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Abstract

A sample module was assembled to model a portion of a flexible extendable solar
array, a type that promises to become the next generation of solar array design. The
resulting study of this module is intended to provide technical support to the array
designer for lightweight component selection, specifications, and tests.

Selected from available lightweight components were 127-micron-thick wraparound
contacted solar cells, 34-micron-thick sputtered glass covers, and as a substrate a
13-micron-thick polyimide film clad with a copper printed circuit. Each component
displayed weaknesses. The thin solar cells had excessive breakage losses. Sputtered glass
cover adhesion was poor, and the covered cell was weaker than the cell uncovered.
Thermu! stresses caused some celi delamination from the mode! solar array substrate.



A Lightweight Solar Array Study

l. Introduction

Successful rigid substrate solar cell arrays of many designs
have flown for some time. However, a new array technology
may have to replace the simple theme and variation of past
array designs if the larger electrical requirements of currently
proposed spacecraft are to be fulfilled. The electrical conver-
sion requirements of most past spacecraft were modest
compared to some that are planned, and the simple scale up of
conventional rigid arrays proves inadequate. The resultant
designs are unacceptably heavy and they require launch
stowage volumes that uncomfortably crowd ihe spacecraft
payload. Lightweight fold out or roll out extendable arrays
appear promising solutions for the larger electrical photo-
voltaic converters, and this JPL study examines a lightweight
flexible solar array design typical of one for use on a flexible
extendable array.

The main thrust of this investigation is directed toward the
problems associated with extreme lightweight airays and with
some presently available lightweight components. It would be
fortuitous should the minimum weight array design selected
for examination prove ideal for use in a flexible array. The
theme of 1his report is not to develop the definitive design, but
to record the problems associated with the assembly, and the
performance of a lightweight array and its components. The
goal of the report is to provide aid to the designer in the
selection of lightweight array components and to provide

technical info mation for more meaningful specifications.
inspection. anc tests for these.

Discussed in a preliminary manner in the following second
section is the selection of the model array module components
before their assembly and test: the cell, the cover glass: cover
glass processes. and substrate. The third section reports upon
the model array module design. assembly, and performance
tests. upon the properties of the sputtered glass. and upon the
mechanical and electrical changes imparted 1o the cell by the
sputtered cover.

Il. Materials and Processes

A preliminary review is made in this section of the
components and processes used in the mode! array module
assembly. and the rationale for their selection.

The solar cells were manufactured by Ferranti Limited.
Oldham. England. Some of the cells were processed for
integral covers by Electrical Research Association (ERA) of
Surrey, England, and some were processed by the fon Physics
Corporation (IPC). Burlington, Massachusetis. Simulation
Physics Incorporated, Burlington. Massachusetts, attempted to
fuse covers on some of the Ferran.i cells. The copper clad
polyimide flexible substrate was manufactured by the Rogers
Corporation of Chandler. Arizona.



A. The Ferranti Solar Cell

1. General. Ferranti solar cells Model ZMS 050224 FW
were used in this study, These were Non P 2X2-cm cells. 127
microns {5 mils) thick. that were manufactured of float-zone
silicon boron doped 1o 4 base resistivity of ghow 2 ohim-
centimeters. Experimental paiches of Ferranti cells similar to
those used in this study have flown on the earth orbiter
Prospero. Ferranti cells of greater thickness have powered a
number of European spacecra’t including Black Arrow X3 and
X4, UK 4and 5. ESRO, und Intelstat IV,

Being onlv 127 microns thick, the Ferraeti cells « i7ered
mujor weight savings for en array. as did their wraparoand
contacts that ehminated cell<to-cell metallic ribbou intes-
connects. The cell solder connection to the printed circuit is
the sole celi-to-substrate mechanical bond. eliminating the
weight of an adhesive.

2. Ferranticell contact

a. Wraparound design. The contact design is wraparound
with both cell solder contacts on its rear surface. A 23-finger
grid is the only contact feature on the active surface of the
cell. Each grid finger traverses the top surface and wraps shout
onie edge of the cell to connect to the N contact bar beneath.
See Fig. 1. A dielectric applied to this one edge prevents the
grids from shorting to the cell’s base material. An unplated
silicon gap of about 1.3 mm on the rear surface separates the
negative from the positive contact areas.

b. The contact conductor. Ferranti used a complex nickel-
copper-nickel-gold layered conductor for their conmact. The
goal was to obtain a corosion-free electrical contact with good

siticon adhesion and good solderability.

A laver of borondopped electroless nickel was first
deposited upon the base region of the cell. Another laver of
differently doped eleciroless nickel was then applied as 3
second layver upon the basé region and also upon 4 gnid pattem
on the active surface; the gnd pattern was deposited by 2
photoresistive techmque. A thin layer of copper was then
electroplated upon the active and base surface coatngs. After
a thin laver of electronicke]l was deposited upon the copper. 1

thin layer of gold was deposited on the total contact systen.

¢. Wraparound contact advantages. The wraparound con-
tact offers several advaniages to the array assembly:

{11 Cover glass application s simplified i the absence of a

top contact ta be soldered.

{2} Soldering is upon one artay surface, smplifving both
array assembly and repair.

SR

L

T

Fig. 1. Ferranti solar cell Model ZMS050224 FW with wraparound
contact. The wraparound edge is toward the reader. The negative
contact is the narrow strip on the reverse surface; the larger area is
the positive contact. The two contact areas are isolated by an un-
metathzed siticon strip 1.5 mm wide.
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B. The Solar Cell Cover Glass

1. General. Cover glass is used (o

performance. The emissivity of the cover

s e tha
v reduces the

Lass svsten 1s transparent

particles i space. lidea

i
to light flux wavelengths that the cell efficlenty converts 1o

electrical energy. and it is opaque 1o those that limil 18

performance. such as those UV wavelengths that darken the



cover bonding adhesive. In actuality, light spectra favorable to
cell operation suffers transmission loss in the glass, optical
coatings, and ac4esive. Cover glass system success is gauged
upon estimates of the extent to which it protects or enhances
cell performance in a mission en\vironment, compared to the
estimate of the cell performance without the cover.

2. Cementless cell covers. Applied directly to the silicon
surface of the cell, these covers eliminate the bonding
adhesive, and the problems of the adhesive application,
discoloration, and weight. The process is labor saving, and
without the need to protect the cell bonding adhesive, the UV
cutoff optical coating could also be eliminated with an
opportunity for performance efficiency improvement for
those cells sensitive to these wavelengths. The wraparound
contact configuration and the sputtered cover process are
mutually beneficial. The wraparound design presents no active
surface contact to be soldered that must be protected during
the covering process. Also, the performance of an integrally
covered cell will not be affected as it could with occasional
discrete cover misalignment. Such misalignment permits a
magnitude of solar cell radiation damage and degradation in
space operations that is far in excess of the small percentage of
silicon area exposed. Sputtered glass film also deposits upon
and protects the celi edges.

No solar cell integral cover has qualified for space use, but
it is also true that the definitive solar cell cover has yet to be
found. For our study, the cementless cover appears labor
saving and promises weight reduction, and we examined three
processes: radio frequency sputtering, high-vacuum ion sput-
tering, and fused covers. Of interest is the reaction of the
Ferranti cell to the cover processes, and the reaction of the
covers to tests.

