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ABSTRACT

In the conduct of the UpSTAGE Experiment, a number of special
manufacturing processes were developed to meet the advanced
state-of-the -art performance requirements of the interceptor
design, Significant technological advances in materials pro-
cessing were made to enable the successful manufacture of fuel
tanks, fuel manifold frames, thick-film electronic assemblies,
heat shield insulation, internal hot gas duct insulation, and

solid propellant booster motors, A description of these process
developments emphasizes the methods used to manufacture these

components and to resolve the processing problems encountered.

"
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PREFACE

This report is submitted by the McDonnell Douglas Astronautics Company
(MDAC) in response to Paragraph 5.7, Technical Requirements (TR) Docu-
ment Number 2114, revised issue 24 May 1968. This report also reflects
the title and outline revisions made to the TR by Technical Directives (TD's)
from the Advanced Ballistic Missile Defense Agency (ABMDA).

This report is organized to explain the special manufacturing and fabrication
processes identified with the UpSTAGE Experiment vehkicle subsystems
design. The design constraints imposed on the manufacture of subsystems
and components were based on analysis, design tradeoffs, and ground testing,
and were due primarily to the vibration, shock, and acoustical environments
as well as the functional dynamics of the subsystem or components.

Other techrology reports provided as a part of the UpSTAGE Experiment are
as follows:

Vehicle Aerodynamics and Thermodynamics MDC G3229
Airborne Guidance and Control MDC G3231
EB Control System MDC G3232
Airborne and Ground Guidance Electronics MDC G3233
Guidance Analysis and Simulation MDC G3234
Vibration Analysis and Testing MDC G3235
Laser Triad Rate Gyro MDC G3236
JI Control System MDC G3237
Final Report MDC G3263

This resear.'» »as sponsored by and under the technical direction ¢f AEMDA,

Requests for further information will be welcomed by the following MDAC
represent-tives:

e Mr. W, H, Branch
Program Manager-UpSTAGE Experimeont
Advance Systems & Technology

] Dr. D. B. Harmon, Jr.
Manager—System Engineering & Technical Direction
UpSTAGE Experiment
Advance Systems & Technology

) Mr., K. M. McKenzie
Contract Administrator
UpSTAGE Experiment
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GLOSSARY

Aeroder attack angle Angle of impingement of hot Aeroder gas
stream on specimen. Angle is complement of
¢ the angle away from normal to the specimen

surface.
AP ammonium perchlorate
APT automatic programmed tool
AWG American Wiregage
BCA butyl cellusolve acetate
BMD ballistic missile defense
C conduct, or print-and-dray conductor
CEU control electronics unit
cfh cubic feet per hour
D dielectric, or print-and-dry dielectric
| DSCP direct current straight polarity .
i EB external burning
’ EMCA Electro Materials Corporation of America
} EPSU elgctrical power distribution and sequencing
unit
ESL Electro Science Laboratories, Inc,
F fire; Fahrenheit
faying mating; touching
FEP “iuorinated ethylene propylene (a type of Teflon)
FPC forty-pound charge
FPP flatpack pad
GCU guidance command unit
GN2 gaseous nitrogen
GTA gas tungsten arc
Hg mercury
Hz Hertz
. IC integrated circuit
x ID inner diameter
ipm inches per minute
JI jet interaction
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RAD

kHz
LID
MCU
MEK
MFE
MOS
N/C
NC
NDPA
NG
OD
PC
pcf
P/N
P/S ratio
RT
RTV
SCR
scc/sec
TA
Thk
Thor
TPC
UDM
v

v

vde

via

Q

MDAC Independent Research and Development
Program

kilohertz

leadless inverted device
machine control unit

methyl elhyl ketone (a solvent)
mold-filling efficiency

metal oxide semiconductor
numerical control
nitrocellulose
nitrodiphenylamine
nitrogylcerin

outer diameter

printed circuit

pound per cubic foot

part number
nowder-to-solvent ratio

room temperature

room temperature vulcanizing
silicon controlled rectifier
standard cubic centimeter per sccond
triacetin

thick

thorium

ten-pound charge

Universal drafting machine
fill and dry via

volt

volts direct current

vertical thick-film circuit conductor connect-
ing circuit elements on different layers of a
multilayer circuit board (base)

ohms
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Section 1
INTRODUCTION

The purpose of the UpSTAGE Experiment program was to determine feasiblc
guidance policies consistent with terminal defense concepts (simulated engage-

ments) and to develop within this context the required interceptor technology.

The baseline UpSTAGE Experiment consists of a two-stage interceptor vehicle
(Figure 1-1) and a ground guidance system including a modified Hercules
misgsile-tracking radar and a SEL System 86 computer. The interceptor is

a high-performance vehicle whose second stage has an advanced, nonpropelled
lifting-body shape. The fast reactions required of the vehicle are provided by
two types ¢f control mechanisms: external burning (EB) and jet interaction
(JI). The EB control concept uses a highly pyrophoric pentaborane fuel
metered to burn near the outside of the vehicle. The JI concept, similar to
an attitude contrel device, uses exhaust from a gas generator metered to the
outside of the vehicle, The attitude of the vehicle is monitored by a laser
triad rate gyro (LTRG), a strapdown component, The booster stage includes

a high-performance HiBEX-U motor.

The program included five flight test vehicles flown at White Sands
Missile Range (WSMR), New Mexico. Three of the vehicles were designed
with EB control subsystems and tv. with JI.

1.1 DESIGN APPROACH

Due to the advanced nature of the experiment, many cesign concepts and
manufacturing and fabricating approaches were promoted to minimize vehicle
weight; develop new electronic/missile packaging concepts; ensure survivabil-
ity in the flight environment; develop fast-response, fast- reacting control
system components; etc, State-of-the-art design concepts were used whercver

possible, but the severity of the {light environment introdaced new techniques

11
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in design and manufacturing for survivability. Severe vibration, shock, and
acoustic environments established new requirements for electronics packaging
and wire-bundling techniques. The electronic packaging concepts were
enhanced by a thick-film approach. The EB fuel manifold machining and
welding, bond and insulation development for warm gas and external applica-
tion, and fuel tank processing were other areas of design implementation
affected by the flight environment.

1.2 REPORT CONTENT

This report describes the development of several special manufacturing and
processing techniques which were used to produce components of the UpSTAGE
vehicles, The design and performance aspects of the components and sub-
systems involved are described briefly where such information is need to

understand the process requirements, constraints, configuration, etc.

13
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Section 2
SUMMARY

This section provides an overview of the contents of this report. Table 2-1
summarizes significant advances in manufacturing process technologies and
lists the sections of this report containing detailed descriptions of each

development,

2.1 FUEL TANK PROCESSING

Manufacture of the pentaborane fuel tank assembly presented some difficult
problems, The manufacturing procedures involved in shear-forming (flo-
turning); heat treating; machining; welding; nondestructive testing; and bonding
of the maraging- steel barrel, aluminum liner assembly, and the maraging-
steel/aluminum piston assembly are outlined in Section 3. Significant develop-
ment problems are also discussed, Material selection, fuel compatibility,

and other design considerations appear in Reference 7-1,

Maraging steel in the annealed condition has excellent cold-forming charac-
teristics; cold working does, however, induce residual stresses that are
relieved in subsequent machining operations. The limitations of the equip-
ment available for shear-forming the maraging-steel barrels made necessary
additional heat-treating, straightening, and grinding to meet the dimensional

and configuration requirements of the parts,

The fuel tank barrel and piston were lined on the inside surface with aluminum
to prevent contact between the pentaborane fuel and the maraging-steel tank.
The aluminum liners were bonded with a flexible e2poxy that could withstand
the loads during tank operation. The thin wall of the aluminum liner, together
with the close dimensional tolerances (£0.001 inch) and the microfinish, made
the liner a difficult part to manufacture. Shear-forming, welding, machining,

bonding, and inspection created problems that required development time.

21
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Table 2-1

SUMMARY OF UpSTAGE MANUFACTURING PROCESS ADVANCES

Significant Advances in Applicable
UpSTAGE Application State of the Art Sections
Fuel Tank Fabrication of thin aluminum tank liners 3.1.2,3.4
Bonding thin rubber insulation liners 3.5
to concave surfaces
Bonding thin aluminum liners into 3.6
slender cylindrical tankse
In-process thickness inspection of 3.8.1
thin cylindrical shells
Nondestructive inspection of adhesive bonds 3.,8.2
between two thin cylindrical metal shells
Fuel Manifold Febrication of slliptical forgings with 4.3
low residual stresses
Welding longitudinal seame in small- 4.1,4.2,4.4,
diamater, closed aluminum ducts .
Nondestructive inspection of weld drop- 4.6,1
through in small-diameter closed ducts
Zilectronice Assemblies Computerized production of multilayer 5.3

thick-film circuit artwork

Fabrication of 4- by 6. by 0, 025- inch two- sided
maultilayer thick-{ilm circuit bases

Fabrication of solderable thick-film chip
resistors

Thermoconductive bonding of assemblies to
withstand reflow-soldering

Fabrication of multilayer printed-circuit boards
with & flexible section and plated through-holss

5.1,5.2,5.4
5.1,5.2,5.5
5.1,5.2,5.6.1,

6,2

5.6.2

Heat Shisld

Fabrication of thin heat shields from preimpreg-
nated high-silica/phenolic ¢:loth by simultansous
curing of adhesive and phenolic resin ablator

.1, g 2.1 through

Internal Hot-Gas Duct
Insulation

Bonding molded silicone rubber insulation into
curved, small-diametar metal ducts

Casting vold-{ree silicone rubber insulation
{nto aluminum and titanium ducts

Fabrication, bonding, and nondestructive
inspection of small-diameter, 45-deg shingle
angle, quarts/phenclic hot-gas duct liners

Tabrication of knitted quarts/phenolic continuous
liners for intersecting ducts

Fabrication of flat- wrapped and chevron-laysp
quarts/phenolic soszle exit cones

6.1

6.2.3, 6,3 through
6.5

7

d.L721, 7.3
7.1.3,1.2.2 1.4

7.1.2,7,2,2,7.5. 1
through 7.5.3

7.2.2,1.5.4

7.1.2,1.2.2,7. 6

Hercules HiBEX.U Motor

Full-scale FDN propellant processing with liquid-
carrier heptane

o ——— —




The piston assembly was manufactured with only minor difficulties, such as

fitting the mating parts and bonding the silicone rubber boot inside the piston.

2.2 FUEL MANIFOLD PROCESSING

The EB fuel-manifold frames were required to conform to the elliptical
cross-sectional shape of the aft control section of the vehicle and were made
from two 2014-T452 aluminum ring forgings. A discussion of this process is
presented in Section 4, A numerically controlled (N/C) gas tungsten arc (GTA)
welding procedure was developed using three axes of an eight-axis N/C weld-
ing machine. The resultant welds were free of porosity and oxide inclusions
and, when aged, resulted in guaranteed tensile yield strengths greater than
28, 000 psi, even after being repaired twice. The success of the welding
technique was due to the combined use of a 10-Hz pulsating welding current,
in-process rotation of the weld wire feed about the tungsten electrode, and an
interference fit of the two forgings. A high incidence of lack-of-penetration
defects occurred during this procedure, but a satisfactory weld repair tech-
nique was employed to correct the discrepancy, Cracking that occurred dur-
ing final machining (in a reagion not near the welds) was eliminated by reducing

the stresses imposed during machining,

2.3 ELECTRONICS PROCESSING

The state of the art in thick-film technology, artwork generation for electronic
circuits, and hybrid electronic assembly was advanced in the course of com-
pleting the UpSTAGE Experiment; these subjects are discussed in Section 5.
The packaging design had to meet stringent space, weight, and environmental
requirements imposed on the electronics system. Thick-{film assemblies
using screen-printed multilayer interconnections (vias) were chosen to meet
this need. Processing problems encountered were primarily due to the large
size and complexity of the thick-film circuits, Previous MDAC efforts pro-
duced 2- by 2-inch one-sided multilayer bases containing three conductor
layers., For UpSTAGE,4- by 6-inch, two-sided bases were required with six

conductor layers to meet electronic packaging requirements (see Reference 5-1),

The size of the thick-film substrate (4 by 6 inches) and complexity of the
circuit precluded the conventional method (20-times-scale photoreduction) of

making artwork., A system was developed for making artwork which utilized

23
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the speed and accuracy of computers and N/C drafting equipment. The
approach was to treat each layer as a single entity, breaking it down into
manageable parts and assembling these parts into their respective layers,
Each part was stored on punched tape. Many tapes were used on one piece
of artwork, As a resuit, the accuracy and correctness of artwork on first

release exceeded 98 percent,

The multilayer fabrication process generally followed standard thick-film
procedures, but several problems were encountered in scaling the process tc
the 4- by 6-inch substrate. One example was printing circuitry on both sides
of the substrate to minimize interlayer capacitance. Initially, the thick-film
multilayer fabrication yield was less than 30 percent, but improvements
increased yield to 95 percent with a corresponding decrease in fabrication

time,

Before bonding the thick-film substrate to the heat sink, the substrate circuitry
was solder-coated by a solder-dip operation. It was necessary to redip the
substrate in the solder pot in order to get a uniform solder coat. However,
with repeated dip operations or repeated hand-soldering operations, solder
leaching (conductive ink dissolving in solder) occurred. Process changes
were developed which resulted in an adequate solder coat with two solder-dip
operations, Components could be hand-soldered onto the substrate circuitry,
but unsoldering of a lead often resulted in thick-film conductor pad leaching.
Several approaches were taken to solve this problem including various coat-
ings, pad/via geometry changes, multiple solder-dipping, and top-layer
printing changes, The approach selected, a combination of controlled dipping,
smaller vias and limited manual touchup, was the most effective practical

solution to the problem.

Methods were developed for bonding the tinned thick-film multilayer base to a
molybdenum heat sink, and then attaching discrete components by bonding and
by reflow- and hand-soldering. Molybdenum was used to minimize forces
generated by differences in thermal expansion while maximizing thermal
conductivity and rigidity. An acceptable thermal transfer was obtained
between the heat sink and thick-film substrate through use of a thermoconduc-

tive silicone adhesive,

24
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Electrical assembly techniques of several types were developed. Soldering
attachment of microcircuits, flexible-rigid multilayer board fabrication,
conformal coating, foaming, static charge control, and repair and replace-
ment of modules and components presented a number of processing problems

that were solved,

2.4 EXTERNAL HEAT SHIELD INSULATION

A process (described in Section 6) was developed to cure and bond a 0. 050-
inch-thick high-silica/phenolic forward heat shield to the structural sections
with epoxy-phenolic film adhesive by a one-step autoclave pressure cure,
Joint techniques were also examined and tested. Because of differences in
thermal expansion characteristics of the composite and metallic substructure,
the process required a slow, controlled-rate cooldown under pressure. Dif-
ficulties in sealing the substructure were encountered due to interference of
supporting internal ribs and sealant contamination of bonding surfaces. These
difficulties were overcome by capping the open ends of the structure and
overbagging so that internal sealant was not required. Problems of wrinkling

and unbonds were solved,

Special weaving techniques were developed to provide a 0. 100-inch- thick,
high-silica cloth for the aft control section heat shield. No difficalties were
encountered in using this cloth as the base reinforcement for the pre-

impregnated, high-silica/phenolic composite,

Booster fin insulation, 0, 050-inch-thick high-silica/phenolic, was cured and
bonded by the basic process developed for the forward and aft second-stage
heat shields,

A transfer-molding process was developed for the fabrication of ER injector
finlets from high-silica/phenolic and quartz/phenolic molding chips. A mold

sticking problem was resulved by introducing zinc stearate powder with the

H molding compound as a premix., Finlets for evaluation tests were also fabri-
cated using carbon/phenolic material, The developed process demonstrated

repeatability and tight tolersnce control.

2-5
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External protection of other surfaces of the UpSTAGE vehicle was provided
by conventional materials such as adhesive-bonded cork and sprayed-epoxy

ablative insulation.

2.5 INTERNAL HOT-GAS DUCT INSULATION

Internal insulations for EB and JI ducting are summarized from Section 7.

2.5.1 EB Control Subsystem

Several types c¢f moldable silicone rubber were evaluated for thermal and

physical characteristics. Tubular liners were molded to close OD and wall
thickness tolerances, precluding the use of extruded tubing which could not
be held to close tolerances. Even by molding the insulatior, it was difficult
to maintain dimensions within specified tolerances, It was necessary to
broaden the tolerance allowed on the wall thickness., Acceptable liners were
produced to revised dimensional tolerances and successfully bonded to the

interior of the manifold.

The metal surfaces of the EB crossover tube and the EB vent tubes were
prepared for bonding by wet-abrasive cleaning of the Inconel 718 surface,
descaling, degreasing, and priming, in this sequence. The rubber liner was
degreased and primed. The liner was inserted in the tube and bonded in
place with a two-part silicone adhesive, Assembly was accomplished in a
vacuum chamber to minimize bonding voids. Nondestructive inspection

techniques were unsuccessful with respect to the bond between the molded

rubber liner and the manifold system, No method was successful in detecting

small areas of unbond or adhesive voids. A resonance-loading instrument
was able to distinguish gross areas of unbond, but the size cf the detectable

unbond areas was so great that the inspection capability was inadequate.

2.5,2 JI Control Subsystem

A method was developed for casting on the interior walls of the JI manifold

a dense and void-free room-temperature-vulcanizing (RTV) silicone-rubber
liner coating. However, poor performance of the rubber in hot-firing

functional tests led to its replacement by quartz/phenolic.

26
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A process was selected to provide a shallow-angle (10 deg), quartz/phenolic,
tape-wrapped cylinder using a flat overwrap to achieve final diameter.
Bicause of the diameter limitations for the 10-deg shingle-angle wrap
(inherent in the layup technique) and poor test performance at 90-deg inter-
section points, a second process was developed using a 45-deg-oriented
"dinked" (precut) preform made from flat washers formed to a conical shape
and subsequently cured in a press., Methods were developed to post-bond
these liners to the required metal components by vacuum and pressure injec-

tion techniques, Neutron radiography was found luv be an effective nondes-

= M A PR A e

tructive bond inspection technique. Exploratory work proved the feasibility
of fabricating continuous liners for iatersecting ducts to overcome intersec-
tion joint problems. Quartz-phenolic '"'socks' were knitted from yarn,

impregnated with phenolic resin, and bonded and cured in metal ducts.

P——— -

A successful flat-wrap technique was developed to provide insulation and

erosion protection for the nozzle assembly as well as to meet structural

requirements. A second technique was also developed to fabricate a 30-deg-
angle-~-oriented exit portion composite, subsequently overwrapped w'th flat
wrap to achieve the required diameter in both the titanium portion and exit

portion of the assembly.

2.6 HiBEX-U PROPELLANT PROCESSING
As subcontractor to MDAC on the UpSTAGE program, Hercules, Inc., provided

~—

an ARPA-developed HiBEX- U booster motor, The motor was a single, per-
forated, 11-point star grain design made from FDN-80 composite modified
double-base propellant. For the UpSTAGE Experiment, several design mod-
ifications were incorporated. The nozzle was redesigned to reduce weight
by eliminating the TVC and its mounting pads. FDN-80 propellant was pro-
cessed with an inert carrier to reduce electrostatic hazards (refer to

Section 8),

—————y cmmemm ——

The FDN propellant was processed with heptane for full-scale HiBEX-U
application in the following sequence:
A, The propellant ingredients (ammonium perchlorate, aluminum powder,
zirconium staples, nitrocellulose, nitroglycerin, resorcinol, and
2-nitrodiphenylamine) were prepared, mixed, extruded, and cut into

""green'' powder,
27
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B. The green powder in heptane was tumbled, dried, shaped, screened,
and blended into finished casting powder ready for motor loading.
C. The casting powder in heptane was loaded into a prepared motor case

while %.eing vibrated, cast, and cured.

In order to reduce the hazards inherent in propellant powder-handling, aa
inert liquid carrier (n-heptane) was used in the propellant manufacturing
process. While the heptare did not affect the propellant burning rate, the
mechanical properties of the propellant were slightly altered- that is, higher
strength and modulus at nominal powder-to-solvent (P/S) ratio (70/30) were
obtained, but elongation was lower. In general, as the nitrocellulose/total-
plasticiz¢ r (nitroglycerin and triacetin) ratio was increased, the propellant

moda1'as and tensile strength increased and the elongation decreascd.

The heptane process also had no effect on ammonium perchlorate particle

size or zirconium staple dimensions,

Mold-filling efficiency (MFE) is the ratio of density of casting powder loaded
into a full-scale motor case compared to the density of powder from a stan-
dardized small-scale test mold filled by gravity-screen loading, The MFE of
the original HiBEX was increased by 4 percent because low- frequency vibra-
tions introduced into the HiBEX-U motor-loading sequence helped pack the

motor more efficiently,

The mold-loading set of conditions within the demonstrated extremes produced
a motor with structural capabilities better than those of the original HiBEX
motor., The data at the P/S ratio extremes indicated that the HiBEX motor
margin of safety was in excess of 0,2 at the critical propellant grain design

area (forward groove).

The case-bond system for FDN-80 propellant grain consisted of bimodal
casting- powder granules in a motor case. Embedment was accomplished by
applying v28in to the inside surface of the case and applying large and small
powder granules whic. were later cured, Case-bond embedment layers were

successfully applied to all HIBEX- U motors.

28
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Section 3
FUEL TANK PROCESSING

3.1 REQUIREMENTS

The fuel tank (Figure 3-1) consists of a flo-turned maraging steel barrel
with an aluminum liner on the fuel side (to prevent contact of the pentaborane
fuel with the maraging steel) and a maraging steel piston with an aluminum
cover on the pentaborane fuel side and a silicone rubber insulation liner on
the hot-gas side, A room-temperature adhesive-bonding process was needed
to prevent thermal stresses. Dimensional requirements on detail parts and

assemblies were stringent for functional reliability.

3.1.1 Barrel Requirements

After forming, machining, and heat treatment, the 250-grade maraging steel
barrel (Figure 3-1) was 4,7 inches in outer diameter by 32.5 inches long
with a varying wall thickness of 0,057, 0.062, and 0.075 inch. The barrel
had one open end. The other °nd was ported and hemispherical., The hemi-
spherical end had a neck 1,7 inches long with a 2-degree tapered opening,
The neck exterior had a machined hemispherical surface and threaded area.
The open end of the barrel was 4, 625/4, 627 inches in diameter for 0.5 inch
with a 4. 7-inch-diameter thread, 1-inch long. The internal bore was
4,560/4,562 inches in diameter to 4.3 inches from the open end and tapered
to 4.542/4,544 inch diameter for 5.5 inches., Barrels were flo-turned with
a 45- to 65-percent cumulative reduction in thickness, prior to annealing.

Annealing was performed after the third and fourth flo-turn passes.

3.1.2 Liner Requirements

The 6061-T6 aluminum liner fitted inside the maraging stzel barr.l and
lipped over the open end of the barrel (Figure 3-2), The liner surface had a
16-microinch finish inside and a 32-microinch finish on the outside. A burst

diaphragm/diffuser assembly was electron-beam-welded to a 1, 2-inch-diameter

31




w— o m— - - - - - - — Fo— o L]

suoisuawn( (aaeg Bumoys uoneinbyuo) WBiy jue| Bng g3 “L-g sanbiy

{SIHONI NI SNOISNINWIC 1TV)

§Z¢

IATVA Nivaa
WOVHHJYIQ aNv 14 .
isuns I 7
| . . u.ﬂ‘ J..J- e commar _

L1

32

HINIVLIY NOLSH

™

HOLVYHINIO SYD
63900

™ £90°0

et
Y el
._... _w -
>
. w v S a A
2 N oA s Dl >
d o N o S N
mmz_._l\ mwu.wl_
1v3S NOLSId
13HHve

ONIY 30IND NOLSId —>

—_—— —
4 —— frd

NCL1Sid
TVIS JILVLS ONV ONIY UVINHS




——

—— -
.

F

suojsusunQ Joul Buimoys AIQuiessy seury/jeseg Yuey [ong g3 Z-€ anbig

(SIHONI NI SNOISNIWIQ T1V)

HINIT NNNINNTY
TIHHVYE TIILS —— M
e

33

e ek el e S

y mm——-

Y et

st

e NS R G e e e e o

STV T SN Ll

anme. il

- _ .~




opening in the hemispherical end of the J.ner. A lip formed on the open end

had a 0. 035-inch gap to accornmodate the end of the barrel. The liner was
shear-formed from 6061 aluminum and heat-treated to the T6 condition,

After bonding of the liner/diffuser assembly into the barrel, an aluminum

nut was threaded over the barrel and gas-tungsten-arc (GTA)-welded to the ;

diffuser end.

3.1.3 Piston Requirements

The piston (Figure 3-3) was made from 250-grade maraging steel and
required a hemispherical end. An aluminum cover to fit on the outside of
the piston and bonded silicone rubber insulation (boot) on the inside protected
the piston. The piston assembly was installed inside the barrel and liner

assembly,

3.2 APPROACH AND CONSTRAINTS
A Lodge and Shipley Flo-Turn spin lathe was used to flo-turn the maraging

steel barrel and aluminum liner. A special machine attachment was designed

and fabricated to fit the lathe, as shown in Figure 3-4,

A special tail-stock adapter and guide pins were designed and fabricated to

support and align the mandrel and part. Special rollers made of air-

hardening tool steel were designed and fabricated, Figure 3-5 shows the

—

adapter, rollers, and mandrel.

The equipment for shear-forming maraging steel had limitations due to the

size and configuration of the barrel. Because of these limitations, it was
not possible to shear-form the part to net inside dimensions. The part would
not form closely enough to the mandrel during the shear-forming operation
to hold the required inside dimensions. The deflection of the rollers made

it difficult to control the percentage of reduction; this caused eccentricity,
"'"banana'' and '"bell-mouthing' effects, and a variation in wall thickness. It
was therefore necessary to reduce the diameter of the steel preform and the
flo-turn mandrel and increase the outside aiameter of the preform to permit

subsequent grinding to achieve final dimensions,
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3.3 BARREL PROCESSING

A study was made to determine the configuration needed for the maraging
steel preform blanks. Sufficient wall thickness was necessary to obtain

the reductions required and to obtain the final length, Since the inside

of the hemispherical end could not be machined later, it was necessary

to machine the inside of the closed end of the preform to net part
dimensions. A diameter was machined to fit the tail-stock adapter of the
Flo- Turn machine. Also, a close-tolerance hole was machined in the
closed end of the blank to fit the tail-stock alignment pin, A starting surface
was machined at the tangent point of the spherical radius to allow the forming
roller to start forming slightly ahead of the tangent point, Figure 3-6 shows
the preform dimensions and Figure 3-7 shows the evolution of preform to

postform and then to machined-barrel configurations,

3.3.1 Barrel Manufacturing Sequence

The sequence for barrel processing is summarized below:
A, Lubricate and place preform blank on mandrel,
B. Set Flo-Turn machine to 300 rpm, 6-inch feed per minute,
C. Set rollers to approximately 50 percent reduction, Use 0, 37-inch
radius, 20-deg top roller and 1, 0-inch radius, 30-deg bottom roller,
D. Shear form pass 1 and pass 2, Use feed rate of 6.0 inches per

minute for pass 1 and 9.0 inches per minute for pass 2,
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E. Change bottom roller to 0.37-inch ra ius, 30 deg, and shear-form
pass 3, Use feed rate of 12 inches per minute.

Solution anneal for one hour at 1, 550°F,

g

Use 0.37-inch radius, 30-deg rollers top and bottom, Shear-form
pass 4, Use feed rate of 12, 0 inches per minute.
Solution-anneal for 1 hour at 1, 550°F,

Port one end,

P e AR DY UM
m

Weld cap to cover open end,
Hydro-size,

Remove cap.

ErE R BT RE

Grind inside diameter .0 net part dimensions, Blend spherical
’ radius.
Grind outside dirmeter to clean up.

Set up on lathe fixture and finish machine barrel to final dimensions.
Age-harden 4 hours at 900°F,

i . Apply corrosion-protective finish.

POz

i 3.3.2 Shear Forming

From trial experiments, shearing-forming parameters were developed.

Final parameters are listed in Table 3-1.

{ 3.3.3 Straightening

A straightening operation was added which consisted of welding a maraging
1 steel cap to the open end of the barrel and placing the welded barre! in a

specially designed cylinder. The barrel was then subjected to 12, 000-psig

f hydraulic pressure to improve the out-of-round-and-straightness condition
“ for the grinding operation. The welded cap and barrel material adjacent to

the weld were subsequently machined off.

3.3.4 Grinding
I The inside diameter of the barrel was ground to final dirnensions, blending
the spherical radius of the closed end. Flat surfaces were ground on the

outside diameter to support the barrel during finish m:.chining.
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3.3.5 Final Machining
The barrel was placed on a lathe mandrel. It was then finish-machined.

A Freon spray coolant was used. Since the diameter of the mandrel was
smaller than the diameter of the part to allow removal, perfect contact
between mandrel and barrel was impossible and some variation in wall
thickness resulted. Heat-resistant grease and light tool cuts were used
to alleviate this problem and eliminate the necessity of making an

expandable-type mandrel.

3.4 LINER PROCESSING

A steel mandrel was designed and fabricated to fit on the head stock of the
Lodge and Shipley Flo-Turn machine. The mandrel was made to the minimum
inside diameter of the aluminum liner. The end of the mandrel was made to
fit the inside spherical radius of the liner, The hemispherical end cap of the

mandrel was removable and was used to pull the part off the mandrel.

A special pin with a key slot was made to fit the tail stock adapter of the
Flo-Turn machine. The pin and a key were inserted into the aluminum
preform to prevent the preform from turning duriag the first three

flo-turn operations,

Aluminum preforms (6061-0) were designed and made. Figure 3-8 shows
the preform dimensions, A starting groove was machined on the closed end,
coinciding with the tangent point of the inside spherical radius. New starting
groovzs were machined before each subsequent shear-form pass, as shown

in Figure 3-9,

3.4.1 Liner Manufacturing Sequence

The sequence for liner processing is summarized as follows:
A. Lubricate preform and place on flo-turn mandrel.

B. Align tail-stock guide pin.
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Shear-form pass 1, cut off excess, clean up, and regroove,.
. Shear-form pass 2, cut off excess, clean up, and regroove.
Shear-form pass 3, cut off excess, clean up, and regroove.

Solution-heat-treat to as-quenched condition.

Shear form pass 4, in as-quenched condition.

T oOMmMmYQ

Leave part on mandrel and finish machine to net part dimensions
except lip configuration,

I. Heat liner to 250°F maximum to remove from mandrel,

J. Age-harden to T6 condition.

K. Electron-beam-weld diffuser assembly to liner,

L

. Electrically discharge machine lip configuration,

3.4,.2 Selection of Rollers

A number of flo-turn passes were made to outain the correct combination of

forming rollers and spacers. Scaling and distortion resulted if correct,
geometrically formed rollers and dimensionally correct spacers were not
used in the correct combinations., The shear-forming parameters are
listed in Table 3-2.

3.4.3 Machining

It was planned initially to remove the liner from the mandrel after the

fourth flo-turn pass, age-harden to the T6 condition, and finish-machine

on another mandrel, Heat treatment to the T6 condition caused distortion
and expansion of the part, so that when the part was placed on the machining
mandrel it was loose and had a tendency to stretch and move when machined
to a 0,020-inch wall thickness, To solve these problems, the liners were
left on the flo-turn mandrel after the fourth pass (in the as-quenched condition) '
and were finish-machined on the same mandrel. The liners were then
removed and aged to the T6 condition, Because less than .00°F was required
to remove the liner from the machining mandrel, the aging process was not
affected.

3-16
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3.4.4 Electrical-Discharge Machining of Lip Configuration

A holding fixture and special electrodes of yellow brass were designed and
fabricated for an electrical-discharge machine to form the lip configuration
of the open end of the aluminum liner. When small particles of aluminum
were flus"ed into the machining area, shorting occurred. Etching and

cleaning of the flushing cavities of the tool eliminated this problem.

3.4.5 Welding of Aluminum Liner Assembly

The electron-beam-welding process was selected to weld the diffuser to the
burst diaphragm and the diffuser assembly to the liner because of the low
heat input characteristics of the process. The thin-walled parts to be
welded made it necessary to minimize weld distortion. In developing the
weld parameters, cracking was an intermittent problem. It was found
necessary to feed the 4043 aluminum filler wire into the center of the small
molten puddle. This was achieved by positioning the wire guide tip precisely
prior to welding each part. A stepped butt juiat was used to eliminate mis-
match and to reduce tooling requirements. Dimensions of the step were

modified to obtain acceptable welds.

After the liner assembly was adhesive-bonded into the barrel, the diffuser

end was machined to mate with the aluminum nut on the threaded neck of the
barrel. The nut and liner were then GTA-welded to seal the fuel side from
the steel barrel. Semiautomatic weld parameters were developed to obtain

crack-free welds without overheating the barrel end.

