
being metallized, by a sharp-edge close
contact mask, because where the alu
minum vapor stream is of low inten
sity, e.g., where partially shadowed by 
the chamber peripheral flange and seal
face gap, especially when near strong 
outgas plume areas/sources such as seal
flanges tend to be, a brownish discol
ored edge/border of the aluminum de
posit is produced. Careful masking al
lows highly reflective coatings with 

"""''-""-13.o non-discolored borders to be deposited 
.__ __ F-lg_u_~_e_4_9_S_u_rf_a_ce_E_rr_o_r a-l-o-ng_R_ad_l_us_2__ at significantly lower vacuum levels 
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Figure 50 Machined Off-Axis Mandrel for FIim casting. 
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Figure 51 Aluminum Vapor Deposition Chamber for Step and Repeat Process. 

than are otherwise permissible. 
Preliminary Preparations: The stainless 

steel chamber was thoroughly cleaned. Four 
high current electrical feedthroughs were 
mounted on the appropriate ports to provide 
filament power. A rotary feedthrough in the 
chamber rotates a shelter to cover the filaments 
so that the aluminum charge may be "pre
fused" without coating the target. This helps 
assure a clean coating. The use of three fila
ments provides a uniform, heavy aluminum 
film over the whole sample. 

Processing: Before mounting the sample to 
be coated, the filaments are checked for burn
out or other damage, and replaced if neces
sary. Each filament is loaded with three or four 
aluminum wire "horseshoes". These are 
handled (like the filaments) with gloves and 
tweezers to avoid contamination. The cleaned 
test substrate is mounted, and the system 
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pumped. 
Using the shuttle to avoid premature 

aluminization, the filaments are heated, in turn, 
to melt the aluminum over the tungsten coils. 
When the vacuum is as low as possible, each 
filament is brought to aluminizing temperature, 
and an opaque film prcxluced. The filaments 
usually are good for three to five shots. When 
the chamber and contents are clean, the vacuum 
approaches 2 x 1 Q-5. 

The sequential firing of three filaments 
causes signs of overlap, or discoloration in the 
coating in the areas where the filaments over
lap. To eliminate this, all three were driven in 
series, simultaneously. This gives a very uni
form appearing coating. 

A polyimide film was cast on a five and one 
half feet diameter circular glass substrate and 
is shown in Figure 52 mounted on an alumi
num support ring. Also shown in the photo-



adjustment and measure
ment, and obviates the 
need for parallel iight, 
long optical benches, la
sers, and beam splitters. 
The slope error is mea
sured directly by means 
of a theodolite, mounted 
on an adjustable slide. A 
point source of light is 
placed on the optical axis, 
inside the center of cur-

Figure 52 Polylmlde FIim Mounted on Glass Substrate. vaturc, and the conjugate 
graph in Figure 52 are hexagonal index mark- focus is observed, outside the center of curva-
ings that were drawn on the glass using a tem- turc. Based on the geometry of the mirror, ei-
plate on the side opposite the film to facilitate ther a spheric, or the desired parabolic shape, 
alignment with a hexagonal mask in the the location of the conjugate focus is easily 
vacuum chamber, that reduces shadowing dur- calculated for various points on the mirror. 
ing the aluminization process. Geometric Characteristics: Assuming a per-

The film, while still on the glass substrate, feet mirror, any given point on the mirror at 
was installed on the vacuum chamber film side distance, y (off axis), will bright light from the 
down, for initiation of the step-and-repeat source at F1 to a focus at F2. Since the point F2 
aluminization process as described in Section is easily calculated from the equation of the 
3.1. The photograph in Figure 53 shows the (perfect) mirror, the angle cj>, of the observed 
film/glass sitting on the vacuum chamber sub- point is also easily calculated. When the actual 
sequent to aluminization of the third hexago- focus, F3 is found, the difference between the 
nal element. These photographs illustrate the observed angle, cj>1 and the expected angle, cp 
step-and-repeat film 
aluminization process. 

3.4.3 - Optical 
Testing 
Apparatus 

The surface accuracy 
testing is done over an 
array of points on the 
surface of the mirror, 
measming the slope enur 
at each. Figure 54 shows 
the geometry of the test 
The test is performed 
near the center of cur
vature, which facilitates 

Figure 53 Alumlnlzed Sections of Reflective Polylmlde 
Mounted on Vacuum Chamger 
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immediately gives the third 
angle of the triangle ~-P
F2. By the laws of reflec
tion, this angle is exactly 
twice the slope error at 
pointP. 

The difference between 
the angles cf> and cf>1 can be 
readily observed by the the
odolite at F3, or the angle 
2d can be calculated by ge
ometry from the radius of 
curvature, R, the coordinate 
of point P (y), and by mea
suring the distance F3-F2. 
The two methods can be 
used simultaneously to pro
vide a check. 

F3 
Focus 
with 
Error 

C 
Center 
of Curvature 

F2 
Image 
Focus 

R 
Radius 
of Curvature 

y 

Figure 3.4-12-13.0 

Apparatus Setup: The 
theodolite is mounted on an · 
x-y table, to provide for 
measuring the distance F3-
F2, using the longer axis; 
and to provide location of 
the theodolite on axis, us
ing the shorter travel of the 
y-axis. The x-y table is very 
rigid to provide repeatable 
location, and is provided 
with dial readout to .001 
inch and scale readout for 
inches and tenths. One dial 

Figure 54 Geometry of Optical Testing of Primary Mirror 

evolution is .050 inch travel. 
The adjustment of the test requires that the 

x-axis of the table be parallel to the optic axis 
of the mirror. This is achieved by adjusting the 
relative locations of the mirror and the x-y 
table. The axis of the mirror passes through 
the center of the theodolite, so that x-axis trans
lation maintains the theodolite on the mirror 
axis. In the case of irregular surface errors, a 
combination of x and y translations may be 
needed to locate the aberrant focus at F3. The 
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reduction of data in this case is facilitated by 
the ability to measure x, y, and q> precisely. 

The point source of light is located on the 
optical axis, inside the mirror's center of cur
vature. The theodolite is used to center and 
adjust the position relative to the x-axis, and a 
steel tape is used to measure the distance from 
the source to the theodolite and to the mirror. 
The theodolite is also used to check these dis
tances by angle measuring techniques and the 
geometry of the setup. 



To localize the points on the mirror being 
measured, several methods are possible as in
dicated below: 

A. Physical marks on the mirror, i.e., with 
ink or paint, 

B. Purely by coordinates, that is, using length 
and angle measures to identify each point, and 

C. A physical grid, or mask, consisting of 
small holes in an opaque material to define 
and identify points. 

Method A is rejected here because of the 
danger to the thin film and the need to repeat a 
tedious measure-and mark process for each mir
ror tested. Method B is useful, but rejected 
here because of the uncertainty as to mirror 
accuracy and the possibility of confusion. 
Method C is selected and implemented by 
means of a plastic screen with a square array 
of holes, placed in front of the mirror under 
test. The size of the holes provides adequate 
visibility and location of the point being mea
sured, while eliminating contact with the thin 
film. The sensitivity of the test can be appreci
ated by the following example: 

• R = 96" 
• F1 = 80" (source-mirror distance) 
• F2 = approximately 120" (theodolite-mir

ror distance). 
A movement (along x-axis) of 2 inches cor

responds to a slope error, at P, of about .096 
degrees, or 346 seconds, or 1.7 millirad. Since 
the x-y table can be located to nearly .001 inch, 
and the theodolite is capable of near 1 sec
onds, the precision of measurement is capable 
of meeting the expected errors in the mirror. 

Film Thickness Measurement 
The thickness of thin films (less than .001 inch, 
1 mil) is difficult to measure with ordinary 
micrometers or dial indicators. For example, a 
very fine dial indicator may read to .006" to
tal, with divisions at .00005" increments (50 
millionths). A film of 112 mil thickness, gauged 
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between a dial indicator and a surface plate 
would read .00050 inch, accurate within ±10% 
or better if functional divisions were estimated. 
Ideally, the dial indicator is used as a com
parator against a standard in order to get the 
best accuracy. With a micrometer, it is diffi
cult to get uniform force and avoid twisting 
the film between the anvils. 

A simple, accurate interferometric method is 
shown in Figure 55. Two optical flats are used, 
with the upper one having an edge contact with 
the lower. The film sample under one edge es
tablishes a narrow air wedge between them. As 
shown in the figure, fringes can be observed 
where the two reflected light rays interfere, at 
integral multiples of half the wavelength (All) of 
the monochromatic light used. These fringes look 
like those in the the top view, that is, alternating 
bright and dark lines. These are easily photo
graphed for a permanent record. 

A useful light source for this test is a mercury 
vapor light, filtered to isolate the green, 546 na
nometer wavelength. An half wavelength is then 
equal to a difference in the optical path of the air 
wedge, of 10.75 millionths of an inch. As an 
example, a specimen of film was used and 45 
fringes counted (fractions were ignored, but may 
be estimated). Then, 10.75 x 10-6 x 45 = 4.838 x 
10-4 inches, or just under½ mil to within about 
2%. The limits on accuracy are primarily in 
counting fringes and fractions thereof, and in 
application of pressure to the top flat to com
press the film. Although Figure 55 shows the 
use of two common shop type, round flats, 
square or rectangular flats work quite well; in
deed, two pieces of selected plate glass also 
work, although the fringes may not be straight. 
It is interesting that this kind of test can be 
done with such accuracy from simple materi
als, as opposed to very expensive mechanical 
means. The reason, of course, is that the light 
source provides the precision, repeatable length 
standard, not a precisely made machine. 



N* 'J.../2 
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Figure 3.4-1HIB 

Figure 55 Thickness Measurement of Polylmlde FIim. 
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3.5 - Thin Film Heliostat for the 
Solar Laboratory 

An additional effort was added to the original 
contracL The objectives of the additional work 
were to: J. Demonstrate the capability to spin 
cast and coat large polyimide reflectors, 2. De
velop, fabricate and deliver spin cast reflectors 
for use as a heliostat at the Phillips Solar Lab. 
The work was included in Task 4 of the origi
nal effort as shown in Figure 56. The work 
performed enabled the advancement of casting 
and reflective coating large one piece concen
trators. The procedures developed as a result 
of this program will be used in future pro
grams for fabrication of concentrators for so
lar thermal propulsion. The following section 
describes the work that was performed under 
the contract modification. 

3.5.1 -Thin Film Casting 
Equipment Design and 
Fabrication 

The equipment required to cast, cure and silver 
the thin film membranes included a clean room 

Task 1 - Creep-Forming Materials 
Properties Handbook 
• Baseline Data 

.. Unmetalized Kapton 

.. Metalized Kapton 
•• Metalized Polyester 
.. Aluminum Film 

• Creep-Formed Film 
Mechanical Properties 

• Environmental Effects 
on Creep-Formed Film 

Task 2 - Appllcatlons of 
Creep-Forming to 
Reflector Concepts 
• Flat Sheets / Gore / Combination 
• Seam Effects 
• FIim Imperfections Effects 
• Long Term Film Stability 
• Mandrels 
• Stress Data 

ventilation system, a cming oven, and a spin table. 
A large cming oven was designed, fabrica.ted, 
and installed for the casting and cming of the 
polyimides. A clean room ventilation design was 
included in the cming oven. The existing spin 
table mechanism was modified and enlarged to 
enable casting of large membranes. 

The oven has dimensions of 21' x 21' x 6' 
has a maximum temperature capability of 
550°F. The oven's construction is modular in 
order to facilitate possible future expansion and 
portability. The oven uses a forced convection 
heating system and includes a fresh air ex
change system to reduce off-gas buildup. 
Figure 57 is a floor layout of the SRS High 
Bay area where processing occurred. Complete 
design details of the oven are shown in 
Appendix B. The oven and spin mechanism 
used for the effort is shown in Figure 58. 