3. Sputtering. Sputtering is a process in which material in
the solid phase is dislodged with momentum transfer from
particle impact in nuclear collision. With a sputtering target
material of glass, the dislodged glass particles can be directed
to deposit on objects as a thin glass film, and upon the active
surface of solar cells as an integral glass cover. Two sputtering
processes were sampled in this JPL study. One process used by
the Electrical Research Association {ERA) employs radio
frequency (RF) excitation. The other, a sputtering process
used by Ton Physics Corporation (IPC), uses an electric arc in
high vacuum for excitation. Argon ions were used by both
processes as the sputtering media. Ferranti solar cells procured
by JPL were supplied to these companies to be integrally
covered with Dow Corning 7070.

a. Radio frequency sputtering. The process used by ERA is
essentially at room temperature, in moderate vacuum. and
with an inert argon atmosphere at 0.667 N/m? (§X 1073
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Fig. 2. Schamatic of the ERA two-diode sputtering process
(from Ref. 1)

torr)X!) as the support gas Excited by the radio frequency
field, the argon converts to an ion plasma that strikes the glass
target and dislodges glass particles from its surface. The glass
particles then deposits upon the solar cell surface. A schematic
of the ERA sputtering arrangement is seen in Fig. 2. The
equipment has two vacuum chambers. each with a diode and a
bulk glass target that is located 4 cm from the work table upon
which the cells are mounted (Fig. 3). Individual axial magnetic
fields confine the plasma flux to the taigets and work tables.
both of which are water cooled. The maximum input power is
5.0 kW, 2.5 KW per chamber: however. it was fouud best to
operate a Dow Corning 7070 target at an input power level of
about 5 w/cm?2, 3140 watts total. to avoid its fracture.t!) The
temperature on the front face of the target rises at a rate of
over 100°C per power increase of 1 W/em?2.(2) and there is a
temperature  difference of about 500°C between target
faces.(3) The DC 7070 targets are 20 cm in diameter and
3.2 mm thick. The work table diameter is a'so 20 cm.

The system uses a self-excited push-pull radio frequency
power oscillator with a balanced output about ground. It has a
tuned anode and a tuned grid with a transiormer output. The
oscillator is free running at a natural frequency of 13.56 MHz,
which changes slighdy with the load being driven in the two
sputtering chambers. The chambers are also balanced about
ground.

The bulk target material is at negative potential and the
argon ion flux is positive. Sputtering would cease if the ion
bombardment ~f the surface of the target causes it to assume a
positive charge that repels further ion flow. With the electric
field reversing however. the target surface receives positive ons
and electrons in alternate half cycles at radio frequency. The
process is continuous because electron mobility in the plasma
is much greater that that of the ions and the bulk target
assumes a mean negative potential with respect to the plasma.
The ions then move independently of the alternating field as
the induced negative potential of the target is seen to be
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Fig. 3. Detail of an ERA sputtering chamber (from Ret. 5)

constant, and they flow as a high-energy ion plasma of several
thousand elect:on volts peak-to-peak(?) to the target. lon
energy is transferred to the target surface at the impact region,
primarily by nuclear momentum transfer. Surface material is
stripped from the target, and with energy levels of about
20eV.,(?) the distodged material flows to the surface of the
solar ceils that are at ground potential at about 25°C(%)

Deposition rates are about 1.3 microns per hour(3) in a
chamber pressured at 0.600 N/m? (4.5 X 103 torr) with an
atmosphere of 99.999% argon. The specified integral cover
glass deposition thickness was 30 to 37 microns, with less than
+10% thickness variation on any one cell. A batch of 35
2X2-cm cells was processed at a time in each of the two
chambers of the prototype RF equipment. These were located
within a limited 175cm? area of each work table that
provided the specified *10% cell deposition uniformity.
Figure 4 shows the distribution of retative sputtered deposit
thickness on the 20-cm-diameter work table. The cells are

RTV-602 MOUNTING PAD

Fig. 5. Mounting wraparound contact celis on RF sputtering
work table (from Ref. 1)

temporarily attached to the work table with cured RTV 602
silicone prepared in sheets. Cut to size. the RTV 602 patches
are self-adhesivz and bond the cells to the work table (Fig. 5\
The cells are easily removed when the cover deposition is
complete and the adhesive protects the cell rear contact area
from unwanted sputtered material. although occasionally such
deposits do occur (Fig. 6).

b. lon sputtering. lon sputtering is a high-vacuum process
at about 1.33 Nyuw” (1079 torr). As in the RF spuitering
process, argon ions are used to sputter a bulk glass target. but
argon is present in much smaller concentration. A tube angled
at about 45deg with a vacuum chamber wall serves to
collimate an argon ion beam aimed at the glass target located
upon the chamber floor.

Argon gas it fed in small quantity at the base of the tube
wh e it is ioni.ed by an electric arc discharge. The ionized gas
is accelerated frem a high positive potential of about 25 kV
through an electrode in the tube at ground potential. Past the
electrode, the ion flux moves by kinetic energy through the
collimating tube and impacts the DC 7070 target causing
sputtering.
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cover 103 microns thick(!} (see Fig. G). Another similar test
on a 50-micron-thick sputtered DC 7070 depousit showed a 1%
loss between 400 nm and 1200 nm. and another irradiation
test upon DC 7070 sputteied films 20 microns thick showed
negligible transmission loss compared with controls.(3! These
sputtered deposits were without ceria dopant.

ERA reports no success in reducing radiation inguced
transmission {oss in DC 7070 with the addition of cerium

AFTER IRRADIATION

TRANSMISSION, %

i L i
200 300 400 500 600 700 80C

WAVELENGTH, nm

Fig 9. Sputtered Dow-Comning 7070 irradiated with 10
electrons/cm’ at MeV (from Ref. 1)
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Fig. 10. Radistion induced transmission loss in sputiered DC 7070
intogral glass cell covers with and withouwt ceria; 10"
electrons/cm’ at MsV (from Ref. 1)

oxide. This dopant has reduced loss in other borosilicates.
Ceria dopant levels at 1% to 3% by weight introduced greater
transmission loss because of its presence in the sputtered DC
7070 than the subsequent loss from exposure to a tluence of
10'* eiectrons/cm? at 1 MeV(!? (see Fig. 10).

¢. Antireflective coating on sputtered DC 7070. Sputiered
DC 7070 integral covers were deposited upon Ferranti cells
that were coated with magnaesium fluoride as an antireflective
(AR) coating. and the DC 7070 sputtered covers were again
roated with a MgF,A/4 AR coating. Radio frequency sput-
tered MgF, coatings were attempted by ERA. but these
unacceptably discolored the cover glass.(7)

C. The Sample Array Module Substrate

Flexible film polvimide was the selected substrate material.
This film. R-Flex 8191. manufactured by the Rogers Corpora-
tion o Chandler. Arizona. was 13 microns thick and had a
copper laminate on one side weighing 153 g/m? (0.5 oz/f1?)
that would provide the printed circuit to accommodate the
solar wlls.

Iil. Applications, Tests, and Performance

Diccussed in this section are the sample aria. module
design. its assembly. and thermal cycle tests. Also i this
section, the sputtered glass cover is examined in detaii and an
evaluation made of the manner in which the celi is mechanical-
Iy and efectnically aftected by the cover deposi. on.



A. The Lightweight Array Design Module

As stated carlier, the prime purpase of this study is to
explore the problems associated with an extremely lightweight
array design. its comporents, and assembly. Were this test
module model successful. it could be enlarge< to appropuiate
array module size, many modules of which could be assembled
into a desired array configuration. An outboard bus wiring
system is proposed to facilitate interchangeability and to
reduce impediment to array stowage :nd deployment. With a
cable design possessing increasing multiples of parallel connec-
tions to modules further outhoard on the array, the array
modules would have matched impedance. 2nd consequently
equal medule voltage at the main power bus.(3) Other
required components of the lightweight array system. such as
the extendable array deploying and fle=itle substrate tension-
ing devices, are not addressed in this report.