3.5 PISTON ASSEMBLY PROCESSING

The tank piston was made of 250-grade maraging steel with an outer
aluminum cover to prevent fuel/steel contact. Difficulty in fitting the
aluminum cover over the steel piston was eliminated by hand-lapping to

match-fit each assembly prior to adhesive bonding with epoxy.
A special rubber mold die was used to form a 0.010- to 0. 015-inch-thick

silicone rubh.er insulation (boot) which was subsequently bonded to the inside

of the maraging steel piston. Initial attempts to bond the boot into the piston

3-18




revealed that excessive air bubbles were trapped between boot and piston.
The boot material (Silastic 55) inhibited complete curing of the platinum-
cured silicone adhesive (93-072). Bubbles were successfully eliminated

by perforating the boot and replacing the solid bonding mandrel with a vacuum

i
b
!
b

bag and appropriate bleeder-cloth layers. Curing of the adhesive was ensured
by extending the cure time and raising the cure temperature. (Concurrently,

a backup process was investigated to form the insuiating liner by coating

e
S

with liquid RTV-630 silicone rubber. This process was proven feasible. )

3.6 ADHESIVE RONDING LINERS IN TANK
EC-2216, a two-part, flexible, epoxy cdhesive was chosen for bonding the

tank liner in place. The processing characteristics are:

e

A. Itis a paste adhesive with adequate work life and suitsole
viscosity,

B. It cures at -oom temperature, minimizing thermally induced
stresses that could result from elevated-temperature curing of

’ dissimilar metals.

3.6.1 Processing Aids

- To keep the thin-gage aluminum from buckling when the liner and tank were
assembled, a precision mandrel vas used. To apply a uniform thickness

of adhesive to the inside wall of the tank barrel, a circular squeegee was used.

3,6.2 Process Development

The mating surfaces of the aluminum liner and maraging steel t: ~k were

o—

prepared for bonding by solvent cleaning, hand sanding, and removing

residual grit from the sanding operation by a final solvent wipe.

A uniform coating of adhesive was applied to the inside surface of the tank.,
The tank and liner were assembled with additional adhesive being applied to

the liner in a rolling band at the tank and liner inte:face,
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The adhesive was cured at ambient temperature to prevent thermal stresses
developing in the dissimilar metal structure. An axial force of 100 lb was
applied to maintain proper position and contact of the assembly and the

assembly was allowed to cure undisturbed for 16 hr,

3.7 SHEAR-RING DEVELOPMENT
Tests were conducted to establish the optimum breaking groove configuration
of shear rings (Figure 3-1) and to determine the spread in shear loads of

rings having such breaking grooves.

Successful operation of the £B control system UpSTAGE vehicle was
critically dependent upon the performance of a ring appropriately sized to
shear within a prescribca load range corresponding to a tank pressure of 525
to 600 psi. The prescribed load range was 8, 225 to 9, 400 1b, The design
specified a 2024-T4 aluminum ring with a breaking groove incorporated to
produce a shear failure at the design point. Variations in the mechanical
properties of the ring material were expected to affect the breaking load of
the ring., Hence, the magnitude of the variation was determined. In addition,
the effect on breaking load of proof loading prior to the shear test was

determined.

During assembly of the UpSTAGE fuel tank, the piston retainer and piston
were joined by a threaded connection (see Figure 3-1). The ability of the
retainer to rotate freely without either the shear ring or Viton seal also
rotating was vital to the success of the assembly operation, If either the
shear ring or the seal rotated, a leak path could occur as a result of the seal

being deformed. Therefore, the feasibility of using a nonmetallic torque

washer to aid in assembly was determined. Details of shear-ring development

tests are contained in Appendix A,

3.8 NONDESTRUCTIVE THICKNESS AND BOND INSPECTION

During fabrication of the tank, two problem areas in nondestructive inspection
were encountered. The first of these involved measurement of the thickness
of the tank and liner during machining, The second was concerned with

inspecticn of the bond between the tank and liner.

3-20
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3.8.1 Tank and Liner Thickness Inspection

During machining of the tank and liner it was necessary to periodically
determine the thickness of the wall in the cylinder and at the hemispherical
end. Inspection practice originally called for the complete removal of the
work piece from the support mandrel and measurements were taken by an

ultrasonic-resonance device.

In order to perform the thickness inspection without removal from the
mandrel, a digital thickness gage was procured and integrated into the
inspection sequence. The gage operated at 5 MHz on the pulse-echo,
multiple-back-reflection concept. The transducer was only 1/4-inch in
diameter and was usable in confined areas or on curved surfaces. The
separation between the tank or liner and the holding mand-el was sufficient
that clear reflections were seen at the back surface of the tank or liner, The
small transducer worked very well on the compound curvature of the hemi-
spherical end of the tank and liner, an area that had been very difficult to

handle previously.

3.8.2 Tank-to-Liner Bond Inspection

To ensure the integrity of the tank-to-.liner adhesive bond, it was necessary
to develop a nondestructive inspection technique and procedure. The first
approach was to apply a resonance-loading instrument frequently employed
for metal-to-metal adhesive-bonded structure. The approach was unsuccess-
ful because the aluminum liner was thin (about 0,020 inch) compared

to the steel., The response to the transducer (located on the steel surface)
was nearly the same as that of steel alone. Since the inspection had to be
performed from the convex (exterior) surface of the tank (the steel surface),

the resonance-loading method was rnot suitable,

The second approach was to use an eddy-sonic instrument, . The eddy-current
excitation coil operated with a frequency of approximately 15 kHz, while the
pickup microphone was sensitive to a frequency of about 30 kHz. The eddy-
current excitation generated a mechanical vibration which was more intense

(less damped) over an unbond area. There was less material available for
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damping the energy. In order to verify the effectiveness of the eddy-sonic

instrument, a scrap tank (out of dimensional tolerance) was evaluated. The

l-inch test probe was fitted with a special plastic positioning shoe to maintain

the probe in a fixed position with respect to the curvature of the tank. The

tank was completely inspected, and all suspect areas marked. To verify the

unbond indications, the tank was sectioned through the marked areas. The

areas marked as unbonded came apart easily, whereas the well-bonded

(unmarked) areas were extremely difficult to separate.

Based upon this test, a procedure for eddy-sonic inspection of bonded metal

structures was generated and successfully employed to inspect all tank-to-

liner bonds.

3.9 PROBLEMS AND SOLUTIONS

Problems and solutions encountered in developing the manufacturing

processes for the fuel tank assembly are summarized below:

Problem

Solution

Tank barrel internal dimensions
could not be maintained during
flo-turning.

The maraging steel barrel warped
after flo-turning,

Air gaps between the barrel and
the machining mandrel caused
excessive wall thickness variations
during machining.

Aluminum liner turned on mandrel
during flo-turning, causing galling.

Movement of material after the
liner was removed from the flo-
turn mandrel made it impossible
to machine the wall thickness to
0,020 %0, 062 inch.

Reduced preform inner diameter and
mandrel outer diameter; ground to
final dimensions after forming,

Bulge-formed the barrel to stress-
relieve it,

Applied heat-resistant grease to fill
air gaps and made lighter tool cuts,

Added a key in the guide pin of the
Flo-Turn machine and a key slot in
the liner preform,

Flo-turned the part on the fourth
pass in the as-quenched condition
and finish-machined while the part
was still on the flo-turn mandrel,
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Problem Solution
The electrical discharge machine Etched and cleaned the flushing
shorted when small aluminum cavities of the tool,

particles were flushed into the lip
area of the liner,

Adhesive bond between the piston Perforated the boot, vacuum-bagged
and its rubber boot contained air the assembly, and cured at a higher
bubbles and uncured adhesive. temperature for longer times.
Existing thickness measurement Procured and applied new pulse-echo
techniques (ultrasonic-resonance) equipment (digital thickness gage).

were exceedingly difficult and time
consuming, especially for the
aluminum liner.

Existing nondestructive bond testing Procured and applied new eddy-sonic
device (resonance-loading) could not device with plastic positioning shoe.
detect unbonds between tank barrel

and liner,
Poor weld quality was obtained in Modified step dimensions and
initial electron-beam welds at tolerances allowed on mating parts.

stepped joints,

3.10 CONCLUSIONS AND RECOMMENDATIONS

A number of practical equipment and dimensional problems were solved tc
develop a satisfactory process for manufacturing a limited quantity of fuel
tanks. Improved flo-turning equipment capable of producing close
dimensional control would improve the economy of barrel and liner manufac-
ture considerably. Nondestructive in-process measurement of liner wall

thickness aided machining of the thin liner significantly,
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Section 4

FUEL MANIFOLD PROCESSING*
4.1 REQUIREMENTS
Fabrication of the elliptical fuel manifold frame required GTA welding. The
manifold frame was fubricated from two 2014-T452 aluminum rolled-ring
forgings which were blocker-die-formed to an elliptical configuration. The
assembly of these two partially machined forgings (Figure 4-1) created two
elliptical butt joints having a major diameter of 33,75 inches and a minor
diameter of 16,125 inches which produced the manifold portion of the part
with a 0.875-inch inside diameter. The weld requirement was to fully pene-
trate in one pass the 0. 165-inch-thick square edge of the weld joint without
using internal tooling for puddle support. In addition, the weld-bead drop-
through was not to exceed 0. 050 inch and was to be reasonably smooth and con-
sistent so as to not disturb the fluid flow in the manifold. Subsequent to weld-
ing, the manifold frame was artificially aged to the T652 condition. The aged

welds (with up to two repairs) were to exceed a minimum tensile yield strength
of 28, 000 pai.

4.2 APPROACH AND CONSTRAINTS

Two welding approaches were considered. The first was manual welding and
thc second was N/C welding. The former method under the best conditions
necessitated numerous weld starts and stops, increasing the probability of
weld defects. Also, great operator skill was needed to maintain consistent
weld penetration without exceeding the 0. 050-inch dropthrough requirement,
N/C welding was selected for its ability to follow complex weld joints and

provide weld puddle control on a reproducible basis,

*Refer to Appendix B for details of manifold weld development,
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Figure 4-1. Schematic of Elliptical Menifold Frame
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Preliminary welding parameters were developed on flat 2014- T4 aluminum
sheet. Mechanical properties were then measured from these welded panels,
which included original welds and double-repair welds, to determine if the

minimum yield strength could be consistently maintained following artificial

aging.

Three circular-shaped manifolds simulating the cross-sectional mass and
weld length were made from 2014-T4 aluminum alloy plate and were assembled
and welded to examine the performance of the N/C welding machine, weld
torch accessibility, wire-guide rotational features, weld joint fit-up, weld

fixturing, tape programming, and current pulsation,

The techniques thus developed were applied and optimized by welding to the
flight configuration (and repairing where necessary) four elliptical manifolds
machined from forgings. Dimensional and mechanical properties of the welds
in these forged parts were measured and evaluated prior to committing the

procedures to production.

4.3 ELLIPTICAL FORGING

Aluminum alloy 2014, the alloy of highest strength and reasonable weldability,
was selected as the material for making the EB elliptical manifold frames.
Forgings were chosen over plate as the optimum product form for obtaining
highest strength and ductility in all directions, The mandrel-forged, ring-
type forging was assessed to be the most suitable and economical method for

obtaining desired properties for the number of forgings required,

In the forging fabrication sequence, the ingots were heated to approximately
700°F and repeatedly Lot-worked in all three directions by an upset process
until the as-cast grain structure was broken down into one of uniform non-
directional grains. The final upsetting terminated with the metal worked into
the shape of a flattened biscuit. A hole wa. bored through the centex of the
biscuit (creating a ring-shaped forging) to permit insertion of a mandrel for
the final hot-working into a ring configuration, Repeated hits were made
against the mandrel-supported ring, causing an increase inring diameter, a

decrease in thickness, and a grain orientation parallel to the circumferential
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direction, The forging at this poii. was wide enough to permit slicing to
obtain a few individual frame forgings from each ring. These sliced rings

were pulled diametrically to form the desired elliptical shape.

Of greatest importance was the need to minimize the amount of frame dis-
tortion during machining, as a very close tolerance fit of the opposing weld
lands on the mating inner and outer frames was rejuired. To achieve this
condition, precautionary process controls were implemented to minimize
residual stresses in the frame forgings prior to machining. The controls
entailed holding the as-quenched forgings below 35°F (to prevent an increase
in yield strength due to room-temperature age-hardening) until a compression
stress relief could be applied to eliminate residual stresses induced by
quenching. Then, an optimum mechanical stress relief was performed by
simultaneously compressing the entire frame in its axial direction. These
stress relief measures were effective, as no measurable distortion occurred

during machining,

4.4 PLATE AND ROUND RING WELDING

Straight-line GTA welds were made in flat panels, using the weld fixture
shown in Figure 4-2 The fixture contained a cutout beneath the weld to
simulate the manifold duct. The fixture was made of aluminum and was firmly

clamped to the flat panel to simulate the heat-sink effect of the forgings upon
the weld.

The GTA welding process was used for both the mechanized welding (direct
current) and manual welding (alternating current) operations. Manual weld-
ing was being considered as a possible weld repair technique only. Mechanized
weld parameters were developed to produce a single-pass, full-penetration
weld with a smooth, shallow-weld dropthrough shape. Several parameter com-
binations were evaluated, including varying mixtures of helium and argon.

None of the gas mixtures effected a dropthrough shape improvement. The weld
parameters which produced the most consistent weld with the least practical
amount of dropthrough (0. 034 to 0. 040 inch) were used to weld three 24-inch-
long panels. Additional 24-inch-long panels were welded to evaluate possible
weld repair procedures by shaving the original weld flush and rewelding by

mechanized or manual methods. Six to ten tensile coupons were excised from
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SECTION OF EB MANIFOLD FORGINGS AS MACHINED FOR
THE WELD OPERATION. THE TEST PANEL 1S SHOWN SHADED.
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Figure 4-2, Weld Fixture—Taest Panel Cross Section
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each panel, aged to the T6 condition, and tensile tested. The results, shown
in Table 4-1, demonstrated that the required yield strength (28 ksi) could be

obtained ¢ onsistently in mechanized welds with up to two mechanized repairs.

The use of pulsed-weld current was also investigated and was found to improve

the consistency of weld bead shape.

To prove the capability of the newly modified N/C welder, the ability to
rotate the wire guide and tungsten electrode while welding, develop weld
overlap procedures, and optimize the preliminary weld parameters, three
simulated circular manifold assemblies were machined from 2014-T451 plate
stock. These test parts were designed with two 26. 5-inch-diameter annular
butt welds on opposite sides as shown in cross section in Figure 4-3. The
length of the weld and mass of material were selected to simulate the ccn-

ditions of the elliptical manifold.

Table 4-1
TENSILE YIELD STRENGTH OF FLAT- PANEL WELDS¥*

Tensile Yield Strength

Welding Method Weld Bead Shape + Range (ksi)
Mechanized As-welded 40 - 44
Mechanized plus 1 Shaved both sides 31 - 41

mechanized repair

Mechanized plus 2 Shaved both sides 29 - 39
mechanized repairs

Mechanized plus 1 Shaved both sides 27 - 36
manual repair

Mechanized plus 2 Shaved both sides 28 - 33
manual repairs

*
Refer to Appendix B for detailed welding procedures,
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Using the pulsation weld parameters developed on flat plate, the split circular
manifold was welded in six segmented 40-deg increments. It was necessary
to progressively increase the peak welding current to achieve 100-percent
penetration due to the increased heat sink of the part (compared to clamped
flat plates), Welding current was increased from 150 to 216 amp, arc voltage
from 12.0 to 13,5 v, and wire-feed speed from 26.0 to 28. 0 ipm, while the
tangential travel speed remained constant at 10 ipm (50 percent of feed-rate

override).

Weld overlap and tie-off parameters were developed on the same part by
back- stepping in six segmented 40-deg increments. The first 20 deg of each
increment was over the remaining unwelded joint followed by 20 deg of over-
lap. It was found that the best results were obtained by decreasing the travel
speed by 10 percent in the 1.5-deg block just ahead of the weld start, increas-
ing the arc voltage to 15,0 v in the first 3. 0-deg block after overlap, and then
reducing the peak welding current in four successive 3.0-deg blocks to a final

value of 96 amp,

These procedures were then used to weld the other split circular manifold,
During the weld the joint gap openeid ahead of the arc, and in the last quadrant
it spread to 0,025 inch. As a resuit, root-side fusion was lost, Other-

wise, the weld was dimensionally satisfactory,

As a resull of this condition, it was necessary to deveiop a technique for
minimizing or eliminating the gap buildup d..cing welding., Thus, a shrink-
fitting method was devised, The remaining two circular test part details
were machined with 0. 003 to 0. 005 inch of extra material left on the weld
joint faces so that just prior to welding a dry-finish machine cu‘ could be
made, leaving the joint faces clean and ready to weld, In order to evaluate

a shrink fit, these parts were left in their existing rough-machined and over-
sized condition and prepared for welding by lightly scraping the weld joint
surfaces which removed 0, 0005 inch per surface. This produced a 0,012- to
0.015-inch diametrical interference fit between the inner and outer rings,
which was not considered sufficient to offset the gap observed on the previous

part, but was expected to give some indication as to the value of this technique.
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The outer ring was heated to 200°F, which caused a 0. 060-inch increasc in
the inside diameter. 7The inner ring, which was at room temperature, was
inserted into the outer ring and shimmed vertically to eliminate weld joint
mismatch, When the assembly cooled to room temperature, there was

metal-to-metal contact along the full length of the weld joints.

The full circular test manifold was then secured in the weld fixture. Both
sides were N/C welded and no joint gap was observed. The weld bead crown
was slightly convex and most satisfactory in appearance. Subsequent radio-
graphic inspection revealed intermittent lack of penetration throughout the
weld, which was attributed to the improved heat transfer due to the shrink
fit, Thus, after shrink fit assembly of the last circular manifold, both joints
were welded with the peak welding current increased to 234, 6 amp. The
crown of the weld bead was flush with the top surface of the joint. The welds

were then x-rayed and {ound to be free of defects,

To correct the lack-of-penetration defects present in the first circular
manifold, a repair technique was devised. A second hole was drilled in the
manifold 180 deg from the first pressurization hole., 200 ml of methyl alcohol
was poured in a beaker and aluminum welding flux was added until 4C0 ml of
solution was cbtained., The solution was poured into one of the holes and the
part was rotated to coat the interior surface of the manifold, The remaining
solution was poured out and then the part was dried by heating to 125°F,

After shaving the defective weld beads flush, both sides were rewelded with
the N/C tape having 234, 6 amp of peak current. The weld ran smoothly
except for some gaseous expulsion near the end of the weld on the top side.
This situation was believed attributable to a heavy concentration of flux in the
unfused mating surfaces of the joint., Otherwise the weld was found acceptabie

in subsequent radiographic inspection,

Following the radiographic inspection of each weld, the welds were inspected
for surface defects using dye-penetrant. No surface defects were found in
any of the welds. The two completed circular manifolds were finally inspected
by a helium leak-detection method using a sensitivity of 3 x 10'9 scc/sec and

no leaks were detected. The first full circular manifold was then cut into
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sections to view the weld cross section and penetration. The weld cross

section showed a consistent weld dropthrough of 0. 035 to 0, 040 inch.

4.5 ELLIPTICAL MANIFOLD WELDING

The developmental elliptical manifold was composed of inner and outer
elliptical- shaped 2014-T452 aluminum roll ring forgings. When these two
rings were assembled, an elliptical weld joint was created having a major
diameter of 33, 25 inches and a minor diameter of 15.57 inches as shown in
Figure 4-1. On the opposite side, the elliptical weld path was interrupted
(in the original design) to allow for the subsequent machining of four integral

inlet ports., Views A-A and B-B show the cross sections of interest and the.,

resultant cross section (shown cross-hatched) of the manifold after machining.

The weld fixture was a trunnion-type tool which was placed between the head-
and tail- stock of the N/C welder. This fixturing approach permitted rotation
of the entire assembly between welds by programming the A-axis 180 deg

without removal of the nianifold.

One of the major problems in setup and weld- joint tracking was that the
welding torch was not manufactured with enough precision to allow it to be
rotated through 400 deg without causing a tracking error. The error arose
because the torch body was not exactly straight and the collet did not center
the electrode in the torch; this caused the electrode to be located differently
each time the electrode was replaced., The problem was solved by machining
the torch and by shimming the torch- mounting bracket to center the electrode
to the weld joint szcam. The electrode eccentricity was reduced from

0. 100 inch to 0,010 inch, i

The preliminary N/C tape for the elliptical manifold configuration contained
the same provisions for weld position, torch rotation, axis movement, and
chord length deviations as for the circular manifold tape. In addition, the
tungsten electrode index point was set on the centerline of the weld fixture,
the weld start point was set 2 inches before the minor diameter, and the

tangential travel speec was set at 10 ipm maximum,
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The tape was proofed by tracking the joints as-pbotographed on a master
Mylar-coa.ed sheet-metal template, and several modifications were made to

obtain s.tisfactory control of torch and wire motion,

The manifold parts were N/C machined with an extra 0. 005 inch o{ material
left on the weld joint face in addition to the 7.005 inch per face required for
the interference fit. The parts were brerught to the final dimension by hand-

filing them to a sheet-aluminum photo-template.

The weld joint preparation for welding began with degreasing and acid-etching
the parts. The weld joint faces were then draw-filed and the upper and lower
surfaces hand-scraped for a width of 1/4 inch. Having completed the prep-
aration, each part was placed in a fabric-reinforced plastic bag which was
evacuated and back-filled with dry nitrogen to minimize oxidation of the

scraped surfaces,

Before beginning the assembly process, the outer ring was removed from its
bag, four thermocouples were installed, and the outer ring was placed on hot
plates for heating, The cleaned surfaces were visually inspected with white
and black light and spot-scraped where necessary. The ring was then heated
to 200° to 250°F, the inner ring inserted, and the joints matched. The

assembly was air-cooled .» room temperature.

Four manifold frames were used to determine the schedule of weld current,
arc voltage, x- and y-axis travel speed, filler-wire feed rate and position,
and [ :terference-fit that produced fuli-penetration welds without defects or
excessive dropthrough. *The final N/C tape required 29 wire-feed, two arc-
voltage, eight welding-current, and over 400 travel-speed changes to

successfully weld the two elliptical manifo’ weld joints.

Sections were cut from an elliptical test manifold where the weld was con-
sidered to be representative of an acceptable weld, Tensile coupons were
excised from these sections, as shown in Figure 4-4, obtaining six coupons
from the top weld and six from the bottom. The coupons were aged to the
T6 condition and tensile tested, Tensile yield strength varied from 35 to

39 ksi, well above the reguired value of 28 ksi.

411

o © - - - s i e iR




vy

w"—-—*—

TENS(LE COUPONS

CROSS-SECTION OF UpSTAGE TEST MANIFOLD—-FRAME P/N 1736130
WELD CROWN AND DROP-THROUGH WERE LEFT AS-WELDED
(SMALL ARROWS SHOW LOADING DIRECTION)

Figure 44. Location of Tensile Coupons Excised from Forged Elliptical Manifold
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Lack-of-penetration defects occurred in the bottom side weld of elliptical test
parts 2 and 3 in the transition areas entering and exiting the ports. As the
aluminum-welding-flux repair method produced good results on the circular
test part, it was decided to repair these two elliptical parts, with some
refinements in the procedure. The inside ¢f the manifold was coated with
the flux-and-alcohol mixture and the excess was drained. The manifold was
then placed in a vacuum chamber which was evacuated to 5 x 10-4 torr., This
ensured the complete evaporation of the alcohol that was suspected of causing
weld expulsion on the circular part. The surface of the original weld was
machined flush and hand-scraped in preparation for the repair weld. After
welding, the flux was removed by flowing 180°F deionized water through the
manifold to remove all traces of the flux, Dry nitrogen was then blown
through the manifold to remove the remaining water and the part was again

placed in the vacuum chamber and evacuated to complete the drying process.

After several production manifolds of the original design were welded, the
manifold was redesigned to eliminate the discontinuities in the aft side weld
path. This changed the aft side weld path to an uninterrupted ellipse like the
forward side and significantly reduced the incidence of weld concavity and

lack-of-penetration defects in the aft side weld.

As welding progressed on the redesigned manifolds, a lack-of-penetration
problem developed in the weld- start/overlap area on both the forward and aft
sides. To ensure complete penetration, the weld-start and overlap-weld
parameters were modified and verified on short, straight sections that exactly
duplicated the mass and cross section of the elliptical manifold. The weld-
start travel speed was slowed for the first 1-1/2 inch of the weld, the current
downslope was delayed for another inch after weld overlap, the overlap weld-
travel speed was reduced, and the peak welding current was increased from
210,0 to 215.4‘amp. It was found that the welding flux could be eliminated

during these repairs, and a fully satisfactory weld was still obtained.

4,6 NONDESTRUCTIVE INSPECTION
Evaluation of the welded-aluminum manifold showed that fit variations

between the two mating sections were causing lack-of- penetration defects or
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areas of excessive bead dropthrough. It was necessary to apply effective
nondestructive inspection techniques to assess the weldment condition prior

to further processing. Two techniques were employed.

4.6.1 Film Radiography
The first technique employed was x-ray film radiography, an accepted

inspection tool, particularly for weldments. However, if the geometry of

the part becomes complex, the interpretation of the film becomes increzsingly
difficult, Meaningful radiographs of the manifold weldments were very
difficult to obtain.

The geometry of the rnanifold made it difficult to produce radiographs without
superimposing the images of the weldments on each other (see Figures 4-1
and 4-4).

X-ray exposure of the part at an angle sufficient to separate the weldment
images clarified ‘he individual weldment images in local areas. However, in

most areas, othev portions of the manifold forging blocked the view,

Weldment porosity’ was readily detected, as were gross lack-of-penetration
defects and large cracks. However, there was no way of determining the
extent of weld penetration or excessive dropthrough., It was necessary to use

another inspection technique to assess the weld penetration,

4.6.2 Weld Thickness and Dropthrough

The primary goal of the second inspection technique was to determine whether

a full-penetration weldment existed completely about the circumference of the
manifold assembly, It was impossible to examine the root (dropthrough) of
the weldment because it was inside a closed passageway. Therefore, a

method was needed to assess the total weld thickness from one surface only,

The technique selected for development utilized a digital thickness gage. The
instrument was designed to measure metallic material thicknesses from one
surface only, The results were displayed digitally on the face of the instru-

ment, The unit operated at 5 MHz with a 1/4-inch-diameter transducer,
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This method was very successful in measuring the total thickness of the
weldment when the thickness of the mating parts was known initially. The
height of the weld bead could be determined by mechanical measurement,
The thickness measured by the instrument minus the sum of the previous

two figures resulted in a figure representing the extent of the dropthrough.

Areas where no signal was received indicated the presence of insufficient
penetration or a defect which prevented transmission or reflection of the
ultrasonic wave {ront. The transducer was small in diameter and operated
effectively on the weld crown without degradation of the ultrasonic signal.
This approach to weldment inspection was quite successful, and together with
film radiography, provided adequate means of ensuring the integrity and

reliability of the manifold welds.

4.7 MACHINING CRACK PROBLEM

Metallurgical investigation concluded that failure of the EB manifold during
proof-pressure test was caused by cracks in the manifold wall (not near the
welds) that existed prior to the proof-pressure-testing operation. The crack-
ing was caused by a tensile overload applied during removal of excess rate-
rial required for a heat sink during welding. The overload resulted from
excess inner ring material not being supported during the second pass of the

removal cut (see Figure 4-5),

The cracking problem was eliminated by adding jacks to the mill fixture used
for holding the manifold during the N/C machining operation. The jacks
supported the excess heat-sink material while it was being parted from the
manifold inner ring. Extensive nondestructive inspection of subsequent mani-

folds verified the success of this method in preventing cracking,
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4.8 PROBLEMS AND SOLUTIONS

Major problems and solutions encountered in processing the fuel manifold

are summarized below:

Problem

Solution

A large weld-joint gap occurred
during the welding of slip fit
manifold test parts causing loss of
weld control.

Weld-joint tracking error occurred
due to lack of concentricity of the
welding torch as the weld head
rotated.

Lack of weld penetration occurred
in the weld overlap and tie-off area
on both sides of the manifold.

A nondestructive technique was
required to determine depth of
penetration of aluminum manifold
weldments.

Cracking occurred during final
machining,

Manifold parts were machined with a
0. 020-inch diametrical interference
and assembled using a shrink fit.

Weld torch parts were modified to
accurately center the tungsten electrode
to the torch barrel.

The welding parameters on the N/C

tape were revised in the weld overlap
area. A straight-section duplication

of the manifold was welded before each
full elliptical manifold weld to verify

the parameters and machine performance.

The digital thickness gage was effective
in determining weldment thickness,
thereby providing information as to
complete or less-than-complete pene-
tration.

Machining fixtures and tools were
modified to avoid forces which could
cause cracking.

4.9 CONCLUSIONS AND RECOMMENMDATIONS

1. An uninterrunted, single-pass, free-fall butt-weld procedure was

satisfactorily developed for welding the fuel manifold frame using the

eight-axis N/C welding machine.

2. Through the use of low-frequency (10 Hz) weld current pulsation,

excellent weld puddle control of free-fall weldments in 2014-T4

aluminum was demonstrated with the GTA welding process, In

addition, this technique is believed to have contributed to the absence

of oxide stringers prevalent in steady-state GTA welds in 2014

aluminum,
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The ability to rotate the filler wire about the tungsten electrode
during welding was adequately displayed in this program. It was
further shown that the entry angle for the wire may vary up to 30 deg
on each side of the centerline of the joint without any difficulty,
Numerous changes in weld heat input were required during the weld
to adjust for changing heat sinks created by design of the manifold.
These changes were effectively made by adjustments in the tangential
travel speed a*d filler wire volumetric rate of addition. This con-
dition was necessary because absolute changes in the welding current
duri=g, puisation must exceed 40 amp for the machine command unit
of the N/C welding machine to be responsive.

To achieve weld uniformity, adjust for varying heat sinks, and pro-
vide consistency and quality in the weld overlap area, over 400 in-
process changes were required in weld travel speed, filler wire

feed speed, arc voltage, and welding current to weld the two sides
of the manifold.

The interference fit of the assembly eliminated the weld-joint gap
buildup during welding and is believed to have contributed to the
absence of oxide stringer defects in the weld,

The design requirement of a minimum censile yield strength of

28, 000 psi was obtained with an average yield strength of the forging
welds exceeding the minimum by more than 30 percent.

A combination of film radiography and ultrasonic thickness measure-

ments was required to verify proper weld soundness and dropthrough.
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Section 5
ELECTRONICS PROCESSING

5.1 REQUIREMENTS

Special electronic manufacturing processes were developed to meet the
design requirements for four assemblies using thick-film circuit bases: the
electrical power and sequencing unit (EPSU), the guidance control unit (GCU),
the control electronics unit (CEU), and the signal conditioner, The perform-
ance, volume, and weight requirements which led to the design configurations
selected for the units are documented in Reference 5-1 and are therefore not
discussed in this report., However, technical requirements imposed by the

design upon the processes and resultant materials are summarized herein.

Automated drafting processes were required to produce artwork equivalent in
quality to artwork obtained by conventional 20-times photoreduction. In addi-
tion, the time and cost required to produce the artwork had to be competitive

with conventional methods.

Thick-film multilayer circuit requirements included maximum conductor
resistance of 0. 004 ohm per square’°= for gold, 0.1 ohm per square for
platinum-gold (top layer conductors), and 0.0l ohm per square for solder-
coated platinum gold; and a %5 percent tolerance on the width of conductors.
Up to five conductor layers were required for the design configuration. Cir-
cuit bases were required to be as large as possible, up to a limit of 4 by

§ inches (imposed by space limitations in the GCU), in order to achieve maxi-

mum packaging density and to minimize interconnections between circuit bases

Resistance of conductor films is expressed as ohms per square, where a
square is a film of the fired conductor ink of equal length and width, (A
conductor film 1 inch wide and | inch long has the same resistance as a
conductor film | foot wide and 1 foot long made of the same material and
thickness. )
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and boards. In addition, the thickness of the alumina substrate was limited

to 0. 025 inch to meet stack height requirements in the GCU and CEU.

When the initial series of thick- film multilayer circuit bases was made, it
became apparent that interlayer capacitance between some of the signal leads
and ground would exceed the rated load capacity of some integrated circuits
(IC's). Therefore, the interlayer capacitance had to be reduced to permit

proper functioning of the critical IC's in the assembly.

Thick-film chip resistors were required with ink resistivities of 0.1, 0.3, 3,
10, 30, 100, and 300 kilohms per square. Tolerances on the trimmed resis-
tance value were 1 percent and 0.1 percent, depending upon function. To

provide face-up mounting with reliable and inspectable solder joints, solder-

able conductor ink was required around the edges of the chip.

A process for adhesive-bonding flatpack IC's and heat sinks to thick-film
bases was required to produce bondlines having 0. 003-inch maximum thick-
ness to enhance thermal conductance. High adhesion was required between
heat sinks and thick-film bases; only moderate adhesion was required between
flatpacks and thick-film bases to facilitate flatpack removal and replacement.
In addition, the adhesive bond was required to retain its strength and conduc-
tivity after exposure to reflow soldering and normal test and flight thermal
cycling, The number of voids in the adhesive had to be minimized to ensure

adequate thermal and mechanical bonding.