3.5.2 - Heliostat 
Structural Design 

The design of the heliostat support structure 
included both the tensioning structure for the 

Task 3 - Refinement of 
Analytical Model 
• Model Extension with 

Baseline Data 
• Model Application to 

Doubly Curved Reflectors 
• Reflector Film Forming 

OVen Thermal Analysis 

Task 4 - Doubly Curved 
Reflector Models 
• Construction 
•Test 
• Evaluation 

Provide Additional 
Flat Concentrator 

• Cast and Cure 
• Reflective Coat 
• Install 

Figure 56 Orlglnal Phase II Task Flow 
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stretched membrane and the interfacing of the 
tensioning structure with the heliostat structure 
located at the Solar Laboratory. Originally a de
sign was made to interface with the heliostat hub 
located at the Lab. During the course of the ef
fort, the heliostat was upgraded at the Lab. The 
original designs presented in this report are for 
the hub design heliostat that is currently not in 
use. A revised design was made to interface to 
the new heliostat at the Solar Lab. 

3.5.2.1 - Design of Triangular 
Segment Support Frame 

The design of the triangular tensioning structure 
was developed by fabricating scale models of the 
designs and analysis of the full scale layout Test
ing of the models was performed at SRS' s facil
ity. The passive tensioning design was fabricated 
and successfully used to tension and support the 
membranes cast in the laboratory. The following 
section describes the models that were built and 
the final design selected. 

Several design options were considered and 
are presented in Appendix C. A scale model of 
a triangular segment was constructed using a 
Option A design shown in Figure 59. The 
model was built using l II thin-walled alumi
num tubing sections 3 feet long, as the side
rails, and ¼11 foam-board as the plenum rear 
plate. A wide fillet of flexible silicon adhesive 
was used as flexible seal boot between side
rails and back-plate, to seal the plenum. A ½ 
mil polyimide film was stretched under very 
low pre-tension and epoxy-bonded to the side
rails of the assembly, while the side-rails were 
held bowed inward by the turnbuckles. After 
epoxy-hardening, the turnbuckles were driven 
outward, to straighten the side-rails and ten
sion the film. Satisfactory, uniform appearing 
tensioning was obtained in the central region, 
out to about 5 11 from each comer. Then, small 
jack-screws were installed, at each comer, be
tween points about 311 from each end of each 
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side-rail. Acmating these jack-screws provided 
satisfactory tensioning out to within 2 11 of each 
corner. It appeared that the concept of hinge
joints at each comer of the frame does not 
allow satisfactory tensioning of the film in the 
corner regions. 

A scale model embodying the general con
cept of Option 3D as shown in Figure 60 was 
built, using 1" thin walled aluminum tubing 
sections 3' long, as the side-rails, bonded with 
silicone adhesive to a¼" foam-board plenum 
rear plate. The tensioning concept used is 
shown in Figure 60. Five push-screws and five 
pull-screws were distributed along each side
rail. The pull-screws were actuated, the sili
cone (acetic cure) film-bonding adhesive was 
placed, and the frame was brought down onto 
the polyimide film, stretched on, taped to flat 
plywood at rather low pre-tension. Upon hard
ening of the silicone adhesive and trimming of 
the film, the pull-screws were released and the 
push-screws were activated. Satisfactory and 
uniform-appearing tensioning was obtained 
over the full expanse of the film. The compli
ant nature of the silicone film adhesive ap
peared to be advantageous; however, curing 
was incomplete and the bond began to fail, 
limiting attainable tensioning. 

Both of the preceding models were taken 
outdoors on a moderately windy (estimated 15 
knot gusts) day, and sunlight was reflected from 
them onto a wall 85' distant Option 3D per
formed slightly better than Option A. Their 
resistance to rippling from wind eddies was 
fair, but their tendency to go concave under 
steady wind load was poor, due to leaky ple
nums. This test was inconclusive, as to the 
need for a wind-shield. There was some con
cern about thermal warpage of the side-rails of 
a heliostat triangular segment, and thermal 
bulge of the honeycomb backing-plate of the 
wind-resisting behind-film air plenum cham
ber. The significance of bulging of the plenum 
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Figure 58 Spin Table and Track System 
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Figure 59 Scale Model of Hellostat 

back-plate is that it sets a lower limit on the 
depth of the plenum, and the ability of the 
plenum to dampening wind-induced ripples is 
a very sensitive function of plenum depth. Also, 
a deep plenum can cause heliostat focusing as 
a result of temperature changes in the plenum 
air. Also, bulging of the plenum back-plate 
would transfer directly into bulging of the film, 
because of the sealed nature of the plenum as 
required to resist steady wind loads. 

As noted above, the Option 3D model used a 
compliant silicone film-bonding adhesive of air
activated (acetic) cure. Its compliance seemed to 
have potential value, but its air-activated cure 
would require excessive time for cure comple
tion, in the geometries of interest Internally cata
lyzed (2-component) silicone, RTV600, was tried 
for the same application. It was found to bond 
fairly well to heat curved polyimide, but not to 
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silvered polyimide, nor to aluminum. Priming 
the silvered polyimide and the aluminum with a 
thin layer of air-cured (acetic) silicone adhesive, 
allowing this layer to cure fully, then applying 
RTV60, assembling the joint, and allowing the 
RTV60 to cure, appeared to produce a strong, 
compliant bond between aluminum and silvered 
polyimide. 

A scale model of the most likely configura
tion was designed for fabrication and evalua
tion. Figure 61 depicts the scale model fabri
cated. The complete design of the segment is 
shown in Appendix DJ. The use of the spring
rail mounting of the films is considered neces
sary in order to maintain film tension reassem
bly constant in the presence of large humidity 
coefficient of film strain, substantial thermal 
expansion mismatch with aluminum structure, 
and uncertain ambient-temperature creep of 
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Figure 60 Scale Model of the Option 3D Concept 

film over the operational lifetime. The design 
offers the back-up possibility of after-installa
tion boosting of film tension without remov
ing the mirror triangular segments from the 
heliostat. This is accomplished by inserting ten
sion-booster bolts into pre-drilled/tapped holes 
in the side rails, working only from the under
side of the heliostat. 

The aluminum mock-up was made to study 
(1) the attachment of the aluminum channel 
side rail to the honeycomb back-plate, (2) the 
attachment of the film-tension-control spring
rail to the channel side-rail, (3) the means of 
pre-tensioning this spring-rail, and (4) the use 
of epoxy filleting to attach the film to the 
spring-rail. Use of epoxy filleting rather than 
face-bonding allows the epoxy bond to be 
placed in several sections, at different times, 
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temperatures will be used for the full 
scale heliostat Fillers to thicken the epoxy were 
also tested. CABOSIL and aluminum oxide pow
der were mixed with the epoxy. CABOSIL was 
selected to be the best filler for the bond seg
ment 

The final design of the tensioning structure 
is shown in Appendix D2. The tensioning struc
ture and honeycomb aluminum backplate are 
depicted in Figure 62. 

3.5.2.2 - Hellostat Interface Designs 
The thin film heliostat is approximately the 
same size as the existing heliostat, therefore, 
the loads on the main heliostat structure were 
not expected to be increased by the modifica
tion. Therefore, the approach used in this ef
fort is to design separate film support frame to 
which the film will be attached Appropriate struc-



tural interfaces and adjusnnents were designed 
to attach the film support frames to the existing 
heliostat structure. Analysis of the existing struc
ture was performed to identify hard points as the 
structure for attaching the film frames. 

The major design concerns that were addressed 
for the design of the film frames were stiffeners, 
thermal effects, and joint design. Very small de
formations in the support geometry can cause 
large distortions in the film. Therefore, the frames 
were designed stiff enough to support the film 
and wind induced loads with negligible deflec
tion. Both the flexural and torsional stiffness are 
important High flexmal stiffness was required 
to keep the frames from deforming due to wind 
loads. Torsional stiffness was required to keep 
the frames from twisting. 

After careful consideration of the modifica
tion to the existing heliostat structure, it ap
peared that a considerable amount of both de
sign time, fabrication time, and installation was 
be required. At best, there is doubt that the 
modified substructure could be adapted to a 
thin-film reflective membrane system of mir
rors. SRS designed a truss type structure to be 
installed on the spare hub. With this hub, the 
truss structure could be installed on top of the 
hub with an added support plate, clips, and 
fasteners. The existing bolt holes along the pe
riphery of the hub could be used to distribute 
the truss loads. The truss has a significantly 
higher structural inertia to wind loads. The new 
truss structure could be fabricated in sections 
and installed to the space hub, leaving the ex
isting mirror intact for continued use. The 
"droop" at the outer extremes of the existing 
mirror could be improved, once removed from 
the pedestal and brought inside for modifica
tion. This may not be required if the truss struc
ture is satisfactory . 

. A hexagonal shaped heliostat structure is de
picted is shown in Figure 63 and Figure 64. To 
provide the necessary stiffness, a truss type beam 
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is required to prevent deflections normal to wind 
loads. The design accommodates wind loads of 
30 mph (44 fps) with transient gusts to approxi
mately 42 mph. A thin film passive tensioning 
method was designed that-acts like a fixed spring 
and which provides constant tension to the mem
brane, regardless of changing temperature, hu
midity, and wind conditions. 

A new heliostat was installed at the Solar 
Lab after the design was completed for modi
fying the hub of the original heliostat. SRS 
designed the interfaces for the new heliostat 
structure installed by Applied Thermal Sys
tems (ATS). The Appendix D2 depicts the fi
nal design for interfacing the stretched mem
branes to the heliostat structure. 

3.5.2.3 - Windshield Discussion 
Toe design of a windshield for the stretched mem
branes can be designed primarily to reduce the 
wind loading effects on the reflective swface. 
Originally it was anticipated to use an additional 
spring on the film tensioning structure. This de
sign caused interfacing problems for assembly 
currently designed. The windshield would also 
be difficult to remove from the structure if de
sired. An alternative design was to make the wind
shield a separate structure above the tensioning 
structure and membrane. This method allows for 
the removal of the windshield if desired. The 
material used for the windshield needs to be as 
transparent as possible. The candidate material 
for a windshield is a transparent polyester with 
an acrylic UV resistant overcoat The design of a 
windshield was out-of-scope of this effort. Sub
sequent studies should address the use of a wind
shield. 

3.5.3 - Thin Film 
Process Development 

The procedures developed under this effort 
demonstrated that thin film polyimides can be 
cast into large one piece concentrators. Reflec-



Figure 61 Hellostat Test Artlcle 
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tive coating processes were developed to 
chemically silver the thin films in a cost effec
tive manner. The processes and technologies 
for casting and coating larger diameter films 
were refmed under the effort. The complete 
fabrication procedures were demonstrated by cast-

-
supplemented with dedicated sprayers for sen-
sitiz.er, detergent, and rinse-water. A line wa
ter-demineraliz.er was installed. Suitable· pro
tective clothing was obtained. 

Uniform reflective coatings of good 
specularity and fairly good adhesion were ob-

tained on 
polyimide 
film, using 
the Pea
cock H300 
silvering 
system. 
The Pea
cock H30 

Figure 62 Tensioning Structure 

system was 
also evalu
ated, but it 
produced 
inferior re
sults. It was 
concluded 
that the 
streaking 
problem 
previously 

ing large diameter thin film segments and mount
ing the segments on the tensioning structures fab
ricated. The following section discusses key is
sues that were addressed in the research. 