1. Sample module design. A printed circuit pattern devel-
oped by JPL for another 2X2-cm cell wrapwround contact
application was used for the sample moduis. It was applied en
the R-Flex 8191 pelyimide substraiz copper laminaie surface
by a photographic process. The pattemn is shown in Fig. 11.
The sample arrav module accommodated 16 solar cells. each
cell electrically connected in serics and parallel in a four-by-
four cell matrix arrangement.

A metal frame was used to support the substrate in tension
and was also used to mount insulated binding posts to
facilitate electrical measurements.

Fig. 11. Copper printed circuit on sample array module substrate

2. Sample module assembly. Pulsed reflow solde:ing equip-
ment was used to apply the required heat and pressurs to
solder the cells to the copper circuitry on the flexible
substrate. A frame fixture of welded nickel ribbon held the
cells in proper alignment and spacing during the soldering
operation. Pressure under the cell was evenly distiibuted wath
the use of a soft teflon pad lining on the bottom of the
fixture. The pad reduced cell fracturing during assembly.
Earlier efforts failed to suitabiy assemble the module from tue
rear of the polyimide film using manual soldering techniques.
Three frames were assembled, each containing 16 cells froma
category: bare. ERA and IPC covered. A celi fragment from
each category of celis that were broken during assembly was
mounted on the unclad border of the sample module as a site
to movni a thermocouple. This thermocouple monitored
temperature during the electrical performance and tempera-
tur= cvele tests that followed.

3. Them:al cycling sample module. The sample modules
were electrically tested before. and at intervals during the
thermal cycle tests. Simulated AMO 135.3 mW/cm? at 28°C
were the electricai test conditions. Figure 12 describes the
six-minute thermal cycle periods with temperature excursions
between ~125°C (- 193°F) and 80°C (176°F). A dwell of four
minutes at the 80°C high temperature level wus required after
every fitth cycle to replenish the LN, supplv. Each sampie
module was cvcled 900 times. Each string of four paralleled
cells was electrically tested in each of the sample modules as
the other strings were open circuited. Figure 13 presents the

()c
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Fig. 12. Thermal cycle conditions for mocal array module
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cycle intervals

short-circuit current at thermal ¢yvele test intervals. Figure 14
shows the maximum power levels of the cell strings.

a. Cell delamination from substrare. A total of 12 cell
strings started the tests on the three sample modules. Eight
strings survived the 900 cycles. Four cells sufficiently delami-
nated from the substrate to cease electrical contribution to the
circuit. Delaminated were one cell from the bare cell sample
module atter 650th cvcle. one from the ERA integrally
cevered solar cell module after the 150th cvele and one after
the 630th. and one from the IPC integrally covered solar
module aftes the 50th cvele. Affected curves in Figs. 13 and
14 discontinue after the failures.

The cause of the tailures is uncertain. The cell-to-printed
circuit soldering was an intensive. painstaking custom effort.
rather than one to seek a production line technique. A

production line technique for a similar array application was
developed by the Royal Aircraft Establishment, UK, employ-
ing hot gas as the soldering heat source,(?) equipment JPL

cked. Custom soldering is no guarantee of success, and
soldering weakness could coticribute to the thermal cycling
railures, particularly the failures early in the test. However, the
failures later in thy test could be attributed to the basic lack of
thermal sitess relief 2etween the cell and the substrate’s
printed circuat.

b. Cover delamiration due to thermal cycling. Figure 15
dispizys photographs of the sampie modules at interval- duting
the test to the 650th cycle. Photos after the 900th cycle
lackzd additional information and were o.nitted. Dark images
seen in the prethermal cycle photos were of camera structures,
images that were eliminated from sut .equent photos. Changes
in the appearance of the integral cover glass indicate progrcs-
sive cover delamination with thermal cycling.

The delamination takes two forms. One form shown is the
small spots seen in quantity on some ERA processed cells.
which. unseen in the photos. are mirror-like in quality.
Delamination is also seen as bubbles. Both spots and hubbles
are indicators of cover delamination at different AR cuating
levels. The spots are flecks of magnesium fluoride reflective
coating that achered to the under-surface of the integral cover
as the AR coaiing delaminated from the silicon surface of the
cell. The bubbles are areas where the integral cover delami-
nate 1 from the upper surface of the AR coating.

Delamination from both levels are seen on ERA coated
cells. Only delamination of the sputtered cover from the AR
coating is indicated on [PC cells. but most of the bubbles on
the IPC cells appear to have grown during the thesmal cv-ling
trom smaller bubbles existent befoie the test sisried. Since
random AR coated Ferranti cells were submitted to hoth firms
for covering. it would appear that the manner of delamination
and its relative severity are due to the different sputtering
processes.

Judging from the results of materials and 1echniques used in
this study. sputtered integral cover adhesion to cells on arrays
in storage is questionable for IPC covered celis. and question-
able in thermal cyeling for both processes. See tire discussion
in Subparagraph I-B-6 of sputtered cover delamination
occurring after another test having wide temperature range.

B. The Sputtered Glass Solar Cell Integral Cover

Examined in this subsection are the special requirements
tor solar cells that are to be processed for integral covers, some
sputtered glass properties. and the mechznical and elecrrical
changes in a cell after integral cover deposition.



Sputtered glass film properties are similar to the original
bulk target material from which the deposit was derived. This
could be expected since the processes lack phase change, such
as thermal evaporation and condensation. However, while the
glass properties are simiiar they are not exactly the same,
because the sputtered glass film is the product of reassembled
atomic and molecular units from the starting material. and
changes do occur between the original and spuitered glass.
Some of these should be noted when the glass film application
is a solar cell cover. Figure [6 is a scanning electron micr-
scope photograph of the cross section of a sputter coveied
Ferranti solar cell. Note the cell’s bottom contact, cross
section of a grid finger, and the outline of the sputtered film
deposit.

1. Solar cell features and the integral cover. If solar cell
costs are to be reasonable, so must be their specifications.
Solar cell applications often permit some superficial mechan-
ical defects without sacrifice to system operation. and cell
specifications often sanction these in the interest of improving
production yield. However. edge chips. irregular edges. and
other minor flaws normally considered cosmetic blemishes. are
serious defects for cells to be integrally covered. since intrinsic
strass within the cover that is imparted to the cell promotes
the possibility of celi breakage starting at such defect sites.('®?

If defect-free solar celis are available. they probably would
be at a cost premium that impacts the possible cost savings ot
this cell cover technique.

Sharp cell edges result in highly stressed areas for the
integral cover. Cracks at the edges. or incomplete glass
coverage. could start cover delamination. (!0} At an edge of a
Ferranti cell grid finger in Fig. 17 is 3 stressed area in an ERA
deposited cover in which a crack is seen that was fypical of
cracks found at many grid finger edges displaved under the
scanning electron microscope.

Suchk cracks can propagate in size and number with
handling. array tests, launch. array depiovment. and thermai
stresses in space cperation.