Requirements for assembly of electronic packages were primarily mechanical
and dimensional in nature and were set by the design drawings., The extreme
static charge and thermal sensitivity of many of the IC's used in the designs
was anticipated. Soldering attachment of metal-oxide semiconductor (MOS)
devices required reduced heat inputs to prevent damage., Handling of IC's had
to be minimized and closely controlled to prevent static discharge damage.
Quantitative requirements for grounding were not established; however, it
was expected that adequate grounding would be easily obtained with existing
MDAC procedures,

5-2
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5.2 APPROACH AND CONSTRAINTS

Multilayer circuit requirements allowed the use of processes, equipment,

and materials which had been used previously at MDAC to make small,
single-layer production circuits and 2- by 2-inch multilayer experimental
circuits. The development approach taken was to obtain samples of 4- by
6-inch alumina substrates, prepare circuit artwork, and determine what
screening pressure, tension, and emulsion would produce visually acceptable
circuitry., Electrical and dimensional evaluations were then conducted to
determine the functional acceptability of the circuit bases. As a result of
these evaluations, the design and processes were modified to achieve accept-
able capacitance, flatness, and electrical/structural integrity and producibility.
Notably, the design of some circuits was changed to place the ground plane on
the back side of the alumina substrate, This approach avoided the warpage
due to thick dielectric layers on one side of the circuit base; however, it
required the development of a method for producing reliable through-hole

conductors,

To meet the solderability and resistivity requirements for chip resistors,
conductor and resistor ink choices were limited. The resistor ink had to
withstand subsequent conductor ink firing cycles, and the conductor ink had to
possess good solderability. Fortunately, prior to the UpSTAGE program, one
ink of each type (ESL 3800 resistor ink and ESL 5800E conductor ink) had been
characterized and successfully used at MDAC. These inks were seiected for
chip resistor fabrication., Substrate material, ink screening, dipping and
firing, and trimming techniques were adaptations of conventional thick-film

technology.

The only feasible approach for applying adhesive to thick-film bases in a con-
trolled thickness of 0, 003-inch maximum was determined to be screen print-
ing. This method was herefore selected for development, High adhesion was
obtained by priming su fuaces prior to bonding; low adhesion was obtained by
eliminating the primer. Heat resistance was verified by testing adhesion
strength samples previously exposed to temperatures of 212° and 500°F and
by functional testing of prototype and flight assemblies, (See Reference 5-1

for details.) Void content was reduced by examining full-scale primed and
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unprimed bonds anl then making minor modifications to the bonding process.
Acceptable thermal contact area was then verified by functional testing of

assemblies.

The approach taken to prevent static charge damage to IC's was to minimize
formation of charge wherever possible. Where this was not possible, as in
the case of foam encapsulation, the charge was removed by an ionized

airstream,

5.3 THICK-FILM MULTILAYER ARTWORK PREPARATION

The size and complexity of the circuits precluded the conventional methods

of making artwork, Usually thick-film layouts are prepared 20 times actual

~—i,'f

size and photoreduced for use, The 20-times-scale layout drawings for the {

4- by 6-inch substrates would be unwieldy to handle and too large for the

equipment available for photoreduction. The solution was to use 2-1/2-times-
scale computer-generated artwork prepared from engineering layouts of the

design configuration,

Y ———

5.3.1 Equipment and Facilities

Digitizing was done on a Tridea Digitizer v aich used a closed-circuit TV
system and joy-stick control to establish the coordinates of each point on the !
engineering sketches., The grid table was 5 by 20 ft, and the image of any )
point on the table was magnified to 50 diameters for accuracy in location,

The positions of points on the table were punched on a tap- to specify position

within 0. 0001 inch, Machine commands were entered ontc the tape by a

typewriter keyboard. The digitizer-generated tape was then processed in an

-

IBM 360-85 computer to include such things as line straightening, component

-

! pad patterns, and interconnection (via) positions,

The complete edited tape was then drawn out at 2-1/2 times scale cn a

Universal drafting machine (UDM)*., This machine drew the line to within

a-ﬁw

*
The UDM is manufactured by Universal Drafting Machines, Inc., a subsidiary
of Eugene Dietzgen Co.; it has a 5- by 20-f{t bed, a PDP-8 computer control-
ler, and a Potter computer-grade magnetic-tape reader,

54

)




0. 00! inch of the position svecified on the tape. Line widths produced with an

MDAC-developed pen system were uniform to within 0. 005 inch.

5.3.2 Sequence of Operations

The method developed for making drawings is shown in Figure 5-1. The
steps included were:
A. Sketches w:re laid out at 5 times scale to specify component
positions and types (see Figure 5-2a).
B. The corner points of the components and types were digitized.
C. The digitizer-made tape was put into the computer, which generated
a drawing tape to outline all mounting pads needed and their positions.
D. The drawing tape was put in the UDM, which drew the mounting pads
over the engineering sketch (see Figure 5-2b),
E. Lines were drawn manually on this artwork to interconnect the
devices.
F. The circuit runs were then digitized for each layer.
G. These tapes were put into the computer, which added drawing
commands and extracted information to build the via artwork,
H. Zuch tape was put in the drafting machine and drawn at 5 times
scale for check and edit.
I.  Circuit changes and error markups were made on these drawings
and the tapes corrected.
J. Corrected tapes were then used to draw production artwork for each
layer at 2-1/2 times scale size,

K. The artwork was then photoreduced to final size for production use.

5.3.3 Digitizing

Digitizing was done in two steps: first, the component mounting pad locations
were digitized from a layout sketch. The drawing made from this tape was
then used to sketch the interconnections. After the interconnections were
sketched, the digitizer was used to prepare a tape of the interconnection

circuitry,

A component layout sketch and computer-generated pad master drawing are
shown in Figure 5-2, The numbers refer to the type of component to be

located at that position. Each type of component mounting pattern was drawn
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and checked for accuracy at 10 times scale. The pattern was then given a
number and stored in a computer iibrary for use by the digitizer. Table 5-1

lists several of the commonly used patterns.

Digitizing the interconnections was done by layers. Each layer was color-
coded as shown in Table 5-2. The beginning and end points of the line

were entered on the tape. The computer then added the PEN-DOWN and
PEN-UP commands at the ends of each line, Iniormation needed to draw via
(vertical) connections was indicated on the layout drawing by symbols (see
Table 5-2).

Table 5-1
LIBRARY OF INTERCONNECT PAD PATTERNS

Keyboard Entry Pad Configuration

SE F001 Two rows of 5 flatpack pads (30 x 120 mils with
20 mils spacing between pads) and 300 mils
between rows,

SE F002 Two rows of 7 flatpack pads and 300 mils between
rows,

SE F003 Two rows of 8 flatpack pads and 300 mils between
rows,

SE F004 Two rows of 12 flatpack pads and 300 miles between
rows.

SE F005 Two rows of 7 flatpack pads and 500 mils between
rows,

SE F006 A single 80 x 80 mil pad.

SE F007 A single 80 x 160 mil pad with a 90 x 30 mil slot in
center of pad,

SE FO0ng An "F" identification letter and two alignment "'L's'',

SE F009 A 30 x 40 mil via pad in the center of a single flat-

pack pad and referenced to the lower left-hand
corner of this pad.

SE F010 A single 20 x 80 mil via with the 80 mil in the y-
axis.
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Table 5-2
TAPE FUNCTIONS
—— “"
Tape Drawing Symbol Function

A --- Ground plane

B - Conductors in power plane

C (green lines) Third conductor layer conductors

D (blue lines) Fourth conductor layer conductors

E (red lines) Fifth cornductor layer conductors

F 1 -5 Flatpack pads (FPP)

G G All ground vias

H 9 All power vias

J ® All vias under FPP originating from third
conductor layer

K ® All vias under FPP originating from fourth
conductor layer

L A All 20-mil vias between conductor layers
3 and 4

M ® All 20-mil vias between conductor layers
3 and 5

N = All 20-mil vias between conductor layers
4 and 5

P 8 Identification and alignment pads

R --- Dielectric border line

S 11 Ground plane pads

T - Dielectric pads under flatpacks

U 6,7 Terminal pads

W —_———

Ground plane identification and alignment pads
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5.3.4 Tape Assembly and Editing

To allow for artwork changes, a plan was developed to make separate tapes

for different functions and assemble the layer from these tapes at the UDM.
Table 5-3 shows the separate tapes required for a typical multilayer circuit.

The tapes are identified by letter in Table 5-2.

The assembly method included planned cases of redundancy in artwork. Fig-
ure 5-3 shows the fourth conductor artwork with the tapes used to generate it.
For example, Figure 5-4 shows a via connecting a conductor on layer 2 to

another conductor on layer 5. Layers 2C, 2D, 3C, 3D, 4C, 4D, and 5C con-
tain this via tape (the suffixes C and D represent conductor and dielectric,

respectively). This single tape was used seven times to ensure registration,
Figures 5-4b and 5-4c show that a misplaced via was easily detected by using

redundant vias,

Modifying tapes was accomplished in different ways depending on the com-
plexity of the changes. Small changes to short tapes were usually done on
the Flexowriter, Large tapes were edited with the Friden digitizer edit
program. With the digitizer, the area to be corrected was redigitized on a
small tape, checked, and duplicated on the tail end of the original tape. The
original tape was then duplicated, omitting the changed or incorrect area,
This was done on the Friden edit program by typing in a line number which
duplicated the tape up to this line, then deleting by typing in keyboard charac-
ter (sign) on its teletype (or typing in replacement information), This

procedure was continued until all errors were corrected.
Editing with the Sigma 5 interactive graphics system was tried and found to be
useful only for deleting lines, There was no reference framework to allow

lines to be added.

5.3.5 Automatic Drafting

The complete, corrected tape was used in the UDM to draw the artwork at
2-1/2 times scale size, At the outset, the artwork quality was poor because
of poor pen control. The pen would either hit the table too hard and splash

or stop too soon, not writing the line, A mechanism (Figure 5-5) was made
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to improve the control of pen movement. To prevent ink splatter and damage

to the pen tip, an air dash pot was used and set to a slightly overdamped
condition,

5.3.6 Artwork Evaluation

Initial attempts to man...lly check a 5-times-scale drawing of a five-layer
circuit revealed that the check process would take at least 5 weeks. Accord-
ingly, it was necessary t> rely upon digitizing and mechanized drafting for
accuracy. Of all the multilayer circuits fabricated, only one piece of artwork
had to be corrected, In that case, the operator removed the tape from the

UDM before the drafting of the last via point was completead.

5.4 THICK-FILM MULTILAYER BASE FABRICATION

The materials and most of the methods used for thick-film multilayer fabri-
cation were previously used at MDAC; only the substrate size and complexity
were unusual. The substrates were made of 96-percent alumina ceramic with
holes prepunched for electrical interconnections., Commercially available

gold and platinum-gold conductor inks and crystallizing dielectric inks were

used.

The multilayer circuits were made by alternately screen-printing conductors
and dielectric ink into substrates and firing them at 930°C. Controlled heat-
ing and cooling rates were used to obtain optimum physical properties of the

finished part (Reference 5-2), Figure 5-6 shows a typical multilayer circuit
base.

Limiting the capacitance between signal conductors and the ground plane
necessitated double- and triple-dielectric printing, printing on both sides of

the substrates, and providing interconnections through the substrates,

5.4.1 Alumina Substrate Preparation

Some of the 4- by 6-inch substrates were received with so much warpage that
they could not be held firmly on the vacuum bed of the screen printer and
could not be printed with uniform line thicknesses, A process was developed

for flattening the substrates, in which twelve substrates were stacked on a
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1-inch-thick, flat alumina block, and a 6-1b weight was placed on top of them.
The weighted stack was placed in a clean kiln, heated to 1,400°C, and cooled
to room temperature. A 3-day flattening cycle was used, to allow slow cool-
ing so that thermal stresses would be minimized. The resulting substrates
were significantly flatter and less prone to distortion during subsequent firing

cycles,

5.4.2 Dielectric Ink Evaluation
Two dielectric inks (ESL 4608 and ESL 4610) were evaluated. The 4608 and

4610 materials have dielectric constants near 8 and 10, respectively, All

other properties were reported to be the same, However, it was easier to
solder conductors printed on 4610 than on 4608, whereas the thermal coeffi-
cient of expansion of 4608 was more closely matched to those of the conductor
inks and substrate used on this program than 4610, On the basis of strength
and appearance of the conductor/dielectric interface, the 4608 malerial was

chosen over the 4610.

Applying dielectric as thick as 0.010 inch on a 0.025-inch-thick substrate,

in order to reduce capacitance, caused the substrate to bend due to thermal
expansion mismatch, Batch-to-batch variations in thermal expansion were
also found. To control warpage of the final product, dielectric inks were
tested and selected for use as follows. Ink lots which produced less than

0. 050-inch deflection in the 6-inch substrate dimension were considered
acceptable for making five-layer circuit bases, Inks causing greater bowing
were used for one- and two-layer circuit bases. (Bowing of up to 0,125 inch
in the 6-inch dimension was observed on occasion,) Dielectric inks were used

as supplied by the manufacturer, and required no mixing or preparation at
MDAC,

5,4,3 Screen Printing

Two major problems were encountered in screen printing: (1) printing bases
almost as large as the screen, and (2) producing pinhole-free multilayer
bases. Many of the techniques of multilayer construction were developed
previously on the MDAC Independent Research and Development Program,
Experimental yields w re roughly in the range of 60 percent for a 2- by 2-

inch substrate with three layers, Initially the yield of good parts dropped
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considerably when the area of the substrate was increased to 4 by 6 inches,
but through refinement of procedural controls, a yield of 95 percent was

achieved in production,

With 4- by 6-inch substrates and an 8- by 10-inch screen, nonuniform screen
printing across the substrate was observed. When the screen was adjusted
to give good prints in the center, the edges would not print properly. When
the edges were optimized, the center of the pattern was spread out. When
the printing parameters were optimized to yield a uniformly good print from
edge to center, a rough surface texture containing sharp peaks resulted.
These peaks caused the formation of pinhole shorts during subsequent firing

operations,

Substrate-to-screen distance settings from 0. 050 inch to zero (contact print)
were unsuccessful in preventing poor printing. Analysis of the manner of
operation of the screener indicated that high screen tension was necessary

to provide a clean screen breakaway. This was provided by adding a silicone
rubber ramp adjacent to the substrate. Figure 5-7 depicts the ramp in opera-

tion. When the ramp was used, pinhole-{ree dielectric layers were obtained.

Shorted conductors were caused by printing conductors on top of the dielectric
with poor screening and by printing conductors on top of lint particles. Fig-
ure 5-8 shows a section of conductor removed from a substrate with a pinhole
short, Much of this type of shorting was eliminated with the introduction of
the ramp. Lint, the other major cause of pinholes, was eliminated by screen-
ing in a dust-controlled area and substituting polyurethane sponge wipers for

cotton ones, Figure 5-9 shows a conductor with this type of short,

Random pinholes due to material inhomogencity were eliminated by screening
two layers of dielectric between each layer of conductor. The order of print-
ing and firing was found to be important, and is discussed in Subsection 5.4, 4,
The total print thickness was closely controlled to minimize warpage at the

thick extreme and interlayer capacitance at the thin extreme.
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OBLIQUE VIEW {425X)

Figure 5-8. Scanning Electron Micrograph of a Gold Conductor Short Due to a Pinhols After Removal
of the Dielectric with Hydrofluoric Acid
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Figure 5-9. S.anni.xy Electron Micrograph of Voids and Bumps Left in a Fired Gold Conductor (ESL 8831)

M b M R S T e LTS e Mems ST PwaE MM WA M rm N P oA




Using conventional conductor ink, manual techniques were devised to form
conductors in prepunched holes through the alumina substrate. A workable
consistency was obtained by drying the ink, grinding it to powder, and adding
small amounts of standard ink solvent. Figure 5-10 shows a conductor

feedthrough in a substrate.

Initially, up to 4 hours were required to precisely align the screen. Ry
interposing a clear plastic: fiim and printing on it, alignment time was reduced
to 15 minutes and less ink was wasted. In this method, the screen and plastic
film ~vere mounted solidly to the machine framework, The film was mounted
just above the level of the substrate, A print was made on the film with blank
substrate below it, The production boar:" was then put in position on the table,

adjusted to align the previously printed layers with that on the film.

5.4.4 Processing Sequence

Figure 5-11 shows the process sequence which was developed for a typical
multilayer base. The letters denoting the ordering are defined as follows:

C = conductor print and dryv, D = dielectric print and:dry, V = via fill and dry,
and F = fire., (For example, C-F-D-D-C-F means the first conductor was
printed, dried, and fired; a double printing of dielectric with drying between
prints followed; and finally, the second conductor was printed, dried, and
cofired with the dielectric.,) This sequence minimized warpage, pinholes,
and interlayer capacitance, while maximizing conductor adhesion to the sub-
strate. The process sequence used produced boards of up to five layers with
adhesion greater than the strength of the alumina substrate (i,e., capable of

pulling a piece out of the substrate in tensile testing).
Figure 5-12 shows a cro.s sectinn through a five-layer board. OCnly four of
the conductor layers passed through the section plane, the first or bottom

one being absent, Figure 5-13 shows sections through typical vias.

5.4.5 Solder Coating

Once all screening and firing processes and visual inspection were completed,
the circuit base was solder coated, The coat provided pretinning for subse-

quent component attachment and acted as a protective coating for the conductor
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CONDUCTOR PAD SIDE {20X)
OBLIQUE VIEW

CROSS~SECTION VIEW (35X)

-

Figure 65-10. Feedthrough Holes in the Substrate Showing the Gold Plug Making Connection from the
Ground P'ane to the Conductor Pad
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Figure 5-12. Microssction of a Thick-Film Muitilayer Showing Four of the Layers (200X)

Figure 5-13 Microssction of Typical Vies in a Five-Conductor Layer Thick-Film Multilayer (200X)
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pads during repeated electrical probing. Although a number of solders were

studied, ordinary lead-tin eutectic solder proved the most satisfactory overall.

Complete solder-tinning could not be obtained without some solder leaching
(conductors dissolving in solder). Thicker condu:tors were more difficult to
tin. In the first tinning, the vias in the flatpack pads were centrally located
under the pads and represented one-third of the pad area. With each succes-
sive solder-dip operation, additional solder would adhere to the periphery of
the via until the via was bridged over with solder, leaving an untinned cavity
under the solder. Also, with each successive solder-dip operation, the pads
progressively leached, leaving the conductors so thin that they would leach

out completely during subsequent heating for component attachment.

Several approaches were taken to tin the conductor without leaching it. Pro-
tective coatings such as plasma-sprayed copper, sputtered copper, vacuum-
evaporated nickel-copper, and vacuum-evaporated nickel were unsuccessful,
as they dissolved in molten solder long before the platinum-gold pad was
leached. Relocating vias from under the pads increased the problem. The
vias, . like feedthroughs on conventional printed-wiring boards, acted like
pillars or anchors and mechanically strengthened the pad. During operations
where components were removed and replaced, pads without vias were signif-

icantly weaker than those with them.

A simple, two-stage solder-dipping operation, together with smaller-diameter
vias, provided the best solution, The substrate was first immersed in a one-
to-one mixture of peanut oil and nonactivated flux maintained at 135°C, and
then immersed in molten solder. Total immers.on time, and entry and exit
angles and rates were closely controlled, Solder temperature was held

below 232°C, and the substrates were redipped only once. Vias no* tinned

by dipping were later tinned carefully by hand with a soldering iron.

A more comprehensive solution to the solder-leaching problem was to
strengthen the top conductor and dielectric layers and to improve the geo-
metrical fit-up between them. The multilayer board made in this manner

was dubbed a "superboard, " due to its leach-free characteristics. The super-

board differed from the others by having a double-thickness top conductor
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layer and a triple-thickness top dielectric layer which was the negative, or
complement, of the top conductor pattern. Thus, each top-layer conductor
was in a dielectric trough. The top-layer processing sequence was
CFCFDDC with an increase in furnace belt speed. With the standard process,
fissuring was quite prevalent between vias and adjacent dielectrics and
between the top conductor and the via. Manual touchup with conductor ink
was required to overcome these potential defects. In the superboard process

no fissuring occurred.

Six experimental superboards were fabricated, at different times, with
difficult circuits and with otherwise standard production techniques, These
boards all had the same lea:h-free characteristics., Tinning superboards
was more difficult than tinning regular boards because the entire conductor
surface exhibited the characteristics of vias. This was overcome by using a

prefluxing step to activate the surface before solder dipping.

Preliminary tests on the superboard showed that leads could be soldered and
unsoldered 20 times with negligible conductor leaching, Observation of pads
after 20 such operations revealed (under 30-times-scale magnification) that

approximately 2 percent or less of the conductor leached.

Several methods were tried to keep the holes along one side of the circuit base
clear of solder to allow insertion of the ribbon cable wires (see top side of the
base in Figure 5-6). The most effective and economical was to string 32 AWG
Teflon-insulated wire through the holes. The Teflon was not wetted by solder

and therefore the holes were not bridged during tinning.

5.5 THICK-FILM CHIP RESISTOR FABRICATION

Commercially available chip resistors were made with silver terminations
which dissolved extremely easily in solder, Chip resistors with solderable
placinum-gold terminations were developed for UpSTAGE to allow reliable

soldering,

The chip resistor structure and the fabrication sequence are shown in
Figure 5-14, Conductor material was coated around the edge of the chip to

allow face-up mounting on a substrate, which allowed trimming to be done
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RESISTOR

CONDUCTOR

LOW RESISTANCE HIGH RESISTANCE

STEP PROCESS

1 SCREEN AND FIRE RESISTOR INK
SCREEN AND DRY CONDUCTOR TERMINATIONS
BREAK SNAPSTRATE SHEET INTO STRIPS
DIP STRIP EDGE WITH CONDUCTOR, DRY, AND FIRE
BREAK STRIPS INTO INDIVIDUAL CHIPS
SOLDER-DIP CHIPS
TRIM CHIPS TO RESISTANCE VALUES

~N s WN

Figure 5-14. Chip Resistor Procsss Sequence
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after installation, and precluded trapping processing residues between the
resistor and circuit base. (Under electrical power, residues in contact with
resistors can form electrolytic cells, causing catastrophic changes in

resistance. )

5.5.1 Ink Selection

To permit final conductor-dipping and firing to coat the edge of the chip

without seriously affecting the resistor properties, high-firing-tempzarature
inks (approximately 1, 000°C), such as the ESL 3800 series or EMCA Firon,
were evaluated. Because of availability and familiarity, ESL 3800 resistor

ink was chosen.

5.5.2 Fabrication Process

Resistor ink of the desired resistivity was screened onto scored substrates
(snapstrates) and fired first at a peak temperature of 1, 000°C. ESL conductor
ink 5800E was then screened and dried but not fired. Before coating the edges
of the resistor chips, the snapstrates were broken at the scored lines by
holding the sheet along the bottom edge and bending it. The substrates were

broken in half, then in half again, etc., until single rows remained,

The first step in dipping the strips was to prime the edges by thinning the

edge conductor ink to a very thin consistency with butyl cellusolve acetate
(BCA) solveut, The ratio of ink to solvent was approximately 50:50 by volume.
The fluid conductor was used to soak a gauze pad. The edge of .ne resistor

strip was then pressed on the pad to wet the edge and dried with a hot-air gun,

The second step consisted of spreading the conductor ink (no thinning or only
very slight thinning) on a glass plate to a thickness of approximately 10 mils,
The edge of tha resistor strip was then carefully dipped into the ink to coat

the edge and dried with a hot-air gun to prevent the ink from running.
After dipping and drying, the strips were fired at the standard conductor

profile of 930°C, The strips were then broken apart to form individual chip

resistors, solder dipped, and trimmed to the required value.
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5.6 ELECTRONIC ASSEMBLY

Successful assembly of thick-film and epoxy-glass printed-circuit boards with
flatpack and leadless inverted device (LID) integrated circuits, capacitors,
resistors, and other components required development of a number of pro-
cesses. Significant among these processes were thermally conductive
adhesive bonding, soldering, flexible circuit boards, encapsulation, and

associated static charge protection and repair.

5.6.1 Thermally Conductive Adhesive Bonding

Conventionally, components are reflow- soldered to relatively small thick-film
circuit bases which are then mounted to carriers or heat sinks. The bow in
the completed UpSTAGE 4- by 6-inch multilayer circuit bases had to be
removed during bonding to the heat sinks because of tight packaging tolerances
(0. 005 inch). The pressure and bending necessary to do this would have
damaged any components previously mounted and soldered to the base. There-
fore, reflow-soldering had to be done after bonding the base to the heat sink.
During initial attempic to reflow-solder components, thermal-expansion mis-
match between the aluminum heat sink and alumina thick- film base bowed the
assembly and destroyed the adhesive bond. The bowing was eliminated by
replacing aluminum with molybdenum as the heat- sink material, obtaining
near-perfect thermal-expansion matching to the alumina thick-film base. In
addition, the very high elastic modulus of molybdenum ensured flatness of

the bonded assembly. In cases where the molybdenum heat sinks were not
received with the required flatness, i:hey were heated to 150° to 400°F and
flattened,

Candidate adhesives were chosen for thermal conductivity properties. The
most promising materials were then evaluated for application properties,
espec.ally for meeting the 0. 003-inch maximum bond line requirement. The
following adhesives were evaluated in detail for use in bonding flatpack devices
and thick-film bases; Eccosil 4852, PR 1913-2, Duroseal, DC 96-044, and
Eccobond 285. It was found that all the properties desired were obtainable
with Eccosil 4852. MDAC Report MP 51, 831 (contained in Appendix C of

this report) includes dctails of the tests which led to the selection of

Eccosil 4852,
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Primed aluminum surfaces gave bond shear strengths of 150 to 300 Ib/in. 2
These were considered adequate. When the heat sink was changed to molyb-
denum, the strength values were redetermined. All candidate surface treat-
ments (etching, grit-blasting, and solvent wip2) gave lap shear strengths of
between 500 and 600 1b/in, 2. Therefore, triclk sroethane wiping was chosen

as the most economical method of surface treatment for the molybdenum heat
sink,

Maximum adhesion was ensured by using a silicone primer on the heat-sink
and circuit-base bonding surfaces. Because of the desire to remove and
replace flatpack devices, no primer was applied to their surfaces., The

required thermal contact was thereby obtained without much adhesion,

A thin, uniform layer of adhesive was required for optimum heat transfer,
strength, and minimum package height. A 0.003-inch maximum bond line
between heat- sink and base was obtained by applying adhesive to the surface
of the thick-film base, using a 325-mesh screen., The heat sink and base
werc held together in a vacuum bag for the 16-hour cure., Sufficient pressure

was applied by this technique to ensure that the base was held flat against
the rigid heat sink,

Screening was not practical for applyinr the adhesive between the circuit
base and the components to be mounted with it. The pot life or working time
of the material {(approximately 2 hours) was too short to place all the com-
ponents in their places on top of the screened-on material, and the circuit-
base surface was too irregular for screening. Therefore, bonding of flatpack
integrated circuits and small, hybrid, thick-film circuits onto the multilayer
thick-film circuit bases was achieved by painting. The adhesive was thinned
to make it brushable. It was painted on both surfaces to ensure complete
wetting, The thickness of the adhesive was checked on the circuit base with

a wet-film gage to ensure proper thickness., The component body was given

only a very thin coat,

Initial adhesive bonds had voids ranging from pinholes to l-inch-diameter
holes. Ultrasonic and liquid-crystal nondestructive test techniques v« e tried

in attempts to nondestructively detect the voids, Neither technique was
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capable of detecting voids less than 1/2 inch in diameter. Liquid crystals
were not sensitive enough because of the circuitry ridges caused by ink
buildup and solder on the circuit-base top surface, and because of the high
thermal conductivity of the materials. Ultrasonic flaw detection was com-
plicated by responses from the molybdenum heat sink iix addition to those

from the adhesive layer, It was found that precoating both surfaces to be
bonded together was adequate to eliminate all but the smallest voids. Thermal
measurements made on production assemblies indicated that the bonding

provided adequate thermal transfer despite the presence of small voids.

5.6.2 Electrical Interconnections

The two major elactronic packages, the GCU and CEU, each had three levels
of interconnections: (1) the components connected to printed-wiring boards
and thick- film circuit bases, (2) the boards and circuit bases interconnected
by means of a flexible~rigid multilayer printed-wiring board, and (3) the

entire assembly connected to the rest of the vehicle wiring.

Chip resistors and chip capacitors were reflow-soldered to the circuit base/

heat-sink assembly. The presence of the heat sink increa sed the time required

to heat and cool the assembly, Capacitcrs whose contact lands were longer
than 0.1 inch required a small wire preform on each end to provide aa ade-
quate fillet; all smaller components had enough solder available from

pretinning operations,

Heat sensitivity of the MOS integrated circuits (IC's) would not allow them to
be reflow-soldered. Normally the leads of an IC would be preformed, placed
on the substrate, and reflow-soldered with the other components; but the ther-
mal mass of the circuit base /heat-sink assembly was too large and th: flat-

packs were in excellent thermal contact with the board.

The process sequence used for these components was to preform and trim
the leads, then bond the component to the circuit base. After the 16-hr cure
for the adhesive, the assembly was put on a heated stage controlled at 140°F
and the leads soldered individually with a controlled-temperature soldering
iron. The iron used was a 17w iron with tip temperature controlled at 600°
to 650°F, The small tip used further limited the heat flow to allow the
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operator to make a good joint and remove the iron before excessive heat was
applied. A completed 4- by 6-inch multilayer circuit, with flatpacks bonded

and soldered in place, is shown in Figure 5-15,

Figure 5-16 shows a completed GCU assembly with the flexible-rigid board
shown. The flexible-rigid board was so named because it contained two rigid
sections connected with a flexible section. The top rigid section contained
components and circuit spckets for wire connections. The individual circuit
assemblies were connected to the circuit sockets on the other rigid portion
of the board by flexible cables. The flexible section contained four conductor

layers and permitted the board to wrap around the top and side of the stack.

The initial design was to make two-sided flexible circuits and bond them
together, However, adequate registration was so difficult to obtain with this
approach that it had to be abandoned in favor of conventional multilayer

techniques,

The thin laminate material was 0. 002-inch-thick Kapton* film with l-o0z
copper on both sides of it, After the inner-layer circuitry was etched the
flexible area was covered with a 0. 001-inch-thick Kapton film for insulation,
A rigid Cimboard-11 sheet with an oblong hole cutout (to provide the flexible
joint) was bonded between the two Kapton sheets with a no-flow, epoxy, B-
stage prepreg, The no-flow characteristic was used to keep the fiexible area
free of resin. The holes in the rigid areas were drilled and through-hole
plated. A mask was used over the flexible area to prevent copper thickness
buildup. Solder-plating and copper-siripping were done routinely, The
solder plate was then stripped from the flexible area, and a Kapton film

bonded on the area.

The Cimboard filler was sealed around the flexible area during all processing
to prevent solutions from damaging the inner exposed conductors., The cutout

presented some difficulties in photoresist exposure, The laminaie material

*
E.I. Du Pont De Nemours & Co. trademark for polyimide plastic.

5.33




LT T
NIREEEXRRR ]

» .

KN

Figure 5-15. Comn sted Multilayer Circuit Assembly Mounied on Heat Sink

s, '\.E-' -
i AT ¥
&

F

5-34

v

[




e B BN B )

preet

A

nt
rv,(’"f" X

Figure 5-16. Asssembled Guidance Control Unit




sagged into the hole, presenting a nonuniform surface which the film positive
did not contact well. This problem was solved by touching up the part after

photoresist developing.

Poor centering of the artwork on the panel caused the copper-plating thickness
to vary across the board, Portions of the board were over-etched in order

to completely etch other portions. The over-etched portions had solder
hanging over the edges which broke off later in assembly. These solder
slivers were potential shorts. The artwork was remade to minimize the

nonuniform plating.

Adhesion of the copper to the Kapton was a constant source of trouble. A
number of boards manufactured from inferior material (low peel strength
between copper and Kapton) delaminated at the Kapton-copper interface dur-
ing manufacture, especially during drilling. A manageable solution was to
ensure good raw material by selection on a lot basis, Peel strength tests and
hot peanout oil immersion (475°F for 20 sec) were used to determine the

acceptability of each lot of material.

5.6.3 Encapsulation

The approach to ruggedness with minimum weight was implemented by using
conformal coating and foam encapsulant to fill the space between circuit
assemblies in cach electronic package. The only exception to this was the
signal-conditioning module which was mounted on the back of a connector

and encapsulated in a thermally conductive epoxy.

Organic chemicals were known to cause drift in the resistivity of thick-film
resistors. An extensive study indicated that silicone resins were less
damaging to rezistors ‘han epoxy or polyurethane resins.* Each printed-
circuit board and thick--film circuit base was coated witl, silicone resin to a
minimum thickness of 0,010 inch, This gave adequate protection to the thick-

film resistors; however, it was found that traces of residual solder flux or

*
Refer to Report MP 51, 978, contained in Appendix C of this report.
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certzain other process solvents inhibited cure of the resin, leaving it as a
low-viscosity, oily material. Thorough cleaning to remove solder flux and
increasing cure temperature to 180°F alleviated this inhibition problem.
The accelerated cure cycle decreased the time that the sensitive polymer

component was exposed to contaminating materials.

Foaming the narrow spaces between circuit assemblies required each mold
to be calibrated for determining the amount of foam required to properly

fill the cavity. Thick-film modules were foamed only on the side containing
components., Printed-wiring boards were foamed on both sides. Both sides
of the boards were foamed at the same time, but the unequal thicknesses of
foam on the two sides caused the boards to warp. Polyurethane foam shims
were positioned on the thin side before foaming to maintain flatness, The
foam shims were the same density as the rest of the foam and bonded readily
to it., The silicone conformal coating covering the components was primed
with a silicone adhesive to promote adhesion to the foam, Without the adhe-

sive, the foam would not stick to the conformal coating.

5.6.4 Static Charge Control

The electronic assemblies utilized a large number of MOS integrated-circuit
devices. These devices can be electrically destroyed by application of uncon-
trolled static charge buildup, Sta'ic charge was measured on personnel
handling devices in all phases of manufacturing. It was also shown that con-
siderable static charge was built up during the foaming operation, This
hazard was recognized early in the program, and standard procedures in

use at MDAC were employed to protect electronic parts and assemblies from

static charge damage,.