3.5.3.1 - Evaluation of Electroless 
Spray Silvering 

In order to better evaluate electroless spray sil
vering as a candidate reflective coating for the 
film heliostat, a silvering station was designed 
and set up. A booth was constructed of clear 
plastic film stretched over a PVC conduit 
frame, with an exhaust fan connected to the 
facility exhaust system. A shower-curtain back
ing, drain vessel, and adjustable rack for hold
ing films to be silvered, were installed. The 
existing silvering equipment was installed, 
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experienced with this technique was probably 
partially due to incomplete rinse-off of the sen
sitiz.er before applying the silver, and due partly 
to the fact that the silvering spray-gun had been 
used to apply the sensitiz.er, thereby contami
nating the spray-gun. It became possible to sil
ver 1 meter by 1 meter sections of polyimide 
with no significant streaking. This was achieved 
without use of the rapid flush-off of silvering 
solution running down over previously-silvered 
areas, which had previously been considered 
necessary, and which would have posed a ma
jor concern for silvering heliostat segments. 

Adhesion of the silver coating, adequate 
when dry but rather poor when subsequently 
exposed to water, remains an area of concern. 
In one experiment, a silver coating on 
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polyimide film, given a protective overlayer of 
soluble polyimide, came off in its entirety with 
the overlayer, when immersed in water (in this 
case the overlayer was excessively thick, so 
that the powerful drying-shrinkage of the 
soluble polyimide created a high shear stress). 
A sample of silvered polyimide was sent to 
Aerospace Cmporation in order to measure the 
silver thickness. The average silver thickness 
was reported to be 1,728 angstrom. 

The reflective coating of the polyimides was 
done by using a silvering solution supplied by 
Peacock Laboratories. The film is silvered be
fore being attached to the tensioning structure. 
A sensitizer is used to fully "wet., the thin film 
before applying the silver solution. The "wet
ting., of the film is necessary in order for the 
silver to adhere to the polyimide. After the 
film has been sensitized the film is fully washed 
with deionized water. The silver solution is 
then applied with a dual nozzle spray gun. One 
nozzle of the gun sprays a reducer and the 
other nozzle sprays an activator with silver. 
When the two materials are sprayed together 
the silver precipitates out of solution and ad
heres to the polyimide surf ace. The process is 
done with the film on the spin table. The silver 
is applied while the table is rotating. After the 
silver has been applied the film is washed and 
dried. This process has resulted in a good re
flective coating on the polyimide. 

3.5.3.2 - Protective Coverings 
For the heliostat application the silvered film 
must be protective coated with a clear over
coat to prevent oxidation of the silver. Several 
types of overcoats were tested with limited suc
cess. Originally, it was anticipated to use a 
front surface mirror and that a clear overcoat 
would be required. Due to problems in over
coats, a decision was made to use a clear 
polyimide and silver the backside of the mir
ror. As a result of this change, an optically clear 
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overcoat was not required. The following section 
does summarize work done to develop a clear 
overcoat and is presented as a study result. 

Peacock Labs (the silver supplier) recom
mended protective overlayer, Coppertite lac
quer. Un-thinned and thinned coppertite was 
spin-cast over silver coating on polyimide film. 
It was observed to produce a slight yellowing 
of the silver, even when thinned to ½ and ½ its 
as-received concentration. It was then found 
that the Coppertite thinner, without the lac
quer, produced the same yellowing, except the 
yellowing disappeared upon evaporation of the 
thinner. It was found that acetone behaved simi
larly. These experiments were done under labo
ratory fluorescent lighting. When repeated un
der incandescent lighting, no yellowing was 
seen. When viewed in sunlight, the Coppertite 
lacquer coating appeared pelfectly clear. The 
same was found to be true of chemically 
imidized polyimide thinned to low viscosity 
with diglyme and spin-cast on silver-coated 
polyimide film as a protective overlayer can
didate. This polyimide overlayer displayed too 
strong a drying-shrinkage and too low an ad
hesion to the silver, to be viable as a protec
tive overlayer. It was concluded that the strong 
line-spectrum of the laboratory fluorescent 
lighting caused the slight yellow appearance 
of all the overlayer candidates, and that 
overlayer appearing pelfectly transparent in 
sunlight should be considered as viable candi
dates, with fluorescent-lighting appearance be
ing used for worst-case comparisons. This il
lustrates that photometric measurements rather 
than visual estimates must ultimately be used. 
Clean epoxy/acetone solution, spin-cast, also 
appeared to be a viable overlayer candidate, as 
did clear lacquer spray, and polyurethane coat
ings. 3M Corporation applies acrylic overcoats 
to their ECP 305 films which do not exhibit 
this tarnished appearance. Through discussions 
with a technical representative at 3M we found 
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that they had developed proprietary methods to 
eliminate the oxidation of the silver because of 
the OVC1'C08t Their methcxls used a chemical over
coat over the silver before applying the aaylic. 
Non-organic substance SIOi is used in industry 
to sputter protect overlays on silvered materials. 

The final protective coating chosen was 
spray cast silicone. The transparent polyimide 
was silvered and then a thin layer of silicone 
was sprayed over the silver coating. The pro
tective coating tended to darken the silver coat
ing but this was on the rear surface of the 
mirror and did not effect the front surface of 
the polyimide. 

3.5.3.3 - Sputtering 
Coating Study 

Electroless plating tends to be a less robust 
process than vacuum evaporative plating and 
sputtering, i.e., it is much more sensitive to 
random variations in conditions, specifically 
surface cleanliness. In electroless plating, the 
plating atoms strike the surface to be plated, at 
room temperature, i.e., energy of the order of 
.025 electron volts per atom, which is inad
equate to knock loose surf ace contaminants 
monolayers, or even thick layers. In vacuum 
evaporation, the plating atoms boil off of the 
vapor source at a temperature of at least l 500°C 
and strike the surf ace to be plated, with energy 
on the order of 0.25 ~electron volts per atom, 
which is sufficient to dislodge all but the most 
tenacious contaminants (provided they are not 
in the form of thick layers). In sputtering, 
clumps of the plating atoms strike the swf ace 
with sufficient momentum to penetrate even 
thick contaminant layers, interspersed with 
strong impacts from the high energy ions of 
the glow discharge, such that intense swface 
cleaning occurs simultaneously with plating 
deposition. By adding vigorous hand-rubbing 
to the cleaning and sensitizing steps of electro
less silvering, the robustness of the process ap-

pears to be increased sufficiently to be somewhat 
competitive with vacuum evaporative plating. Sil
ver sputtering was done in the SRS chamber in 
the event electroless spray silvering failed 

The SRS vacuum system was fitted with an 
argon supply, high voltage feedthroughs, and 
a current-limited high voltage AC power sup
ply. Silver electrodes were mounted to the 
feedthroughs, a vacuum was pumped, argon 
was admitted to maintain pressure at approxi
mately 100 microns, and glow discharge was 
maintained such that silver was sputtered onto 
a Kapton film sample mounted near the elec
trodes. Deposition rate appeared to be about 
500 angstroms per minute. Adhesion and 
specularity of the coating were fair. The test 
indicated that about the same degree of subtle
ties are involved in sputtering as in vacuum 
evaporative metallization and in electroless 
spray silvering, and that sputtering does not 
offer a "short-cut" to heliostat metallization. 

There are two basic candidate concepts for 
metallizing a heliostat segment by sputtering. 
Concept A - use the large vacuum chamber 
available at Phillips Lab, setting up a sputter
ing source assembly capable of metallizing one 
entire heliostat triangular segment simulta
neously. This sputtering source would consist 
of an array of parallel silver wires 1 inch apart, 
suspended 1 inch above the heliostat film to 
be metallized, an alternate wire of the array 
would be connected to opposite terminals of a 
5000 V AC transformer (wire a, c, e, etc. con
nected to terminal X, wire b, d, f, etc. con
nected to terminal Y). Concept B - develop a 
travelling head sputter, connected to the 
vacuum system by a large-diameter flexible 
tube; the inner sputtering chamber would be sur
rounded by a force-balance chamber pressurized 
with argon so as to allow the head to be moved 
easily across the surface of a spin-cast film not 
yet released from the glass casting-substrate; dry 
teflon 0-ring seals under light pressure would 
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isolate the inner and outer chambers. 
Both Concepts (A) and (B) would require a 

substantial development effort to implement 
them for this application, even though sputter
ing is a well-established technology. Concept 
A has the strong logistics disadvantage of re
quiring substantial development and set-up ac
tivity in a chamber and facility not under the 
control of SRS nor the Solar Lab. Concept A, 
unlike Concept B, could be used for metalliz
ing the film after the latter was mounted on 
the heliostat segment frame, but this would re
quire temporary venting of the airtight plenum 
chamber between film and honeycomb back
ing-plate. Concept B has more developmental 
costs and risks than Concept A, and would at 
best be a very slow process, since the movable 
sputtering head could not plate a large area at 
one time, due to the vacuum force which would 
break the glass substrate if a large-area head 
were used Furthermore, since the Concept B pro
cess would need to be performed before the film 
was removed from the spin-casting substrate, it 
could not be used for not fully transparent film 
materials unless the film were transfened from 
the casting substrate to an intermediate frame 
and then retransfened to the heliostat segment 
frame (introducing an undesirable complexity). 
In the normal sequence, the film is transferred 
directly from the spin-casting substrate to the 
heliostat segment frame, with the plenum back
plate of the frame facing the film. 

Thus, if either Concept A or Concept B were 
developed to fully satisfactory status as metal
lizing techniques, they would create substan
tial problems or limitations for other aspects 
of the heliostat program. Therefore, in view of 
the fact that the SRS learning-curve for the 
electroless spray silvering process reached an 
acceptable confidence level, and the fact that 
spu_ttering is extendable directly to metalliza
tion of seamless films of seemingly arbit:nuy size 
with limitation by available vacuum chamber size, 
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it seems advisable to consider sputtering as a 
back-up option, not to be developed futther. 

The same can be said of vacuum evaporative 
plating, which resembles Concept A sputtering 
as to pro's and con's. Evaporative plating of a 
large heliostat segment would require either a 
very good vacuum (10-7 torr) to get sufficient 
mean-free-path to use a single vapor source, or 
would require a very complex multiple-source 
array in order to metalli7.e satisfactorily at the 
10-s torr vacuum unlikely to be attainable in a 
larger chamber containing a heliostat segment of 
considerable outgassing capacity. 

3.5.3.4 - Spin-Casting Substrate 
Joint-FIiier Study 

It was assumed that a spin-cast heliostat trian
gular segment, of approximately 16' x 16' x 
16' size, would need to be cast on a substrate 
assembled from several sheets of glass due to 
the unavailability of a large single sheet of 
glass. Also the inconvenience and risk of han
dling such a large, heavy, fragile item if such a 
sheet were available would be difficult In ad
dition, further extension of spin-casting tech
nology to very large sizes, which is one of the 
ultimate goals of this project, requires that a 
substrate built up of multiple sheets of glass 
be used. A metal substrate, e.g., aluminum hon
eycomb, coated with a surface-smoothing and 
water-release agent such as spin-cast potassium 
silicate solution or RTV60 silicone, was con
sidered, but metal sheets are not available in 
greater widths than glass, warp-free joining of 
the large metal sheets is not straightforward, 
warpage in the film bake-out furnace would 
likely be more severe than with glass (except 
in the case of Invar), and use of glass sub
strates represents proven technology. 

Glass plates joint filler options considered 
included: silicone compliant filler, tape or strap 
bridge; filled epoxy filler, silicate-bonded filler, 
and no filler. Leaving of an unfilled minimum-
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width crack between adjacent plates of glass 
was dismissed without trial. It might give good 
results for a small-scale test, where gap width 
could be kept to less the 2 mils, but for large 
sheets, tolerance stack up would inevitably 
cause gaps wide enough to interfere with dry
ing of the overlying film. 