2. Fropenies of the sputtered glass cover

a. Stress. Pure silica makes an excellent solar cell cover. It
has a high sputtering rate. high thermal conductivity. low
thermal expansion coefficient. low dielectric loss. excellen:
resistance to radiation induced darkening. high optical trans-
mittance. and moderate cost. Its major handicap for this
anplication is the high level of intrinsic stress that it generates
within its sputiered film growth. The stress is great enough to
delaminzte the integral cover from the cell surface. or fracture

the cell.(1) Stress measured as high as 107 N (10? dynes)iem?
make impractical deposits on solar cells of pure silica sputtered
glass film thicknesses in excess of 25 microns.(4)

Dow Coming 7070, a borosilicate, does not match the
favorable characteristics of pure silica as a solar cell cover glass,
but its sputtered film grows with much less intrinsic stress.
Measured at 2.9 X 107 N (29 X 107 dynes)em? ') the
intrinsic stress of sputtered DC 7070 about equals its tnermal
expansion stress in typical application.

The dominant component of RF sputtered cover stress
arises during film growth by not well understood!3) changes in
film structure.

For the high-vacuum ion sputtered processed covers. the
intrinsic stress is thought to result from several sources:

(1) Thermal mismatch. One cause is thought to arise from
an expansion coefficient mismatch between cover glass
and silicon. which is not very serious tor DC 7070:
32X 1076°Cvs 29X 10-6/°C (D)

(2) Spreading lavers. Each successive glass monolaver
deposit is thought to spread because of the impact and
partiai imbedding of subsequent sputtered material.
The resultant spreading of lavers is beiieved a stress
cause.

(3) Hydrophilic nature. The hyvdiophine aature of sput-
tered glass 1s another possible stress cause: hoth the
glass and the process technigue are believed to con-
tribute. Sputicred pure silica glass covered solar cells
that appeared normal when xiewed threugh a vacuum
chamoer pert have bowed and tractured when hrought
10 atmospheric pressure levels. Simple 1es1s bolated the
source of the dramatic suess wcrease to the water
vapor in the atmosphere.

For most glasses tested. the thermal expansion component
in the sputtered integral cover appears subsidiary 1o iis
intrinsic stresses.') Annealing a sputtered silica cover free of
its high intrinsic stress is unsuccesstul because 1ts high
softening temperature degrades the solar cell juncticn. Com-
plex silica based glasses generally have poorer properiies tor
cell covers than pure silica. but they have lower sottening
temperatures that could lead to a successtul anneal of g oover.
One. DC 7070. generated sputiered glass tilm of unusuatly low
intrinsic stress. a major advantage when the application 15 2
sputtered cover on a solar cell.
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Fig. 16. Cross section of Ferranti celf with integral cover glass
sputtered by lon Physics incorporated: SEM, 500 x

Fig. 17. Crack in integral cover at edge of grid finger; SEM,
4600 =

it ¢ risky 1o fusther stress so britle 3 material s sificon.
Considering the dependence of 1 spacecrall upon its power

source. the prudent array designer would want prior tradeott

studies and firm technical evidence of superority of any new
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process or material that is associated with siress increase to the
solar cell. The evaluation would include tests of integrally
covered celis that simulate launch wibration and acoustic
stresses and stresses associated with temperature extremes and
thermal cycling in the space environment.

b, Integral cover adhesion. Since the Ferranti cells pos
sessed o magnesium  fluoride antireflection coating, the
adhesion in question in this investigation is that of the integral
glass cover to this coating. Sputtered glass coatings have
adhered poorly to cerium dioxide AR coating.®! In the RF
sputtering process. the AR coating serves as a shield sgainst
possible cell damage resulting from the argon ion flux.

In question in this study is how well will the sputiered
covers adhere to the cells in storage thermal cyclimg, and
temperature extremes. From test evidence of the cover
processes examined, Subparagraphs HEA-3b and HE-B6, the
prognosis is poor for the three conditions.

¢ Optical quality of the sputtered cover. The optical
quality of the sputtered cover is not that of s bulk
counterpart. Grown in lavers with bond angles unlike the
original glass. the sputtered glass film is not optically flat and
is more poorly structured ')

The lack of optically dat solar cell covers will influence
array outpat in off-sun array operations in flight, Except mt
extreme angles. the output of most solar arravs with con-
ventional covers that are maneuvered off the sun is a function
of the cosine law, ignoring shacowing. If the power vurput of
an array with sputtered covers talls off much more than could
be expected by the cosine ‘unction after moderste sun
misorientation. this deficiency may have 10 he adjusted in
some nussions by appropriate array overdesign.

A companson B shown in Fig 18 of light tansmission
through a bare Dow Coming 0211 wbstrate 500 microns

NS

TRABE AT

Fig. 18. Light transmission of sputtered glass deposits
{from Retl. 2}



thick, and through RF sputtered glass deposits upon this
substrate.*? Compared are sputtered borosilicate glass coat-
ings of DC 7070 in an aimosphere of 100% argon, 80%
oxygen, and 207 argon. and also Schett 8330 in 100% argon.
Transmissibility of DC 7070 is seen superior to that of Schot
8330. Although the 80% O, - 20% Ar atmosphere improred
DC 7070 transmissibility, it impaired the sputtering depositin
rate and subsequent cell performance because the cell contacts
reacted to the oxvgen. RF sputtenng in 207 oxygen shuwed
no improvement.(?}

d. Absorprance coefficient. The absorpance ¢co»flicient is
high. in the RF sputtered glass deposit than ir 1other
bulk material. The typical increase is between 2 to nt at
400 nanometers. The resultant power Joss is about 1.0% with
an absorptance coefficient loss of 3% at 400 nanometers in
AMO sunlight {1}

e. Density of the sputtered glass film. Density changes of
the sputtered glass film from that of the bulk source indicate
problems. Density reduction signals deposit porosity or voids
within layers with consequent diminished protection for the
cell and questionable cover stability. Iscreased density
indicates an out-of-control sputtering process. Specific gravity
bottle measurements' '? indicated the RF sputtered glass to be
2.22 20.02 gice compared 10 2.13 g/ee of the parent material.
The 5% density increase i considered insignificant with
respect to cover glass performance, but it adds to array weight.

£ Argon inclusion. With RF sputtering, argon becomes
incorporated in the sputtered glass film. Concentration is
about 1% by weight of the sputtered deposit.!'' Argon
inclusion in the glass deposition s net reported for the high
vacuum jon sputtering, and the small concentration of argon
present in this process should not make it much of a problem.

Argon outgassing in space vacuum conditions is a concern
because of the possibie effect upon the mechanical integrity of
the sputtered cover.

2 Undesired sputtered deposirs. Debris occasionally sheds
from the sputtering chamber structures and deposits upon the
integral cover film. Figure 19 is a scanning electron microscope
photograph of such depusits; the diagonnl structure is a grid
finger 33 microns wide. Prototype sputtering equipmeni used
at ERA included a portion of the chamber fleor as the work
table upon which the cells were processed. 1o reduce debus,
RF sputtering production equipment will be designed with the
work table as the chamber celling. Some IPC processed cells
also exhibitzd these debris deposits.

At sufficient solar intensity in space, debns deposits can
become damaging solar flux concentrators. The thermdd

Fig. 19. Undesirable chamber debris deposits on integral cover;
SEM, 350x; diagonal structure is a grid fine 33 microns wide

gradients they create could cause mjurious sificon thermal
stress, or they could hecome locales of cover delamination.

h. Possibie solar cell damage during sputtering. Both argon
ion and electron fluxes reach the cells in RF spurtering. The
argon ion flux could damage the surface of the cells. Excessive
cell heating because of electron bombardment can damage the
cells.f*? and can alo darken the deposited glass cover (see
next sub-paragraph . As the argon ions ablate the glass target.
they also erode the integral cover deposited upon the solar
cell, at a slower rate than that of the deposition.! !