The major static charge problem encountered on UpSTAGE was the protection
of thick-film assemblies. Previously, shorted connectors,‘ conductive tape,
or 26 AWG tinned copper wire had been employed at MDAC for the shorting
of internal circuitry and external grounding of printed epoxy-glass wiring
boards. The same techniques were not suitable for UpSTAGE thick-film
assemblies, The wire was too stiff and only provided a point contact when
attached to thick-film circuit-base contact pads. The conductive tape did not

have enough adhesive strength to cover the narrow width of the circuit base
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pads and during processing steps, it would lose contact with the circnitry.

The conductive tape also had the disadvantage of losing its conductivity when

removed and reapplied. The solution was to hold a narrow, 0.002-inch-

thick ribbon of aluminum foil in place over the thick-film pads with conductive

tape and extend it beyond the circuitry

5.6.5 Repair Techniques

for external grounding purposes,

Replacement of LID components at any time prior to encapsulation was done

by heating the circuit base/heat sink assembly locally. Heat was supplied by
either a hot-air jet impinging on the bottom of the assembly or a pair of small

soldering irons from the top. Similar heating methods were used to reattach

the replacement part,

When a flatpack was known to be defective, its leads were cut with an Exacto

blade at the edge of the compcnent body. The leads were held onto the cir-

cuit pads with a stiff rubber block during *his operation to minimize forces

applied to the pads.

Many circuit changes were made on circuit bases by insulating flatpack pads.

from their circuit pads and connecting

them elsewhere on the substrate by a

30 AWG jumper wire., All jumper wires were bonded to the circuit base

with adhesive for meclianical strength,

5.7 PROBLEMS AND SOLUTIC!.

A number of technical problems encountered and solutions fouad in developing

electronic manufacturing processes are summarized below:

Problem

Solution

Poor control of automatic drafting
pen produced poor-quality drawings
for photomasters,

As-received 4- by 6-inch-thick film
substrates were too warped for use,

Five-layer thick-film bases were
bowed afier circuit printing and
firing were completed.

Developed improved pen mechanism,

Annealed substrates with load appiied
to flatten them,

Used annealed substrates and batches
of dielectric ink selected for best
thermal expansion match.
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Problem

Solution

Pinho'zs caused shorting betw=en
conductor layers in thick-film
multilayer substrates.

Lint caused interlayer shorts on
thick-film multilayer substrates.

Thick-film circuit interlayer capac-
itance was too high for digital
c.rcuit components.

Thick-film circuit printing setup
time required up to 4 hr per layer
and used tov much precious ink.

Thick-film conductors were dis-
solved by the solder during attempts
to obtain uniform tinning.

Aluminum heat sink borwed when
bonded to bowed alumina thick-film
base and debonded from base during
reflow-solder operation.

Molybdenum heat-sink material
was not flat enougi,

Voids were present in thermo-
conductive adhesive hetween circuit
base and heat sink, and between
flatpacks and circuit base,

Thermoconductive adhesive set up
too fast for applying large number
of flatpacks to thick-film circuit
base,

Flexible~-rigid PC board delami-
nated during drilling,

Sylgard 182 conformal coating
cure was inhibited by contaminants,

Modified screen printer by adding a
ramp to provide better screen break-
away, and printed two dielectric layers
between conductor layers,

Replaced paper wipers with polyurethane
foam wipers and moved the screen
printers to a dust-controlled environ-
ment,

Moved ground plane to back side of
thick-film substrate and increased
thickness of interlayer dielectric,

Added plastic ''screen-on'' template to
screener. This reduced alignment
time to 15 minutes and reduced ink
amount to that needed for one printing.

Developed two-step preheat- flux pro-
cess and limited solde~ dip to two
times.

Replaced aluminum with a stiffer
material (molybdenum) having coeffi-
cient of thermal expansion closer to
alumina,

Flattened by plastic deformation at
150° to 400°F.

Reduced size and number of voids to
an acceptable level by applying adhesive
to both surfaces,

Diluted adhesive with small amount of
solven! to extend work life.

Selected lots of material after
acceptance (peel strength and hot
peanut oil immersion) tests to ensure
adequate bonding of copper laminate
to Kapton.

Removed solder flux residue more
thoroughly and accelerated resin cure
by curing at 180°F,
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Pronlem Solution

Printed-wiring-board assemblies Shimmed the thin side to keep them
warped during two-sided foaming flat.

operations,

Conductive shorting tape left Usec narrow strip of 0. 002-inch-thick
residue in holes of solder pads aluminum foil held in place with con-
after temperature cycling and had ductive tape.

poor adhesion to small pads.

Removal of defective flatpacks Cut flatpack leads at component body
caused damage to circuit base, while supporting solder joint and

removed leads cne at a time; used
30 AWG wire jumpers (with suitable
anchoring) to bypass damaged thick-
film pads.

5.8 CONCLUSIONS AND RECOMMENDATIONS

Major advancements were made in the areas of computer-aided artwork
preparation and in fabrication of large, ceramic, thick-film, multilayer
circuit bases, Automated artwork preparation was begun and developed to

a state of practicability at MDiC during this program. The system was not
complex and it reduced the huraan layout effort to positioning the electronic
packages on the circuit and drawing the interconnections, The system was
developed for multilayer thick-film circuits but should be applicable to two-
sided or rnultilayer printed wiring boards (made of reinforced plastic) with
greatly increased speed and ¢ :curacy. The methods used for thick-film bases
should be adapted to printed-wiring boards, Subsequently, quality, cost, and
time of automated drafting should be compared with conventicnal (manual)

methods,

Successful manufacture of 4- by 6-inch, two-sided, thick-film multilayer

ceramic circuits was demonstrated,

The number of layers possible in multilayer structure is limited by the
amount of bow introduced in the substrate by thermal expansion mismatch,
The dielectric inks used in thick-film muitilayer fabrication should be studied
to determine methods for improving and/or controlling thermal expansion

coefficient from batch to batch. Using inks with controlled thermal expansion,
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prototype circuitry should be made to explore the limits of fabrication in terms
of number of layers, Barring a significant improvement in thermal expansion
match, future thick-film bases should be made from thicker alumina sub-
strates. In addition, large, thin substrates shou:ld be annealed to relieve

stresses and obtain a high degree of flatness prior to initial ink printing,

The solder leach resistance of the superboard indicates that component
changes and repairs are possible more times on thick-film bases than on
epoxy-based multilayer boards. This feature may be increasingly important
in future programs, e.g., where alterable read-only-memories (ROM's)
will have to be removed and replaced due to changing mission requirements,
Further tests should be conducted to determine the number of solder repairs

that can be performed on multilayer superboards.

Susceptibility of conductor pads to peeling damage during assembly operations
was eliminated by proper cushioning, improved harness flexibility, and

reasonable care in handling,

Experience gained in the area of flexible-rigid PC board technology points
to the need for copper/Kapton lamin-.ted material having reliably higher

peel strength, Improved lamination methods should be developed and tested
for repeatability.
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Section 6
EXTERNAL HEAT SHIELD INSULATION

Special processes were developed to produce thin, close-tolerance insulation
to protect critical external regions of the UpSTAGE vehicle from aerodynamic

heating.

On the first stage (booster), high-silica/phenolic (high-silica fabric impreg-
nated with phenolic resin) insulation was cured and bonded simultaneously on
the fins. Other external booster and interstage surfaces requiring insulation
were covered with adhesive-bonded cork, fiber glass, and Teflon; or with

sprayed-epoxy ablative insulation, using well-known, conventional manufac-

turing techniques.

The second-stage surface, except for the tungsten/2-percent-thoria nose tip,
was covered with a high-silica/phenolic heat shield. The heat shield thickness
was 0,050 inch except in the aft controls region (Stations 88 to 107) on and
around the EB fuel injectors (finlets). Finlet insulation was precision-moided,
chiefly from chopped high-silica/phenolic material, and subsequently bonded
to the individual finlet cores, using conventional bonding techniques. Specially
woven 0, 100-inch-thick high-silica/phenolic was applied to the missile surface
in the region of the finlets (EB vehicle only) by the method developed for the
forward heat shield. The aft face of the second stage was covered with con-
ventional sprayed-epoxy ablative insulation. The aft control section of the

JI vehicle was protected with a single layer of 0, 050-inch-thick high-silica/

phenolic, and additional epoxy-ablative insulation was troweled onto the region

of the JI nozzle ports,

6.1 REQUIREMENTS

The foremost requirement for all external heat shield insulation processes
was that they produce bonded insulation capable of withstanding the UpSTAGE
flight environment. Aerothermodynamic requirements, as well as tesis and
analyses which were conducted to verify the flightworthiness of the insulation,

are reported in Reference 6-1, Other requirements are discussed herein,
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To minimize heat shieid weight, the high-silica/phenolic insulation on the
second stage was required to be relatively thin (0. 050 inch thick forward of
Station 88 and 0.100 inch from EB Stations 91 to 107, with a straight taper in
thickness from Stations 88to 91), and the tolerance on thickness was set at
0,010 inch. The high-silica/phenolic insulation on the first-stage fins was
required to be 0, 100 £0. 020 inch thick in the vicinity of the yaw fin leading "
edge and 0,050 £0,010 inch thick on all other fin surfaces.

During curing and bonding processes, the heat-treated aluminum missile
structure was not allowed to be exposed to temperatures above 300°F, and
total time at temperature was set at 10 hours maximum, Forces due to
autoclave pressure plus vacuum bagging were capable, in some cases, of
damaging the substructure at 300°F, Accordingly, limits were set on auto-
clave pressure (typically 15 psig or 30 psig) for each missile section depend-

ing upon its individual load-bearing capacity.

After curing, the heat shield density was required to be 95 pcf or more, and
the largest allowable unbond area was set at 0.5 inch, Aerodynamic shear

stresses on the adhesive bond were approximately 1 psi at 300°F.

Finlet insulation on the EB vehicles was required to cover the core with three
pieces (Figure 6-1). A cap covered the leading edge, sides, and back face;

a small sliver filled the cavity under the forward nose of the cap; and a
slotted disk covered the base of the finlet, blending in with the skin contour.
The cured high-silica/phenolic was required to have a density of 100 pcf or
more and to be radiographically sound with respect to voids, cracks, and
resin-rich areas. Insulation for approximately 120 finlets was required for
EB flight vehicles, tests, and spares. Dimensional requirements for the cap
were typical: 2, 7-inch length, 0,100-inch wall thickness, and a 0, 0025-inch

tolerance on most dimensions.

External insulation in the nozzle region on e JI vehicles was conventional

epoxy-ablative insulation, applied by troweling.
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6.2 APPROACH AND CONSTRAINTS

} 6.2.1 Forward Heat Shield

; Two fabrication methods were considered as candidates for development,

; The first, tapé-wrapping, would require complex controls during wrapping
and subsequent machining, and would present additional problems in thick-

b ness inspection for such a thin heat shield. The second method considered

was to drape a single layer of prepreg (high-silica fabric preimpregnated

-

with uncured phenolic resin) over the vehicle skin or a mandrel and then

cure the heat shield, This approach took acvantage of the thinness of the

T

heat shield and was easily applied to an elliptical shape. However, it posed
two possible problems: (1) a complete cure of the prepreg might require
temperatures above 300°F to achieve the required density, and (2) a flight-

worthy longitudinal joint was required to terminate the draped cloth edges.

Two sequences of adhesive honding the heat shield were considered—~bonding
after heat shield cure, and bonding during heat shield cure. The latter
sequence was chosen because it ensured geometrical fit between the vehicle
skin and the flexible uncured heat shield during layup; eliminated handling
problems associated with a thin, tragile, cured heat shield; and greatly
reduced the tooling and time required for manufacturing. However, in order
to implement the simultaneous cure method (curing heat shield and adhesive
simulianeously), it was necessary to determine the compatibility of candidate

* adhesives with the high-silica/phenolic during the 300° F cure cycle, These
compatibility tests were conducted as the first task of the process development

) program,

Process development for the forward heat shield was divided into three steps:
(1) preliminaxy testing, (2) process verification, and (3) process modification.
The objectives of the first step were to select process parameters and com-
patible processing materials and to demonstrate the feasibility of the selected
process, The second step was intended to verify the producibility of the
selected process by insulating full-scale UpSTAGE test structures. The

third step, process modification, was later required to reduce the amount

of heat shield rework by simplifying the vacuum-bagging procedure.
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6.2,2 Aft Heat Shield
As with the forward heat shield, the process selected for the aft heat shield

involved simultaneous cure of a single ply of high-silica/phenolic fabric
draped over adhesive-covered structural skins. Bececuse the EB aft heat
shield was required to be 0. 050 to 0.100 inch thick, and the thickest available
prepreg was 0, 050 inch thick, it was necessary to procure a guantity of
customn-woven high-silica cloth and have it preimpregnated with phenolic

resin to obtain 0. 100-inch-thick prepreg.

After acceptable material was procured, a fuil-scale test structure simulating
the second-stage aft control section (Stations 88 to 107) was insulated to ver.fy
producibility of the simultaneous cure process. The thickness taper from

0. 050 to 0.100 inch was produced by conventional machining techniques.

Process modifications to improve the vacuum-bagging procedure were
employed for insulation of the last two (JI) vehicles, with 0, 050-inch-thick
material, These modifications included elimination of foreign sealants.

(Refer to Sections 6,3,2 and 6. 4 for a discussion of the modified process.)

6.2,.3 Booster Fin Heat Shield

To obtain 0.100-inch-thick leading-edge insulation adjacent to 0. 050-inch-
thick side-panel insulation, both composed of high-silica/phenolic, two
approaches were considered? (1) a separate leading-edge insulation piece
made from precured high-silica/phenolic or made from 0.100-inch-thick
prepreg (simultaneously cured and bonded), or (2) a preplaced strip of

0, 050-inch thick prepreg covered by a continuous layer of 0.050-inch-thick
prepreg covering the side panels also, The second approach was selected
because it eliminated the need for a joint between the leading edge and side
panels and was morc easily produced, and because the relatively weak bond
between the two layers was not exposed to erosion or high stress during flight,
As with the second-stage heat shield, full-scale test parts were insulated to

develop detailed processing techniques for the simultaneous cure process.
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6.2.4 Finlet Insulation

Preliminary tests on the MDAC Aeroder (Reference 6-2) had demonstrated
that with proper ply orientation, quartz/phenolic, pre-cured in block form,
offered the best resistance to erosion, However, high-silica/phenolic,
molded from chopped prepreg, was found to be acceptable also, based upon
an aerothermodynamic analysis of available data, Molding was chosen for
development because it appeared the most economical and reproducible way
to make the finlet insulation pieces, given the geometry, tolerance, and
quantity requirements. Initially, a simple mold was made, approximating
the size and shape of the cap (the most difficult part to mold). This test
mold was used to establish the molding pressures, temperatures, material
preparation, etc., which would produce molded parts of the required density
and soundness. Experience gained in these molding tests was applied in

designing the final production molds,
6.3 FORWARD HEAT SHIELLD DEVELOPMENT

6.3.1 Subscale Tests

Five candidate adhesives were used to bond high-silica/phenolic prepreg to
6- by 6- by 0.250-inch aluminum plates. Prior to bonding, each plate was
cleaned and primed in a similar manner. Each assembly was bagge: and a
vacuum ot 28 inches Hg was applied. The assemblies were then cured for

3 hours at 300°F in the autoclave at 50 psig, cooled to 150°F, and the pres-
sure removed. .he purpose was to determine which adhesive was best suited

for simultaneous curing with high-silica/phenolic at 300°F,

Subscale circular aluminum cylinders, approximately 6 inches in diameter,
were covered with insulation and cured using the four most promising
adhesive materials from the initial plate screening tests, Cylinders were
insulated using a butt-splice and a single overlap joint for each adhesive

used. The metal cylinders were cleaned, primed, and cured in the same

*Details of subscale tests appear in Report MP 51, 564, in Appendix D,
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manner as were the plates. It wasdetermined that.layer of rubber foam
inserted between the vacuum bag and bleeder was required to eliminate
wrinkling on the test cylinders. Each test cylinder was nondestructively
tested for voids in the adhesive bondline using the immersion ultrasonic
through-transmission technique. Based on the test results, a nitrile phenolic

film adhesive (AF31) was selected for further evaluation,

Because both the high-silica/phenolic and the AF31 film adhesive are nor-
mally cured above 300°F, tests were conducted to verify that a cure cycle of
3 hours at 300°F would completely cure the materials to a stable state,
The test methods included thermogravimetric and thermomechanical analysis,
and vibrating reed (dynamic modulus) analysis., The results of these tests
(which appear in Reports MP 51,736 and MP 51,721, respectively, in
Appendix D of this report) were compared with existing data for higher-
temperature cure cycles and verified the adequacy of the 300°F cure for

3 hours.

Using the techniques developed during the plate and 6-inch-cylinder tests,

a riveted elliptical cylinder 71 inches in circumference was insulated using
the high-silica/phenolic and AF31 film adhesive. In order to maintain a
vacuum during cure, it was necessary to seal the internal portion of the
metal substructure with silicone sealant. Nondestructive testing indicated that
there were no voids in the bondline and that the procedure was acceptable

for the application of insulation to the actual UpSTAGE structure,

To verify the performance of the heat shield and joints in a simulated flight
environment, test specimens were prepared by bonding the high-silica/
phenolic to aluminum plates using AF31 adhesive for plasma jet tests. The
AT31 exhibited a general failure in the bondline with catastrophic release of the
insulation material during plasma jet exposure, The failure was attributed

to unexpected thermal and shock loads, the nature an< magnitude of which
could not be readily determined. As an expedient solution, it was decided

to try replacing the AF31 adhesive with an adhesive having better high-
temperaturé strength and thermal conductivity, The adhesive chosen

was an epoxy phenolic aluminum-filled adhesive (HT-424) which was

not originally considered because it is highly outgassing during curing.
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Plasma jet tests of heat shield and joint specimens bonded with HT-424 were
successful. Also, bonding tests on 12- by 12-inch flatplates showed that
unbonds due to outgassing could be reduced, without introducing wrinkles, by
increasing the number of bleeder plies and then wrapping the assembly with
shrink tape prios to vacuum bagging. As a result, HT-424 was chosen to
replace AF3! for all UpSTAGE heat shield bonding. (Details of the above tests
appear in Reports MP 51, 732 and MP 51, 741 in Appendix D of this report, and

in Reference 6-1,)

6, 3,2 Full-Scale Tests

A full-scale aluminum mockup of the UpSTAGE forward control section was

made to evaluate the proposed bonding techniques and joint design. The
forward control section was chosen because it was by far the largest section
of the forward heat shield, and therefore the most difficult to handle. Diffi-
culties were encountered in finding leaks in the substructure during vacuum-
bagging checkout. After all leaks had been found and sealed, the first half
of the heat shield was was laid up and cured. No wrinkles were found, although
some unbonded areas were evident, The layup procedure and the specimen
were reexamined to determine the best procedure to use for the second half
of the heat shield layup. To aid in solving the unbonding problem, a large
truncated cone substructure was insulated, one half at a time. Improved
evacuation, simplified layup, and slower cooling techniques were devised to
solve the unbonding problem. Using the improved method, the second half
of thesforward control section was insulated. Inspection with a resonance-

loading ultrasonic instrument revealed no unbonds,

Heat shield fabrication for the first two of the three EB vehicles was quite
successful; only a few isolated voids or unbonds were found, and these were
readily repaired by straightforward patching and injection techniques,
However, numerous large and small unbonds were found on the EB-3 heat

shield sections, and numerous repetitive repairs were required,
From knowledge of the fabrication techniques and from tests of flatplate

samples fabricated in different controlled ways, it was suspected that the

aluminum bonding surfaces were being contaminated during layup, cure,
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and repair by residues from the silicone sealant on the inside of the
aluminum structure. In order to expedite completion of the EB-3 heat
shield, careful tests and inspections of the aluminum surfaces were con-

ducted prior to layup, and stringent handling procedures were strictly

enforced.

Concurrently, tests were conducted to develop a modiiied silicone-free

. s

bonding process for the two JI vehicles, Among the alternatives considered
were nonsilicone sealants, internal rubber bags, sand-fill, and end caps.

All available nonsilicone sealants were either poor sealants, contaminating
in other ways, or very difficult to remove, Internal bags were not feasible
because of the complex internal deep-ribbed configuration of the UpSTAGE
structure. Sand-filling was feasible, but added handling problems because of
excessive weight and posed additional internal surface protection and clean-

ing problems. Accordingly, end r~ps and internal stiffening braces were

fabricated to allow each section (nose, payload, guidance, and forward
control) to be closed off and evacuated internally as well as externally,

without need for silicone sealants in contact with the structure,

To demonstrate the feasibility of the end-cap approach, a spare EB nose
section and guidance section were insulated, No unbonds were detected and

all design requirements for density and bond strength were exceeded,

However, two problems were encountered during insulation of the first JI
structure:
A, Forward control section honeycomb panels debonded because
the honeycomb adhesive (AF-126) could not withstand the
stresses imposed by the new sealant-free process, HT-424

adhesive was selected to replace the AF-126 and withstood

the subsequent cure cycles,

[ B. Internal structural frames buckled by creep during curing

of forward control and guidance sections due to (1) differ-
ential thermal expansion between the JI steel skin and the

[- internal aluminum frames and (2) the external pressure imposed
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by the new prccess. Buckling during subsequent cures was
prevented by improving support braces and by reducing autoclave

pressure from 35 to 15 psig.

A.4 AFT HEAT SHIELD

The process developed for the EB aft heat shield was nearly identical to that
for the forward heat shield, except that the aft heat shield thickness was

0. 100 inch and the aft control section was larger in circumference than the
forward control section. The only development tests necessary, therefore,
were associated with production of thick prepreg and subsequent verification

of its curing and bonding characteristics.

JI vehicles were insulated with 0, C50-inch-thick prepreg by the sealant-free
bonding process (refer to Subsection 6.3.2 for a discussion of sealant-free
bonding), except that the autoclave pressure was 30 psig to improve the
densification of the heat shield in the areas of the JI hot-gas nozzles. This
higher pressure was permitted because of the high load-carrying capability

of the JI aft cuntrol section structure.

6.4.1 Weaving Development

Since no 0. 100-inch-thick high-silica fabric was commercially available, a
description of the properties and processing requirements was sent to
various weavers for competitive bid, Several modifications in weaving
techniques were made before an acceptable Refrasil fabric (0. 100-inch-thick)

was obtained,

The first sample of custom-woven 0. 100-inch-thick prepreg was received
for evaluation., The results of the inspections and tests showed that the

sample did not meet most of the requirements specified in the purchase

order, including density, thickness, volatile content, and résin flow. The
vendor was contacted, and a second sample was prepared. Tests of the 3
second sample showed that, although considerable improvement in thickness

and density was achieved, not all of the specified properties were met.

7
Accordingly, additional discussions were held with the weaving and impregnat-
ing vendors, and a third sample was made, received, and found to meet all
1
UpSTAGE requirements, Authority was then given to proceed with the i
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manufacture of several yards of prepreg to be made in the same way as the
third sample. This initial lot of material was used to lay up a prototype aft
control section heat shield to verify that the 0, 100-inch-thick material could
be processed as the 0, 050-inch-thick material was for the forward control

section,

6.4.2 Layup Tests

As with the forward control section, a full-scale aluminum mockup of the aft
control section was made for the layup tests. Using the HT-424 adhesive
system, a single layer of 0.100-inch-thick prepreg was bonded to a prototype
aft control section using the curing procedures developed earlier for the
forward heat shield. The first half of the prototype aft control section was
successfully installed and inspected., No unbonds or wrinkles were found and
it was determined that existing resonance-loading ultrasonic equipment and
procedures were suitable for nondestructive inspection. The second half of
the prototype aft control section was then insulated. In sealing vacuum-bag
leaks prior to curing, excessive handling of the laid-up assembly occurred.
As a result, the cured heat shield had a few large wrinkles on the second half.
No unbonds were detected by ultrasonic inspection, however, It was con-
cluded that a satisfactory processing technique for bonding and curing the
adhesive and 0, 100-inch-thick insulation simultaneously had been verified,

and that careful bagging and handling were necessary,

6.5 BOOSTER FIN INSULATION

A simulated fin leading edge was made from aluminum sheet and used to
develop layup and simultaneous-cure techniques. It was found that the same
techniques used for the forward heat shield could be successfully applied to
the booster fins, No unbonds or wrinkles were found in the test specimen,
The double layer of 0, 050-inch-thick insulation required on the pitch
stability fin leading edge was successfuilvy cured and bonded in a single
bonding cycle of 3 hours at 300°F,

6.6 FINLET INJECTOR INSULATION
Initial molding process development was pert rmed with a prototype mold

which produced parts of the same approximate size and shape as would be
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required for EB flight caps (See Figure 6-1), A quantity of high-silica/
phenolic cloth was chopped into squares to obtain the molding compound. It
was found that the size of the chopped pieces could not exceed 1/4 by 1/4 inch
to obtain complete mold filling. At first, sticking problems were encountered,
hut these were solved by adding 1-percent zinc stearate powder (a common
additive) to the chips prior to molding. Several test laminates were bonded
to test structures to ensure that the zinc stearate additions would not inter-
fere with standard adhesive-bonding techniques, All tests indicated that there
were no observable effects, Numerous systematic tests were conducted to
establish ¢ ,imum molding parameters such as preform compaction, pre-
heat, pressure and temperature cycles, postcure cycle, mold lubricants,

and insertion/ . emoval methods.

Using the prototype finlet mold, test parts were transfer-molded and
prepared for the RENT performance test (Reference 6-1) using high-silica/
phenolic molding chips. In addition, test parts were made by the same

moldiag process, using carbon/phenolic chips, with excellent success,

6.7 PROBLE™MIS AND SOLUTIONS
A summary of technical problems and solutions associated with developing

the heat shield insulation processes appears below,

Problem Solution
Wrinkles formed on the heat shield Inserted layer of rubber foam
surface during subscale cylinder between bleeder plies and vacuum
tests, bag during layup (see Figure 6-2a).
Difficulty was experienced in Sealed interior surface seams and
maintaining acceptable levels of fasteners with silicone rubber
vacuum during cure of the for- sealant (see Figure 6-2b),

ward heat shield. (a) Increased number of bleeder plies
Unbonds formed during (a) 12- by and wrapped with shrink tape prior to
12-inch flatplate tests and to bagging (see Figure 6-2c).

(b) forward control section full-

scale prototype bonding, (b) Simplified layup, improved evacua-

tion method, and cooled slowly to
minimize gas bubble formation and
thermal stresses.,

r—r
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Problen:

Solution

Numerous and repetitive unbonds
formed during heat shield
bonding,

JI forward control section honey-
comb panels debonded during heat
shield cure.

JI internal structural frames
buckled during heat shield cure.

No high-silica/phenolic prepreg
0. 100 inch thick was available
commercially,

Molded finlet insulation pieces
stuck to mold,

Developed a sealant-free bonding
process to eliminate silicone contam-
ination (see Figure 6-2d).

Replaced the honeycomb adhesive
with a high-temperature adhesive.

Improved internal support braces
and reduced autoclave pressure
during bonding (s:2e Figure 6-2d).

Coordinated efforts of cloth weavers
and resin impregnators to develop a
satisfactory custom-made prepreg.

Added 1 percent by weight of zinc
stearate to the molding chips prior
to molding.

6.8 CONCLUSIONS AND RECOMMENDATIONS

A satisfactory process was developed to apply, bond, and cure film adhesive

and high-silica/phenolic insulation to the UpSTAGE substructure simul-

taneously, The process was found to be an effective and economical method

for applying thin heat shields (0. 050 and 0. 100 inch thick) to aluminum and

steel surfaces,

Special 0.100-inch-thick fabric was successfully developed and processed,

Other custom-thickness prepregs could be produced in a similar manner to

meet future requirements. Experimental heat shields of increased thickness

should be fabricated in a similar manner to define the thickness limits for

simultaneously cured and bonded heat shields,

Sealing the internal portion of the substructure was found to be a time-

consuming operation with inherent contamination hazards,

The use of end-

cap plates was found to be a better method of sealing, However, the

additional stresses imposed on the capped structure by the autoclave

pressure required design and process changes to avoid structural damage,

Noncontaminating sealants which can be easily applied and removed should

be developed for use where end caps cannot be used.
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Transfer-molding parameters established for the finlet insulation provided

a method for reproducible fabrication of small parts of high-silica/phenolic
and carbon/phenolic to close tolerances. For new molds, it is recommended
that tooling be made that allows the mold to be mounted in a press and heated.
in addition, provisions should be made to allow removal of the part from the

mold without completely disassembling the die.
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Section 7
INTERNAL HOT-GAS DUCT INSULATION

7.1 REQUIREMENTS

7.1.1 EB Liners¥

The EB warm-gas ducts (Figure 7-1) required internal silicone rubber “
insulation to protect the tube assembly from the flowing 2, 250°F gas-generator
products {(at up to 4, 500 psi) for 1 to 3 sec. To meet original weight and per-
formance goals, the wall thickness of the liner was to be 0. 060 £0, 005 inch
with an OD of 0, 900 £0, 005 inch in the manifold (from the gas generator to the
relief valve), In the vent line leading from the relief valve to the overboard
dump nozzle, the liner was to 0,100 £0. 005 inch thick with an OD of 0. 968

£0. 005 inch.

The liner was to be installed in straight and bent tubes made from nickel-
base alloy bar and sheet having longitudinal and circumferential welds flushed
to within 0, 005 inch of the ID surface. The liner was required to adhere to
the metal surface well enough to withstand variable flow of the warm gas dur-
ing flight operation. In addition, the decomposition products of the liner and
adhesive were required to be compatible with the relief valve and the unlined

nickel-base tee in the system,

7.1,2 JI Liners**
The JI warm-gas manifold ducts and nozzles required internal insulation to
protect the metal ducts and missile structure, respectively, from flowing

2, 800°F gas-generator products (at up to 4, 000 psi) for 1,5 sec.

*See Reference 7-1 for a description of EB control subsystem analysis,
design, and testing. Refer to Subsection 3.5 of this report for information
on fuel tank piston insulation.

*%See Reference 7-2 for a description of JI control subsystem analysis,
design, and testing.
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The original manifold design required a void-free, cast-in. place insulation
coating of silicone rubber up to 0. 250 inch thick, that would adhere well
enough to the aluminum and titanium duct segments to withstand the gas flow,
Liner ID and wall thickness iolerances were typically #0. 005 inch., Later,
the manifold design was changed to replace the silicone rubber lining with a
combination of quartz/phenolic and zirconia-coated titanium liners, as shown
in Figures 7-2 and 7-3. The latter liners were zirconia-coated by a propri-
etary spray process and then flat-wrapped with external quartz/phenolic insu-
lation. The all-quartz/phenolic liner ID's were primarily 1.0 and 1.3 inches,
and the quartz/phenolic liner thickness varied from approximately 0. 100 to
0.150 inch, All dimcensional requirements were met by machining the cured
quartz/phenolic material. A minimum density of 100 pcf was required for all
cured quartz/phenolic parts to ensure a complete cure so that proper ablation
and strength properties would be obtained. In addition, the orientation of
quartz cloth layers in the initial design was specified to be 10 5 deg to the
gas flow direction, The orientation was changed later, as a result of fabri-
cation and test experience. The adhesive bond between certain quartz/phenolic
liners and the metal duct was required to be nondestructively inspected to
ensure that no adhesive voids 1/4 inch or larger in diameter were present,

In addition, the adhesive was required to be capable of curing below 200°F

(to avoid overaging the 7075 aluminum ducts), and be resistant to exposure

to 200°F in flight operation,

The JI nozzle density and dimensional requirements were the same as for the
manifold liners. In addition, to ensure adequate strength to withstand pres-
sure and ~ombined loads, the cured flat-wrapped configuration was required
to have a minimum of 10 continuous plies of quartz cloth within the 0. 15-inch
overwrap thickness; and no wrinkles greater than 0. 060 inch in height were

permitted,
7.2 APPROACH AND CONSTRAINTS

7.2.1 EB Liners

Only one fabrication method offered a reasonable potential for ineeting the
geometrical and dimensional requirements for the EB insulation. That method
was to mold a silicone rubber liner to the required dimensions and to instail

it by insertion and adhesive bonding in the metal tube assembly.

7-3
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Preliminary tests were conducted to select the moldable silicone rubber
with the best combination of moldability, tensile strength, bondability,

and erosion properﬁes. Subsequently, techniques for molding, insertion,
adhesive bonding, and nondestructive bond inspection were developed for use
on test hardware. As experience was gained in fabrication and functional
testing, a number of design and process changes were made to obtain a

satisfactory flight product.