Joint-bridging Kapton tape, and heat-curved 
polyimide-bonded aluminum foil strips and 
stainless steel foil strips, were tried, bridging a 
½6 inch gap between 2 glass sheets. Upon spin
casting polyimide on this test substrate, it was 
observed that the aluminum wetted faster than 
the glass, causing run-out. The stainless steel 
wetted slower, causing a depression in the cast
ing puddle periphery, and the Kapton wetted 
about the same as the surrounding glass. After 
spin-casting and heat-curing the film, the film 
could not be released from any of the gap
bridging tapes. Upon repeating the test, using a 
potassium silicate coating as a release-agent, it 
was found that the edges of the tapes invariably 
produced lines of thinning and weakness in the 
resulting film. It was concluded that deviations 
from substrate planarity in a concave direction, 
tending to cause local thick areas in the film, are 
acceptable, but deviations in a convex direction, 
tending to cause local thin/weak areas in the film, 
are unacceptable. 

Filling of the ½6 inch gap between the 2 test 
glass plates with aluminum-filled epoxy was 
tried. This prcxiuced a local perturbation in wet
ting, during spin-casting of the film, and the 
film could not be released, after heat-curing, 
from the epoxy. 

Filling of the ½6 inch gap between the 2 test 
glass plates with compliant silicones was tried. 
Air-cured (acetic) silicone caulk, RTV615 clear 
silicone and RTV60 red silicone, were tried. 
The air-cured silicone and the RTV615 grossly 
de:-wetted during spin-casting of heat-curable 
polyimide, whereas the RTV60 wetted almost 
the same as the surrounding glass. Adhesion 

of the film to the RTV60 was less than to the 
glass, but it seemed adequate for the joint-filler 
situation. Repeated attempts were made to learn 
how to use RTV60 for this application, but the 
results were inconsistent; in general, it appeared 
that wetting of the RTV60 by the polyimide 
film precursor liquid was marginal, and typi
cally produced local thinning of the film over 
the joint. It had been assumed that the compli
ance of the RTV60 was an advantage, allowing 
the glass plates to shift slightly under thermal 
loading. It was found that such flexing of the 
joint ripped the overlying film. 

Plaster of Paris was tried, as joint filler. It 
wetted satisfactorily and released satisfactorily, 
but caused gross thinning of the overlying film, 
from casting-resin soak-down into the porosity 
of the plaster. Filling of the plaster with Ludox 
colloidal silica after plaster set, was tried; it 
produced a glassy surface, but it could not be 
smoothed to planarity after drying, without 
shattering. Mixing the plaster with Ludox liq
uid instead of water produced a fairly interest
ing body with a glassy coating, but it could 
not be smoothed after hardening, without los
ing the smooth, rather impervious surface. 

At this point it was concluded that an ac
ceptable joint-filler must have the following 
properties: 

• No significant non-planarity. 
• No significant porosity. 
• Able to be carved/shaved smooth with a 

razor blade after hardening in the joint. 
• Wetting very closely matched to glass, for 

polyimide film precursor liquids. 
• Film release properties closely matched to 

glass. 
• Able to be trowelled in from the top-side 

of the joint, not requiring access to the under
side of the glass plates. 

• Non-compliant; mechanical properties simi
lar to glass; high adhesion to glass. 

• No outgassing nor softening during heat-
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cure cycle of polyimides. 
Sodium silicate and potassium silicate solu

tions filled with powdered alumina were tried. 
The sodium silicate, which foams excessively 
when heated in the unfilled condition (unlike 
potassium silicate), produced a more porous 
and slightly less strong body than the potas
sium silicate. Both of these bodies were heated 
to redness on a sheet of tantalum, without foam
ing, cracking, nor losing their adhesion to the 
tantalum. The ½6 inch gap between the test 
glass plates was filled with alumina/potassium 
silicate and oven-dried. The surface of the filler 
was too hard to smooth satisfactorily without 
damaging the surrounding glass. A film was 
spin-cast on this test substrate. Wetting of the 
filled joint, with the casting liquid, closely 
matched that of the surrounding glass. Release 
of the heat-cured film, from the joint-filler, was 
fairly good, but clouded by the surface rough
ness of the filler. Significant film thinning due 
to precursor liquid soak-down into the filler 
porosity was noted. Replacing of the powdered 
alumina with powdered dolomite limestone was 
tried, producing a softer body, but hard for 

. practical smoothing of the filled joint after joint 
hardening. Replacing the powdered alumina 
with finely powdered talc produced a joint
filler material which appeared to meet all of 
the requirements listed in the preceding para
graph. After drying, it can be cleaned easily 
with a razor blade, and its surface burnished to 
give a shiny appearance. Rubbing in dry talc 
after the joint-filler surface has been shaved 
smooth appears to partially seal its porosity 
and improve its film-release properties. It does 
not produce a visible perturbation in the wet
ting of the substrate during spin-casting, and 
does not appear to cause a thin/weak area in 
the film over the joint, but merely a ½6 inch 
wide stripe of matte surface, in the film. A 
satisfactory mix of filler "putty" was obtained 
by mixing 7 parts by weight of powder talc 
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with 6 parts of 20% solids-by-weight potas
sium silicate solution. 

The joint-filler study has implications for 
the design of the framework or bed which must 
support the heat-curing, and, possibly, metalli
zation. Compliant joints would have greatly 
simplified this matter, but the discovery that 
the entire glass substrate must remain a rigid 
monolith means that the entire substrate must 
be supported in a "fluid-like" cushionedf'float
ing" manner on a bed of springs with the rela
tively weak joints reinforced from below with 
hard fillets of alumina-filled silicate cement. 

The final method chosen uses a potassium 
silicate and talcum mixture. The film above 
the seamed substance is reinforced with an ad
ditional layer of film following casting of the 
film. This additional layer adds strength to the 
film around the seamed cast area. The results 
of the process are that this method will work 
on the large sections leaving only small mold 
lines in the film. Multiple casting over the seam 
did result in degradation and separation of the 
seam. Additional studies need to be done to 
improve this area of spin casting. 

3.5.3.5 - Triangular 
Substrate Casting 

It was determined to be advantageous to cast 
the heliostat triangular segment films on trian
gular glass substrates. This minimized waste 
of film material and minimized size and weight 
of substrate, and lent itself advantageously to 
build-up of the substrate from triangular glass 
plates supported at 3 points. 

A triangular test-substrate was made by ep
oxy-bonding 3 pieces of 1/s" diameter glass tub
ing to a glass plate, as to form an equilateral 
triangle with leaky comers. A test-film was 
spin-cast with this substrate, at 45 rpm, using 
heat-curable polyimide. The liquid flowed 
smoothly out to the centers of the glass-tubing 
"dams", then flowed along these dams, to fill 



the corners of the 
triangle. In order 
to avoid having 
to use excess liq
uid, the spin 
table had to be 
stopped a couple 
of times to redis
tribute the liquid 
so as to fill the 
triangle comer 
regions fully. 
The excess liquid 
departed 
smoothly via the 
leaky corners, 
leaving behind a 
uniform-appear- Figure 65 
ing film. Upon drying, baking, and knife-scor
ing of the film along/close to the dams, the 
triangular film was easily released from the 
substrate. It had been feared that the raised 
dams would perturb the air-flow during spin
casting, causing non-uniform drying rate and 
consequent non-uniformities in film thickness, 
but this did not appear to be a problem. The 
main difficulty with the technique was that the 
dams prevented the normal use of a spatula to 
continually trim/control the periphery of the 
film precursor liquid puddle as it expands dur
ing spin casting. 

3.5.4 - Fabrication and 
Installation of the Thin Film 
Polyimide Heliostat Segments 

Scale process verification was done before the 
casting of the full size heliostat segment was ini
tiated. The original creep forming oven was used 
and a ventilated tent area was constructed to cast 
the films. These processes were done before in
stallation of the oven and modifications to the 
spin table was started. The silvering process was 
developed with the scale model fabrication. 

Seamed Glass Test Article 

Figure 65 through Figure 68 depict the casting 
and silvering of the scale test segment. 

Several casting parameters were defined as 
a result of the casting. The film was cast at 
90°F and 40% relative humidity. These condi
tions appear to be the optimum casting condi
tions for casting and subsequent drying before 
heat curing in the oven. The viscosity of the 
casting material was measured using a stan
dard Zahn #2 viscosity cup. The material var
ies in viscosity with solvent content as well as 
temperature. The viscosity for the casting was 
4:15 Zahn standard minutes at 88°F. The vis
cosity of the polyimide material used depends 
on the percent solids of material in solution. 
The viscosity also changes with the tempera
ture of the material. The final thickness of the 
film depends on the viscosity of material and 
the spin table rotation rate. The correct viscos
ity for casting the films was determined by 
casting a range of percent solids material on a 
small turntable. Ranges of solid content tested 
were 15-23% solid content. Based on the test 
results it was determined that 21 % solid con
tent would yield a film of 1.5 mils thick. The 
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Figure 66 casting of Thin FIim 
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Figure 67 Mounting FIim on Tensioning Structure 

109 



Figure 68 Slivering the Tensioned Polylmlde FIim 
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Table 9 Process Summary for One Segment 

Process Time Day 

Apply film to spin table and let dry at 85°F, 50% RH. 8 hours 1 

Cure film at 100°c, 200°c, 300°C at a minimum of 1 hour each. Let cool. 12 hours 2 

Set up silvering equipment and verify 

Spin silvered polyimide and let dry. 

Protective coat the polyimide and cure. 

Mount film to Heliostat with epoxy and cure. 

Remove Hellostat film from glass 

Package test segment. 

21 % solids content was eventually changed 
during the full scale casting. NASA/ Langley 
mixed the polyimide material at 21 % solid con
tent for the first casting. 

The new oven and modified spin table was 
assembled after sufficient testing was complete 
on the scale model. The fabrication procedures 
for the full scale articles and time required for 
casting/coating and mounting the thin film 
polyimides are shown in Table 9. All safety 
guidelines were strictly adhered to during the 
fabrication processes. 

Figure 69 shows the casting glass mounted 
on the spin table. The glass was filled in be
tween the seams with a potassium silicate and 
talc solution. The complete table is leveled both 
statically and dynamically in order to spin cast 
the glass properly. The first casting of a 21 % 
solids content polymer was cast with a total of 
4000ml of material. The viscosity and spin rate 
determines the final thickness of the material. 
The viscosity of the 21 % solids material 
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3 hours 3 

4 hours 3 

8 hours 4 

4 hours 5 

4 hours 5 

8 hours 6 

Table 3.6-1-dr2 

worked well on the smaller test cases. The spin 
rate for the full scale was not large enough to 
"force" the material to the edge of the spin 
table. The ·first casting revealed that a larger 
amount of material was needed for the full 
size. A 21 % solids and 8000ml of material 
was used on the second casting. The film was 
cured at 560°F. The film when cooled sheared 
small portions of glass slivers and tore near 
the potassium silicate/talc seam on the glass. 
The film when removed was measured to be 4 
mils thick. The initial viscosity of 21 % solids 
had to be reduced to obtain a thinner film. The 
4 mil thickness had an extremely large drying 
shrinkage that accounted for the shearing of 
the glass. The high cure temperature also re
sulted in large stresses around the glass seam 
portion of the casting surfaces. Following dis
cussions with NASA it was determined that a 
cure temperature of 420°F for 8 hours will fully 
immidize the material. A new seaming method 
with RTV615 silicone was chosen for the sub-



Figure 69 casting Glass 

sequent castings. 
The third casting was done with 18% solids. 