The AR coating shields the solar cell from jon flux
damage.*? For cells without an AR coating. solar cell junction
damage can be avoided i the RE sputiering process il the
power density at the cells 1s reduced below 0.6 Wem?® for the
first 2008 of the sputtered film deposit tfrom IBM parent
1145348 cited in Ref. 123 Axaal magnetic fieids 1o divert the
electron flux from the cells. and watercooled chamber
structures. have reduced cell temperatures during the RF
sputtering process.

Solar cells to be integrally covered appear less vulnerable 1o
damage with high-vacuum ion sputtering than with the RF
sputtering process that will require careful process manage-
ment.

i. Discoloration of sputtered film. Borosibicate sputiered
glass {ilms have durkened because of the dectron flux present
in the RF chamber plasma. Electron fluence is estimated a1
10'¢ fem? per glass film monolaver deposited: each successive
film laver is fully exposed to this electron flux for a total of
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10*! fem? on a 100-micron thick film.©>’ The power density
at the ares where the cells are RF processed is about (.80
Wiem® ©1? for 4 1.3-micron per hour deposition rate. Elec-
trons impact the cells with about 20 eV of energy *!

Darkening was reduced in an atmosphere of B0 oxygen -
0% argon, but these conditions created other problems
{Subparagraph HI-B-2-c}. Darkening v.4s further reduced at the
RF process work table with magnetic fields used to divert the
electron flux from the cells (Fig. 18), but the field alters
deposition uniformity and permits fewsr cells at 2 time 1o be
processed. Ceria doping at concenteations from 1% to §% by
weight have not reduced borosilicate glass darkening in the RF
process: instead, the transmission loss due to the ceria aduition
was greater than the resultant darkening of undoped glass
exposed to 1015 electrons/cm? at 1 MeV electronstt) {see
Fig 10}

The RF sputtering plasma is seen to have an electron flux
component, that could darken the cover glass, waich is more
severe than that impacting spacecraft solar arrays during many
space missions. The sputtered cell cover glass is exposed 10 a
less damaging environment in the high-vacuum ion sputtering
process.

Darkening of glass film in the high vacuum ion sputtering
process is thought due to chemical redection of the target
material because of the argon ion flux. ! With the removal of
alkalide oxides from the glass, areas of silicon darkened the
glass deposit. The stoichiometric change causing the glass
darkening was diminished in the 1on sputtering process by first
evacuating the chamber to 133X 107! Niem? (1077 1o
and back filling with oxygen to 1.33 Niem?® (10°% rom). Cell
contacts were not atfected with this procedure.

1. Carror defecrs. All sputtered glass films exhibit defecis
called carrors.t?) These are seen in the film as small round
bubble structures of varions sizes und population densities;
they are brightly visible when the sputtered glass film is
Hluminated againg a darker backeround (See Fig 20) The
defects appewr 1o increase with the argon pressure within the
RF sputtering chamber. possibly with increased inclusion of
argon within the growing lm1) More intensive cell surface
cleaming appears to have litde influence upon imhibiting their
growih. The carrot defeats appear most directly related 1o
roughniess of the cell silicon surface or w slight protrusions
ahove its plane. Pits in the cell surface create no carrots !
With the RF process, the best quality covers are deposited on
cells having bighly pohished flat susfaces.

Figure 21 is a sketch of & carrot. In any stage of the ghiss

film deposit, the height of the carrot above the film plane is
the height of the protrusion above the cell surface. In the cross
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Fig. 20. The bright objects are carrot defects; SEM, 570x. Eiched
patierns on the solar cell surface are the iarger festures (from
et 3)

AR

Ak HEMPPHERNCAL IROLLBION
RETULTING I CARRDT-LIE 080 0n

Fig. 21. Sketch of carrot growth in
sputtered glass (from Ret. 2}

section of a Ferant cell with an mteenal cover shown in
Fig 16, the gass deposil also appears o follow the contour of
the gnd finger below. Figures 22 through 24 present additional
views of carrot formation,

Carrot deposits also appear capable of acting 2 miniature
solar flux concentrators, a3 were the debuis deposits from the
chamber (Subparagraph H-B-2-0). With sufficienily high solar
intensity levels, these also could cause damaging silicon stresses
of start cover delanunation, Alse of concern is the preferentnal
fracturing about similyr defects in sputtered glass solar cell
covers that has been reported 'Y



Fig. 22. Oplical phage contrast micrograph of carrot growth in
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1540« throm Het. 31
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Table 2. Thicknesas of cell and sputiered integral cover

Quantity Mean cell thickness, um Mean cover thickness, um
Group of cells -

measured Min* Nominal High Min Nominal High
Bare 70 1280 149.9 20.74 163.6 -~ - -
ERA 65 157.1 172.5 +0.74 194.7 48 296 418
PC 75 154.6 166.4 +0.51 1934 11t 235 36.0

0ne probe on bare silicon betwven positive and negative contacts.

The thickness measurements were averaged for each cell. The
thickness measuremes! of the bare cell included a grid finger,
but this 7-micron thick structure is included within the glass
film deposit. Accordingly, the integral cover thickness is the
difference between the twc measurements plus 7 microns;
these thicknesses are presented in Table 2. The specified
Ferranti cell thickness is 127 +25 micrens. The specified cover
is 30 to 37 microns thick.

¢. Cell bowing. The bare Ferranti cell bows because of
intrinsic stresses within its silicon wafer, from its contacts, and
from solar cell manufacturing processes. The sputtered glass
film adds complex stresses of its own to complex stresses that
already exist in the cell, and bowing of the covered cell reflects
the resultant of these stresses in equilibrium.

A datum plane is established at each cell low point, and cell
bowing above this plane is measured as the instrument probe
of the Microsense 3046A, operating in a mode to detect thin
wafer bowing, is walked across the paths with respect to the
reverse side of the cell as shown in Fig. 25. Measurements were
taken active side up. The bowing data is shown in Table 3.

Table 3. Maximum cell bowing along paths shown in Fig. 25

Quantity of cells Average ccll bow, um

Group

measured Fdge Diagonal 2 Diagonal 3
Bare 21 30.0 30.0 310
ERA 18 394 50.8 51.2
IPC 27 54.1 80.5 81.8

d. Cell strength of material. The purpose .- f these tests was
to determine quantitatively the basic strength of this Fer.anti
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PATH OF A
PROBE—

Fig. 25. Paths on Ferranti cell slong which bowing dats
was taken

127-micron cell and how its strength was altered by the cover
depositions.

The tests were performed as they were in a previous JPL
study,('®) and procedures were in accordance with Federal
Test Standard 406, Method 1031. The same three-point cell
loading tést fixture was used (see Fig. 26). Tests were
performed a: room tempe ature with an Instron iesting
machine. C:ll deflection to failure under load was recorded as
was the cell breaking force. Data analysis was simplified with
the coveied cell treated as if its composition were homoge-
neous, : reasonable engineering assumption since the cover
glass properties were similar to the silicon and the cover
represented but 20% of the covered cell thickness. The
following relationships were used!') from elastic beam
theory lu determine to what extent the cell resisis bending
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Fig. 26. Schematic of solar coll flexure test fxture

(flexural modulus, £, ), and the stress causing celi failure
(flexural failure stress, fb ):

L@, -P)
* ar(.-Y)
where:
E, = flexural modulus, N/Cm?
L = spanlength,cm
b = specimen width, cm
t = thickness, cm
P, — P, = load in Newtons corresponding to the deflec-
tion Y, — Y, from a tangent line drawn in
relation to the straightest portion on load
deflection diagram
Y, — Y, = deflection incm

and

_3PL

b
2 12

where:
f, = flexural failure stress, N/cm?
P = ultimate load, N
L = span.cm
b = specimen width, cm

t = specimen thickness, cm

Celis werc tested in each of four loading modes, S cel's per
mode from each of the three cell categories (bare, ERA, and
IPC); 60 cells in total were tested, 20 cells from each category.
The test modes for the flexural tests are as they were in
Ref. 14:

(1) Mode A: Active surface up, th: cell loaded per-
pendicular to the collector grid fingers.