7.2.2 JI Liners
The approach taken to develop cast-in~place silicone rubber liners was
as follows:
A, Determine the most suitable material by testing erosion and
adhesion of the candidate materials.
B. Design and fabricate practice parts and tooling to aid in cast-in-
place technique development.
C. Develop cast-in-place techniques,
D. Using developed techniques, insulate test parts for experimental

firings,

In developing the quartz/phenolic liners, prototype liners of the initial design
(10-deg shingle angle) were wrapped manually on a mandrel using quartz/
phenolic prepreg cut to the required tape width, Because the specified cloth
orientation and liner wall thickness combination could not be successfully

fabricated, alternate layup designs were developed and functionally tested to

arrive at a satisfactory configuration. The final configuration for flight use

included a ''dinked'' layup of conical washers, rather than a wrapped layup.
Conventional layup, curing, and machining procedures were used throughout,
with geometrical modifications. In addition, exploratory tests were conducted
to develop a prefabricated quartz cloth ''sock' (Figure 7-4), This approach
was taken to relieve the eros.on of internal tubular insulation at 90-deg
intersecting joints by providing a rounded path to minimize turbulent flow
conditions at these locations, The rcinfurcement in woven, braided, or
knitted form was required to be capable of accepting phenolic resin and a '"'B"
stage operation to provide a preimpregnated soch for insertion and curing

within the metal ducts,
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The approach taken to develop the nozzle insulation (see Figure 7-5) was to
(1) flat-wrap the core of the nozzle exit cone; (2) densify (partially cure) and
machine it; (3) assemble the titanium entrance nozzle, adhesive, and densified
core (preform); (4) join the entrance nozzle and core with the flat-wrapped
cuter exit cone; (5) cure the assembly; and (6) machine final internal and
external surfaces to the specified dimensions. As a result of functional

tests, modifications were made to the design and process to obtain a satis-
factory nozzle, Manual wrapping on a rotating mandrel was selected as the
most economical method of wrapping the required quantity of parts to meet

the schedule for ground test and flight parts,

Because of its success in producing void-free JI rubber liners, a cast-in-
place technique was selected for void-free adhesive-bonding evaluation.
Plexiglas practice parts and tools were designed, fabricated, and used to
establish filling procedures and to select the most suitable adhesive. Tool-
ing and processing concepts developed for the cast-in-place liners were
applied directly to this adhesive-bonding problem. In addition, a pressure-
injection method was selected and developed to bond quartz/phenolic liners
inside existing quartz/phenolic liners. The approach to the nondestructive
inspection of the bond integrity for the quartz/phenolic liner to metal tube
bond was based on investigation of five potential techniques. These were
ultrasonic pulse-echo, resonance-loading, eddy-sonic, x-radiography, and
neutron-radiography. To evaluate these potential techniques, prototype
standards and full-scale parts were made and subjected to nondestructive

tests. From these tests, the most effective nondestructive test method was

selected.
7.3 MOLDED SILICONE RURRER LINERS

7.3.1 Preliminary Tests
Five candidate solid moldable silicone rubber formulations and two liquid

silicone adhesive systems were selected for preliminary processing and
property tests on the basis of published properties, processing experience,

and availability,
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To assess the moldability and bondability of candidate liner materials,

straight cylindrical tubes were molded and installed with the candidate
adhesives in straight steel tubes, After curing, the lined tubes were

‘ sawed open and the strength and uniformity of the liner and bond were eval-
uated. Similarly, each of the candidate materials was molded into flat
sheets from which samples were cut and prepared for tensile and erosion
tests (refer to Report MP 51, 603 in Appendix E). {

v

Of the candidate materials, Silastic 55 bonded vrith RTV-731 exhibited (1) the

best combination of bond strength and uniformity, (2) the highest tensile

T

strength and elongation, and (3) good erosion performance based on [
material loss, backside temperature rise, and lack of charring ablation

products,

7.3.2 Molding and Curing

b Tests were performed to determine the linear shrinkage of Silastic 55 during

curing so that correct compensations could be made in the mold cavity

dimensions to produce a cured liner within the dimensional tolerances
specified, A two-plate, single-cavity mold was machined from aluminura
and provided with a steel rod core. Silicone rubber was sheeted to the cor- \
rect thickness, wrapped longitudinally over the steel core, and "stitched" at’

the seam with a knurled roller to form an uncured tube of rubber around th- {
core. This preform and core assembly was then placed in a two-plate mold,
and the mold closed in a platen press under 10 tons of pressure at 320°F, The
part was then cured for 30 minutes at this temperature and pressure. A mold
) releasc lubricant was applied to the core and the mold before pressing the
rubber to facilitate removal of the part from the mold and core. At the con-

clusion of the press molding and subscquent to the removal of the part from

the mold and core, the molded liner tube was postcured in a circulating air
oven for 16 hours at 400°F, In order to inspect the liner wall thickness over
the entire length, a rigid metal mandrel with an OD equal to the lin:r IL was ’
} made, supported horizontally, and numerous dial gage measurements were

taken before and after the liner was placed on the mandrel.
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Inspection of initial liners revealed three problem areas: (1) voids, (2) wall
thickness variations, and (3) longitudinal stepped seams. The voids were
caused by air bubbles entrapped during loading of the mold. It was found that
if the core mandrel was wrapped with one ply of rubber having a carefully
controlled thickness, and if the single seam was positioned at the mold part-

ing line, that voids were eliminated.

Wall thickness variations were primarily caused by a center core mandrel

that was not sufficiently straight. However, even vhen a new, straight core
mandrel was used, wall thickness variations exceeded the specified 0, 005 inch.
Accordingly, the design was changed to allow wall thickness to vary up to

+0, 010 inch, which could be satisfactorily achieved in production. Stepped
longitudinal seams were caused by lateral shifting of the mold halves relative
to each other during heated-press curing of the liners, This problem was
solved by adding dowel pins and holes to the mold halves to prevent sidewise

movement,

7.3.3 Adhesive Bonding
Although preliminary tests with 6-inch-long straight tubes had produced sat-

isfactory bonds, the first attempts to install a liner in a bent tube were unsuc-
cessful, Apparently, the change in the internal dimensions of the metal tube
in the bent region was too great to allow the liner to be drawn through,
Accordingly, new liners were molded with slightly smaller OD's. These

liners were successfully inserted.

During the manufacture and functional testing of the lined tubes, four
problems occurred irtermittently: (1) poor adhesion between the liner and
the metal, (2) voids in the adhesive, (3) blistering following pressure testing,
and (4) incomplete _uring of the adhesive, As a result of these problems, the
vent tube was redesigned to replace the lined configuration with an uninsulated
heavy-wall design, and the process and test procedure for bonding the liners

into the manifold tubes were changed in several ways.
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Adhesion between the liner and ti.e metal was affected by the methods used to

clean and prime the metal and rubber surfaces, and apply and cure the adhe-
sive. Numerous tests were conducted to determine a satisfactory combina-

tion of these methods.

Cleaning tests of the metal (Inconel 718) surface revealed that the conven-
tionally descaled, cleaned, degreased surface could not be wetted by water.
A light abrasive scrub activated the metal surface so that it could be water-
wetted and thus be capable of being wetted by the adhesive primer. It was
further observed that the descaling process was more effective when the
metal surface was wetted by water. When the nonwettable metal covered
with heat-treat scale was scrubbed with a paste of 400-grit aluminum oxide
and water, the subsequent descaling treatment produced a bright, clear sur-
face. This surface could be wetted for 1 hour after treatment at which time
a water film on the surface would begin to bead. As a result, it was deter-
mined that proper surface preparation of the metal required priming within
1 hour of descaling and solvent degreasing. It was also determined that the
metal primer had to dry and cure at ambient temperature for i hour minimum
for best adhesion. To verify proper surface preparation, a strip of liner
material was bonded to the metal OD surface of each manifold and tested for

bond peel strength,

The rubber-cleaning method found to be most effective was methyl ethyl
ketone (MEK) solvent wiping. (In addition, a water-soluble mold release was
specified for the rubber molding operation. The mold rel.ase was easily
removed from the cured liner surfaces by water washing.) Two primers
were examined: a resin type, and an elastomeric type, The elastomeric
primer produced liner-to-adhesive bonds that were more reproducible,and

was therefore selected for use,

Voids in the adhesive were primarily a result of air entrapment during
insertion of the liner. Changes in the insertion method were required

to eliminate any possibility of air entrapment, Therefore, the vent

tube liners were installed inside a vacuum chamber, Outside the chamber

the liner and the tube ID were covered with adhesive, The liner was
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collapsed around a mandrel(consisting of a 1/2-inch OD, 0. 050~inch-wall
plastic tube slit lengthwise) and positione ! within the metal tube. These
parts were placed in a vacuum chamber which was later evacuated. Next,

the collapsed tube was expanded, in vacuum, against the ID of the tube wall
with internal atmospheric pressure. The parts were removed from the vac-
uum, the mandrel was removed, the liner was pressurized to 14 psig, and the

pressurized assembly was cured at 300°F for 1 hour,

Blisters which were found on the inside of lined tubes were observed to
decrease in size and disappear after several hours. The blisters apparently
formed when high-pressure gas diffused to the bondline during pressure test-
ing and were unable to return to the inside of the liner during depressuriza-
tion. The blisters were of concern because, in forming, they created
unbonded areas. Blister formation was prevented on subsequent parts by

(1) using a liquid pressurizing medium where possible, (2) requiring gas
pressurization to be brief, and (3) allowing sufficient time during depressuri-

zation for entrapped gases to return to the liner ID.

Incomplete curing of the adhesive occurred first when RTV-731 was used.
RTV-731 requires the presence of moisture to cure, Complete reaction was
difficult to ensure with the tube liner configuration. Accordingly, 93-072,

an elastomeric adhesive capable of curing without foreign reactants, was
chosen to replace RTV-731, Unfortunately, 93-072 also exhibited incomplete
curing from time to time, probably as a result of a weak inhibition reaction
with the liner material. To overcome this problem, the liner was primed with
diluted RTV-731, the curing temperature was raised to 300°F, and complete
curing was verified by the bond test of a strip of liner material on the external

surface of the metal,

7.3.4 Nondestructive Bond Inspection

To determine the integrity of the bond, inspection had to be performed from
the exterior of the tubing, working on the convex surface. Four techniques
were considered potentially applicable. These were eddy-sonic, resonance-

loading, interferometric holography, and ultrasonic pulse-echo.
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The small diameter of the metal tube (approximately 1 inch) and the wall
thickness (0. 100 inch) were such that the eddy-sonic method was not
effective. The means of excitation of the transducer was insufficient to dis-

criminate between bonded liner and no liner at all., Therefore, it was not

—————y—

possible to detect the unbond conditions present in the test standard.

The resonance-loading method was successful to a limited extent in areas of

L

large unbond. It was necessary to fabricate a special "V'" block to keep the

v

transducer properly aligned on the cvlindrical surface of the tube. When small i
discrete areas of unbond were incorporated into the standard, the instrument

could not clearly discriminate these unbonds.

~—ro—

Interferometric holography techniques were explored as a possible means of
inspecting the rubber-lined manifold system. This approach had the advan-
tage of being a noncontacting system,and no couplants such as oil or water
were needed. To accomplish the test, two holograms were made of the test
part, one with the part at rest and the second with the part under some minor
stress. When these two holograms were superimposed, any defects, such as
an unbond or an adhesive void, were expected to be displayed as an interfer-

ence pattern. Holographic inspection of the test standard did not reveal any

of the unbond conditions present. This is attributed to the fact that the elas-
tic modulus of the metal tube was very much greater than that of the rubber
liner, and the strains imposed on the metal were so small that no movement |

was detected at the exterior surface.

The pulse-echo approach required the use of a couplant material between the
hand-held transducer and the surface of the test part. The wave front gener- ‘
ated by the transducer was expected to traverse the metal and pass into the

adhesive if there was a good bond. Ultrasonic energy absorbed in this way |
was expected to produce a highly damped signal on the oscilloscope screen.

If, however, an unbond condition existed between the adherend and the adhesive, .
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the ulatrasonic wave front was expected to be reflected and bounce back and
forth several times, This would provide an oscilloscope screen presentation
showing many back reflections, clearly different from the damped signal

resulting from a good bond.

In the case of the metal tube and rubber liner, the pulse-echo approach
proved unsatisfactory. It was not possible to distinguish between areas of
unbond and those areas properly bonded. All areas provided multiple back-
reflections on the oscilloscope screen. This behavior probably resulted
from the large difference in acoustic impedance between the metal and the

rubber.

7.4 CAST-IN-PLACE SILICONE RUBBER LINERS

7.4.1 Ablation and Adhesion Tests
Four candidate RTV silicones were tested on the MDAC Aeroder with the EB

liner material (Silastic 55) and Teflon as controls. An attack angle of 10 deg
was used. Results are given in Report No. MP51, 603 in Appendix E and in
Table 7-1, On the basis of these data, RTV-630 was selected for further
tests, because it exhibited a low erosion rate and no charring of the surface
during ablation. A second series of Aeroder tests was conducted on RTV-630
at attack angles of 10 and 60 deg with GN2 stream temperatures of 3, 500 and
4, 000°F. Results are given in Table 7-1., As the results obtained for
RTV-630 in the second series were substantially better than those obtained
in the first series, a third series of Aeroder tests was initiated on RTV-630
at attack angles of 10, 30 and 60 deg with CN, stream temperatures of
2,400, 2,900, and 3,400°F. Teflon and Silastic 55 specimens were used as
controls, In addition, specimens of 28-mil quartz cloth impregnated witt
RTV-630 were tested, The quartz cloth was impregnated with an excess of
8 mils of RTV-630 above and below the cloth, Data on these tests are also
given in Table 7-1.
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The peel adhezsion of RTV-630 was tested on flat 4- by 6-inch panels of
titanium of the type used for the manifold functional test parts. As the con-
ventional methods of surface preparation and priming did not yield repro-
ducible results, a study of primers and surface preparation methods was
initiated. The results of this study are presented in Table 7-2. The most
consistent method of surface preparation was found to be as described for

Specimen No. 33 in the table using SS-4155 primer.

7.4.2 Castingjnd Curing_

An aluminum practice part similar to the flight configuration manifold was
fabricated. Cores, mandrels, and end rings were fabricated to provide

the assembly shown in Figures 7-6 through 7-9. When assembled, the cores
pruvided a 0.200-inch-thick coating on the walls of the central tube of the
arsembly. Figures 7-8 and 7-9 show cutaway views of the central tube and

of one side tube,

7.4.2.1 Gravity Flow into an Evacuated Cavity - Test A-1

A vacuurn bag with bleeder cloth was seaied over the bottom of the assembly,
the side openings were vacuum sealed, and a reservoir assembly was affixed
to the top of the assembly as shown in Figure 7-8, A 29-inch-Hg vacuum was
aprlied to the part and the reservoir was filled with catalyzed and degassed
RTV-630. The assembly was left with vacuum on for 1 hour and then the
entire assembly was put in an oven at 210°F for 1 hour. After cooling and
disassembly, it was found that very little RTV-630 had gone into the cavity,
The RTV-630 had run rapidly to the bottom, blocking off the vacuum source.
The cores were removed and, as the interior walls of the practice part had

not been primed, the cured RTV-630 was cut and pulled out of the cavity,

7.4.2.2 Gravity Flow into an Evacuated Cavity - Test A-2

Test A-2 was conducted ir the same manner as Test A-1 except that the
vacuum bag seal and bleeder cloth were extended around the entire part
except for the reservoir on top. After cure and cooling, it was found that
60 percent of the cavity was filled, with material still remaining in the

reservoir. The coating was removed from the practice part,
b
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PEEL ADHESION TEST RESULTS

Table 7-2

Primer
Specimen Primer/ Drying Load Type of Failure
Number Cleaning Method Lot No. Time (psi) % Cohesion % Adhesion
1 Methyl ethyl $5-4155 I hr RT% 16 25 75
ketone cleaned Lab Lot |
7 Vapor-honed 55-4155 1 hr RT 0 0 100
Lab Lot 1
8 Grit-blasted S$5-4155 1 hr RT 21 90 10
Lab Lot 1
9 Etched per S§S-4155 1 hr RT 0 0 100
PS 12050. 8 Lab Lot 1
11 MEK cleaned 55-4155 1 hr RT 22 100 0
Lab Lot 2
13 MEK cleaned §S-4155 1 hr RT 31 80 20
Lab Lot 2
14 Vapor-honed S$S-4155 1 hr RT 0 0 100 ,
Lab Lot 2 %
15 MEK cleaned SS-4155 1 hr RT *
Lab Lot 2
9 10 90
Plus Thin
Coat RTV154
19 MEK cleaned, SS-4155 1 hr RT 32 100 0
60 grit-sanded, Lab Lot 2
MEK cleaned
22 MEK cleaned PR-1903 1 hr RT 0 0 100
23 MEK cleaned DC 92-056 1 hr RT 25 80 20
24 MEK cleaned DC 1200 l hr RT 0 0 100
29 MEK cleaned DC 92-019 1 hr RT 0 0 100
30 MEK cleaned DC 92-019 1{ hre RT 0 0 100
plus 1/2 hr
180°F
31 MEK cleaned 55-4120 1 hr RT 0 0 100
32 MEK cleaned SS-4155 1 hr RT 0 0 100
Lab Lot 2
33 MEK cleaned S5-4153 1 hr RT 25 100 0
plus power-drum Lot 94218
sanded (30 grit)
plus MEK clean
*RT = Room temperature
7-20

e L

p———

m-‘d-—-—-—:




P P— —“- . aa

4 &

SE S i SN PR SN AN R A am e oEm T R B AR P YW e

Figure 7-8. Practice Test Part Assembled with Cast-in-Plsz. Siicone Liners

Figure 7-7. Practice Test Part Disassembled with Cast-in-Place Silicone Liners
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Figure 7.8, Gravity Flow into Evecusted Cavity
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Figure 7-9. Pressure Injection into Evacuated Cavity
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7.4.2.3 Pressure Injection into an Evacuated Cavity - Test B-1

Closed reservoir caps with stopcocks were fabricated for the top and bottom
of the practice part as shown in Figure 7-9. These caps were adhered and
sealed to the part, as shown, with vacuum bag sealant. An injection cartridge
was filled with catalyzed and degassed RTV-630. After the assembly

was checked for leakage at 29 inches of vacuum, the RTV-630 was injected
at 5 psig into the assembly, at full vacuum, by inserting the injection nozzle
into the opening below the stopcock and opening the stopcock., The RTV-630
was injected into the assemblv until it appeared in the sight glass above the
assembly. The vacuum was released and the assembly was transferred to
an oven at 210°F for 2 hours. After cooling, the side cores were pulled

out and the central core was forced out on an arbor press. Although

the upper reservoir cap was filled with RTV-630, there was a void about

1 inch in depth below the upper retaining ring. The RTV-630 expanded under

vacuum and the void, formed by contraction after release of vacuum, did not

fill frem the upper reservoir. The coating was removed.

7.4.2.4 Pressure Filling of Evacuated Cavity - Test B-2 )‘
Test B-2 was conducted in the same maniler as Test B-1 except that after

the RTV-6_30 appeared in the upper sight glass, the vacuum was released and

the vacuum hose removed from the upper stopcock. The injection of RTV-630

was resumed at 5 psig without vacuum until there was an uninterrupted flow

of the material out of the upper stopcock. The assembly was transferred to

an oven at 210°F for 2 hours, On being disassembled as in Test B-1, the

part was found to be completely filled with RTV-630 and was void-free.

7.4.2.5 Pressure-Vacuum Filling of Manifold Functional Test Parts !
The interior surfaces to be coated with RTV-630 were prepared as described
for Specimen No. 33 in Table 7-2. A rotary power-sanding drum was used
for abrading the interior surfaces. The parts were filled as in Test B-2
except that improved tooling was used as shown in Figure 7-10. The parts
were cured a minimum of 4 hours at 210°F, After cooling, the cores were

removed. The insulation coatings were found to be derse and void-free.
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As described in Reference 7-2, the erosion resistance of the cast-in-place
RTV-630 liners was unsatisfactory. The design of the manifold was sub-
sequently changed to eliminate RTV-630 and no further process development

was pursued.
7.5 QUARTZ/PHENOLIC LINERS

7.5.1 Layup and Curing

7.5.1.1 Flat Shingle Angle Configuration

A tape-wrapping procedure was employed to provide a shallow (10 deg) angle
configuration tubular composite. It became evident early in initial fabrica-
tion efforts that the method was limited in providing the required thickness
when quartz/phenolic tape was wrapped around a relatively small (1 inch)
diameter mandrel. The reason for this was that the OD edge of the tape
would not stretch sufficiently to conform to the required conical shape for
the entire liner thickness. A two-step process was therefore followed in
which the 10-deg shingle angle configuration was wrapped using narrow tape,
densified and machined to a smaller OD, and then over-wrapped with a flat-
wrap of the same material to obtain the required liner wall thickness. The
two-step-fabricated ''green'' part was then vacuum-bagged and autoclave-
cured, Sufficient over-wrap material was provided so the cured part could

be machined to the required OD.

The cure procedure employed a preliminary densification step at 160°F and
50 psig autoclave pressure under vacuum, followed by stepwise increases in
pressure and temperature to a final cure dwell at 350°F and 180 psig for a
period of 3 hours while still employing vacuum. Part density achieved varied

from a low of 102 pcf to a maximum of 140 pcf.

Test firings were completed on components employing the flat shingle angle
configuration, It was observed that in the insulated straight sections, ero-
sion did not reach the flat-wrap portion of the insulation. However, in the

high-erosion locations (one or two diameters from 90-deg turns), erosion was
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observed in the flat-wrap layer. Consequently, the design was changed to
require a 45 + 5 deg shirgle angle, which required development of a new

process.

7.5.1.2 45-Deg Shingle Angle Laminate

To obtain a 45-deg shingle angle, the use of pre-cut (dinked) disks in flat
washer form was investigated. Tooling was provided to assemble these disks
at a 45-deg angle over a central shaft mandrel as a preform assembly within
a restraining cylinder. This preform assembly became the curing tool when
the required end-cap tooling was added. Moderate preforming pressure was
applied to locate the disks initially until the required number of disks were
loaded to achieve the desired part length. The preform was then cured in a
platen press in a stepwise fashion. :

Initially, the assembly was subjected to a dwell at 160°F for a p'e riod of

1 hour at contact pressure to provide initial resin flow, Subsequently, the
part temperature was raised to 220°F and the load increased to 6 tons. While
mainta'ining this load, the part was raised to 350°F for the final dwell cure

of 3 hours at load.

The above process provided a molded-quartz/phenolic 45-deg-angle composite
with densities of 109. 4 pcf minimum to 111, 3 pcf maximum. The procedure
overcame the limitation of maintained angle versus thickness experienced
with the wrapped technique as well as the OD/ID limitations previously

experienced,

7.5.1.3 Nondestructive Inspection

Tests were conducted to develop a nondestructive method for determining the
shingle-angle orientation of fully machined liners, X- and neutron-radiography,
as well as microscopic and visual examination. were inveséigated., It was

found that the laminate orientation of installed iiners could best be deter-

mined by careful examination of tangential x-rays with the aid of a low-power

magnifying glass, using a high-intensity x-ray film viewer,
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7.5.2 Adhesive Bonding

A double-tee manifold practice part was designed and fabricated from a
Plexiglas block. Simulated quartz/phenolic insulation liners and end caps
were fabricated from aluminum. The Plexiglas part with the simulated
insulation bonded in place is shown in Figures 7-11 and 7-12, Three mutually
perpendicular liners were required: a lower (inlet) liner, a vertical liner,

and an upper liner.

7.5.2.1 Bonding the Lower Insulation Liner

All tooling aids and the interior of the Plexiglas block were coated with mold
release to aid in removal, if required, of the cured or uncured resin. The
lower insulation liner was inserted, Small shims to hold the liner to allow a
concentric gap of 7 to 10 mils around the liner were positioned in three places
at each end. Several tests employing various combinations of vacuum and
resin introduction were made. The best technique was as illustrated in Fig-
ure 7-13. The resin used was catalyzed and degassed and placed in the injec-
tion cartridge with the adjacent valve closed. A vacuum of 29 inches of
mercury was applied to the part and the part was checked for leakage. After
all leakage was eliminated, the valve adjacent to the resin reservoir was
opened. The resin flowed easily around the lower insulation liner, which was

plugged on each end as shown.

Epon 919 epoxy resin was the first resin tested, While curing 24 hours at
room temperature, this resin exhibited a large amount of shrinkage which
was manifested in large areas of debonding. Stycast 2850-FT epoxy resin
was tested next. This resin required a 160°F oven cure and also exhibited
debonding due to unequal expansion and contraction between the plastic block
and the metal liner., EC-2216 epoxy resin was tested next. This resin
proved, on curing 16 hours at room temperature, to have low shrinkage, and
a continuous bond line was achieved. EC-2216 was used in ‘the balance of the

tests described herein, and for all vacuum bonding of JI liners.
A laboratory comparison of the volume shrinkage during cure of Epon 919 and

EC-2216 was also made. These data are presented in Table 7-3, and show
the relatively low volumetric shrinkage of EC-2216, After curing, the top
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Figure 7-12. Plexigias Simulation of JI Double-Tes Menifold Part - Front View
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Table 7-3

COMPARISON OF VOLUME SHRINKAGE OF EPON 919 AND EC-2216

—————————
ST P e B e

Epon 919 EC 2216
Volume of Mold (cc) 160. 7 161.1
Weight of Cured Block (g) 167.7 205.9

! Specific Gravity 1. 12 1.30
p Volume of Cured Block (cc) 149. 7 158. 4
Volume Loss (cc) 11.0 2.7
b Volume Shrinkage (%) 6.6 1.7

plug was removed and a hole of the same diameter as the vertical shaft was
drilled through the excess cured resin and through the upper wall of the lower

insulation liner, in the same manner as would be done in production.

7.5.2.2 Bonding the Vertical Insulation Liner

The vertical insulation liner, a duplicate piece of which is seen on the right
top of the Plexiglas block in Figure 7-11, was placed in the vertical shaft and
three shims were placed around it at the upper edge of the vertical shaft. A
precast epoxy mandrel, seen standing to the left of the Plexiglas block in
Figure 7-11, was inserted into the bonded lower insulation liner., With the
assembly as shown in Figure 7-14, the resin was catalyzed, degassed, and
placed in the reservoir above the block with the valve below the reservoir
closed. Vacuum at 29 inches of mercury was applied to the parts, After
leaks were sealed, the valve was opened and the resin allowed to flow around

the vertical liner. After curing 16 hours at room temperature, the end caps

.. B BN . T BN B B e B ]

were removed and the excess upper vertical liner section and the excess

cured resin were drilled out horizontally through the upper tube,

7,.5.2.3 Bonding the Upper Insulation Liner
The upper insulation liner, which had a }fole predrilled in the side, was

placed in the block with shims at each end and the side holes lined up with
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the vertical shaft as shown in Figure 7-15. A rubber bladder was fabricated
to fill the vertical shaft area, The function of this bladder was to keep the
resin out of the vertical shaft area, which is inaccessible for post-cure
cleaning. The bladder was inflated to 5 psig. With the upper insulation liner
plugged at each end, vacuum at 29 inches of mercury was aprlied to the part.
After leakage was sealed, the catalyzed and degassed resia was allowed to
flow around the upper insulation liner., Before cure, the excesc resin was

removed below the top plug.

7.5.2.,4 Bonding Liners to JI Manifold Functional Test Parts

Varous liners of quartz/phenolic, qua:iz/phenolic-wrapped ceramic, and
quartz/phenolic-wrapped titanium-zirconia were bonded to JI manifold test
parts using techniques described above with minor variations. As the parts
were metal, the end caps were fabricated from Ple ‘glas to facilitate observa-

tion of the resin flow. Results of the tests appear in Reference 7-2,

7.5.2.5 Pressure Injection Bonding

A design change to add additional internal insulation to the JI manifold
required the bonding of a 0.150-inch-thick quartz/phenolic '"patch' liner in
an existing 1, 3-inch-ID quartz/phenolic-lined segment. Because of the con-
figurauon, vacuum bonding was difficult, »-.d a new method was developed.
The new method involved machining longitudinal grooves 0. 080 inch wide
and 0, 025 inch deep on the patch liner OD. A special injection tool was
designed and [abricated to allow adhesive to be injected from a standard
90-psig injection cariridge into an annular space at one end of the patch
liner, forcing the adhesive to fill the grooves. Using a Plexiglas model, a
low-viscosily epoxy adhesive was injected in this manner, filling the 2-inch-
long grooves completely. Two test specimens were fabrica dJ with this
method, using grooved patch liners which fit snugly into cylindrical outer
liners, both made of quartz/phenolic. Shear tests of these test parts were
conduc.ed and showed that the shear strength of the bond exceeded the design

requirement by a factor of six,
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7.5.3 Nondestructive Bond Inspection

Two test standards were constructed, each containing four sizes of simulated
discrete defects. Aluminum tubing of 1-3/4-inch OD with a 1/8-inch wall was
used. A quartz/phenolic liner with a 3/16-inch-thick wall was made to fit
inside the tube. Both were cut 12 inches long and were split lengthwise beforc
bonding. Four sizes of holes were drilled in each half of the liner: 1/8-, 1/4-,
3/8-, and 1/2-inch diameter. Quartz/phenolic plugs were made to fit the holes.
The liners were then bonded to the inside surface of the tube halves. After
curing, the holes in the liner of each assembly were cleaned of all excess
adhesive. In one of the standards, the plugs were inserted and bonded in the
holes, leaving an air gap between the plug and the aluminum wall equivalent to
the original bond line thickness, to simulate voids in the adhesive. For the
second standard, the plugs were coated on one surface with adhesive .and
cured, then inserted with the cured adhesive against the aluminum surface

to simulate unbonds between the aluminum and the adhesive.

Using these prototype standards, four potentially applicable and available
nondestructive test techniques were evaluated, Limited effort with resonance-
loading, eddy-sonics, and x-radiography indicated that none of these methods
effectively detected the simulated defects. Based on the initial work, it
appeared that manual contact pulse-echo ultrasonic inspection would be the
only usable method, The minimum size of detectabie unbond or adhesive

void by this method was 1/4 inch, except that defects beneath nonuniform

metal cross sections could not be detected at all,

Additional investigations later showed that very careful inspection of enhanced
x-radiographs was capable of detecting some adhesive voids, Also, neutron
radiography was found capable of revealing voids as small as 1/8 inch in

diameter with ease and clarity, Accordingly, neutron radiography was

employed to inspect all manifold segments for voids.




7.5.4 Knitted Quartz/Phenolic Liners

A number of right-angle and Y-sections were braided. Upon examination of

these articles, it was observed that in the most critical area (the rounded
corners at the intersections), the fiber density was low and variable. This
was an inherent characteristic of the braiding process and unsatisfactory.
Vendors were also contacted relative to the feasibility of obtaining woven or
knitted articles. Although this approach appeared promising, time and budget
constraints did not permit its further pursuit., Accordingly, two quartz-fiber
sock liners were knitted manually at MDAC to examine straight sections with
and without a flared end. The flared-end approach provided the desired
rounded edge at an intersection (to promote a more streamlined flow). The
hand-knitted quartz liners were impregnated with phenolic resin and

partially cured (B-staged) by heating at 180°F for a dwell period of 30 co

40 minutes.

The straight liner prepreg was slipped over a metal mandrel and given an
over-wrap with quartz/phenolic tape. The liner was then vacuum-bagged and

cured using procedures similar to those employed for dinked liners,

The flared-end liner prepreg was inserted into a matching primed metal
sleeve and cured by inserting a rubber bladder (for internal pressurization),

vacuum-bagging, and curing.

The knitted liners were subsequently bonded into a JI functional test manifold,
using epoxy adhesive. The bonding process used was a standard one. No
processing problems were observed. Results of the functional test of the

knitted material are reported in Reference 7-2.

In addition to the functional test knitted parts, additional knitted liners were
made, but not impregnated, to establish the feasibility of kn‘itting complex tee
and cross configurations, Figure 7-4 shows the most complex configuration
that was made., It was found that glass, high-silica, and quartz fibers had

very similar knitting characteristics, and that ordinary knitting needles
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could be used, although frequent replacement was required because of
abrasive wear by the yarn. No additional sock development was pursued
because the design baseline approach (dinked quartz liners) performed

satisfactorily.

7.6 QUARTZ/PHENOLIC NOZZLE FABRICATION

Figure 7-5 shows a cross section of the JI nozzle assembly, as originally
designed, The initial manufacturing sequence for the insulation began with
the fabrication of a machinable quartz/phenolic flat-wrapped core preform,
The preform was given a preliminary densification step in an autoclave at
160°F, 50-psig pressure, with vacuum, for a dwell period of 50 minutes.
After densification, the preform was machined to match the titanium nozzle
body end. The titanium was then grit-blasted and primed, and adhesive was
applied to the OD and end surfaces. The assembly, consisting of the titanium
body and mated quartz/phenolic preform, was then over-wrapped (flat) with

quartz/ phenolic tape and cured,

The first approach was to flat-wrap the core preform to obtain the configu-
ration shown in Figure 7-16a. The densification, machining, assembly,
bonding, over-wrap, and curing steps were as described for the liners in
Subsection 7,5.1,1, Initial functional testing with this configuration was
successful, except that an undesirable amount of erosion was measured in
the insulation. As an added factor of safety, it was desired to try to reduce
the observed erosion by changing the ply orientation in the core insulation,

as shown in Figure 7-16b,

Preform tooling was provided to permit fabrication of a vee- or chevron-
shaped preform having a 30-deg angle. Rectangular pieces were precut from
a quartz/phenolic prepreg and preformed at 1, 000-psi pressure to provide a
preform of the required geometry in terms of angle, width,‘ depth, and height,
This preform was densified, machined, assembled to the titanium nozzle
body, and cured as the flat-wrap configuration was, The orientation of the
angled preform assembly to the nozzle body was such that the desired
laminate angle was piesented to the internal gas flow to minimize peeling
effects (30 deg to the flow direction). In functional tests, this configuration
failed structuially (see Reference 7-2), so no additional development

was pursued,
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Later, it was found necessary to cure the flat-wrapped core completely prior

to assembly Lo reduce wrinkling and distortion of the over-wrapped insulation

during the over-wrap cure cycle and to assure that an adequate number of

continuous circumferential plies would remain in the over-wrapped insulation

after final machining.