The film was cast and cured successfully. The 
film was silvered following the cure cycle. 
Tears were initiated during the silvering pro
cess as the material released from the casting 
substrate when water was applied to the film 
for silvering. This problem was discussed with 
NASA at the progress review. It was decided 
that the film should be released evenly from 
the glass before silvering to avoid an uneven 
release that could result in tears. The fourth 
casting was done with reused material to test 
new procedures. The casting was done while 
waiting for new polyimide solution from 
NASA. The film recycled had absorbed too 
much water and did not cure properly result
ing in an unusable film. The fifth film was 
cast successfully using the procedures refined 
from the previous castings. The film released 
and was successfully silvered. The casting and 
sHvering process is shown in Figure 70 thru 
Figure 74 Seam problems still existed but were 
repaired using silvered tape. The film was then 
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protective spray coated with RTV615 silicone 
and mounted to the tensioning structure. The 
film when tensioned resulted in good 
reflectivity and performed acceptably in the 
sun as shown in Figure 75. Additional films 
were cast using the procedures developed. 
Problems were encounted during the casting 
of the fourth heliostat segment. The glass cast
ing table was damaged by the flaking of pieces 
of glass. This made the casting table unusable. 
Three heliostat segments were completed and 
packaged for delivery. The shipping of the seg
ments was designed as shown in Figure 76. 
Installation support was provided at the Phillips 
Laboratory. 

3.5.5-Summary of Lessons 
Learned Under Heliostat 
Contract 

The following is a list of observations made 
after completing the fabrication of the heliostat 
segments: 

Electmless spray silvering of polymer film 
works well on a large scale, if all key process 



Flgure70 Release of Slivered FIim from Glass 
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Figure 71 Tensioning Slivered FIim on Glass 

Figure 72 Honeycomb Support Structure 
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Figure 73 FIim Mounted on Tensioning Structure 
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Figure 74 Stretched Membrane Hellostat 
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parameters are attended to. The silvering process 
works best in the second-surface configuration. 
Silicone is an acceptable but non-optimum pro
tective overlayer for the silver coating. 

The film tensioning and support frame work 
design used worked well. The epoxy film at
tachment techniques used seemed to hold sat
isfactory. The results of the work led us to 

believe that a film heliostat of this design will 
be more planar initially, and especially after 
several years in service, than a glass heliostaL 
However, environmental effects require that 
some sort of windshield be used and require 
replacement every 1-3 years. Also methods to 
replace the reflective film every 3-4 years may 
be needed. 

Figure 75 Reflectlvlty Demonstration 
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Figure 76 Segments Ready for Transportation 

The NASA Langley 6F+APB film is only films as the research progresses. 
the first generation of optically clear polyi- Glass casting substrates lose their ability to 
mid.es. The material is too prone to spontane- water release heat imidized films cast on them 
ous tears at thin highly stressed areas. The ma- after three to six castings. This is probably 
terial is also too brittle and rather difficult caused by water-leaching of the water sensi
to process. Improvements are needed in these tive free alkali from the surface layers. The 
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film subsequently be
gins to pull up chunks 
of glass, in a spalling 
pattern during the film 
release. Alternative 
casting substrates and 
release agents should 
be identified. 

Techniques satisfac
tory in small scale 
models for joining 
multiple plates of 
glass to form a large 
substrate are not satis
factory for use with a 
large multi-sheet glass 
substrates. The larger 
substrates include 
large thermal expan
sion stresses and dif
ficulty in supporting 

Figure 77 Image of Hellostat Segment from 
Stretched Membrane and Glass Panels 

and planarizing large heavy glass plates. 
The spin casting process for film fabrication 

is not satisfactory for use with large multi
sheet glass substrates. The glass substrate pos
sesses non-planar and non-homogeneous joints 
between sheets for sizes larger than 2.5 meters 
in diameter. Alternative manufacturing meth
ods such as spray casting have demonstrated 
improved process control for casting films 1 
mil in thickness. 

3.5.6 - Installation and Testing 
of the Heliostat Segments at 
the Solar Laboratory. 

The three segments that were fabricated at 
SRS were installed at the Solar Laboratory and 
limited test data was gathered to determine the 
performance of the stretched membrane 
heliostats. Problems were encountered with the 
polyimide film when it was exposed to water 
during an extended rain storm. The film loos
ened in the heliostat frame beyond the capa-

bilities of the tensioning device. A silicone coat
ing that was cast on the back of the film mate
rial to protect the silver from tarnishing ad
hered to the honeycomb frame during the rain 
storm. Two of the films failed when the mem
branes began to dry after the rain subsided. 
The membranes began to tighten up and the 
silicone "stuck" to the honeycomb resulting in 
tearing of the film. 

An image test was performed with the re
maining segment and is shown in Figure 77. 
The reflected image of the heliostat segment 
tested was encouraging. The tensioning struc
ture design works extremely well for tensioning 
the films in a planar configuration. A good 
reflected image is shown in the figure. The 
good image is a result of a planar stretched 
membrane film segment A relative compari
son can be made between the glass segments 
and film segment The glass segments reflec
tions have noticeable ''valleys" where dark lines 
are seen. The stretched membrane results were 
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promising for future use of new polyimide ma
terials as stretched membrane heliostats. 

A failure analysis was conducted in parallel 
with NASA/LaRC to investigate the reason for 
the embrittlement of the polyimide and hygro
scopic absorption problems. After extensive 
curing and testing of polyimide samples the 
following conclusions were made: 

Failure of the segments was a result of deg
radation of the polyimide film material due to 
inclimate weather conditions. (High wind and 
several days of rain). If the film had the cor
rect material properties it would not have ex
panded and became loose and attached to the 
surface of the honeycomb . Studies at NASN 
LaRC suggest that curing temperatures had a 
significant effect on the polyimide material 
properties, specifically, the water absorption 
that was apparent during the rain storms at 
Edwards. The material used was 6F+APB heat 
immidized in DMAC solvent. ff insufficiently 
cured, the DMAC is not removed. This results 
in a hygroscopic partially cured polyimide with 
undesirable mechanical properties. The insuf
ficient cure time was a result of other factors 
which were considered more important at the 
time of processing. High drying shrinkage of 
the film at the high temperatures caused 
spalling of the glass substrate after several cure 
cycles. The spalling caused the film to bond to 
the glass during the cure process resulting in 
tears while releasing the film from the glass. 
These considerations with the processes led to 
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the decision to not cure at elevated tempera
ture for extended times. Therefore, the last two 
segments (which failed) were not cured at the 
extended high temperature cure. 

Film thickness was also a factor in our in
ability to remove the solvent from the film. 
Five mil film thicknesses were measured in 
some locations. This film thickness was a re
sult of the casting process. Extended cure times 
and even higher temperatures would be needed 
to fully cure a film five mils thick. Future use 
of the heat immidized polyimide would require 
that films three mils and less be made for 
heliostat purposes. 

Reduced temperature chemically immidized 
film materials have been developed that do not 
require the high temperatures of heat immidized 
film. These materials were not available at the 
time the heliostats were cast. The material does 
not need to be heat immidized at 575°F but 
only solvent cured for extended time at 350°F. 
Chemically immidized films at these lower cure 
temperatures do not have as large a drying 
shrinkage as the heat immidized film. The 
lower temperatures and drying shrinkage sig
nificantly reduce the casting surface spalling 
problems that were encountered at higher cure 
temperatures. The results from this work led 
to the development of new curing procedures 
for heat immidized film and also led to the 
selection of chemically immidized film for the 
fabrication of solar collectors. 



4.0 - Conclusions 

The objectives of this Phase Il Small Business 
Innovative Research Program were to support 
the solar thermal propulsion program through 
advancing: polyimide materials, fabrication 
technologies, analytical modeling of concen
trators, and construction of models of doubly 
curved off-axis parabolic solar concentrators. 
To meet these objectives innovative techniques 
to were used to develop a materials testing 
apparatus for evaluation of candidate polyimide 
materials to be used for inflatable concentra
tors. The results of the material testing led to 
the selection of NASA Langley polyimide film 
as opposed to commercially available polyi
mides. The characterization testing of commer
cially available films revealed that the mate
rial properties of the films varied from batch 
to batch and varied in thickness. The NASA 
polyimides are available in solution form and 
can be cast on parabolic shapes to form the 
desired concentrator shape. The use of 
polyimide films in solution form is a dramatic 
step in being able to control the fabricated 
shape and on-orbit configuration of inflated 
parabolic shaped concentrators. 

Fabrication studies were performed in par
allel with the materials testing of the t1rin film 
polyimides. Studies concerning the specific 
problem areas of forming technologies were 
done. Advances were made in the reflective 
coating techniques of the polyimides by using 
electro-less silvering methods as well as sput
ter coating and vapor deposition processes. Pre
liminary mandrel fabrication and creep-form-
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ing methods were also evaluated and used in 
studies for fabrication of models delivered to 
the Phillips Laboratory. 

This research also supported the develop
ment of an analytical model to support the 
forming processes of viscoelastic dependent 
film forming processes. The model will con
tinue to support the solar thermal program as 
it is expanded to predict on-station mechanical 
and thermal behavior of operational deployed 
thin film concentrators. 

Finally, this research was concluded by ap
plying the technology developed under this con
tract to construct scale models of inflatable con
centrators and to expand the casting and form
ing techniques to large scale processes. The 
expanded casting facilities and techniques were 
done under an additional effort. The effort in
cluded fabrication of large (5 meter) triangular 
heliostat sections. The casting and curing of 
these segments required demonstration of fab
rication methods which are equivalent to the 
methods needed to fabricate the near term flight 
test article for the solar propulsion vehicle. This 
effort also demonstrated the reflective coating 
of large transparent polyimides. 

The research objectives of the this funded 
effort have been met and the success of the 
technologies developed under the effort are be
ing continued under Department of Defense 
and commercial funding to fabricate inflatable 
concentrators for solar thermal propulsion and 
communication purposes. 
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Details of Qualitative and Exploratory Creep Tesing 

A.-1 - General 
A number of tests were performed using the 
uniaxial creep test apparatus, with the objec
tives of checking out the apparatus and test 
procedure, familiarizing the test personnel with 
the same, and answering some questions about 
Kapton creep behavior that could bear on the 
design of the formal tests. All tests were per
formed with the temperature chamber (nomi
nally at 600°F, with test specimens consisting 
of 1 inch wide ribbons of 0.3 mil thick Kapton 
film, and with a load calculated to produce 

1,500 psi stress in those test specimens. Speci
men strain was recorded as a function of time, 
on a strip-chart recorder. A typical strain ver
sus time curve obtained (Test J. as described 
below) is traced in the followinq Figure A.I, 
with test inputs and specimen responses noted 
in the curve. Sections of the 

I 
curve were cut 

out, as indicated, to get the curve on the page. 
A light pre-tensioning load, less than 1 %, of 
the creep load, was applied at all times to mini
mize the effect of wrinkles. 

First 
Insertion 
into 
Oven 

Temperature = 600°F 
Stress = 1,500 psi 

Remove 
Load 

t 
1,500 
psi 
Strain 

Remove 
from 
Oven 

Second 
Insertion 
into 
Oven 

Heat 
Shrinkage Primary Creep 

100 Seconds Time • 

Hot 
Inelastic 
Recovery 

Thermal 
Contraction 

Remove 
from 
Oven 

Cold 
Inelastic 
Recovery 

Permanent 
Creep 

Figure A-1 Tracing of Typical Strain versus Time Curve (Test J) 
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A-2 - Tests Descriptions 
and Observations 

TestA 
Objective: Baseline data on creep and re

lated parameters 
Material: Lot 2 Kapton, Cut perpendicular 

to roll axis. 
Test Time-line: Apply even, heat shrink 

.500 sec.; apply load, creep 500 sec.; remove 
load, hot recover 500 _sec.; remove oven. 