(2) Mode R: Active surface up, the cell loaded parallel to
the collector gnd fingers.

(3) Mode C: Active surface down, the cell loaded per-
pendicular to the collector grid fingers.

(4) Mode L. Active surface down, the cell loaded parallel
to the collector grid fingers.

Tables 4 and 5 present the interesting and unexpected test
data results. Apparently, the Ferranti cell clad with its integral
cover is weaker than the bare cell. One would expect that the
integral cover stiffens the cell and makes it more resistant to

Table 4. Average cell fiexural modulus®

Cell test mode
Group
A B C D

Bare 15.55 17.02 18.04 16.18

(22.56) (24.68) (26.17) (2347
ERA 13.14 13.35 13.62 13.17

(19.06) (19.36) (19.75) (19.100
IPC 13.57 13.28 14.20 14.06

(19.68) (19.26) (20.60) (20.39)
3n N/em? x 106 (psi x 106).

Table 5. Avurage cell flexural stress to failure®
Cell test mod,
Group -
A B ¢ D

Bare 23.81 25.35 39 80 34.49

(34.53) (36.77) 57.72) (50.03)
ERA 21.44 21.08 24.51 24.06

(31.10) (30.57) (35.59) (34.90)
IPC 24.72 19.14 27.64 26.32

(35.85) (27.76) (40.09) (38.17)

0 N/em? x 107 (psi x 109).
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fracture. The test aaia indicate it does neither; instead, the
integrally covered cells bend and fracture more easily than do
the bare cells.

The data indicate a slight increase in the strength of IPC
covered cells above bare cells, 3.8% in Mode A in Table 5, but
in ali other test modes the IPC and ERA covered cells show
diminished strength. ERA covered cells in Mode C declined in
strength more than 38%. The bare und covered are strongest
when loaded upon their reverse surface, particularly in the
direction perpendicular to the grid lines (Mode C). However, it
is also i this mode that the covered cell lost strength to the
greatest extent, averaging a 34.5% decline. The average
strength loss for IPC covered cells wa: 18.8%, and for ERA
covered cells, 23.8%. No data at hand relaies individual aspects
of the sputtering processes to this evidence of cell strength
loss. Special test parameters used in this test and the test data
are piesented in the Appen Jix.

4. Change in cell electrical performance characteristics
resulting from integral cover application. These changes are the
result of cell preparation for the sputtered cover, the sputter-
ing process, the sputtered glass filin, and the MgF, AR coating
upon the integral cover. According to ERA and IPC cell data,
the performance of most cells declined after processing.

Of the 71 ERA integrally covered cells that met mechanical
and electrical specifications, the average short circuit current
declined 3.17 mA, or 2.34%, the standard deviation being
1.94 mA if this sample truly represented a large production
lot.

Ot the 77 ¥ »nered cells that met mechanical and
electrical specif s after the integral cover process, the
average current - ..cd when the cell was tested at 0.485V
declined 4.79 iun, or 3.54%, with the estimated standard
deviation at 2.08 mA. IPC made no short circuit current

measurements.

Lacking a test fixture to niachunically mount wraparound
solar cells for electrical test, the IPC newly designed test gear
for these 1ests did not attain desired measurement repeat-
ability. This could account for the greater electrical perfor-
mance data dispersion thau obtained from ERA processed
cells.

5. Electrical characterization of the integrally covered cell.
This test was multipurpose, with one purpose of the study
being to characterize the electrical performance of the bare
and integrally covered <. How well the integral cover
depositions withstood t.e test conditions formed the other
part of the study.
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Five cells from each of the categories were mounted on a
specially designed test plate. The cells were selected from
those grouped about the median in their electrical perfor-
manc :2st in simulated AMO at 135.3 mW/cm?, 28°C. They
ware also free of mechanical Jefects.

Kovar ribbon was used as cell imerconnects t¢ obtain a
close thermal expansion coefficient match to silicon because
of the wide test temperatare range. Normally, the rib*on is
attached to the cell and then manuzlly formed to the
requirements of the circuit. Howev~r, some of the Ferranti
cells broke ‘[ an attached inierconnect was resnaped during the
assembly of a prototype test plate. Instead, the interconnects
for these cells were first preformed with stress relieved loops
before attachment to cells, and interconnect redressing in the
final assembly was kept to a minimum after attachment to
cell.

The cells were then bonded to the 3.18-mm (0.125-inch)
thick copper test plate with GE RTV S560/T12 silicone
adhesive. The adhesive layer serve as dielect:ic between cells
and plate. Electrical connection of the cells to printed
circuitry on the plate completed a four-wire circuit system to
each cell that isolated the voltage sensing leads from those
carrying current. The valtage drop in the current carrying leads
would otherwise atfect the voltage data.

A copper-constantan thermocouple attached to a bare cell
with Ecobond 57C silver conductive cement monitored cell
temperature, and a proportional temperature controller main-
tained cell temperature within +0.5°C as data was recorded.
An earlier study at JPL that used six thermocouples mounted
on a similar test plate demonstrated that the temperature of
the 15 cells wzre virtually identical at equilibrium within the
resolution of the test equipment. This eliminated the reed for
plate mo ..fcation to adjust thermal gradients.

The test plate was mounted vertically behind a quartz
window of a thermal vacuum test chamber that was evacuated
to 30 microns. The chamber was first purged with dry nitrogen
to avoid dew poirt condensates during the temperature
excuisions. Cells on the plates were illumiated through the
quartz window with a Spectrolab Model X235 Mark 11 solar
simufator. Balloon flight standard celis''®? orovided intensity
and lighe flux spectral quality references. A tabulation of the
matrix of light intensity and ccll temperature variations used
in this study is presented in Tab : 6. Electrical performance
data was recorded for each cell on the test plate at each
condition in Taole 6. and this ¢ata was averaged for th: cells
within each of the thrce categories. This solar cell electrical
performance characteristics test is similar to others performed
at JpL.C'7- 18)
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max, 3d curve factor (CF) averages for the three
are presented in Fig. 27. The electrical performanca
differenced aiyong the three groups are subtle in these plots.
and the differences are better revealed with bare cell daua
averages swbtracted from those of ERA and IPC integrally
covered ceils. Percent differences of the electrical parameters
between bore celi and each int2gral cover process are shown in
Fres. 28 and 29, Figure 28 displays percent changes of 1 and
¥V, _in the Ferranu cell after integral cover depostions, and

Fig. 29 dispiay's the pe-cent changesin P and CF.

The electiical performance of ERA covered cells is seen 10
benefit more from the mtegral cover application than do the
PC covered cells. V| _and P of the ERA processed ¢2lls
particularly display gains over the bare cell. in excess of 107 in
some test conditions. However. because of evidence of integral
cover delamination s;milar to that found earlier (see Subpara-
graph II-A-3-h), 1h< apparent electricai performance gains of
the ERA covered cells are misleading.