7.7 PROBLEMS AND SOLUTIONS

The following is a summary of the problems encountered and solutions found

during the internal insulation process development tests.

Problem

Solution

Molded rubber liners had voids,

Wall thickness variations in
molded rubber liners exceeded

the specified tolerance.

Molded rubber liners had
stepped seam longitudinally.
Straight molded tubes could not

be installed into bent segments

- of metal ducts,

Adhesion of the rubber to the
metal ducts was not reproducible
using the standard degreasing

and priming methods,

Improved method of loading uncured

rubber into the mold cavity.

(a) Fabricated a straighter core
mandrel.

(b) Changed the duct design to allow
greater wall thickness variations,

Added dowel pins and holes to mold

halves.

Reduced liner OD to allow for changes

in duct geometry at bends.

(a) Developed a new metal surface
preparation: abrasive scrub,
descale, dry, solvent wipe, and
prime within 1 hour after descaling.

(b) A mold-release solution of mixed
alkyl sulfonates in water was used,
which could be washed off the
molded liners, thereby providing
consistently acceptable adhesion

to metal,
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Problem

Solution

Voids were found in the adhesive

.
-

between the rubber and the metzi.

Blisters formed in the lined duct
during rapid depressurization after
pneumatic testing.

Incomplete curing was found in
RTV-731 and 93-072 adhesives,

A nondestructive test was desired
to detect voids and unbonded regions

in the liner,

A method of applying void-free
insulation coatings up to 0. 25 inch
thick to the interior walls of the JI
manifold was required.

Adhesion of the RTV insulation

(c) Wiped the liner with MEK and
primed it with RTV-731,
(d) Added a peel test using a strip of
liner material bonded to the duct
OD to verify proper surface
preparation and curing.
‘sssembled the liner into the metal
tube in a vacuum chamber, and pres-
surized the liner during curing to
exclude entrapped air.
Changed test procedures to eliminate

gas entrapment behind the liner.

(a) Eliminated use of RTV-731
adhesive where presence of
moisture was not assured,

(b) Raised cure temperature of

93-072 to 300°F and verified cure

by peel test of liner material

bonded on the duct OD,

As no effective method of nondestructive

inspection was found, imposed close

controls and supervision of bonding
process and functionally tested lined
ducts from each batch to verify
acceptable bonding.

Special tooling was fabricated and a

technique of pressure injecting the RTV

insulation material into an evacuated
cavity was developed,

An improved method of surface prepar-

coating to titanium using conventional ation was developed in which the part

cleaning and priming t>chniques

was unsatisfactory.

was thoroughly degreased, power
drum-sanded with 30-grit paper, and

primed with SS-4155 primer.
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Problem Solution
Tape wrapping at 10-deg shingle Developed a dinked laminate process
angle provided inadequate insula- to obtain a 45-deg shingle angle.

tion thickness.

The adhesive migrated into a JI A special rubber bladder was fabri-
manifold area inaccessible for cated and inflated in the inaccessible
cleaning during processing. area to hold resin out.

The progress of the resin was not Plexiglas end caps were fabricated.
observable within metal parts.

Wrinkling and distortion of the Cured the core completely prior to
nozzle preform core assembly assembly to allow tighter over-
occurred during curing. wrapping and reduce distortion,
Braiding process produced low Used hand-knitting process.

and variable fiber density.

*

7.8 CONCLUSIONS AND RECOMMENDATIONS

A liner molded from Silastic 55 silicone rubber was produced and successfully
bonded into the interior of the EB warm-gas manifold liner. The liner had to
be bonded with an elastomeric adhesive using an assembly process that
eliminated observable voids. However, a liner made by the same process
failed to withstand the flow environment in the vent tube. Improved processes
should be developed to fabricate liners which can withstand severe flow

conditions,

The attempts to develop and refine a nondestructive inspection technique for
the molded rubber liners bonded inside metal tubing were largely unsuccesful,
Further work in this area is recommended. There may be some potential in
shear-wave pulse-echo evaluation, neutron radiography, and Lamb wave
propagation and damping. In addition, some material or design changes may

enhance inspectability,

A technique that applied a dense, void-free insulation coating to the interior
of the JI manifold was developed. It is recommended that other castable
materials be tested to develop acceptable fabrication and improved perfor-

mance in hot-gas ducts.
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The 45-deg-angle composite produced a tube lining with satisfactory density

for good ablation characteristics without thickness limitations.

Both JI nozzle preform processes produced satisfactory laminates. However,

the vee-shaped preform was produced at considerable increase in labor cost.

Neutron radiography was an effective method for detecting voids in adhesive
between metal ducts and quartz/phenolic liners, and is highly recommended

for future inspection of similar bonded assemblies.

A method of applying a dense, relatively void-free adhesive layer between
the liner and the JI manifold wall was developed, using vacuum injection and

pressure injection into grooves.

Knitting and impregnating of quartz socks to provide continuous insulation
in intersecting ducts was demonstrated to be feasible. Mechanized knitting
methods should be developed, and prototype liners for intersecting ducts

should be made and tested in hot-gas environments to assess the performance

of this type of liner in flow around corners.
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Section 8
HERCULES HiBEX-U PROPELLANT PROCESSING

The HiBEX motor which was developed under the ARPA HiBEX Project
(Reference 8-1) was used in the UpSTAGE Experiment program (Reference 8-2)
with some design modifications. The modifications complying with experiment
requirements included design changes to the nozzle by removing the TVC
hardware, thus reducing weight; incorporation of safety improvements to the
‘igniter; and use of an inert liquid carrier, n-heptane, as a casting-powder
processing aid, The design modifications to the nozzle increased boost burnout
velocity. The use of heptane was verified in full-scale motor manufacture

and subsequent static and flight tests.

A process study using heptane was conducted in conjunction with and supple-
mentary to ABMDA/Hercules inert-carrier studies (Phase I is described in

Reference 8-3 and Phase Il in Reference 8-4).

The objective of Phase I was to demonstrate a safer FDN propellant-
manufacturing process and to define the growth potential of high-burn-rate,

FDN-type propellants via formulation changes.

The objective of Phase II was to evaluate the feasibility of using heptane in
the key FDN propellant processing operations and to establish requirements

for the planned process of manufacturing HiBEX motors for the UpSTAGE
program,

8.1 REQUIREMENTS

The program requirements for the UpSTAGE Experiment specified use of the
HiBEX Phase D rocket motor and its components for the boost phase of the
flights. Minimum redesign and engineering analyses of the HIBEX nozzle

we-e also specified for eliminating the HIBEX TVC and TVC system mounting

provisions.
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The modified composite double-base propellant processed with inert liquid
carrier (n-heptane), designated FDN-80, was specified for the grains of all
UpSTAGE motors.

8.2 HiBEX-U CONFIGURATION

The rocket motor assembly (Figure 8-1) consists of three major components:
the loaded case assembly, the nozzle and closure assembly, and the loaded
igniter assembly. Only the loaded case assembly is discussed in this section.
The nozzle and closure assembly and the loaded igniter assembly are

discussed in Appendix F.

The loaded case assembly consists of the case subassembly, the propellant
grain, a hot-gas seal, and miscellaneous case components. The conical

fiber glass case, with metal skirt attachment (splice) rings and adapters,
contains FDN-80 propellant. Of particular interest is the effect of liquid-
carrier heptane on FDN propellant processing and its subsequent loaded

effects upon propellant structural integrity and motor performance. Therefore,

propellant processing and motor loading are subsequently discussed in depth,

8.3 PROPELLANT GRAIN

The HiBEX-U propellant grain is an FDN-80 composite modified double-base
propellant in a single-perforated 11-point star configuration, Radial stress
relief grooves are contained at the port openings in both the forward and aft
dome areas, The propellant is bonded to the case with a bimodal powder-
embedment case-bond system, The propellant burn rate is increased by the
use of zirconium staples randomly dispersed throughout the propellant mass.
Inert slivers placed against the case wall at the base of each star point modify
the final propellant burning surface to control excessively long motor-pressure-

time tailoff,

8.3.1 Casting Powder Process
As described in Appendix G, the objective of using heptane with FDN was to

minimize or eliminate the processing hazards (electrostatic-charge buildup) of
dry-powder handling during manufacture of FDN, The inert-liquid process con-
sisted of several manufacturing operations that had common sensitivity charac-

teristics such xs impact, impingement (granule-to-granule friction),
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electrostatic disckarge initiation, electrostatic generation, and transition,
The results of the tests were as follows:
A. The impact sensiiivity of FDN powder was not mitigated by

submergence in heptane,

=

Granule friction was reduced by submergence in heptane.

C. Powder-to-powder friction did not improve with submergence in
heptane.

D. The electrostatic potential of casting powder in heptane was
dissipated through proper grounding.

E. Transition height was increased 5-1/2 times (small diameter)
through the use of heptane,

F. FDN powder in heptane increased the handling margin of safety by:

1. Elimination of dust.

2. Improvements in contrel of powder granule velocity.

3. Increase in transition height,

4

Positive control of electrostatic dissipation.

Figures 8-2 and 8-3 are flow diagrams of FDN casting-powder manufacture

and motor-loading processes with heptane, With the exception of the precutting
and cutting operations, the powder was stored, handled,and loaded under
heptane from the time casting-powder extrusions were cut until the propellant

was loaded into the motor case,

The process from manufacture of casting powder through casting-powder
cutting included:
A, Grinding ammonium perchlorate (AP),
The grinding of AP is directly related to the burning rate of the FDN
propellant., Based on the original HiBEX data, the maximum
statistical limits for particle size were established as:
1. 100 weight-percent to be no greater than 20 microis
2, 50 weight-percent to be no greater than 8 microns
B. Preparation of premix,
This process included the formulation of nitrocellulose, nitroglycerin,

acetone, and alcohol,

C. Preparation of oxidizer/stabilizer slurry.

The slurry was a mixture of resorcinol, AP, and acetone.
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Mixing,
The final 1 _xing operation combined 2-nitrodiphenylamine (2-NDPA),
acetone, premix, oxidizer/stabilizer, aluminum powder, and
zirconium staples, forming a casting-powder dough.
Pressing and cutting.
The zirconium staples were added to the dough in a mixer, then
pressed and cut into cylindrical-shaped casting-powder granules
(green powder). The granule specification indicated an acceptable
diameter range of 0,125 to 0. 145 inch and an L/D ratio of 1,15 %0, 05.
The granules were placed in heptane and 2-NDPA solution for storing
and handling. The zirconium staple dimensions (in inches) were:

1. length: 0.125 £0.00

2, width: 0. 0045 +0. 001, -0, 0005

3. thickness: 0,0005 %0, 00005
Green powder.
The pressed and cut granule composition, at this stage called green
powder, was immersed in heptane for the first time and agitated by
rotation to prevent granule clustering or agglomeration, Then the
heptane was drained and the powder dried and reimmersed in heptane,
The shaping, screening, and blending operations were conducted
while the powder was wet or immersed in heptane,
Mold loading.
One of the major advantages of the heptane process was in the mold-
loading operation. The presence of heptane limited and reduced the
velocity of powder-granule flow into the mold, thus reducing electro-
static charge, etc. However, reduced velocity caused low-density

loading,

Of greatest concern in the manufacture of the HIBEX-U motor was that the
propellant in the motor maintain the same ballistic properties as the previously
manufactured FDN propellant. Therefore, three areas were monitored during

the manufacture of the HIBEX-U motor: powder/solvent ratio, mechanical
effects, and ballistic characteristics,

8.3.2 Powder/Solvent Ratio and Ballistics

The ratio of the weight of casting powder loaded into a full-scale motor case

8.7
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to the weight of casting solvent is called the powder-to-solvent (P/S) ratio.
The ballistic characteristics of the propellant are sensitive to P/S ratio. A
direct comparison of propellant rates from different propellant lots was not
a valid method of evaluating propellant powder unless the P/S ratios from the
lots were normalized or adjusted to the same P/S values, A comparison of
burning rates between the original HHBEX and UpSTAGE HiBEX-U is shown
in Table 8-1. The HiBEX-U burning rate was outside the accept/reject
criteria established for the UpSTAGE program. When the HIBEX-U P/S
ratio was adjusted to that of the original HiBEX (70‘ 29 t 13, 64) , the burn-

29.71 °26.36
ing rate fell within the acceptable range. In fact, the ballistics for the pro-

pellant processed with heptane showed a higher propellant burn rate at the
same P/S ratio, Based on the development of the HiIBEX FDN propellant
with heptane, it was concluded that a 1-percent increase in P/S ratio increased

the burning rate by 0,13 in. /sec.

A comparison of the normalized specific impulse of the HIBEX-U propellant
with the original I[IiBEX propellant showed an increase of 0.7 percent in
specific impulse (Table 8-1), The difference was attributable to the method
of determining propellant weight. That is, the original HiBEX specific impulse
included all consumable weights; i.e., propellant and inhibitor (propellant
welght less grain weight). The specific impulse for HiBEX-U was determined
with consumable propellant weight only.
Table 8-1
BALLISTIC COMPARISONS

(1)

Burning Rate Normalized
Comparisons Specific
(Percent from Impulse
Propellant P/S Nominal) (Percent)
(Accept/reject criteria) 73, 64 £3, 00
26, 36
Original HiBEX 73. 64 -2.56 | 1.0000")
26, 36
HiBEX-U 70, 29 -4.09 1. 00684
29,71
Adjusted HiBEX-U 73, 64(%) -0.77 1, 0056(%)
26. 36
(1) 2,000 psi at 70°F (3) Included inhibitor weight

(2) Adjusted to original HIBEX P/S (4) Consumable propellant weight only
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Mold filling efficiency (MFE) is the ratio of the density of powder loaded into
a full-scale case compared to the density of powder from a standardized small-

scale test mold filled by gravity-screen loading. In other words,

Unit packing density

MFE = Screen loading density

powder weight
mold volume

where packing density =

The predicted P/S ratio (percent of casting powder) was determined by the

following equation:

Percent of casting powder = (SLD)MFE)(100) =)
s
PS + (SLD)(MFE) <1 - P )
cp
and
Percent of casting solvent = 100 - Percent of casting powder
where

SLD = screen loading density

MFE = mold loading efficiency
1-"s = density of casting solvent
pcp = density of casting powder

After the successful static firing of the first FDN HiBEX- U motor manufactured
by the liquid-carrier process, an acceptable range of MFE values was estab-
lished between 101, 1 and 104.5 percent based on a static motor MFE of

103.4 percent. The limits of the mold-filling efficiency were based on
frequency/force values (sufficient vibration necessary to impart movement

to the powder bed) obtained from the study and motor loading of the static

motor to facilitate adeguate packing of casting powder immersed in heptane.

8.9




Original
HiBEX (D series) HiBEX-U
69,74 71.44 71.74 72.60
P/SRange 3557 to 535 28,26 © 27.40
MFE Range 99.1 to 102,05 103.4 to 104.8
8-10
e —————— S R

The subscale test results were within the MFE and P/S ratio range of three
HiBEX motors from the original HiBEX program, thus verifying the use of
the original P/S ratio range. The use of heptane in the propellant process
improved control over MFE and P/S ratio, which were functions of vibration
characteristics established for the loading operation. For example, high
frequency and low amplitude vibration during motor loading produced loaded
motors with lower than expected burn rates; low frequency and high amplitude
produced motors of higher than expected burn rates. Thus, the vibration
levels used during motor loading controlled the MFE and P/S. The ability

to adjust the vibration Jevels during motor loading provided the means to
obtain a uniform density from the forward to the aft end of the motor.

Table 8-2 shows the HIBEX-U MFE range to be higher than that of the original
HiBEX MFE,

8.3.3 Mechanical Effects
The mechanical property data are shown in Figure 8-4. The curves show that
at the nominal 70/30 P/S ratio, the HiBEX-U propellant has higher strength

and modulus, but lower elongation. Previc. .ata have shown that the
nitrocellulose (NC) to plasticizer (NG + TA) ratio is a good determinant of
the variability of propellant physical properties. The ratio accounted for

the binder (NC), which imparted the strength to the propellant, and alsc for
the plasticizer, which imparted elongation qualitites. In general, as the NC-
to-total-plasticizer ratio increased, the propellant modulus and tensile

strength increased and the elongation decreased, as shown in Figure 8-4,

Table 8-2
MOLD FILLING EFFICIENCY

'
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Figures 8-5 and 8-6 show the comparison between the HiBEX-U propellant
and the original HiBEX propellant. In general, the HiBEX-U propellant
(Z1-344) exhibited better shear properties (strength and modulus) than those
of the original propellant, considering the difference in NC (NG + TA) ratio

and grain P/S ratio between the sample propellants.

For case bond strength, Figures 8-7 and 8-8 show that HiBEX-U propellant

has higher tensile and shear strength than the original propellant. It can

be concluded that the HiBEX- U showed adequate case bond physical properties.

8.3.4 Casting Solvent
Solvent for casting HiBEX-U propellant grains was made up of a nominal
composition of nitroglycecin (NG), triacetin (TA), and 2-NDPA, N~ was

tested for moisture, acidity, and stability; TA was tested for acidity and

ester content; ani 2- NDPA was tested for complete specification requirements.

8.3.5 Case Bond System

The case bond system for the FDN-80 propellant grain consisted of the
embedment of bimodal casting-powder granules in a case. Embedment was
accomplished by applying a resin system (EA 946) to the inside surface of
the case and introducing large (0. 070-inch-diameter) and then small

(0.045-inch-diameter) powder granules, followed by a cure,

The embedment layer in each case was visually inspected and accepted on
the basis of criteria set forth in Specification S67-1-014, which stated that

no area greater than 10 percent was to contain multilayers, encapsulated

granules, or lack of granules and that no cracks were to exist in the embedment

resin. In addition to the visual acceptance inspection, stereo photomicro-

graphs were taken of each case bond system,

8.4 RECOMMENDATIONS

High-burn-rate propellant technology has been demonstrated by the HiBEX
motor development program and the UpSTAGE Experiment application, How-
ever, several propellant development areas should be investigated which would

allow expanded use of the HiBEX propellant/motor technology:
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A definition of the upper limit of FDN-80 propellant burn rate is
desirable to provide performance flexibility in vehicle-sizing
tradeoff studies for system application. Of particular interest
would be reproducibility at these high burn rates.

Along with the higher propellant burn rate, an investigation of the
effects on propellant physical properties of environments higher
than that of UpSTAGE is desirable. Strenuous vibration and/or high
lateral maneuver levels may cause propellant stresses to go beyond
adequate margins of safety. Consideration should also be given to

nonpressurized propellant applications,

817

)
[




gy O

m—y p—— —

e

-u-—n’

u-.ﬁ

Section 9
SUMMARY OF RECOMMENDATIONS

Additional research and development should be pursued in the following areas:

1.

Automated drafting sheould be adapted to plastic PC board fabrication
and compared to manual drafting quality, cost, and time.

Thick-film dielectric inks should be characterized and studied to
determire methods of controlling thermal expansion properties.
Improved inks should be used to determine how many layers can be
successfuliy fabricated in large, thin, thick-film multilay;r circuit
bases,

Tests should be conducted tc determine how many soldering repairs
are feasible on thick-film muvltilayer circuits of superboard
construction,

Studies are needed to develop higher reproducible peel strength of
copper-cladding on Kapton PC board material.

Simultanenus curing of preimpregnated high-silica/phenolic cloth
and fiber adhesive is a recommended method of fabricating thin heat
shields, and should be further explored to deterrmine its limits of
applicability in terms of thickness, matcrials, and performance.
Noncontaminating sealants should be developed for use where
assemblies cannot be pressure-capped during bonding, The sealants
should also be easiiy applied and easily removable.

Improved processes should be developed for molded and bonded
rubber liners in hot-gas ducts. A nondestructive technique should
be developed to detect voids and unbonded areas between metal ducts
and inteinal rubber liners.

Castable insulation materials shonl"! be developed which can withstand
hot-gas fiow in ducts.

Further development and functional testing should be pursued to
develop techniques for mechanized knitting, impregnating, and low-
temperature bonding and curing of quartz/phenolic sock liners for
intersecting hot-gas ducts, Subsequently, such liners should be
installed in intersecting ducts and tested with hot gas to determine

performance in flow around corners.

91
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10. Studies and tests for high burn rate and adequate propellant physicai
properties are recommended for advanced interceptor technology.
Subscale and full-scale motor tests are needed to verify feasibility

and performance repeatibility,

9-2
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Appendix A
UpSTAGE SHEAR RING DEVELOPMENT TESTS

OBJECT
To establish the optimum breaking groove configuration of shear rings and

to determine the spread in shear loads of rings having such breaking groves.

L 24

INTRODUCTION

Successful operation of the UpSTAGE vehicle is critically dependent upon the
performance of a ring appropriately sized to shear within a prescribed load
range corresponding to a tank nressure of 525 to 600 psi. The prescribed
load range is 8,225 to 9,400 1b, The design specifies a 2024-T4 aluminum
ring with a breaking groove incorpcrated to produce a shear failure at that
location, Variation in the mechanical properties of the ring material will
affect the breaking load of the rlag., Hence, the magnitude of the variation
must be determined, In addition, the effect on breaking load of proof loading

prior to the shear test must be determined,

During assembly of the UpSTAGE fuel tank, a piston retainer and piston are
joined by a threaded connection (see 1T34606D). T1"e ability of the retainer
to rotate freely without either the shear ring or viton seal also rotating is
vital to the success of the assembly operation, If either the shear ring or the
seal rotates, a leak path may occur as a result of the seal being deforihed,
Therefore, the feasibility of using a nonmetallic torque washer to aid in

assembly must be determined.

PROCEDURE AND RESUL1S

The initial efforts were directed at determining the feasibility of using a non-
metallic torque washer to aid in assembly of the piston and piston retainer,
Once this objective was accomplished, it was then necessary to determine the

tcrque values of the piston bolts and the cylinder bolts required tc achieve

A1
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the design clamping force of 10,000 1b between the piston and piston retainer
as well as between the cylinder cap and cylinder (in these tests, the EB fuel
tank's forward closure retainer and barrel were simulated by the cylinder

cap and cylinder, respectively (see 1T34606D).

Initial shear ring tests established the optimum net section thickness, Sub-
sequent shear ring tests provided data that was statistically analyzed to qualify
remaining shear rings for use on future UpSTAGE fuel tank tests. To more
closely duplicate the actual fuel tank production schedule, the rings were
subjected to a simulated viton bonding operation which consisted of heating the

rings to 180°F for 16 hours,

The following materials were used:
1T35832 Viton Seal
1T34697 Torque Washer
1T35968 Aluminum Shear Ring
DPM 312 Graphite Lubricant

The aluminum shear rings were heat treated tc the 2024-T4 temper in a
salt bath to minimize distortion. All shear rings used in this study came
from the same sheet (procured as a sheet of 0,100~ by 48- by 120-inch
Alclad 2024-0).

The design drawing for the 1T34697 torque washer initially specified Teflon,

~ However, considerable difficulty was encountered during installation of the

washer into the test fixture due to Teflon's inherent lack of rigidity, It was
therefore decided to substitute a more rigid Armalon washer (produced by
DuPont and designated as Armalon 410-128) for this test. The material con-

sisted of woven fiber glass impregnated with Teflon,

To simulate the piston-to-piston retainer assembly operation, the piston and
piston caps (see Figure A-1) were assembled using a viton seal, an Armalon
torque washer and an aluminum shear ring. The assembly was not bolted
together, however., The assembly was axially loaded to 10, 000 lb and the cap

torque was measured with the aid of a calibrated spring scale. The three

A2
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conditions investigated and the resultant torques required to rotate the cap

were as follows:

Condition Torque
A. No Armalon washer; shear ring and piston 400 in-1b

cap lubricated with DPM 312 graphite.

B. With Armalon washer, shear ring and 250 in-1b
piston cap unlubricated.

C. With Armalon washer, shear ring and 200 in-1b

piston cap lubricated with DPM 312 graphite,

An existing load cell, especially constructed for this type of test, was
calibrated and used to establish a relationship between bolt torque and
resultant axial load, This was accomplished by first plotting the instrument
readout versus imposed axial load and secondly by plotting instrument read-
out versus bolt torque. The correlation between axial load and bolt torque
could then be made (see Figure A-2), Using this technique, it was determined
that each of eight cylinder bolts should be torqued to 115 in-1b while each of
the six piston bolts should be torqued to 150 in-1b to achieve the desired

clamping force of 10,000 lb required by design engineering.

Three rectangular specimens, each being 0,016 by 0. 75 by 2, 00 inch,

were tested in double shear to determine the ultimate shear strength of the
sheet of material used in this study, The shear strengths of the three
specimens were 35, 800, 36,000, and 36, 900 psi. Based on these results, the
net section thickness of the initial shear ring was determined, The section
thickness was sized tc fail at the nominal breaking load of 8, 812 lb. Subsequent
section thicknesses were selected based on the previous test results, The
results of these initial tests are shown in Table A-1 and Figure A-3, When it
was decided that the optimum section thickness (0,020 inch) had been dis-
covered, a series of five shear rings having this particular net section thick-
ness were machined and tested., The standard shear test procedure used is
described in the following paragraph. The results of this series of tests
confirmed the selection of 0,020 inch as the optimum net section thickness,

The average breaking ioad of the five tests was 8,700 1b (see Table A-2),

A-4
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Table A-1
BREAKING LOADS OF INITIAL TESTS

Net Section

Thickness Breaking Load
Ring quber (inch) (1

1 0.0192 8, 820

5 0.0190 8, 880

0.0200 8,250

16 0.0200 8,520

20 0.0190 8,600

22 0,0205 8, 840

28 0.0160 6,110

34 0.0230 10,950
Table A-2

BREAKING LOADS OF CONFIRMING SHEAR RINGS

Net Section

Thickness Breaking Load
Ring Number (inch) (1b)
9 0.0200 8,500
10 0,0200 8,700
12 0.0200 8,700
14 0.0195 8,590
32 0.0202 9,010

Another series of shear rings was machined having the optimum net section
thickness, The results of these tests were used to qualify remaining shear
rings for use on future UpSTAGE fuel tank tests. The rings were put through

a simulated viton-bonding operation which consisted of heating the rings te

A.7
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Table A-3
BREAKING LOADS OF QUALIFYING SHEAR RINGS ]
Net Section
Thickness Breaking Load
Ring Number (inch) (1b)
13 J.0210 8,460
23 0. 0200 9,200
33 0.0200 9,100
39 0.0200 8, 960
44 0.0202 8,090
45 0.0202 8, 760 1
51 0.0202 8,810
52 0.0200 8,C75
54 0.0210 8,475
57 0.0205 : 8, 325
58 0.0200 8, 780
67 0.0200 8, 180
Table A-4

BREAKING LOADS OF SHEAR RINGS SUBJECTED TO
250°F FOR 4 HOURS

Net Section

Thickness Breaking Lonad
Ring Mumber (inch) (1b)
49 0.0205 8, 760
50 0.0205 8,620
55 0.0205 8,600
A1
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I'able A-5
EFFECT OF PROOF LOADING ON ULTIMATE STRENGTH OF 2024-T4

Ultimate
Strength
Specimen Tensile Test Procedure (psi)

T1T3 Tested to failure without interruption 64, 600
of loading,

T1T4 Tested to failure without interruption 63,100
of loading,

T1TS Loaded to 2,500 1b, unloaded, held 64,700
for one minute and then tested to
failure,

T1T6 Looaded to 2, 500 1b, unloaded, held 64,200
for one minute and then tested to
failure,

T1T7 Loaded to 2,500 1b, unloaded, held 64, 000
for 220 hours and then tested to
failure,

T1T8 Loaded to 2, 500 Ib, unloaded, held 64, 800
for 220 hours and then tested to
failure,

T1T9 Tested to failure without interruption 64,700
of loading,

T1T10 Tested to failure without interruption 64,000

of loading.

SIGNIFICANCE OF DATA

Lubrication of the Armalon torque washer, aluminum shear ring and piston

cap with graph. 2 resulted in the minimum torque required to rotate the
piston cap. Based on the results of this series of tests, the assembly

drawing has been changed to specify an Armalon torque washer lubricated

with graphite,

The range of breaking loads was 8,090 to 9,200 b, This spread may be
attributed to differences in mechanical properties and cladding thickness

throughout a sheet, A difference of only 0, 0005 inch in cladding thickness
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would result in a difference of nearly 200 1b in the breaking load. It has been

shown metallographically that cladding thickness differences of 0,0005 inch
do exist in the sheet.,

A statistical analysis of these data has been performed by UpSTAGE Effective-
ness Engineering. The result of the analysis was that the shear rings would

perform as required in the UpSTAGE vehicle (Reference A-1),

A set of 10 shear rings has been set aside for use by the UpSTAGE program
for the EB Fuel Tank Tests. These rings were produced coincidentally with
those used for the shear tests,

If a viton-bonding cycle of 250°F for 4 hours is selected, the breaking load

of the shear rings.will not be affected,

Through tensile testing, it was shown that proof loading does not affect the
ultimate strength, It was also shown that a time delay between the proof

test and the shear test does not affect the ultimate strength,

REFERENCES

A-l ""Statistical Evaluation of P/N 1T35968 Shear Ring Development
Tests, '" UpSTAGE Record of Discussion, 11-5-69, E, M, Skinner,

A-2 Case Sheets

79029
82667
89691
89692
89704
89706
89721

A.3 UpSTAGE Drawings
1T34606D - Test Fixture - EB Fuel Tank Piston Seal
1T34697A - Washer, EB Fuel Tank Piston, Torque
1T35832A - Seal, Shear Ring
1T35968B - Ring, Shear
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ABSTRACT

A requirement arose to weld an elliptical shaped external burning fuel
manifold frame P/Ii 1D15693 for the UpSTAGE program. The manifold was
made frcm two 2014-TL52 sluminum roll ring forgings thet were blocker
die formed into the elliptical configuration. A numericelly controlled
GTA velding procedure vas developed using three axes of the 8-axis N/C
welding machine. Resultunt welds were free from porosity and oxide
inclusions, and vhen aged resulted in minimum tensile yield strengths
grester tharn 28,000 psileven if repai;ed twice. The success of the
technigue {s believed due to the combired uée of a 10 Hz pulsating
weldirg cvurrent, in-process rotaticn of the weld wire feed about the
tungsten electrcde and an interference fit of the two forgings. A

high incidenc: of lack of penetration defects plagued the totel success
of this procecdure but nonetheless, a satisfaétory N/C veld technique
vas employed to rorrect the discrepency.
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1.0 INTRODUCTICN

A requirement arose to veld an elliptical shaped part (P/N 1D15693) which was
4 combination fuel manifold and structural frame for the UpSTAGE experimental
missile program, This menifold-frame was to be fabricated from two 201k~TL52
aluminum roll ring forgings which vere blocker die formed to an elliptical
configuration. The assembly of these two rurtially machined forgings create
two elliptical butt joints having a mmjor diameter of 33.75 inches and a minor
diameter of 16,125 inches which produces the nlnirol? portion of the part with
& 0.875 inch inside diameter. The weld requirement was to fully penetrate in
ons pass the 0,165 inch thick square edge of the weld joint without any {nter-
nal tooling for puddle support. In addition, the weld bead drop through vas
not to exceed 0,050 inch as we.. as be reasonably smooth and consistent so as -
to not disturb the fluid flow in the manifold, Subsequent to ghe velding, the
manifold-{rame wvas tc be checked and straightened, if necessery, before arti-
fically aging to the T-6 condition. The welds with up to two repairs were to
exceed a minimum tensile yield strength cof 28,000 psi once the artifical aging
had been xccomplished.

To satisfy these nﬁuinmnu tvo velding approaches vere considered, The
first vas manual GTA (Gas Tungsten Arc) velding and the second vas N/C
(Numerical Control‘' GTA welding. The former method under the best conditions
wvould necessitate numerous weld starts and stops plus a tremendous challenge
for the operator to maintain consistent weld rénetration not. exceeding the
0.050 inch drop through requirement. T:ze modified USAF-owned N/C wel iing
machine® was selected for its ability to follov complex veld joints, rotate
the filler vire guide about the electrode and provide veld puddle control by
pulsating the velding current.

To achieve the ultimate objective of developing an N/C fusion velding techni-
que for the UpSTAGE external burning fuel manifold frame vhile simultaneously
training personnel for ultimate production implementation, the foilowing
approach vas’' taken, ‘ .

Preliminery vulding paraneters were developed on flat 2014-Th aluminum sheet
vith and without . 1d current pulaation. Mechanical properties vere then
obtained from these welded panels vhich included original velds and doubdble

]
Machine No. USAF-053912, manufactured by Sciaky Bros., Inec.
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repair welds to determine if the minimum yield strength could be consisteantly
maintained following the artifical aging.

Three circular shaped manifolds simuleting the cross sectional mass and weld
length were designed, assembled and welded using 2014~Th aluminum alloy plete
stock to examine the performence of the modified N/C welding machine, the weld
torch accessibility, wire guide rotational features, weld joini fit-up requireren
weld fixturing, tape programming, and current pulsafion benefits.

The technology thus developed, was applied and optimized by welding aad repair-
ing vhere necessary four ellipticel menifolds machined rrom forgings with the
production configuration. Dimensional and mechanical properties of the welds
in these forged parts vere obtained and evaluated prior to committing ths pro-
cedures and necessary aocumentation to production.

The successful effort to attain this end objective is reported herein.