Observation/Comments: Heat shrinkage 
roughly equal in magnitude to the thermal ex
pansion, i.e., about 0.7%, was observed. The 
time-constant of the heat shrinkage appeared 
to be the same as that of the hot creep-recov
ery, i.e., about 300 sec., which should be true 
because Kapton heat shrinkage has been re
ported to consist of hot recovery of room tem
perature creep, or more properly; room tem
perature relaxation of the tensile stresser im
ported in wrapping the film in its packaging 
roll. Time constant for sample heat-up upon 
slide-on of the oven (i.e., laterally rolling the 
oven along its track such that the stationary 
test sample passed through the narrow vertical 
slot in the oven side wall facing the testing 
machine, as judged by thermal expansion, ap
peared to be about 10 sec. Time constant for 
sample cool-down upon slide-off of oven ap
peared to be about 20 sec. (the oven _circulat
ing fan undoubtedly accounted for this differ
ence). For all these tests. the slot in the side of 
the oven was closed by a double "brush" of 
fiberglass fibers taped to each side of the slot, 
with cut-outs in the fibers to avoid bumping 
the film or extensometer arms while sliding/ 
rolling the oven laterally to cause the sample 
to enter the oven. This "brush" allowed con
siderable air leakage, but not enough to pre
vent stable oven operation. (Previously, a solid 
sliding door with cut-outs to clear the loading 
arms and extensometer arms was used to mini
mize air leakage through the oven wall slot, 
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but it was found that opening and closing of 
this door, at sample insertion, caused exces
sive excursions in oven temperature, making it 
difficult to provide a "step change" in sample 
temperature). Test A experienced some slip
page in extensometer grips at the film sample, 
at the time of load application, and during 
ambiguent manual joining of the wench, indi
cating that a rather snug amount of pressure 
was needed at extensometer grips. No evidence 
of failure initiation was seen in subsequent tests, 
as result of excessive extensometer grip pres
sure, and no evidence of extensometer grip slip
page was seen subsequently. 

TestJ 
Objective: Note effect of film roll direc

tion. 
Material: Lot 2 Kapton, cut parallel to roll 

axis. 
Test Time-Line: Same as Test A. 
Observations/Comments: Strain versus 

time curve (traced in Figure A-1 above) looked 
much like that for Test A, except for lack of 
grip slippage, and except that heat shrinkage 
was only about one third as great as that noted 
in Test A. Since Kapton typically is suppos
edly isotropic before being roll packaged for 
shipment, this confirms that its heat shrinkage 
is mainly due to relaxation of residual stresses 
from the predominately linear winding-on-roll 
stretching of the film during packaging. 

Test B 
Objective: Note effect of different lot of 

Kapton. 
Material: Lot 1 (that used in all Phase I 

testing) Kapton, cut parallel to roll axis. 
Test Time-Line: Same as Test A. 
Observations/Comments: Strain/time curve 

looked much like that for Test J (See Figure 
A-1) except that thermal expansion and creep 
rate seemed considerably higher. It was postu
lated that there may be large batch-to-batch 
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differences in Kapton; subsequent tests did not 
support this hypothesis. Thickness measure
ments of film, using a micrometer, seemed to 
indicate substantial point-to-point thickness dif
ferences, percent-wise, in the 0.0003 inch thick 
film; subsequent film thickness measurements 
with a constant pressure dial indicator set-up 
did not support the manual micrometer mea
surements, and seemed to indicate a thickness 
variation no greater than about ±10%, which 
would not account for the variations in creep 
rate seen in this and subsequent tests, and ob
viously should not cause the thermal expan
sion variation that invariably accompanied the 
creep-rate variations. The calibration of the ex
tensometer L VDT and recorder were checked. 
and did not appear to have shifted. Some indi
cation of uneven gripping at the specimen load
ing clamps was seen, and these jaws were cush
ioned with clamped-on multiple layers of 1 
mil Kapton. Marking of the film near the load
ing grips and extensometer grips prior to test
ing gave assurance that no significant grip slip
page was occurring; yet the inconsistent read
ings continued. The obvious reason for them 
was not discovered until the final set of tests 
(Test M) of this series was performed; namely, 
the oven was turned on at random periods of 
time before the tests, and as soon as the oven 
controller indicated that the oven temperatures 
had stabilized, testing was begun. To tnake up 
for the considerable heat losses through the 
sample entry slot, a 1,000 watt booster heater 
had been placed downstream of the regular 
heating elements, and this booster brought the 
air temperature up very fast, indicating to the 
control thermocouple, located close to the heat
ing elements air chute, that operating tempera
ture had been reached, long before the oven 
walls had reached steady-state. Moving the con
t:r<;>l thermocouple farther downstream, reduc
ing the power of the booster heater after heat
up had occurred (which also was found to 
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dampen out the considerable short-term fluc
tuations in air temperature near the sample, as 
discovered by probing the oven with a 30 AWG 
thermocouple), and allowing 1 hour for oven 
stabilization to occur, after turn-on, eliminated 
this data inconsistency problem. The presence 
of this problem during all the qualitative test
ing, however, detracted very little from the 
qualitative information gained, and it motivated 
evaluation and/or correction of several poten
tial problem areas. 

TestC 
Objective: Note effect of aluminization on 

Kapton. 
Material: Aluminized Kapton, cut parallel 

to roll axis. 
Test Time-Line: Same as Test A 
Observations/Comments: An initial ther

mal expansion nearly twice that seen in the 
preceding tests was observed. However, the 
corresponding thermal contraction upon re
moval of the oven was no greater than that for 
the nonaluminized Kapton. The sample was 
very wrinkled, prior to the test, and very smooth 
after the test; it was concluded that the appar
ent high thermal expansion was merely the re
laxing of the wrinkles as the sample heated up, 
under the slight pre-training load. No other 
clearly apparent difference in behavior, com
pared to the non-aluminized Kapton, was per
ceived. 

TestD 
Objective: Compare 2,000 sec. creep with 

500 sec. creep. 
Material: Lot 2 Kapton, cut parallel to roll 

axis 
Test Time-Line: Same as Test A except 

creep 2,000 sec. 
Observations/Comments: Strain/time curve 

looked much like that of Test I, (See Figure 
A-1) except as follows: at about 900 seconds 
after application of the load, the creep curve 
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lost its curvature (primary creep), and remained 
perfectly linear (secondary creep) as far as it 
would be judged by a straight edge, for the 
remaining 1,100 sec. of creep-time. Phase I 
data had indicated that the transition from pri
mary creep to secondary creep typically re
quired about 3,000 sec. The probable explana
tion for this difference is that the Phase I test 
apparatus had an inherent slow specimen heat
up rate that masked the primary/secondary tran
sition, whereas the Phase Il apparatus has a 
very rapid specimen heat-up rate. The creep
strain hot recovered in 500 sec., in Test D, 
amounted to 24% of the total creep strain ac
cumulated during the creep period. This con
trasts with 43% hot recovery of total creep
strain, in Test I, and 40%, 41 %, and 36% re
spectively in Tests A, B, and C. (The slightly 
lower recovery, 36%, seen in Test C as com
pared to Tests A, B, and I raises a question as 
to whether the film metallization could have 
caused it.) Thus, Test D appeared to indicate 
that secondary creep is substantially more per
manent that primary creep. This raised the ques
tion, does recovery have a primary and sec-

. ondary region, or is it merely an immense ex
ponential time constant curve as one would 
assume? Test L was perlonned subsequently, 
to answer that question. 

Test I 
Objective: See whether high humidity in 

oven could cause high temperature hydrolysis 
damage to Kapton film. 

Material: Lot 2 Kapton, cut parallel to roll 
axis 

Test Time-Line: Same as Test A except 
direct steam from a 900 watt water boiler into 
the temperature chamber before and during test. 

Observations/Comments: Upon application 
of the load, the film sample broke promptly; 
seemingly from propagation of a defect at one 
edge of the specimen. A second film specimen 
was mounted, and tested without failure. For 
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various reasons the atmosphere control in the 
oven was poor, and the amount of steam present 
at any time is not accurately known. This 
sample showed a normal looking hot recovery 
curve, almost linear rather than the inverse
exponential seen in all the other tests, starting 
recovery at a slower rate as time preceded. 
Hot recovery in 500 sec. equalled only 23% of 
500 sec. creep. It was an unrealistic test in
tended to study an extreme situation, but its 
results, even through anomalous, suggested that 
the magnitude of effects of normal fluctuations 
in testing room humidity should be measured, 
in formal testing. 

TestH 
Objective: Note effect of repetition of creep 

cycle. 
Material: Lot 2 Kapton, cut parallel to roll 

axis. 
Test Time-Line: Apply oven, heat shrink 

200 sec; apply load, creep 500 sec; remove 
load, hot recover 500 sec; remove oven, cold 
recover 100 sec.; apply load, creep 500 sec.; 
remove load, hot recover 500 sec.; remove 
oven . 

Observations/Comments: Creep during first 
creep cycle was 1.95%; hot recovery following 
that creep was 0.9%. Creep during second creep 
cycle was 1.20%; hot recovery following that 
creep was 0.66% (smaller numerically than that 
of the first cycle, but larger percentage wise, 
which one expects because some of the first 
cycle creep, as well as all of the second cycle 
creep, is now furnishing impetus for recov
ery). The second creep cycle was flatter than 
the first cycle creep curve. This raises the ques
tions, (a) if there had been no hot recovery 
after the first creep cycle, i.e., if that creep had 
been "frozen in" by removing the oven before 
removing the load, would a subsequent creep 
cycle merely take up where the first creep cycle 
curve left off! and (b) if there had been "com
plete" hot recovery or annealing after the first 



creep cycle, would a subsequent creep cycle 
curve look just like the curve of a new piece 
of material? Test H2 was then performed to 
answer question (a), and test L was performed 
to answer question (b) (rather, the second half 
of Test L; the first half of Test L addressed the 
question raised by Test D). 

TestH2 
Objective: Note effect of frozen-in creep 

strain on subsequent creep behavior. 
Material: Lot 2 Kapton, cut parallel to creep 

axis. 
Test Time-Line: Apply oven, heat shrink 

200 sec.; apply load, creep 500 sec.; remove 
oven, cool 100 sec.; remove load, cold recover 
500 sec.; apply oven, heat shrink 100 sec.; ap
ply load, creep 500 sec.; remove oven, cool 
100 sec.; remove load, cold recover 500 sec. 

Observations/Comments: It was interest
ing to observe that the elastic recovery upon 
removing the load at room temperature, both 
cycles, was substantially smaller than the elas
tic deformation upon applying the load at 
600°F, for both cycles. This illustrates the fact 
that Young's modulus of elasticity is, at 60°F, 
roughly twice its value at 600°F. It was inter
esting to note that the heat shrinkage rate at 
the start of the second creep cycle, before ap
plication of the load, was about 5 times the 
heat shrinkage rate at the start of the f)!St creep 
cycle; the second cycle heat shrinkage repre
sented the recovery attempt of the frozen-in 
first cycle creep. As expected, the second cycle 
creep looked almost like a continuation of the 
first cycle creep, as if the removal of the oven, 
freezing-in of the creep, removal of the load, 
re-applying of the oven, and re-applying of the 
load, had not intervened; the extent to which 
this was not true appeared to exactly equal the 
amount of heat shrinkage that occurred between 
the applying of the oven and the applying of 
the load at the start of the second creep cycle. 
As to room temperature recovery of the fro-
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zen-in non-annealed creep strains after the first 
and second creep cycles, it was so slow that it 
could not be distinguished from thermal· con
traction as the specimen cooled. 

Test L 
Objective: (a) Determine shape of long-term 

hot recovery curve; (b) Determine effect of 
long hot recovery on subsequent creep cycles. 

Material: Lot 2 Kapton, cut parallel to roll 
axis. 

Test Time-Line: Apply oven, heat shrink 
200 sec.; apply load, creep 500 sec.; remove 
load, hot recover 5,280 sec.; remove oven, cold 
recover 100 sec.; apply oven, heat shrink 100 
sec.; apply load, creep 500 sec.; remove load, 
hot recover 500 sec.; remove oven. 