6. Cover delamimation resulting from temperature
extremes. The reason for the electrical performance gain is
shown in photos of the test plate in Fig. 30. ERA covered cells
are in the center column. IPC co.ered cells are in the column
left of center. and the hare cells in the column on the right.

The integral covers delaminated as they did after the
thrermal cvcliag tests. as shown i Fig. 150 ERA processed
covers again delaminated to a greates extent than I1FC
processed covers. and again at the upper and fower surfaves »f
the MgF, coating. As before. the IPC covers delaminated onh
at the ufvper Mgk, surface (se~ Subparagraph HI-A-3-b). The
relative sevenity of delamination explains the data of Figs. 28
and 29 The Ferranti cells operated cooter under the ERA

imegral covers because of more extensive cover delamination.
Cells under the [PC covers were warmer secause of the
relatively lower thermal resistance between the cells and their
covers, which delaminated to a lesser extent. Consequently,
the more temperature sensitive the electrical parameter, the
better the performance of the ERA covered cell appeared.
Hezt from the solar simulator light flux transferred most
readily to the bare cells and more readily to the celis under the
IPC processed covers than to those under the ERA covers.

V. Conclusions

Lightweight components are indispensable in the pursuit of
solar armays with more desirable specific power characteristics,
but the lightweight components examined in this study
displayed noteworthy disadvantages as well. Their weaknesses
may be climinated or reduced with future process or applica-
tion refinement, and for our conclusions we list these
weaknesses as revealed in this study. Advantages of the
components and rationale for their initial selection were
discussed in Section 11

A. Solar Cell

Production economy becomes a major consideration for a
product requiring many expensive and complex manufacturing
processes. particularly if the product is 2s fragile as the solar
cell. and vulnerable to fatal damage. Functional reliability
becomes a major consideration when so fragile a product as a
solar cell contribuies to the electncal power requirements of a
spacecraft. Halving cell thickness appears to about double
handling losses. About 5% breakage losses is reported for solar
cells 305 to 381 microns (12 to 15 mils) thick, 10% for 203
microns (8 mils) thick. and 20'% losses for ce’'ls 127 microns
(5 mils) thick."'® Breakage with the 127-micron Ferranti cell
w2s also unusually high at JPL during this study. Cells this thin
may signal a crossover in device reliability. not only for the
cells” ability to survive with acceptable yield the processes
teading 1o final solar array asembly. but also for their ability 1o
withstand spacecraft launch stresses. thermal stress. array
deployment. and the multiple array retraction and redeplyy-
ment sequences in space flight that have been proposed for
some missions.

B. Sputtered integral Cover

Tt2 sputtered imtegral cover is still in the development
stage. With turther work and time. tha following difficulties
ar' concerns may be eliminated: The sputtering process
feguires ftaw-free solar cells (see Subparagraph I1-B-1) that are
expensive. Glass is presenily sought with characteristics that
are more oriented to eqs of the sputiering process and
the mechanical Limits * the cell than to the optical
requirements 7 g solr el cover (see Subparagraph H-B-2.a).
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The ion flux in the RF sputtering process is a hazardous
environment for a solar cell (see Subparagraph Ili-B-2-h) that
will require careful management to avoid solar cell damage.
The electron ilux also present can darken the deposited
sputtzred cover glass (see Subparagraph 111-B-2-i).

So dependent is a spacecraft upon its electrical power
source, that a solar array designer hesitates to place so brittle
and fragile a material as a solar cell unde: any additional stress.
Although DC 7070 exhibits the least intrinsic stress in
sputtered form of any ¢lass vet tested. it nonetheless imparts a
magnitude of stress to the cel! that is about equa: to. and in
addition to. the thermal stress the cover imparts at typical
operating temperatures (see Subparagraph I11-B-2.a).

The sputtered cover. with its processes. weakens the
integrally covered cell to the extent that an uncovered cell
appears stronger (sec Subparagraph [11-B-3-d). Sputtering
chamber debris (see Subparagraph 1I-B-2-g) and carrot defects
(Subparagraph Il1-B-2-j) may act in space operations as solar

22

concentrators that could damage the covered cell system.
Inherent in the solar cell are edges that impart stress areas to
the sputtered glass cover that could aifect its reliability (--¢
Subparagraph IiI-B-1).

This study reveals a major weakness in sputtered irtegral
cover adhesion to the MgF, AR coating on the cell (Subpara-
graphs Il-A-3-b and 111-B-6) that raises concem regarding the
reliability of sputtered covers upun saolar cells in storage and
after exposure to space envirocamental conditions. particularly
of the design examine. Sputtered integrai covers lack optical
flatness. When the array is misoriented 0 the sun during space
operations. this {alk of flatness could result in greater array
power output loss than it would experiznce with discrete
covers.

C. Array Model Substrate

Solar cell delaminations from the model flexib!s substrar:
atter thermal cvcling tests suggest the need for thermal
stress-relieved interconnections for the wraparound cell.
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Fig. 30. Cell test plate for the combined environmental test Lelis in
the center column have witegral covers processed by EBA. ceiis in
the column foft of center have mtegral covers processed by L
cells in the remaining column dre uncovered.
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Flexure test parameters: wafer span = 127 cm (0.5 in)

Instron crosshead speed = 0.051 cm
(002 in )/ min

chart speed = 12.7 cm 3 in.)/min
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Table A-1. Bure Ferrendl calle

Coll i) and

Ultimate

Avernge cdl

Flexural stress

test mode® Joad, C::aa_) thickncss £, to fadure, 10° N/cm? (10° psi)
, N(B) , 102 cm (10 i) 103 N/cma? (102 ps
Mode A
C 28 4.893 (1.10) . 2.006 (0.7897) 1.468 (5.78) 2157 (31.28) 1566 22.71)
36 . 6094 (1.37) 2003 (0.7887) 1.483 (5.84) 2634 (38.20) 15.54 (22 54)
“ 5477 (1.22) 2005 (0.7892) 1.494 (5.48) 23182433.54) 15.22(22.07)
52 5.604 (1.26) 2.004 (0.7891) 1.521 (5.99) 2302 (31.38) 15.72 (22.80)
&0 6.049 (1.36) 2.005 (0.7893) 1.516(5.9D 25.00 (36.26) 15.65 22.70)
Mode B
30 6.8%4 (155) 2.004 (0.7829) 1.458 (5.78) 30.47 (44.19) 14.67 (21.28)
38 S.070(1.14) 2,002 (0.7883) 1.435 (5.65) 2343 (3398) 15.34 (22.25)
46 6.272 (1.41) 2.004 (0.7891) 1582(6.73) 23.78(34.49) 15.50 (22.48)
54 6.049 (1.36) 2.004 (0.7891) 1.486 (5.85) 26.04 37.31) 15.00 £21.75)
62 4.359 (0.98) 2.004 (0.7891) 1.341 (5.28) 23.04 (33.41) 2457 (35.64)
Mode C
32 11.965 (2.69) 2.004 (0.7889) 1.600 (6.30) 4442 (56443) 16.38 (23.76)
40 12.810(2.88) 2.005 (0.7894) 1572 (6.19) 49.18 (71.33) 16 40 (23.78)
a8 10319 (2.32) 2.004 (0.7889) 1.412(5.56) 49.13 (71.26) 22.99(33.35)
s6 6894 (1.55) 2.004 (0.7891) 1.412 ¢5.56) 3281 (4759) 17.04 (24.72)
ot S.649(127) 2.005 (0.7892) 1.514 (5.96) 23.43(3398) 17.40 (25.24)
Mode D
34 5.960 (1.34) 2001 (0.78TD) 1.552 (6.11) 2357 (34.18) 15.89 (23.04)
42 8.540(1.92) 2.009 (0.7908) 1.409 (5.54) 40.81 (59.19) 16.02 (23.24)
sob 10.987 (247) 2.004 (0.7891) 1.463 (5.76) 48.78 (70.75) 16.61 (24.09)
58
66 6.272(1.41) 2.004 (0.7690) 1.549 (6.10) 24 81 (35.98) 16.21 (2351
#See Subparagraph l[1-B-3d.
BCeli broken prior to test
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Tebie A2 ERA covarsd Ferrant calls