EXPERIMENTAL PROCEDURE

gguignengz

The welding equipment used in the preliminery steady state parameter develop-

ment consisted of the following:

1, Welding Power Supply - Linde Missile Maker S/N 015

2, Wire Feeder - Linde Type SEH-2

3. Weldiug Torch - Linde HW-27 with #8 Gas Cup

L, Torch Travel - Linde Type OM-L8

5+ Manual Weldins Power Supply - PiH AC-DC 300 amp with a Linde HW=20 Torch
6. Welding Fixture - Aluminum Fixture as shown iu Figure 1

Subsequent velding vas conducted on the Sciaky 8-axis N/C (Numerically
Contro.led) welding machine which is partially shown in Figure 2. The
various axes and eight welding parameters ere servo controlled and .inputted
by a punched tape coded in the binsry decimal format to the Bendix Dynapath
20 MCU (Machine Control Unit). The three linear axes (x, y, £) are program-
meble in 0.0002 inch increments. The angular axes (a - turntable rotation,

b - turntable tilt, c - wire feed and head rotetion, d and e - head attitude)

B-2
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THE SUPERIMPOSED CROSS-HATCHED AREA IS THE CROSS

SECTION OF EB MANIFOLD FORGINGS AS MACHINED FOR

THE WELD OPERATION. THE TEST PANEL 13 SHOWN SHADED,
SN

0.166 IN

Figure 1. Wald Fixture—Tast Panel Cross Section
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Figure 2. 8-Axis Numerical Control Welding Head and Control Panel
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are progremmed in 0.002° increments. The welding current (programmed in 0.6
amperc steps), arc voltage (0.03 volts) end wire feed speed (0.1 ipm) can be
individually changed as desired within a weld sequence. These in-process
changes require 1.3 seconds vhich is the time for the electromechanical relays
in the MCU to input a nev parameter. The pover supply is a 600 empere SCR
(8ilicon Controlled Rectifier) with & choice of either constent current or
cons*ant potential static DC output characteristics. Velding currents can be
pulsed at & given polarity up to 30 hertz maximum with independent adjustment
of peak and base curreat duration. The machine is operated from the control
panel as ahown in Figure 2, Duriag a weld sequence the operator nay very the
filler wirc feed rate + 104 from the programmed tape value, override the travel
speed if necessary, and adjust the filler wire entry angle either verticaily
or horizontally with u remote motorizad wire guide control. The basic welding
param:ters are recorded during a weld oa a Honeywell Oscillographic recorder
equipred with a 1508 Visicorder and Accudata 117 Amplifiers, sce Figure 3.

Materials:
The material used was as follows:

1. The test panels were 0,165 inch thick 2014-TL aluminum alloy sheet
per MSFC-104,

2. The filler vire vas 1/16 inch diameter UOL3 high quality aluminum
alloy per DPM 301k-l,

3. Hellum shislding gas per 1P20115 (DPM 152-2) was used in mechanized
velding and argon per DPM 150-3 vas used in manual velding operatioms.

b, Circular Test Manifolds - 3.0 inch thiek 2014-T451 Aluminum Alloy
plete per MSFC 105.

S. Elliptical Manifolds - 2014-Tk52 Aluminum Alloy Roll Ring Forgings
per QQ-A-36T.

PRELIMINARY PARAMETER DEVELOPMENT

The 0.165 inch thick 2014~TL aluminum plates (5 inches wide by 15 inches long)
were prapared for welding as follows:

a, Degrease -~ Acetone

B85
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Figure 3. Honeywell Oscillographic Recorder
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2. Etch - Pazajel & British Etch

3. Wire Brush - Fine Stainless Steel

4, Hand File - Draw File Along 15 inch length

5. Hend Scrape - 1/4 inch vid:h—:ibng edge to be velded - top & bottom\
The joint designs are shown in Figure k. The aluminum butt veld fixture
(Figure 1) vas used to approximate the mass of the actual part. No back-up
bar vas installed in the fixture in order to obtein free-fall penetration

wvelds.

The GTA welding process was used for both the mechanized welding (direct cur.
rent) and marfual welding (alternating current) operations. Manual velding waz
being considered as a possible weld repair technique only. Mechanized weld
parameters were developed to produce & single pass, full penetration weld
attempting to produce a s-ooth, shallow weld drop-through shape. Several
parameter combinstions were evaluated including varying mixtures of helium and
argon. lone of “he gas wixtvres effected a drop-through shape improvement so
pure helium was decided upon as the shielding gas to be used. The weld para-
meters wvhich produced the most concistent veld with the least practical amount
of drop-through sre shown in Teble I. The resultant veld geometry is shown in

Figure 5.

Three 2i inch long panels wers welded wvith these developed parameters and
x-rayed, The welds were found to be free from defects. Ten tensile coupon
blanks were excised from each panel (30 tctal), machined per 1T13007-5, and
directl; aged to the T6 condition per DPS 11150 (320°F for 18 hours). The
coupons were teasile tested with the results beics shown in Tabdble 2.

Five additional 2b inch long punels were velded to evaluate possible wald re-
pair procedures., One panel vas manually welded using AC curreat, X-rayed,
heat-treated, and excised into 10 tensile coupons and tested to compare manual
veld properties to mechanized veld properties (Table 3). Fouwr panels vere
mechanized welded, inspected, end revelded to simulste repair welds. Each
original veld was shaved flush and revelded over its full length. The pro-e-
dure was then repeated a second time over hLalf the weld length, Mechaniued

velding vas veed on two panels and manual velding was used cn the twvo remaining

8.7
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Table I

Preliminary Weld Paramcters

Amperage - 120 DCSP

Vcltage - 11.5 VD¢

Travel Speed 15 I

Filler Wire - 1/16 IN. DIA. Lok3 Al
Wire Speed - 3k IPY
Tungsten - 1/8 IN. DIA. 2% THOR

Tungsten Shape 75° WITH 0.030 FLAT.

Shielding Gas Helium et 100 CFH

using a #8 Cup

89
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Figure 5. Weld Bead Dimensions
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Table 2

Tensile Propecties of Initial Flat Plate Welds
Welded 0.165 in. Thick 2014 Aluminum Alloy

Using 4043 Aluminum Alloy Filler
Weld Yield | Ultimate | ¥ Elongation chntionz
Welding - Bead Temper Coupon Fty Ftu in of
Procedure Shape [Welde ested | Number KS1 KSI 1 Iach Failure
Controi Coupons Th ‘1‘61 C=1 47.3 67.5 21
-No Weld- T % C~2 50.1 67.8 19
Mechanized WeldsjAs-Welded| Tk ‘1‘61 11.2 L.7 52.2 p) 3
LC - GTA -3 Lk S1.1 Y 3
- 39.9 50.1 3 3 '
‘5 ,l3.1 5109 h 3
| -7 1,1 52.5 S 3
-8 40,9 52.4 4 3
-9 41, 51.2 3 3 :
-10 k2.0 52.3 4 3
12-1 2.4 52.7T L 3 X
[ -2 Ll.0| 50.0 3 3 :
-6 bl b 50. 4 b 3 ‘
.7 ,‘009 ha. 9 3 3
! -8 b1.3 uT.5 2 3
‘ 13-1 Lk,0 52.8 3.5 3
! -2 43.7 52.7 3.5 3
' -3 k.7 50,4 2 3
! -l 43,2 52.8 2 3
) -5 3. 51.9 3 3
} ] k3.5 52.3 4 3 i
: * .7 h3.0 5106 3 3 '
* v * -8 b3,7 52.4 35 3 |
=10 k2.0 Sl.b b ] !
WOTES

1. Walded coupons ased at 320°F for 18.5 hours.

2, Uee Figure 6.
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Table 3

Tensile Properties of Flat Flate VWelds
Welded 0.132 in, Thick 201k Aluminusa Alloy

Using 4043 Aluminum Alloy Filler

Weld Yield |Ultimate |4 Elongation Locationz
delding Bead Temper Coupon Fty Ftu in of
Procedure Shape |[Welded |Tested | Number KSI KSI 1 Inch Failure

Manual Weld As-Welded| Tk 'l‘61 KWl XA 53.1' 6 3
AC Current -2 33.1 SL,0 6 2
-3 33-2 l‘9lo hos 3

-k 3302 5“-7 7 3

- 30.6 | 0.7 5 b

-7 30-7 5006 5 h

-8 30.3{ 5.9 5 L]

-9 30-2 5206 7 3

-10 32.2 54,9 8 2

Mechanized Weld | Shaved % % ARW=1 37.4 51.1 L 3
Plus 1 Mech, Both -2 37.b 52.7 3.5 3
Repair Sides -3 7.1 51.T 3.5 3
-4 37.8 51.k 3.5 3

$ - | ko.1{ 531 3.5 3

=7 30.5 49,5 3

Mechanized Weld | Shaved T 6 ARW-8 8.9 51.1 3.5 L
Plus 2 Mech, Both -9 36.4 51.3 3.5 3
Repairs Sides ~10 36.0 51.7 3 3
«11 37.6 52,2 3 3

12 35.9 50,7 3 3

v -13 | 35.8] s50.7 3 3

1l 28.9 18,3 S 3

Mechanized Weld | Shaved ™ 6 MRW=1 33.4 47.3 4 b
Plus 1 Manual | Both -2 33.7 u7.3 3 )
Repair Sides -3 35.6] 18.6 2.5 h
AC Current -4 .3 9.2 3.5 k
-5 3"02 ,‘9.6 3 h

* -6 35.9 48.8 3 4

-7 27.1 bh, 2 S )

Mechanized Weld | Shaved Th 16 MRW-8 30,9 3.0 3 b
Plus 2 Manual Both -9 32,6 uk.9 3 ]
Repairs Sides -10 3.5 46.0 3.5 )
AC Current -11 30.2 l‘609 305 k
-12 26.2 k6.1 3.5 [

Y -13 30.8 u8.2 3.5 k

=1k | 27,71 5.1 5 4

ROTES: 1., Welded coupons aged at 320°F for 18.5 hours.
2. See Figure 6,
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panels. The panels were then X-rayed, heait-treated, excised into tensile
coupons and tensile tested (Teble 3). All of the velds vere free from defects.,

PULSATION WELDS

The weld development was transferred to the 8-axis N/C welding macniine in order
to evaluate pulsed weld current. It was thought that e nerrover weld with a
flatter veld drop-through as compared with the steady state welds might be ac-
hieved by current pulsation. Various pulse rates jand pulse durations were
evaluated vhile adjusting the peak current to obtain an average curren? equal
to the current used in the steady state welding. An equal pulse duration of

3 cycles at pesk current and 3 cycles at base current (10 lz pulse frequency)
#roduced.a veld bead having the same shape as the steady state current weld

but with improved consistency. Several panels were welded and X-rayed. The

velds vere water clear,

CIRCULAR MANIFOLD WELD DEVELOPMENT

To prove the capability of the newly modified N/C welder, the ability to
rotate the wire guide and tungsten electrode while welding, develop weld
overlap procedures and optimize the preliminary weld parameters, three
simulated circuler manifold assemblies were machined from 201L-ThS51 plate
stock. These test parts vere designed with two 26.5 inch diameter annular but:
welds on opposite sides as shown in cross-section in Figure 7. The length of

the weld and mess of material were selected to simulate the conditions of the
elliptical manifold.

WELD FIXTURE

An all aluminum weld fixture was fabricated to secure and align the eircular
manifold assembly, see Figure 8, This fixture contsins an annular groove in
which the inner and outer rings were placed. Eighteen holes were drilled
through the bottom of this groove for viewing the weld drop-through. Four
thru bolts vwere used to secure each rins to the baseplate. This.fixture vas
secured concentrically on the turntable iceplate.

B-14
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Figure 7. Clrcular Menitold Cross Section




Hold Down Bolt Holes ‘ Vieving Holes
{ 8 Bolts \ / 15 Holes

Figure 8. Circular Manifold Weld Fixture
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N/C TAP: PREPARATION

A preliminary N/C velding tepe was prepared with the following provisions.

The circular manifold .emained stationary in the x-y plane of the machine
while the torcn traversed vhe ciréular Joint in incremental movements of the

x and y axes, The chord length generated by the combined motion was program-
med so that deviation from the true arc of the joint did not exceed 0.005 inch
at cnord midpoint. The .-axis (convertible with the z~axis) was programmed

to rotate the wire guide abcut the tungsten electrode simultaneously with the
individual chord movements always keeping it ahead and in line with the joint.
The total angular rotatior of the wire guide was 400° (L0° for weld overlap)
foliowed oy -one 400° reverse movement to unwind the cables after the weld.

The tangential travel speed of the torch was 20 rpm for the first 370° of tae
program, followed by successive increases to L0 rpm up to the 400° point. (The
formula for calculating the feed rate is shown in Appendix A.) Through use of
tne feearate override control, the final optimized speed can be chosen as a

percentage of the programmed value - never greater,

2.1 CIRCULAR MANIFOLD WELD DEVELOPMENT

PARAMETER DEVEIQPMENT

Using the pulsation weld parameters developed on flat plate, the split circular
manifold was welded in six segmented 40° increments as shown in Figure 9. It
Vas necesaar’y to progressively increase the peak welding current to achieve
1005 penetration due to the increased heat sink of the part. Welding current
increased overall from 150 to 216 amps, arc vol .age from 12.0 to 13.5 volts,
vire feed speed from 26.0 to 28.0 i{pm while the tangential travel speed re-
vained constant at 10 ipm (50% of feedrate ovcrrid;).

Weld overlap and tie-off parameters were developed on the same part by backe
stepping in six segmented L0° incr:meats. The first 20° of each increment vas
over the remaining unwelded joint followed by 20° of overlap. It wvas fownd
that the best results were odtained by decreasing the travel speed by 10% in
the 1.5° block just ahead of the weld start, increasing the arc voltage to
15.0 volts in the first 3.0° block after overlap and then reducing the peak
velding current in four successive 3.0° blocks to a final value of 96 amps,

8.17
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Figure 9. Ciroular Manifold Weld Parameter Development Test Sequence
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These procedures were then used to weld the other split circular manifold.
During the weld the joint opened anead of the arc, and in the last quadrant it
spread to 0.025 inch and as & result root side fusion vas lost. Othervise,
the veld vas dimensionally satisfactory.

As a result of this condition, it vas necessary to develop a technique for min-
imizing or eliminating the gap buildup during velding. Thus, & shrirk fit
approach vas devised.

The remaining two full circular test part details vere machined with 0.003 to
0.005 inch of extra material left on the weld joint faces so that just prior
to velding, a dry finish machine cut could be made leaving the joint faces
clean and ready to veld, In order to evaluate a shrink fit, tihese parts vere
left iu their oversized condition and prepered for welding by lightly scraping
the weld joint surfaces vhich removed 0.0005 inrh per surfece. This produced
a 0.012 to 0.015 inch diametricsl interference fit between the inner and outer
rings vhich vas not considered to be sufficient to off-set the gap observed on
the previous part, tut it vas thought thet {t would give some indication as to
the value of this technique. The outer ring was heated to 200°F vhick caused
& 0,060 inch increase in the inside diameter. The inner ring, vhich vas st
room temperature, was inserted into the outer ring and shimmed vertically to
eliminate veld joint mismatch, When the assembly cooled to room temperature,
there vas metal-to-metal contact along the full length of the weld Jjoints,

The full circular test manifold was then secured in the weld fixture. The N/C
t=ye was modified 0,065 inch in the X-axis to correct for s difference in part
diameter. Both sides were N/C welded during vhich nmo Joint gap was observed
(See Figure 10). Tre weld bead was slightly convex and most satisfactory in
appearsnce, Subsequent radiographic inspection revealed intermittent lack of
penetration throughout the weld which was attributed to the improved heat
transfer due to the shrink fit. Thus, after shrink fit assembly of the last
circular manifold, both Jjoints were welded with the peak welding current in-
creased to 234,56 amperes (other parameters are detailed inm Appendix B). The
face of the veld bead was flush with the top surface of the Joint., The velds
vere then X-rayed snd found to be free from defects.

8-19
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Figure 10. N/C Welded Circular Manifold
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Shrinkaege measurements were taken at 60° intervals on this veld from 2 inch
gage marks placed transverse with the weld. On the first side the shrirkage
averaged .030 inch and on the-second side it averaged .012 inch. These mea-
surements gave an indicatica of the loss in volume within the manifold vhich

was critical from a design standpolnt.

WElD REPAIR

With the lack of penetration defects present in the first circular manifcld, a
repair technique vas devised. ‘4--s2°snd hole was drilled in the manifold 180°
from the first pressurization hole, 200 ml of methyl alcohol was poured in a
beaker and Solar 202 aluminum welding flux was added until 400 ml of solution
wvas cbtained. The solution vas poured in one of the holes and the part vas
rotated to coat the interior surface of the manifold. The remeining solution
was poured out, and then the part was dried bty heating to 125°F, After shaving
the defective weld beads flush, both sides were rewelded with the N/C tape
having 234.6 ampa of peak current. The weld ren smoothly except for some gas-
eous expulsicn near the end of the weld on the top side. This situation was
believed attributahble to a heavy concentration of flux in the unfuced faying
surfaces of the jeint. Othervise the weld was found acceptable in subsequeat
radiographic inspection.

Evaluaticn

Following the radiographic inspection of each weld, the welds were inspected
for surface defects using dye-penetrant per DPS 15101, No surface defects
vere jound in any of the welds. The two completed circular manifolds were
finally inspected by helium leak detection method using s sensitivity of

3 x 10”7 sce/sec and no leaks wers detected.

The firét full circular manifold vas cut into sections to view the weld cross-

section and penetration., The weld cross-section was bas!zzlly the same as
shown in Figure 6 vith a consistent weld drop-through of 0.035 to 0.04O inch,
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2.2

ELLIPTICAL HMANIFOLD WELD DEVELOPMENT

The developmental elliptical manifoid was confiwured like the prcduction part.
It was composed of an inner and outer elliptical shaped 2014-TL52 aluminum
roll ring forging. When these two rings are assembled one inside the other,

an elliptical weld Joint is created having a major diameter of 33.25 inches

and a minor diameter of 15.,560-inches as shown in a schematic sketch of the
mani fold in Figure 11. On the opposite side the elliptical weld path is inter-
rupted to allow for the subsequent machining of four integral actuation pérts.
Views A=A and B-B show the cross sections of interest and reveal in phantom

the resultaﬁt cross section of the manifold after machining.

Tne weid fixture was designed and fabricated as a trunnion type tool so that
it could be placed betwveen the head and tail stock of the N/C welder, This
fixturing approach permitted rotation of the entire essembly between welds by
programming the a-axis 180° without removal of the manifcld. The fixture,
shown in Figure 12 was made entirely of aluminum to reduce overall weight.
The essembled manifold was placed in the cuvity and asccurstely located with
two fixture index pins. Stainless steel bolts were advanced laterally to

prevent any movement during welding.

WELD TORCH *.ODIFICATIONS

One of the mejor problems in set-up and weld Jjoint trecking was that the
welding torch, a Linde HW-2C machine welding torch, was not menufactured with
enough precision to allow it to be rotated through 4L00° withovt ceusing a
tracking error. The error resulted from the torch body not being exactiy
straight, the collet not centering the electrode in the torch as well as
locating the electrode differently eech time the electrode was replaced.

It was initially decided to manufacture a new precision torch, siilar to

the AW-20, to eliminate this problem but sfter further considerstion i+ was
ecided to medify an existing Linde HW-20 torch. The torch body wes mechined
concentrically in a lathe, with a plug placed in the center of the collet body
hole. The collet body thresds vere re-machined to !mprove the tolerance and

cencentricity of the electrode locatiosn, These modificetions did mininize the

8-20
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Figure 11. Schematic of Elliptical Menifold Frame
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Section B-B
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tracking problem but did not completely eliminate it. Eech time the electrode
was replaced, e small correction wes necesssry. This was accomplished by
shimming the torch mounting bracket to center the electrode to the weld joint
sesm. The electrode eccentricity was reduced from 0.100 inch to 0.010 inch.

N/C TAPE PPEPARATION AND PROOFING

The preliminary N/C tape for the elliptical manifold eonfiguration contained
the seme provisions for weld position, torch rotation, axes movement and chord
length deviations as that for the circular manifold tape. In addition, the
tungsten index polnt was on the centerline of the weld fixture, the weld start
point two inches before the minor diameter and the tangential travel speed at
10 ipm maximum. These requirements were inputted to s computer using the

APT IIT (Automatic Programmed Tool) program. 7Two tapes vere generated having
229 blocks of irnformation for the top side and 195 blocks for the bottom side.
Included in these tapes were the wélding perameters developed on the circular
manifold, overlap end tie-off data plus torch movements at the start of the
weld. Tbe first tape includes a movement for moving the torch away from the
weld fixture vhile the assembly is rctated, followed by a return torch move-
went to the workpiece.

The tape was initially proofed by tracking the joints as photographed on a
master myler coated sheet wetal template. It was found thet some of the
c-axis (torch rotation) movements were too rapid causing the I/C machine to lose
synchronization. In addition, the acceleration (g08) and deceleration (z09)
codes that were progracmed in the tape when the c-axis reversed direction
caused the torch to temporarily stop. This condition was improved by removing
the g08 and g09 codes and by reducing the angulsr chenge in those blocks vhere
synchronization was lost. Further tape proofing ves performed by plecing Jjust
the inner forging in the weld fixture. During the first trisl run, it wes
found that the top face plate of the tool protruded too far toward the Jjoint
in the area vhere the two index pins were located. By removing the excess
material it vas then possible for the torch and wire guide to pess this area
without obstruction.




————

Continued tape proofing revealed 2 problem with the wire feed guide tube
hitting the side walls of the manifold in the four port areas on the bottom
side. This problem was manifested by the desire to heve the filler vire
enter the weld puddle directly in line with the Joint. To satisfy this
recuivement it was necessary for the wire guide to rotate +47.308°, then
«110.008°, and then +43.484° 1n the spen between the respective tangent
points in the port srea as shown in Figure 13. To :?solve this problem,

it vas necessary to deviate from the requirement of having the wire enter
normal and in-line to the weld puddle and accept angular deviation up to

+ 30°. Consequertly tue tape as revised vhere this area vas traversed

‘with -otal angular movements of +17.954°, -81.026° and +18.278° respectively.

It was also necessary to incresse C-sxis movements prior to the first
zangency point by 25.578° to make the net change the same.

ASSEMBLY PROCEDURE - ELLIPTICAL

The manifcld parts were N/C machined with an extra 0.005 inch of material

left on the weld joint fece in addition to the 0.005 inch per face required
“or the interference fit. The parts were brought to the final dimension by
hend filling them to a sheet sluminum photo template as shown in Figure 14,

The weld joint prepesration for velding began by degreasing and acid etching
the parts per DPS L1006 Method 1. The weld joint faces were then draw filed
and tre upper and lower surfaces hand scraped for a width of a querter inch
as shown in Figure 15. Havirg completed the preperation, the parts were each
pleced in a fabric reinforced plastic bag which was evscueted and back filled
with dry nitrogen to minimdize oxidation of the scraped surfaces.

When the sssembly process was ready to begin, the outer ring was removed
from its bag, fcur thermocouples installed, and set-up or laforatory type
hot plates for hesting as shown in Figure 16. The cleaned surfaces vere
visuelly inspected with white and black light and spot scraped where
necessary. The ring vas then heated to 200°F to 250°F at which time the

inner ring was inserted and the joints matched. The assembly vas air
ccoled %o room temperature.

8.26
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Figure 15. Scraping of Weld Joint Area for Welding
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Figure 16. Heating of Outer Forging for Shrink Fitting
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WELDING PARAMETER OPTIMIZATION

The first elliptical menifold ves assembled fn the menner jJust described and
secured in the weld fixture. The top side joint was tracked to within + 0.010
inch after several sdjustments of the welding torch mounting bracket. The
joint wes welded with a peak current of 234.6 smperes without interruption.

The veld was flat to slightly concave on the face and sunk to & meximm of
0.070 inch in those arveas where the inside cavity was enlarged for the sctua-
tion ports. Figure 17 shows a section subsequently removed from this area
and sectioned longitudinally to examine the underbead. Note the affect of
this loss of mass on the root bead vidth.

After the top side weld, the part vas rotated 180° and the second side velded
with the same peak welding current approximately 30 minutes later. During the
wveld it became so hot end concave thet the progrsm was stopped and the machine
swvitched from the tape value of velding parameters to manual potentiometer
input. This allowed for edjustment of welding current dyring welding and a
value of 20k amperes pesk current was found to eliminate concavity and restore
bead convexity without a loss of penetration. Only in the small radius porticn
of the port areas did concavity still exist. A section through this area is
shovn in Figure 18.

On both joints the weld start and overlap area vas irregulur due primerily to
the large button that existed from the weld start causing the wiie to reise,
hit the tungsten electrode end disturb equilibrium conditions in the wélad
puddle. As a result several trial N/C tapes were prepered to resolve this
problem. By running beads on plate, adjustments were msde to arc voltage,
travel speed and filler wire feed speed. In essence a ramp of filler wire
vas crested by starting at 20 ipm and increasing to 28 ipm 0.400 inch after
the stert. Then upon overlap, the travel speed was reduced from 10 to 9 ipm
0.5 inch before the weld start and then returned to 10 ipn once the arc vas on
top of the weld start. The arc voltasge ves incresseé at this point to prevent
the £fill wire from shorting agsinst the tungsten, Then the welding current
vas reduced in four increments to 66 smperes while meinteining the pulsing
conditicn. These tests slso displeved the need for eccurate positioning of
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Figure 18. Section of Elliptical Manifold Indicating Areas of Weld Concavi
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the filler vire and tungsten electrode wvith reletionship to the cup es showmn
in Figure 19.

This first elliptical test menifold was then X-rayed, knowing that there were
seversl unacceptable areas csused by weld persmeter errors, to get some ideas

es to the internal weld quality as might be affected by the pre-weld clesning
procedure. The welds were found to be free from eny internsl defects. Sections
vere cut from the manifcld vhere the veld was considered to be representative

of an scceptsble weld. Tensile coupons (per 1T13007-3) were excised from these
sections 8s shown in Figure 20 obtaining six coupons from the top veld and six
coupons from the bottom weld. The coupons were aged to the T6 condition end
rensile tested. The results ore shown in Teble L.

A second elliptical manifold was then velded with a revised K/C tape that in-
cluded the starting and veld overlap procedures developed on ,late. In addi-
tion a reduction of 5 amperes in the peak welding current vas programmed for
the critical port areas on both sides of the joint except for an ll ampere
increase in the back side of the port on the bottom side to account for the
greater mass of material, The weld was flat on the top side and slightly con~
vex on the bottom side. However, the welding current changes were not great
enough to correct the concavity present in the port areas. In addition it was
noted on the oscillographic trace of the pulsing velding current, that the

.small 5 and 11 ampere programmed peak current changes were not compatible with

the i/C Machine Control Unit. Since 1.3 seconds of raw time is required for
the electromechanical relays to read and store a new value, the peak welding
current drops to the base current value during this period followed by an ex-
ponential rise back to the new programmed value, With the base current set at
75% of the peak current, this results in an instantaneous drop of 227 - (.75 x
227) = ST amperes, and can cause an interruption in weld penetration for a free
fall weldment.
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TENSILE COUPONS

[

CROSS-SECTION OF UpSTAGE TEST MANIFOLD-FRAME P/N 1736130 i
WELD CROWN AND DROP-THROUGH WERE LEFT AS-WELDED
(SMALL ARROWS SHOW LOADING DIRECTION)

WW-—.—-\

* Figure 20. Location of Tensile Coupons Excised from Forged Elliptical Manifold 1
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Table 4

EB Manifold Frame Tensile Test Results
Forged 2014 Aluminum welded in the Tk Condition

—— G—

: _l proe—

and
Aged to T6
Coupon No., Yield, Ultimate, % Elongation
Psi Psi /2" 1"
FWD, 1F 38,280 41,510 5 |3
(Top) 2F —— 36,850 6 |3
3F 35,900 40,970 b 2
LF 35,120 40,190 L |2
SF 36,360 39,260 6 3
6F 34,890 39,050 b2
AVG, 36,110 39,970 5 | 21/2
AFT 1A 37,080 38,360 L 2
(Bottom) ., £, 940 36,230 2 |2
3A 35,440 37,250 L 2
La 37,920 3€,940 4 2
SA 38,820 L0,790 4 2
6A 36,000 38,440 v |2
AVG, 36,870 38,500 V|2
NOTE: All Failures Occurred es Shown Below:

Y




————— ———————w—v

The veld overlsp was considerably improved but contained {solated blips due to
¢ deoression in the weld start as a result of a high initial current condition.
Hovever, 1% was interesting to find thet es the pesk welding current was pro-
gremmed to lower values in the overlap ares, the oscillogrephic trace revealed

» smocth transition to the nev value. Thus, it is eppsrent that when the
current is reduced in grester thsn 50 smpere increments, the lag in the electro-

mechenicsl relays is not problemetic.

The X-reys of this second elliptical test part indicated a loss of penetration
for e length of 3/8 of en inch st esch spot where @ slight current change “ad
been programhed as well es & leck of penetretion at each port ares in the
bottom weld.

The limitation in making small in-process chenges to the welding current
necessit.’ .ed using the travel speed to reduce heat input for correction of
the btead concevity problem. Thus the tengential trevel speed was adjusted
linesrly by & percentage chenge in the feed rete, f. The filler wire feed
speed was likewise edjusted the ssme percentage so thet the volumetric rete
of f11l wes consistent with the remainder of the weld. These paremeters were
incressed where concavity exlisted and were decreased in the back side of the
perts where the chill wes grester.

Heving made these tape changes, 1% was decided to reweld this part using the
new tape and procedure used eerlier for the circuler manifold which is des-
cribed in detsil in s later section - RFPAIR TECHNIQUES. Both Jjoints vere
revelded &nd re-x-rayed. The re-velds were found to be free from defects.

" Dye-penetr - .1t inspection of the weld surfasces slso indicated no defects.

Additionsl adjustments to filler wire speed snd tresvel speed were necessary
beceuse the third meanifold contained machined slots through the side wall of
the manifold I.D. wall., Some of these slots which vere approximetely 1 inch
long, 1 Ynch deep and 0.250 inches high were machined under the weld land
going into ports #1 and #3, and going out of ports #2 snd #4.
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With these psrameter sdjustments the third menifold was N/C welded. The
resultant welds were visually quite satisfactory except that coacavity of
the bead was nearly O.ChO-inch deep in those areas where the machined slots
existed. Concavity in the other sress vas reduced to 0.010-0.020 inch. These
dimensions vere the msximum recorded with s symmetricel tapering up to a flush
condition epproximately one inch to esch side. Thus, the logical correction
to the travel speed and filler wire feed speed vas to sdjust them in an
exponentisl menner as shown in Figure 2{ and 22. ¥t should be noted that

the increase is nearly 7% in ne ares contsining the machined slot under

the weld joint; wheress, only a L9 incresse is required in the absence of the
zechined slot. The X-reys indicsted the welds to be defect free except for

s 3/L 1nch length of leck of penetrestion where the weld sterts around port #1
and & 1-1/4 inch length of lsck of penetration where the weld exits sround
port # in the bottom weld. Additional tape modificstions were made to
correct these two sreas and the bottom joint rewelded. X-rays showed *he

veld to be free from defects.

Thue the fcurth snd final pre-production elliptical menifold was welded with
these tape mcdificetions plus minor edjustments te the initisl welding
current tc smooth the weld overlap aree. The resultant welds were visuslly
most satisfacicry end found to be defect free using dye penetrant snd X-ray
inspection methods. This manifold and the third manifold were helium lesk

checked usirz 8 sensitivity of 3 x 10-9 scc/sec end no lesks were dezecved.

The finsl N/C tepe printouts for both sides of the menifold are to be found
in Appendix C slong with the welding dets sheet contasining secondary welding
paremeters. Close exsminstion of the N/C tspe printouts show thet 29 wire
feed, 2 arc voltage, 8 welding current and over L4LOO travel speed changes are
required tc successfully weld the two elliptical menifold weld Joints.

The finel variations necesssry to schieve good weld start snd cverlsp
conditions for eesch Jcint ere shown in Figure 23.
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RFPAIR TECHNIQUES

When the development program wes initially planned it wss thought that
repeir procedures should be established for each of the common types of
defects which oceur in aluminum welds, but it leter became appsrent thst
the only type of defect that was of any concern was lack-of-penetration.
This defect occcurred in the bottom side weld of elliptical test part
nurbers ¢ and 3 in the transition areas entering and exiting the ports.
Since the Solar 202 aluminum welding flux produceé such good resulis as
described earlier on the circulsr test part, it was selected for use to
repeir these two verts but with some refinements in the procedure. After
the insiée cf the manifold had been coated with the flux and alcchol
wirzture and the excess dreined, the menifold was pleced in e vacuum

-4

chamber which was evacuated to 5 x 107  TORR which insured the ccmpleta
evapcration of the alcchol that wes suspected of causing weld expulsion
on the eirculer part. The surface of the original weld was machined
flush and hand screped in preparetion for the repair weld. The part was
rotated 180° and pleced in the weld fixture to avoid having the weld
overlap occur in the same area. The reweld was msde with the same N/C
tape which hed been used to weld the joint originally. After welding,
the flux ves removed by flowving 180°F deionized water throuzh the manifold
and testing the exit water for chemical traces of the highly corrosive
flux. When 1t was indicated that the flux wes removed, dry nitrogen wes
blown through the manifold to remove the remsining water snd then the
part wes egein pleced in the vacuum chember and evacuated to complete

the drying process.
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PRODUCTION OPTIMIZATION

After seversl production manifolds were welded, design engineering re-
designed the actuation port configuration thereby changing the aft side

veld path to an uninterrupted ellipse like the forward side. This change
si-nificantly reduced the incidence of weld concavity and lack-of~-penetration
defects experienced in the actustion port areas of the aft side veld. The
N/C zape prepared to weld the aft side was 1dent1cal.to that used for the
forward side except for peak welding current ~ 217.8 smps for the forwerd
side and 210 for the aft side. )

As welding brogressed on the redesigned manifclds & lack-of-penetraticn
prcblem developed in the weld start and overlep area on both tpe forvard

end sft sides. It was not apparent if this protlem was caused by machine
melfunction, joint compression, weld shrinkage or material thickness.
Nonetheless, to sssure complete penetration the weld start snd cverlap weld
peremeters were modified snd verified on short straight sections that exactly
dupliceted the mess and cross sectional configuration of the elliptical mani-
fold. 1In essence the weld start t{ravel speed wes slcwed for the tirst inch
end & half of the weld, the current downslope was delayed for a-iother inch
after weld overlap end the overlap weld travel speed was reduced. These
changes are incorporated in the N/C tape printout shown in Appendix D. This
printout is identical for both sides of the manifold except for the difference
in peak welding current mentioned previovsly. Shown in Appendix E is the N/C
tape printout for the straight line simulated sections which were subsequently
used for pre-production verification of the overlap procedure.