Observations/Comments: Section (a), ini
tial creep and recovery cycle: Creep strain was 
2.1 %, total hot recovery was 1.2%, and to the 
extent that recovery was complete, the 62% 
time constant of hot recovery was 350 sec
onds. By the end of the 5,280 sec. of hot re
covery the recovery rate had slowed to about 
1 % of its initial value, and appeared to be as
ymptotically approaching a total recovery of 
1.3% to 1.4%, as a proper inverse-exponential 
time constant curve, but a considerably larger 
hot recovery time would be required to rule 
out the possibility of observer prejudice. Sec
tion (b ), second creep and recovery cycle: The 
long hot recovery/annealing did not return the 
material to the pretest condition, as to creep 
compliance; the second creep cycle curve 
looked almost like a continuation of the first 
creep cycle curve, as if no long hot recovery 
process had intervened between them. Second 
cycle 500 sec. creep was 0.45%, and second 
cycle hot recovery was 0.22°%. This rather 
high ratio of second cycle recovery to creep, 
and the low second cycle creep compliance, 
suggests that the 5,280 sec. first cycle hot re
covery was not nearly complete. However, an 
alternative, more attractive explanation is that 
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the first creep cycle had oriented the polymer 
chains, permanently increasing the elastic 
modulus in the strain direction, and that not all 
of this preferential orienting represented a ther
mally unstable condition. 

TestE 
Objective: Study cold stability and hot sta

bility of quenched or frozen-in creep strain. 
Material: Lot 2 Kapton, cut parallel to roll 

axis. 
Test Time-Line: Apply oven, heat shrink 

200 sec.; apply load, creep 500 sec.; remove 
oven, quench 100 sec.; remove load, cold re
cover 500 sec.; apply oven, hot recover 500 
sec.; remove oven. 

Observations/Comments: There appeared 
to be some observable cold recovery, after 
"quench" following the creep cycle, but its 
magnitude was so small, or rather, its rate was 
so slow that it could not be distinguished from 
sample cool-down therm.al contraction. A fur
ther cold-recovery test of at least 24 hours du
ration is indicated, or rather, a family of re
covery tests (for frozen-in creep), at tempera
tures of 100°F, 200°F, and 300°F, from which 
the Arrhesives-Eyring recovery activation en
ergy can be calculated. Upon reinsertion of the 
sample into the oven, after the 500 sec. cold 
recovery, hot recovery occurred. at about the 
same rate as if the intervening quench !l,nd cold 
recovery had not occurred.; in fact, the 500 sec. 
hot recovered strain, about 50% of the 500 
sec. creep strain, was slightly higher than the 
hot recovered strain of the tests that dido 't have 
the creep-freeze-in quench. 

Test F 
Objective: Study cold stability and hot sta

bility of creep-strain when creep is followed 
directly by an annealing or stress relaxation 
cycle at constant strain, followed by a quench 
or freeze-in of that strain. 

Material: Lot 2 Kapton, cut parallel to roll 
axis. 
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Test Time-Line: Apply oven, heat shrink 
200 sec.; apply load, creep 500 sec.; hook load
ing arm to fix strain at that level, relax 500 
sec.; remove oven , quench 100 sec; remove 
load, cold recover 100 sec.; apply oven, hot 
recover 500 sec.; remove oven. 

Obsenations/Comments: The load, as mea
sured by the testing machine load cell, relaxed 
to about 70% of its initial value during the 500 
sec. constant strain-stress relaxation period; this 
suggests a relaxation of 62% over a time con
stant of about 1,200 sec. Insufficient time was 
allowed, for cold recovery, to detect any. Post 
relaxation post-quench hot recovery was 23% 
of the 500 sec. creep strain, which is about the 
same amount of recovery, percent-wise, as was 
obtained in Test D where a 2,000 sec. creep 
time was used. This suggests that constant
strain relaxation following creep is a good pro
cess, where it can be applied. 

TestG 
Objective: Study cold stability and hot sta

bility of creep-strain when creep is followed 
by gradual cool-down with load applied (slow 
quench). 

Material: Lot 2 Kapton, cut parallel to roll 
axis. 

Test Time-Line: Apply oven, heat shrink 
200 sec.; tum off oven, let it and specimen 
cool down in temperature (at average rate of 
20°F per minute) with load applied, for 800 
sec.; remove oven, then remove load, cold re
cover 400 sec.; apply oven, hot recover 500 
sec.; remove oven. 

Observations/Comments: This is a concep
tually ambiguous process involving a compro
mise between hot relaxation and quenching, 
but it has been used successfully in creep-fonn
ing off-axis parabolic reflector films in the past 
The 500 sec. hot recovery obtained, after the 
slow quench process, was 21 % of the 500 sec. 
creep, which suggests a more stable film than 
that resulting from the other creep cycles tested. 



However, this data is ambiguous because the 
hot recovery tests were performed as soon as 
the oven controller reached stability after the 
oven cool-down, as it had not yet been discov
ered that an additional 50 minutes was required 
for the effective oven temperature to reach 
steady-state; and recovery rate, much like creep 
rate, has been seen to be sensitive to the aver
age oven temperature. 
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TestM 
(as referred to in the discussion of Test B 

above) 
Objective: To find the cause of the creep 

rate variability observed in the preceding test 
Procedure: Fiber test specimens were cut, 

side-by-side, from the same sheet of Kapton, 
and tested one after the other, for 100 sec. heat 
shrinkage, 300 sec. creep, and 100 sec. hot 
recovery. 
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Curing Oven 

• Original Layout for Test 6156-02 
• Oven Specifications 
• Oven Layout 

6156-500 
6156-600 

• Request to Cast Films 
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Specifications for the SRS Curing Oven 

'1-General 
One (1) curing oven (to be heated electrically) 
will be fabricated at the oven manufacturer's 
plant facilities using plant labor, tooling, jigs 
and fixtures as necessary and furnishing all 
structural, mechanical and electrical materials 
necessary to provide a total oven system for 
SRS Technologies at 990 Explorer Boulevard 
in Huntsville, Alabama. The oven will be de
livered from the manufacturer's plant site to 
SRS at the address above, installed and checked 
out in the SRS High Bay area for compliance 
to the Specifications, using oven manufacturer's 
labor, supervision and small tools as required. 
Prior to delivery, the oven shall be checked 
out for mechanical fit-up. Other items such as 
the blower motor/fan assembly, electrical heater 
unit/s and electrical power controls shall also 
be checked for proper operation. The SRS 
drawing 6156-600, dated 3-5-91 supersedes any 
previous drawing, and shows the general ar
rangement of the oven and oven components 
and the location within the SRS High Bay area. 
SRS personnel will be available for consulta
tion on a daily basis during oven assembly/ 
installation. 

2 - Design Specifications 
a. Function: Curing of polymer, flexible, 

thin-film membranes. 
b. Oven Operation Time: Periodic; not pro

duction line. Nine and a half (9 1/2) hours, of 
which approximately five and a half (5 1/2) 
hours is allowed to bring the oven up to curing 
temperatures, and four (4) hours at the required 
temperature for the curing cycle. 

· c. Method of Heating: Electrical heaters lo
cated in the plenum within the oven in a closed
loop recirculated forced air duct system. 
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d. Operating Temperature: Up to 570°F, 
continuous. 

e. Oven Size: See SRS drawing 6156-600. 
The oven shall have inside clear dimensions of 
21 'x21' of floor space, and head room clear
ance of 8' minimum. The oven manufacturer 
shall determine the overall exterior height nec
essary to provide the 8' minimum interior head 
room. Overall outside dimensions not to ex
ceed 22'x22' of floor space. Exception: heat
ing duct system as shown. 

3 - Mechanical 
a.-General 
In general, the oven shall be modular in con
struction, i.e., side panels, corners, top panels, 
floor panels, doors, etc., are to be separately 
manufactured components that fit in place at 
assembly. All exposed welds shall be ground 
smooth. Sharp edges where exposed to per
sonnel shall be ground smooth. Components 
are to fit into . the manufacturer's floor chan
nels in place on the high bay concrete floor. 
The floor channels in turn are to be anchored 
to the concrete floor. Methods, other than floor 
channels may be at the manufacturer's option, 
but shall insure that the oven is securely fas
tened to the concrete floor. The oven roof pan
els shall be structurally supported by a system 
of I-beams or a single I-beam to support the 
roof weight. Roof panels shall be of the re
movable type with latching fasteners as far as 
practical. High temperature flexible gaskets 
shall be provided to minimize dust entry and 
heat loss. Lifting eyes shall be provided at each 
of the roof panels for removal by hoist. The 
oven shall be provided with a vertical door at 
one end with a 6' high by 19' wide door open
ing. The door shall be supported each side by 
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I-beam columns for the full vertical travel of 
the door. The vertical door lifting mechanism 
shall be motorized, obtaining power from the 
manufacturer's electrical control box. Switch
ing shall be done from a push-button station 
located on the exterior wall near the vertical 
door, or from a push button station located on 
the front face of the electrical control box. The 
vertical door shall have 4 each viewing win
dows, double pane high temperature glass, ap
proximately 18"x18" square, each. This door 
shall be fully insulated. and of the same thick
ness and same type construction as the insu
lated. side panels. 

On the opposite end of the oven, an insu
lated. double door shall be installed for person
nel entry. Appropriate seals shall insure mini
mum heat loss and dust entry. Size of this 
double door entry is approximately 6' wide by 
6' tall. Door latching mechanisms shall insure 
that personnel in the oven during the casting/ 
spraying operation (oven heat not on at this 
time) may make a quick exit if an emergency 
should occur. Electrical systems are under sepa
rate heading. 

b. - External Air Ducts 
There is the requirement that a minimum of 9 
penetrations be made through the oven walls 
or roof: 8 each to facilitate the entry and exit 
of clean, filtered and dehumidified air ~xchange 
during the layup operation (spin casting/spray
ing) of the thin film polymer membrane, where 
small amounts of product off-gassing occurs. 
During this time, the oven will not be in op
eration. One ( 1) each of the penetrations are to 
provide a clean air intake into the heater return 
air duct during oven operation. All penetra
tions are to be equal in size to accommodate 
8" I.D. duct connections. Adapters with seal
ing flanges shall be provided approximately 
where shown on the drawing. The adapters shall 
have manual dampers to control air flow from 
zero to full. 
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c.-Panels 
The oven panels shall be tongue and groove 
type with a minimum of 6" insulation·. The 
roof and wall panels shall be fabricated from 
20 gauge aluminized steel exterior and interior 
skin secured to 16 gauge steel formed chan
nels. Thermal expansion of the oven will be 
accommodated. by the tongue and groove panel 
joints. Oven structural columns and beams as 
required shall be 10 gauge steel formed sec
tions. Size of the roof and side panels shall be 
30" to 33" wide, 6" thick. Floor panels shall be 
stiffened to accommodate a floor load of 500 
pounds per square foot, and will be approxi
mately 21" wide. Floor panels shall be 3" to 4" 
thick. All panels shall be fully insulated. with 6 
pounds per cubic foot density industrial insu
lation. Panels shall be sealed to prevent loose 
insulation fibers from entering the oven that 
would contaminate the product. Insulation tem
perature rating shall exceed 600°F. Where re
quired, flexible high temperature gasket mate
rial shall be used for sealing purposes. 

d.-Doors 
One ( 1) double opening door for personnel entry 
shall be an integral part of the oven. Opening 
size to be approximately 6'-0" wide x 6'-0" tall x 
6" thick, fully insulated. The doors will be stan
dard formed and fitted construction properly re
inforced to support hinges and latches. The door 
frame to be fabricated from steel fonned sec
tions. All exposed welds shall be ground smooth. 
Flexible sealing gasket material around the door 
closures shall be installed. Door latching hard
ware shall be jam-proof and easily operated from 
the interior side for quick egress in the event of 
an emergency. Locking handles shall be provided 
on the door exterior for safety during the oven 
curing cycle. Industrial insulation, 6 PCF, shall 
fill the door panels. 