Flexural stress

CelMID and Ultimate Cell width, Arvezage ccll Flexural modulus,
test o, an (i) thickness ¢, 3 (D[ﬂm.s lO"N/cm: (lospﬁ)
mode N () 162 c (1073 in) 103 N/em? (107 p)
Mode A
28 1.740 (1.74) 2.015(0.7932) 1.702(6.70) 25.27 (36.65) 13.43 (19.48)
36 7.450 (1.675) 2.008 (0.7907) 1.600 (6.30) 27.60 (40.03) 1328 (19.26)
44 3,759 (0.845) 2.011(0.7919) 1.781 (7.01) 11.23 (1628) 12.44 (18.04)
52 7.028 (1.58) 2.011¢0.7918) 1.737 (6.84) 22.05 (31.98) 13.39 (19.42)
60 6.894 (1.55) 3.011 (0.1916) 1.760 (6.93) 21.08 ¢30.58) 13.18 (19.12)
Mode B
30 6.316 (1.42) 2.010 (0.7915) 1.636 (6.44) 22.37 (32.45) 12.74 (1847)
38 3.247 (0.73) 2.001 (0.7877) 1.641 (6.46) 11.49 (16.66) 12.87 (18.67)
46 7.740 (1.74) 2.007 (0.7901) 1.702 (6.70) 25.37 (36.79) 14.84 (21.53)
54 7.295 (1.64) 2.000 (0.7873) 1.648 (6.49) 2557(37.09) 13.51 (19.60)
62 6.761 (1.52) 2.008 (0.7906) 1.765 (6.95) 2058 (29.85) 12.78 (18.54)
Mode C
32 7.763 (1.745) 2.010 (0.7913) 1808 (7.12) 22.50 ¢32.63) 12.82 (18.60)
40 6.028 {1.539) 2.010(0.7913) 1.600 (6.39) 25.28 (36.66) 13.61 (19.74)
48 7.762 (1.745) 2.011 (0.7917) 1.73¢ (6.81) 24,57 (35.64) 14.00 (20.30)
56 7.117 (1.60) 2.009 (0.7910) 1.621 (6.38) 25.70 ¢37.27) 14.02420.34)
Mode D
k¥ 7.962(1.79) 2.006 (0.7896) 1.745 (6.87 28.45 (41.26) 1234 (18.61)
42 8540 (1.92) 2.001 (0.7876) 1.701(6.73) 27.84 (40.37) 13.23(19.19)
51 5.338 (1.20) 2.005 (0.7895) 1.704 (6.71) 17.46 (25.32) 13.3219.32)
S8 7.206 (1.62) 2251 (32.65) 13.29115.28)

2.008 ¢0.7906)

1.742 (6.86)

2See Subparagraph 1I-B-3d.




Table A-3. IPC covered Ferrantil calls

Ultimate

Avenge cefl

Flexural stress

zwm s load, C:n'::?' thickness 1, to failure, 1:?;/“:1%?;)
4 N () ) 102 em (103 in) 103 N/em? (103 psi)
Mode A
42 8.318(1.87) 2.009 (0.7910) 1.707(6.72) 27.07 (39.26) 13.58 (19.69)
50 4.848 (1.09) 2.009 (0.7910) 1.656 (6.52) 20.21 (29.31) 14.25 (20.66)
s8 6.138 (1.38) 2.006 (0.7896) 1.643 (6.47) 21.59 (31.31) 14.36 (20.82)
66 7562 (1.70) 2.007 (0.7901) 1.562(6.15) 29.41 (42.66) 13.18 (19.12)
70 7.339 (1.65) 2.008 (0.7904) 1.659 (6.53) 25.32 (36.72) 13.46 (19.52)
Mode B
4“4 6.094 (1.37) 1.999 (0.7870) 1.687 (6.64) 20.42 (29.61) 12.74 (18.48)
§2 5.115(1.15) 2.005 (0.7895) 1.527 (6.01) 20.85 (30.24) 13.98 (20.28)
&0 4.537(1.02) 2.007 (0.7902) 1.557(6.13) 17.76 (25.76) 14.05 (20.38)
67 5871 (1.32) 2.012(0.7922) 1.692 (6.66) 19.42 (28.17) 12.89 (18.69)
i) 4848 (1.09) 2.011 (0.7919) 1.631 6.42) 1727 (25.04) 12.72(18.45)
Mode C
46 7.428(1.67) 2.007 (0.7902) 1.638 (6.45) 25.95 (37.64) 14.35 (20.81)
54 9.385 (2.11) 2.005 (0.78%4) 1.588 (6.25) 35.39(51.32) 15.09 (21.89)
62 6.850 (1.54) 2.007 (0.7903) 1.575 (6.20) 26.21 (38.02) 14.01 (20.32)
68 9.118 (2.05) 2.007 (0.7903) 1.732(6.82) 28.84 (41.83) 13.96 (20.25)
72 6.583 (1.48, 2.007 (0.7903) 1.692 (6.66) 21.83 (31.66) 13.61 (19.74)
Mode D
48 7495 (1.73) 2.006 (0.7897) 1.605 (6.32) 28.36 (41.13) 1567 (22.13)
56 7.740 (1.74) 2.010 (0.7912) 1.593 (6.27) 28.93 (41.96) 14.69 (20.43)
64 11.076 (2.49) 2.009 (0.7911) 1.697 (6.68) 36.47 (52.90) 13.94 (20.21)
69 5.249 (1.18; 2.011(0.7917) 1.679 (6.61) 17.64 (25.58) 1379 (19.13)
73 5427(1.22) 2.000 (0.7874) 1.600 (6.30) 20.19 (29.28) 13.40 (19.44)
8See Subparagraph [11-B-34.
Table A-4. Mean standerd deviation ceiculetions for the cell fiexure perameters
Width, Thickness Flexural stress, Flexural modulus,
mm (in.) micron (mil) 103 N/em? (103 psi) 108 N/em?2 (108 psi)
20.043 :1.50 x 1072 148.84 :6.68 30.68 +0.708 12.61 +1.021
Bare
( 0.7891 +5.90 x 10°Y { $86:27x 10" (44.49 :1.027 (18.290 +1.481)
20,079 +4.11 X 1072 170.18 16.35 22.61 +0.495 13.31 +0.057
ERA
( 0.7905 :1.62 x 107%) ( 670:25x 1v ') (3279 :7.182x 10 (19.306 +8.2776 x 1072)
20.079 £3.30 x 1072 163.58 +5.59 24.28 :0.585 13.82 :0.074
IPC

( 0.7902 +1.30 x 10”%

( 644 :22x 107"

(35.22 :8.453 x 1071

(20.052 :1.076 x 10 ")
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