One (1) vertical opening door shall be fur
nished approximately 20'-0" wide x 7'-0" high 
above floor level. The oven vertical door open-



ing to be approximately 19'-0" x 6'-0" clear. 
When in the closed position, the door will be 
sealed with high temperature flexible gaskets 
around all sides. The door will be standard 
formed and fitted steel construction, properly 
reinforced to support lifting lugs for the open
ing mechanism. The opening mechanism shall 
be motorized from building power, obtained 
from the electrical control box. The door will 
be held in place by two guides (one on each 
side) for the fully extent of the vertical travel. 
This door shall have 4 each viewing windows, 
double pane high-temp glass, size approxi
mately 18" x 18" each. Construction of the 
door shall be similar to the insulated side pan
els, except that additional structural reinforc
ing members will be required to support the 
door weight during lift. An integral safety catch 
will be supplied in each end of the door which 
will fully support the door when locked in its 
open position. 

e. - Structural 
Suppon Columns 

Structural support columns, if required per the 
manufacturer's recommendations, shall be stan
dard steel formed sections of 10 gauge thickness. 

f. - Explosion Relief 
SRS does not anticipate that the oven will be 
subjected to explosion, due to the manner in which 
the volatile content of the product, (very small 
percentage) given off as off-gassing during oven 
curing, is exhausted out the top of the oven. The 
exhaust shall be capable of removing the proper 
amount of product off-gassing/hour. The oven, 
however, will be in accordance with current 
OSHA regulations for oven requirements and the 
National Electrical Code for explosion relief. The 
hazardous classification is discussed in later para
graphs of this specification. 

g. - Ductwork 
The interior ductwork shall be fabricated from 
20 gauge aluminized steel. The supply duct 
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originates at the blower plenum, and is to be 
approximately 8"x20" or 8"x24" rectangular 
cross-section. Both the supply duct and air re
turn duct shall be at floor level. The return 
duct shall be rectangular in cross-section and 
shall be 8"x20" or 8"x24". Return air duct to 
the blower plenum is to run vertically from the 
oven wall and over to the plenum at ceiling 
height. The spacing of openings in both ducts 
will be uniform with consideration to local
ized cold spots. The blower plenum shall be 
an insulated cubicle to be sized in accordance 
with the oven manufacturer's recommendations 
(approximately 3' x 3' square). 

h. - Heater Unit 
The oven heater shall operate from 480 volts, 
3 phase, 60 Hz electrical power obtained from 
the electrical control box. The heater shall be 
sized for 120 Kw power rating, and shall de
liver approximately 410,000 BTU/hr. Location 
of this unit shall be at the top of the plenum, 
with power connections to be made external to 
the oven roof. Power connections will be en
closed for safety to personnel. Heater controls 
shall be within the electrical control box and 
shall be a phase-fired, 3-phase solid state 
closed-loop control system. Temperature sen
sors located within the oven at one location 
shall feed back temperature data to the control 
system. The closed-loop control system shall 
be fail safe in the event of sensor malfunction 
and shall shut the oven down. Redundant tem
perature sensors shall be installed in the con
trol system to insure safe operation. 

i. - Blower Fan 
The blower shall be located very near the bot
tom of the plenum, pulling return air across 
the electrical heater and discharging through 
the oven inlet duct. The blower shall be a squir
rel cage design, belt-driven from a pulley ex
ternal to the oven. Bearings shall be high-temp 
rated. The blower shall operate from a motor-
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driven belt external to the oven. The drive mo
tor shall obtain 3-phase, 480 volt, 60 Hz power 
from the electrical control box. In the event 
the blower malfunctions, the control logic shall 
tum the heater unit off. The blower shall be 
rated for 10,000 CFM of air flow. The drive 
motor shall be rated for 7 1/2 HP. The drive 
belt/pulley arrangement shall be enclosed with 
a sheet metal cover for personnel protection. 

j. - Internal Oven Lights 
The oven manufacturer will install as part of 
the oven two high temperature illuminating fix
tures inside of the enclosure. The fixtures will 
be located near the top of opposite walls and 
will provide reasonable illumination of the en
tire volume. The fixtures will be rated for and 
installed as required for a Hazardous Class 1 
Division 2 area and will be rated at approxi
mately 300 watts each. 

k. - Electrical Control Box 
(Enclosure) 

The electrical controls shall be contained within 
a NEMA 1 Enclosure with a hinged door for 
maintenance purposes. A dust tight gasket shall 
surround the door opening. A cooling fan with 
an air filter intake may be required to reduce 
the internal temperature of the control compo
nents. This requirement shall be at the 
manufacturer's recommendations. The box 
shall be equipped with a main circuit breaker 
disconnect with locking handle. Conduit hubs 
or conduit knockouts shall be provided at the 
top and bottom of the enclosure for power in
put, heater power and drive motor power. Pri
mary oven controls (push buttons, etc.) shall 
be located on the front panel of the enclosure, 
with indicating lights. Size of the enclosure 
shall be the responsibility of the oven manu
facturer. Adequate space and component ar
rangement within the enclosure shall be such 
that adjacent components do not overheat SRS 
shall supply power to the control box via con
duit and wiring from the building power main 
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distribution vault. Wiring will be siz.ed to de
liver 3-phase, 480 volt, 60 Hz, 175 amp per 
phase to the control box. Temperature feed
back control sensors shall enter the control box 
via suitable connectors. The oven installer shall 
run power from the control box to the drive mo
tor, vertical lift door, oven interval lights, and 
heater, and to other oven locations as required. 
The control system will require a step-down 
power transformer internal to the box to provide 
low voltage power to the control circuitry. The 
approximate location for this electrical control 
box is shown on the SRS drawing. 

4 - Hazardous Classification 
and Operations 

The oven enclosure will be used as a multi
purpose facility. In one mode of operation, the 
oven enclosure will be used in spray casting or 
spin casting (pouring) of the liquid polymer 
over or onto a shaped surface which will form 
the thin-film membrane. In its second mode of 
operation, the oven enclosure will be used as a 
film curing area operating up to a temperature 
of 600°F .. In a third mode of operation, the 
enclosure will be used as film coating facility. 
More specifically, a silver reflective coating 
followed by a clear protective coating will be 
applied onto the film surface. Because of the 
existence of flammable gases or vapors that 
are off-gassed during most of these processes, 
the enclosure will be classified as a Class 1 
location under NFPA code 497 A (Classifica
tion of Class 1 Hazardous (Classified) Loca
tions for Electrical Installations in Chemical 
Process Areas, 1986 Edition). During all film 
operations, the oven enclosure will be main
tained as a Division 2 location by preventing 
ignitible concentrations of gases or vapors 
through positive mechanical ventilation. The 
enclosure will also be subject to type Z purg
ing prior to oven systems operation or opening 
of the vertical lift door in order to insure a 

• 
nonhazardous environment. In order to com-
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ply with the requirements in NFP A Standard 
496 (Purged and Pressurized Enclosures for 
Electrical Equipment, 1989 Edition) a positive 
pressure ventilation system will be installed 
and used as follows. 

An existing clean air supply will · be inte
grated with the batch oven to provide both a 
positive pressure atmosphere within the oven 
enclosure as well as a forced mechanical ven
tilation system The air supply will also pro
vide for Type Z purging of the enclosure. The 
unit will supply the proper CFM into the fresh 
air intake ports on the oven as described in 
section 3b. The supply must be able to main
tain positive pressure of at least 25 Pa (0.1 in. 
water) above the surrounding atmosphere dur
ing operation as well as provide a minimum 
outward velocity of 0.305m/sec (60 fpm) 
through all openings capable of being opened 
(not including the vertical lift door). A pres
sure drop below the 25 Pa mark is permissible 
while personnel doors are open. 

The ventilation system will be operated con
tinuously during any and all film process opera
tions performed inside the oven enclosure. In or
der to properly purge the enclosure, the ventila
tion system must also be operated at maximum 
capacity for a minimum of 10 minutes prior to 
the initialization of the film curing operations 
(i.e. turning oven on) as well as between the 
completion of any operation and the opening of 
the vertical lift door unless conditions are known 
to be nonhazardous. This purge time require
ment will provide a minimum of ten enclosure 
volumes passing through the enclosure. In the 
event that the oven has been in operation, the 
ventilation system should be operated after 
oven shut-down for at least 30 minutes before 
the door can be opened in order to cool the 
oven interior. This ventilation operation pro
cedure will insure a nonhazardous environment 
at all times within the oven enclosure. 

The ventilation system will be operated in 
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different modes as required during the differ
ent processes which are performed in the en
closure. During all film casting operations, en
closure purges, and film coating processes, the 
ventilation system will operate at maximum 
potential. In this mode, the purge air will enter 
through the four inlet fittings in the top of the 
enclosure. Inside the oven, ductwork will dis
tribute the airflow evenly and smoothly down 
over the working area. During film curing op
erations, the four fittings mentioned above will 
be closed off and purge air will enter the oven 
through the return duct just in front of the heat
ing plenum so that it will mix with the return 
air and be heated before it enters the main 
oven enclosure volume. The purge air supply 
will operate at a lower capacity than before 
and the exhaust dampers will be throttled down 
in order to maintain a 0.1 Pa positive pressure 
environment. The purge air inlet used during 
the curing process will be closed during all 
other processes. All exhaust air will exit from 
four ducts which are tied into the return air 
duct well before the heating plenum. 

During film casting operations, the amount 
of flammable gases or vapors must not exceed 
at any time the capabilities of the ventilation 
system to maintain an inignitible concentra
tion of the gases or vapors. Spray systems 
which are being looked at for the spray casting 
operation are of the HVLP or equivalent type. 
Information on this area is preliminary and not 
yet required in the process. When the spray 
equipment is defined, it will provide an ad
equate safety margin as required. 

The oven builder will provide the following 
safety items as part of the oven: 

a. Warning nameplates on vertical lift door 
and control panel to indicate that the ven
tilation fan must operate for at least 10 
minutes following film casting operations 
or for at least 30 minutes following oven 
operation before opening vertical door un-
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less interior is known to be nonhazardous. 
b. Warning nameplate on control panel to 

indicate that ventilation fan must oper
ate for at least 10 minutes prior to oven 
start up. 

c. A safety interlock circuit for the oven con
trol which will prevent oven operation 
in the event of a ventilation system fail
ure. Ventilation system failure will be 
detected at the fresh air inlet of the oven 
and will be indicated by a visible alarm 
on the oven control panel. A timer cir
cuit shall also be implemented in this 
safety interlock which will prevent ini
tialization of oven operation until the 
ventilation system has been operating for 
at least 5 minutes. 

In addition to the above listed requirements, 
the following considerations must be addressed 
where applicable. 
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a. All exhaust ducts shall be constructed of 
noncombustible materials. 

b. The electrical power for the ventilation 
system shall be supplied either from a 
separate power source or from the en
closure power supply prior to any ser
vice disconnects to the enclosure. 

c. The enclosure shall be of substantial non
combustible construction and shall be 
reasonable tight. Gaskets are permitted. 

d. The source of air shall be free of hazard
ous concentrations of flammable vapor 
or gas, contaminants, and any other for
eign matter. 

e. Airflow through the enclosure shall be as 
uniform as possible so as to avoid air 
pockets. 

f. Air discharge from the enclosure shall be 
to an area classified as nonhazardous or 
Division 2. 

). 