Even with these modified welding parameters there were several manifolds

that still had lack-of-penetrstion in the overlap area on the aft side weld.
Thus the peak welding current was increased from 210.0 to 215.k amperes

for the last manifold which resolved the problem. Those manifolds con-
teining lack-cf-penetration prior to this change were repair welded in thre

same manner described eariier. It was found that the Solar 202 flux could

be elimineted during the latter repairs and a fully satisfactory weld cbtained.
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3.0 CONCLUSIONS

An uninterrupted single-pess free falli buit weld procedure ves saiisfactor-
ily developed for welding the 201L-Ti52 sluminum elliptical shaped UpSTAGE
EB Fuel Manifold Frsme P/N 1D15693 using the 8-sxis Numericslly Controiled
velding machine,

Through the use of lov frequency (10 hz) weld current pulsation, excellent
veld puddle control of tree fall weldments in 20lu4~Th aluminum was demon~
strated with the GTA {Gas Tungsten Arc) welding process., In addition, this
technjque is believed to have contributed to the absencc of oxide stringers
prevalant in steadvstate GTA velds in 201L aluminum,

The ability to rotate the filler wire about the tungsten electrode during
weldirg was adequately displayed in this prcsram. It was further shown
that the entry angle for the vire may vary up to 30° each side from the
center line of the Joint without any difficulty.

Numercus changes in veld heat input were reguired during the weld to adjust
for changing heat sinks created by design of the manifold. These changes
wvere effectively made by adjustments in the tangential travel speed and
filler wire volumetric rate of addition. This condition was necessitated
since absoiute changee in the welding current during pulsetion muast exceed

Lo amperes for the MCU of the N/C welding machine to be responsive.

To achieve weld uniformity, adjust for varying heat sinks,and provide con~
sistency and quality in the weld overlap area over 400 in-process changes
vere required in veld travel speed, filler vire feed speed, arc voltage
and welding current to weld the two s.ues of the manifold.

The interflerence fit of the sssembly eliminated the weld joint gap build-
up during welding snd is believed to have contributed to the sbaence
of oxide stringer defects in the weld.

The design requirement of a minimum tensile yleld strength of 23,000 psi
ey obtained with an average yield strength of the forging welds exceeding

the minixua by more than 30 percent,
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APPENDIX 2 - N/C TAPE CALCULATION FOR FEEDRATE, f

“he fcllewiaz equstion is used fcr calculsting feedrate, f, for the
-eaxls ¥’C welder using the x and y sxes to trace the weld peth and

ite ec-pxis ©.r wire feed rctation.

\

0.00L1 (27) FR )

Verw

4]

where f = feedrate (dimensionless)
.00kl = merchine coastent
27 = binery aumter that exceeds the longest
movement when divided by pulse length
cf 0.0002

FR = 1lineel travel speed in inches per minute
lineel distence in x-axis

»
[

y = lineel distence in z-axis

Ncte: The icnzest movement should include the z-axis
converzed <c¢ linesl movement in the z-axis to
feur decirsl plsces.
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APPENDIX B
WELDING PARAMETERS~N. C. WELDER
CURRENT SQURC_E__A TAPE DIAL WIRE FEED DRAWER DIAL
[~ INTTIAL CURREN IN ANPS __THooiaA! 84 GI_A__ RETRACT DIAL SETTING 0.00
| INITIAL SLOPE IN SEC'S __TleooiS, 1:5 | | GMAAPPROACH DIAL SETTING -
[ FINAL CURRINT 1N ANPS Tkceri| & SENSITIVITY DIAL SEVTING -
[ FINAL SLOPE IN SKC'S TRooiof |0 DANPING DIAL SETTING | -
CURRENT STOP DELAY IN SEC'S T1800c2] 0 b6 GTA/GMA SWITCH [GDYHIE
| SURGE SUPPRESSION SLTHING — CONSTANTIDEMAND SWITCH CCoNST; | pem
| VOLT ANPIRF CONTROL SETTING -
ucxr.nouno CURRENT | PERCENT P PENDANT CONTROL TAPE DIAL
| GMA PULSED ARC SWITCH on_| G RUNNING CURRENT IN AMPS 1033 12346}
[ VOLTIAMPERE SWITCH _ | Jofry WIRE FEED SPEED IN IPM Tho23023. 0
[ CONSTANT CUR, /CONST_ POTEN.! SWITCH zee) | oce VOLTAGE IN VOLTS lapeEd) 13.5
OPEN CIRCUIT VOLTAGE SWITCH % | %) WELDING TRAVEL SPEED 1PM vy
POLARITY SWITCH REV | [ WELD OR SET P SEQUENCE pea) | saup
| INDUCTANCE TAP SWHTCH "*°:I’ ! éﬁ TRAVEL FEEDRATE OVERR1DE PERCENT 5%
INDUCTANCE JUMPLR TAP (REA puL Cl WIRE FEED FCENPATE OVERRIDE SETTING - ¥
" PMANUAL OR TAPE DATA SWITCH MN |/ [AP';)
|_PULSED ARC DRAWER SECS DAL TAPE NODE SWITCH & WMCU SWITCH CM, | oF
|_PULSE START DELAY 101 0.1 ARC HEAD SWITCH SETIING 10CK_ [ UNLGCK
[PuLSE STOP DELAY [~ el > N3]
| PEAK CYCLES LEVEL #1 SETTING o3 TRAVEL SEQUENCE DIAL| DIRECT | SEQ MaN] OFF 0%
[ BASECY CYCLFY LEVEL #2 SETTING 03 BT s e =
WASE CURRENT PERCENT SETTING 7.-50 Y AXIS
FF
PULSESWITCH GOJ o 2 0R C AXIS (MANL OFF 'y
ARC HEAD ORAWER & HIGH FREQ.] sic's | ot A QR D AXIS FEL'"‘" QPR
e S T020 8 OR [ AXIS SEOMAN] oFf /(1
| _HEAD LOCK DIAL_ WIRE FEED SPEED SWITCH Fsegvan] OFF ¢~
HEAD UNLOCK DIAL o |0.00 :
RATE OF RESPONSE DIAL SETTING 5.0 PURGE GAS' TYPE | CFH
POLARITY SWITCH QW eev, TORCH PURGE GAS Je 2o
HIGH FREOUFNCY INTENSITY SETTING 122 7 SACKLP PURGE GAS -1 -
HIGH FREQUENCY SWITCH o) | ofF MIXTURE GAS - —
TRAIL SHIBLD GAS -1 -
| AUTOMATIC SEQUENCE DRAWER SEC'S | Dial
m nm ,tm DFLAY /.0 1 2.0 MISC. DATA .
W"‘! RE FEED STOP DULAY 1o 2.0 FILLER WIRE TYPE { 4043
[ TRAVEL START OfAY_ 1001 2.0 FILLER WIRE DIA. £ 063
v $10 DEAY _ colo-@ ELECTRODE TYPE Tu%6 - 1 2% Trom
TORCH GAS PREFLOW  Swr/7e H = /o /0.0 10.0 ELECTRODE DIA. /25 x) !
TORCH CAS PO}JILO\V swl YoM - 10.0| ¢ Q. 0_1 ELECTRODE EXTENS ION — {
TORCH GAS SWITCHOVER DELAY 00 | ov & CONTACT TUBE SI2E po
TORCH GAS SWITCHOVER SWITCH o | Qe CONTACT TUBE SETTING (INCHES o
CAS MIXTURE SWITCH II.‘._@E TYPE OF JOINT G, BuIT
| TORCH GAS SWITCH e AdCAurg t  OFF TYPE OF MATERIAL T
[ 8Ack uP Gas switch A0 MATERTAL THICFNESS 765
cA's TYPL SV IICH Cie) | A ~
—eee py -
“PART OR TAPE NO. TR AR AR FaD) | Ms. ¥ Afe TAPE 15 PROGRAMMED AT
"PROJECT NAME. — UPSTASE 16 1PM )y 5570 ow THE FEED RATE '
[ "WELDING ENGINEER 3A5[- k1) - FU OVEARIDE 1S /0P TRAVEL SPEED
[ DEPT. NO. & GROUP A " WiRE FFELRATE CVERNIDE STARTS AT
[ DATE: 3-1% 375 ] [0, mcrEASED GraDuaw, TO 507 Ay \
. /805, THEN 7570 AT 270
AXIS TRANSFER o i boed ool |9 ErEcTRODE GRouND PR K852 59169~ 1Y
| JARIS UL ADS TV (§4° x ,050 441D
PP a8 ] rhd
[_AAXIS 100 AXIS, ) ~ i a1l o FILLER wiRE 18 LA D 190 Clow TH p
BAGS 01 IS v (1) LECTRODE_AvD 3R W TANT. !
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APFENDIX E - STRAIGHT LINE PRE-PRODUCTION OVERLAP TAFE PRINTOUT
FOR ELLIPTICAL EB MANIFOLD FRAME P/N 1D15693-401. 3.31.71
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Appendix C

THERMOCONDUCTIVE MATERIALS AND
INKS FOR THICK FILM SUBSTATES

° MDAC Report MP 51,831 (L, H, Kram), Materials for
Attaching Flat Packs and Thick Film Substrates, 21 July 1970.

e MDAC Report MP 51,978 (C. T. McMurray), Stability
) of Thick Film Resistors in the Presence of Dynamic
Materials, 13 August 1971,

. {
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MISSILE & SPACE SYSTEMS DIVISiON
DCUGLAS AiRCIAFY CGWDANY, INC.

FuaM 37.80 (REV. 1-42) MATERIAL & FROCESS ENGINEERING
LABORATCRY REPORT Camaioc No. PD: _“bikE
SERIAL NO. MP 51,331
DATE 7-21-70
TIE MATERIALS FOR ATTACHING FLAT PACKS ASSIGNED T0 —no H. Kre:m, A-255

AND THICY FIIM SUBSTRATES

MATERIALS

See Materials Index.

OBJECT

1. To evaluate and seleet thermoconductive materials for thick f£ilm.

2. To develop a method for mechanical attachment of flat packs to alumina thiex
fiim, and alumina thick filn to aluminum heat sink,

3. To develop a method for removal of defective flat pecks from the thiek film
assemblies,

INTROCUCTION

A thermoccriuctive material is needed to provide temporary adhesion and reat transfer
between gola rlated and gless flat vpacks and alumina thiex film substrates during
solder operation. The adhesion between flat vpacks and thick filx chall be wzak, ©0
that flet packs can be removed easily when needed.

Thermoconductive material is also neceded to provide good edhesion 2nd heat transfer
between alumina thick film substrate and aluminum heat sink.

SIGHLIFICANT: CF DALY

Eecosil 4752 trermoconductive silicone was selacted ss the best material for bendin:
Tiat packs to aruaina thick film and also for vondicg alumine thicik Tila substrate &

alumirium “eat sink structure. This material has a comraratively good thermoeccndueuiv:

6.6 BU/(h=) (7~ ¥/in) and percent elongation (300%) wahich permits it o trans es

heet away {rom tne f"a* packs during soldering operation and to absord the differerce

?egveen thg ;al coefficient of expansion of alumina and aiuminum during thermoeyelicns
0% to 100%C

4 can Ye arplied in less %hen 002" thickness, thus providing maximum heat cdissimctic
since heat transfer is inversely proporu1ona¢ to the thickness of the raterial.

Without trimer, Tecosil <4852 vrovides temporary adhesion for flat racks to alumira
thick £ilm duriny solderin; operati-n, and good adhesion between thick 2ilm ané
alumirum heat sinx Jren poimer 1s used,

Out of five cvalusted prizers, 38-L004 and Se1l primers were selected as the best

wdmeomem Paeg T i edles AT qemicn da AT icn Sy
) " M
RPN - e M) s IV

Inocont. W7 26T 0,000 luminz $9 aluminum, uiling eTuxy adr-sive, Tha ~neninen
levelcpea 'xuensive warpage. On two specimens, using Eecosil 4852 achesive with
prirerc, ¢t~ va was no varmc e, There was no cracking of aluning or f2ilure of thre

Adbeccre o my o the Trres ~mesim-vin wnives
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PROCEDURE AND RESULTS

A. Llap Shear Test

l.

3-

Preparation of the specimens

The following materials wvere used as adhesives in preparation of the
lap shear specimens:

a. Eccosil 4852 silicone with SS-LOOL and S-11 primers
b. Eccotond 285 epoxy, no primer :

c. DC96-04h silicone with DC1203 primer

d¢. Duruseal epoxy, no primer

e. PRIG13-2 silicone with PR1903 primer

72 aluminum 7075 T6 penels, measuring 1 x ¥ x .060 inches, were rrepared.
Fenels vere cleaned with MEK and sandblasted on one side with #80 mest grit.

36 alumina plates measuring 1 x 2 x .028 inches were cleaned with MK,

Priming
Both sides of the alumina plates and sandblasted sides of the alumirum
panelc were primed as recorded in Table 1. irers were allowed wo iry

at ambient temperature for 30 minutes.

Armlication of the Adhesives

A thin coat of the adhesive material (see Table 1 for details) was applied
on prepared surfaces of aluminum or alimina., Adhesive materials were
screened using 200 mesh screen. The total thickness of the adhesive varied
tatucen .01 to .CC2 ineh. Alumina plates wera sandwiched Tetween two
aluninum plates arnc cured overnight under 20 Hz inches vecuwum at ambient
temyperature.

Specimens were then postcured for 3 hours at 150°F.

Duroseal sdhesive specimens were prepared and cured per manufacturer's
recozmendation.

Testing

Hel? of the cured specimens were tested for lap shear strergth per Feleral
Test Method Std. Nc. 175, Method 1033. Another half was cycled 30 times,
each cycle scheduled ss Poliows:

10 minutes at 2120F
1C minutez at ambient
10 miruses at 32°F
10 minutez at ambient

At the end of 30 cycles, specimens vere tested for lap shear strength as
above. All results are recorded in Table 1.
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PROCEIURE AND RESULTS - Continued

B. Tensile Strength -~ Uliimate Elongation

Using Eccosil) U852 silicone material, ten specimens were prepared per AST™ Ix°>
requirements. Specimens were initially cured for 3 days at embient temperstire
plus 3 hours at 150°F. Pive out of ten specimens vere postcured further, up to
500°F, oy increasing temperature S0°F every k hours, until SO0OF ves reached.

A1) aspecimens vere tested for tensile strength and ultimate elongation
per AS™M Di12. Results are recorded in Tadble 2.‘

C. Adhesion Study

Five different primers were evaluated, to check the adhesion of
Eccosil 1852 silicone to 7075 T6 aluminum panels.

Ten 1 x € x 1/8 inch alumimux penels and ten 1 x 2 x .028 alumina chips
were cleaned with MEX,

Five out of ten al'minum panels vere sandblasted. Primers were applied
to the surfuces of the panels and alumina chipe per manufacturer's
recomendations,

A thin layer of Eccosil 4852 silicone (.002") was applied on prepared
I aluninun panels, Primed alumina chips were bonded to the aluminum

penels.

Specimens were cured under light pressure for 24 hours at awbient
temperature, followed by 3 houre at 150°F, Adhesion was evaluated
qualitatively by pulling alumina substrate away from the alininmum,
Results of this test are recorded in Tsble 3.

D, Removal of F.eat Packs

Eccosil 4852 silicone was applied te the glass deposits on alumira thick
film as described in A.3.

Three giass Signetic G flat packs and three gold plated flat packs were
placed on screened Eccosil 4852 material. Slight rressure was applied to
the surface of the flat packs., After material was cured overnight at
ambient temperature, flat packs were removed by turning them gently with
forceps until the adhesive bond was troken. Cured £ilm of silicone
adhesive was then peeled of?f.

E, Bonding Alunina Pletes to Aluminum Heat Sinks

Using 7075 T6 clad aluminum, three heat sinks, measuring 4 x 6 x .063 inches
were prepared. The surfaces of the heat sinks were cleaned with MEX and then

sandblasted vwith #80 mesh grit. Three alumina plates, measuring & x 6 x .028
inches were clcanea with MEX,

A v
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PROCEDURE AND RESULTS - Continued

E. Bonding Alumina Plates to Aluminum Heat Sinks ~ Continued

Using three different adhesives, the above substrates were bonded together
as described delow:

1. The surfaces of heat sink and a)unina plate vere primed with S-il primer.
The primer vas alloved to dry rnt ambient temperature for 30 minutes,
Using #285 mesh screen, Eceosil 4852 silicone adhesive was screened on
primed surface of & hert c2uk, The thickness.of the bond line did not
exceed .002 inch. Primed alumina plate was bonded to the neat sink. ,
Eccosil 4852 material was cured under 20 Hg inches vacuum for 16 ‘hours. |

2. The surfaces of heat sink and alumina plate vere primed with PR1903
primer. Primer was allowed to air dry at amblent temperature for
30 minutes. PR.‘.213-2 silicone was screened on primed surface of a
heat sink using #225 mesh sereen. Alunine plate was bonded to the
heat sink and material was cured as in E.]l above,

3. .003 inch thick Duroseal B fiber-filled epuxy film was cut to 4 x 6 inches
dimension and sandviched between heat sink and alumina plates, The
material wvas cured for 30 minutes at 350°!‘ aad 50 grams per square inch
pressure.

All specimens were thermocycled for 30 cycles as described in A.k, After
cycling, specimens were subjected to S500°F for 3 minutes. All specimens
vere examined visually for adhesion, wvarpage or any other defects, after
cycling and after exposing the specimen to 500°F,

RESULTS

There was a definite warpage in specimen 3 above where epoxy was used as an adhesive,
Specizons 1 and 2 above vwhere silicone was used as adhesive, showed no warpagza. Uporn
exposure of specimens to S00°F, specimen 3 showed increase in warpage. However, this
warpage decreased whenspecimen wvas cooled to room temperature. Adhesion in all
specinens was gcod.

SUMMARY OF RESULTS

Out of five materials tested for the lap shear strength, Duroseal epoxy gave the
highest value. Eccosil 4852 silicone gave hishest lap shear strength value, as
campared to two other silicones, DC96-OLk and PR1913+~2. Comparing lap shear values
for cycled and non-cycled specimens, lap shear strength values for most materials
increased slightly after specimens were cycled,

Percent elongation of Eccosil uBS2 material was not effected by posteure
hovever, tensile strength was reduced approximately by 10 percent.

Out of tive evaluated irimerz, S-11 and SS-4LOO4 primers gave the best adhesion ;
betwveen Eccosil 4852 and alumiaum panels.
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SUMMARY OF RESULTS - Con:iinued

There were no problems in removing flat packs from the alumine thick rilm
substrates. Flat packs vere removed easiliy with the use of forceps.

Bonding alumina thick £ilm to aluminum heat sink with epoxy adhesive produced
wvarpage. Werpage increased when specimen was exposed to 500°F, and decreased
vhen specimen was cooled to room temperature. There was no wvarpage in the
two other specimens where silicone was used as an adhesive,

REFERENCES
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MATERIALS INDEX

gccosil U852 - A red, thermoconduetive silicone that is mixed with Catalyst 50
in the retio of 100% base to 0.1 - 0.5% catalyst.

Eccosil TPS] - A thixotropic, thermoconductive silicone rubber paste.
Stycast 2850FT - A black, general purpose casting resin vith hign thermoconductivity.
Fecobond 285 - A thixotropic, thermoconductive paste.

S-11 - A colorless, one system primer used with Eccoril 4852 silicome.
Emerson and Cuming, Inc.
Gardena, California

Duroseal - 0,003 mils thick B fiber filled thermoconductive epoxy film.
Singer
Physical Science Corp.
Arcadia, Cslifornia

Vigor-Kool-It - One part, thermoconductive adhesive
Reiko Product, Box 375
Farmingdale, N.Y, 11735

DC 96-OkL - A thermoconductive, white silicone compound that cures at room temperszture.

DC 1200 (DPM 3202) (1P200L0O) One part, pink silicone primer
Dow Corning Corporation
Midland, Michigan

55 L00k (DPM 2072-1) (MRDOT09139), One part, fluorescent pink, silicone primer
General Electrie )
Waterford, New York

PR1913-2 (TPM 4331}, Two part thixoiropic, rocm temgerature curing siliscre cozpounc.

FR1903 (DPM 3510) (MRD1124LT T4-01) One part, fluorescent pink siliccne primer
Prcduct Research & Chem. Corp.
Burbank, California

Glass Signetic G Packs (1/4" x 3/8")
Signetie Corp.
Sunnyvale, Calif,

Gold Plated Flav Packs (i/4" x 3/3")
General Instrurent Corp.
Long Island, New York

C-6
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See Materials and Equipment Index.

'
OBJECT

To determine the effects of fluxes, organic
coatings and hermetic packaging on the stability
of du Porit's Birox and 8000 series resistor inks.

INTRODUCTION

Past experience has indicated that under certain not
ccmpletely understocd conditions, thick f£ilm resistor

values are changed by the presence of certain materials or
materials-sealing methods. The purpose of this study was

to determine the +ffects of fluxes, organic coatings and
hermetic sealing n the stability of du Pont's Birox and

R000 series resistors by accelerated thermal aging. In

the first part of this work, the effects of va-ious materials
and hermetic sealing were studied with all speciiens exposed
to each other and to a possibly contaminated oven environment.
Later, (Part 2) an additional material was tested tut without
exposing the specimwens to the questionable oven contamination.

SIGNIFICANCE OF DATA

Careful examination of individual percentage changes (see Appendix)

shows that the overall mean value does not always give a true indication

of what has taken place. Looking closely at the tables in the Appendix

and remembering that there are 5 resistors on each substrate, one can

detect many cases of distinct groupings of 5 values particularly with (but not
limited to) the hermetically sealed substrates. For an obviocus example, see the
data for the hermetically sealed DP1033 specimens on the third page of Table AS,
Here the pure rosin coated substrates have substrate means ranging from 0.04% to
0.50%. This indicates an unimown factor which influences the stability of both
Birox and 8000 series resistors. In the case of the hermetically sealed packagzes
it could be argued that the differences might be due to the degree of the hermetic
seal, (this has not yet been determined). But since this data grouping exists to
a lesser extent for non-hermetically sealed substrates (see data for the HA 7236/
Kester 154i: coated specimens in Figure L), some additional factor such as an
accidental finger print xust be involved. In order to determine the cause or
causes of these substrate-to-subetrate variations, additional experimentation mist
be performed. {In the case of the hermetically sealed substrates, this will most
likely involve only a precisely controlled lesk test.)

c9
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SIGNIFICANCE OF DATA - (Cont'd)

The majority of the resistance drift is accounted for within the first
ten days. After that the drift rate of the Birox inks vas very low.
The hermetically sealed resistors continued to drift throughout the
period of the experiments at an appreciable rate.

irox resistors vere more stable than the 8025 resistors in the presence
of the materisls tested. The silicone and urethane coatings had about
the same magnitude of effect on the resistors vhile the epoxy was consider-
ably worse. :

The re¢istance changes seen are the net resuit of at least two reactions.:
The resistance changes for resistors coated with silicones and urethane
have indications of reactions of different rates and opposing effects.
This is not.seen in the epoxy coated samples because of the magnitude

of the epoxy caused shift. Further work should be done to separate the
two reactions,

PROCETWURE

Part 1 -« 125 substrates, each containing 5 resistors, vere printed with

Birox DP1033 and fired per DPS 51042 on previously fired ESL 5800C

conductors giving an initial mean resistance of 1C.3K ohms for
the 625 resistors. One hundred similar substrates printed with
du Pont's 8025 resistor ink for a previous study (Reference 3)
vere glass coated wvith du Pont's 8185 and stabilized as specified

in IPS 51042, A1l resistors vere then trimmed to 20K ohms + 1/2%,

Five IP1033 substrates and four 8025 substrates were set aside for

use as controls. The remaining substrates were divided into four
groups and coated with a thin coat of the following fluxes:

Group 1 Alpha 611 (RMA)

Group 2  Kester 1544 (RA)

Oroup 3 Pure Rosin dissolved in an equal volume of isopropyl
alcohol (w)

Group 4 Not coated with fiux

Each of these groups vere divided into six subgroups and coated
or packaged as follows: .

Subgroup 1  Coated with Sylgard 182 (silicone)

Subgroup 2  Coated with GE's RIW 511 (silicone)

Subgroup 3  Coated with Stycast 2850GT (epoxy)

Subtgroup 4  Coated with Hathane HA 7236 (polyurethane foam)
Subgroup 5 Coated with Eccosil (silicone)

Subgroup 6  Hermetically sealed

(The above grouping results in 5 substrates per condition for the

DP1033 resistors and 4 substrates per condition for the 8025 ink.
In each case there vere 5 resistors on each substrate).

c-10
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PROCEIURE ~ (Coent’d)

‘g

ar"

n

Resistors were measured immediately before coating and again

2L nhours sfter coating using a Dymec 2010B data acquisition system.
(The digital ohmmeter in this system has a rated accuracy of 0.01%
of reading + 0,005% full scale + 1 digit. Measurement repeatability
vas testod several times during this study with a 20,000 ohm standard
resistor and found to be within + 2 digits giving a repeatabllity
accuracy of 0.01%). All specimens except the controls were placed

on trays and exposed to thermal aging ih a forced draft oven. The
resistors wvere measured again at the following time-temperature
intervals:

After 11 days at 150°C.
After 11 days at 150°C + 9 days at 100°C.

After 11 days at 150°C + 17 days at 100°C
+ 11 days at 125°C.

After 11 days atOJSOOC + 17 days at 100°C
+ 76 days at 125°0.

The control resistors were measured at the same time intervals
but were not thermally aged.

Five substrates with Birox resistors, a blend of equal parts

by weight of DP1031 and DP1041, and five substrates with 8025
resistors made according to the established manufacturing process
(DPS 51046) but rejected because of minor defeocus were selected
for testing resistor sensitivity to the silicone coating DC31LO.

Each o2 these substrates was broken in half and divided into two
groups containing five half substrates each. Five trirmed resistors
o each half substrate were connected using Sn 63 solder with an
R4A flux core with 28 gauge Teflon insulated wire to a thick film
conductor terminal strip (separate strip for each group). The
groups, supported only by interconnecting wires, were thorousghly
cleaned in 1,1,l-trichloroethane, dried and initial resistance
measurements taken. One DP1031/IP1041 group and one 8025 group

vas coated witn a 0.050 to 0.100 inch layer of DC3140 silicone
coating vhich was cured overnight at room temperature. The
resistors wvere measured again, then placed in large sealed glass
containers (one container for the uncoated controls and one for the
coated specimens) and placed in a 125°C oven. The resistors vere
measured after 1, 7, 14, 28, 64, 76, and 95 days exposure to the
thermal environment, After the 64 day measurement, the specimens
remained expnsed to the laboratory environment overnight before
returning to the heated glass containers.

c-u
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RESULTS

The results sre discussed in terms of changes in resistance from the
initial resistance (that is the resistance before coating). Standard
deviations are listed with each value to show the duta spread. The
individual resistance changes are listed In the Appendix for use in
detailed studies.

Part I - The resistance changes for the [P1033 ink are summarized
in Table I. These changes are shown graphically in
Figures 1-6. Resistance changes for the 8025 ink are
summarized in Table I7 and shown graphically in Figures
T-12.

Part IT - ‘The resistance changes and standard deviations for the
closed container ageing experiment are listed {n Table III,
and shown graphically in Figure 13.

RETLRENCES

1. Technical Record Book No. 12085 pgs. 12 to 25 .
2. MP 51,412, Thick Film Printing and Resistor Ink Blending
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MATERIALS AND EQUIPMENT INDEX

Electro Science Lab 5800C Platinum-gold conductor ink.

duv Pont Birox DP1033 resistor ink.

du Pont 8025 palladium silver resistor ink.

du Pont 8185 resistor glaze coating.

A1Si Mag 614 substrates, l-inch by l-inch by .025-inch.

Alpha 611 flux, mildly activated (RMA), MEL-F-1h2569, Type A.
Kester 154k flux, activated (RA), MIL-F-14256C, Type A.

Non-activated flux (equal parts by volume of isopropyl alcohol and rosin),
MIL-F-14256C, Type W.

Dow Corning Sylgard 182 silicone encapsulating resin.
General Electric RTV 511 silicone encapsulating resin.
Emmerson and Cuming Eccosil siliecone resin.

Emmerson and Cuming Stycast 2850G¥, with Catalyst 11 epoxy encapsulating
resin. -

Hastings Plastics HAT236 polyurethane foam.
Cold welded packages (MP 51,547).

Dymec Date Acquisition System, model DY-2010B, MDAC Teg No. 622060.
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Page 22

APPERDIX

In this Appendix are colliected the percentage
resistance changes calculated from resistance
measurements made at various intervals., All

. percentage changes are with respect to the

initial trimmed value of 20K ohms + ,5%.
Percent resistance was calculated hy the
equation

$AR - Et'hnoo

These data are listed for future studies
vishing to further examine reasons for the
definite grouping of scme of the resistance
changes. :
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Birox Resistors

_Percentage Changes of Individual Resistors After Coating (Before Aging)
Flux {

T

p———r

o W tEm N

Coating

or Alpha Kester Pure Yo
Package 611 15uk Rosin Flux
0.105 0125 0.000 0.G10N
0.105 0149 0010 0.005
0.120 0.129 0.015 0.015
0.100 0.144 0.000 0.015
0. 131 0.134 - 0.000 0.G10
0.120 0.065 -0+ 005 0.03G
0.110 0.120 0.000 0.040
0.115 0.120 -0.010 0.035
. Bl e 0. 120 . 0.100 . =0.020 . 003D
s’ig;”d 0. 105 0.090 -0.010 0.020
0095 0.135 0.010 0.02%
0- 100 0.119 0.010 0.03N
0. 100 0.080 ~0. 005 0.N1S
0.095 0.065 -0.005 0. 020
O-HS 00075 "Oc 005 n- 090
0.121 0.080 . -0.010 0015
0.125 0.105 0.000 0.015
0.120 0.050 -0.005 0. 075
0. 090 0.080 -0.010 . 010
0090 0.100 ~Ce 140 G
e 100 U248 -C. 005 -0.005%
0.105 0.269 0.000 0.005
0«110 0.259 0. 005 0.00n5
0. 105 0.209 0.005 0.005
Oo“s 0."\9 0¢!"f‘0 —CaOl",
0. 140 0.10> 0.000 0.015%
0.115 0.110 0.010 0.020
0.115 0+105 0.010 0.025
0.110 0.115 0.010 0.07¢S
G« 105 0095 0.010 0.020
0.085 0.165 0.005 0,070
o 0.10S 0.204 0.015 0.0?75
;; G.100 0si69 . Uen O 0.075
It G« 100 0.120 0-015 0.02S
0.120 0.119 0.000 0.C10
04140 0.130 0. 020 0+015
04135 0.155 0.010 00720
0.120 0.200 Ve 015 0.075
0.115 0+.190 0.015 0.075
0.100 04155 0. 005 0.025
0.0%90 0.1 45 0.005 0. 02N
0.090 0+159 0.000 Q050
0.100 0.105 0.005 0.0N35
0.090 0.085 0.010 0.020
0.105 0.0S4 0.000 D015
0+ 135 0+155 0.010 0.025
G 123, 0.190 0. 010 Cc.030
D115 0.200 0.010 0.020
0.110 0,215 0.015 0. N1S
0.090 0.265 0. 005 0.N15
Cc-3
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Ph;e 24 Table AL
Contimued
Coating Flux
or Alpha Kester Pure o
Package 611 15kk Rosin Flux
0. 080 0.110 ~0.005 0:070 |
0.090 0.119 0. 005 04045
0.080 0.099 0. C0S 0.035
0.085 0.100 0. 000 0.060
0.050 0. 427 ~0.015 p. 030
0.125 O«140 =0.025 0.070
. 0. 115 0115 «0.015 0258
Stycast 0.110 0.105 “0.015 0060
. 285067 ° 0.090 04065 -0.020 0.091 *
: 0. 065 0.08% =-0. 075 0.050
0.085 0.130 -0.035 . 0.160
0.065 0.159 =0. 020 =0.010
0.055 0.174 «0.015 0+065
0.0%0 0.070 =0.015 0.018
04090 0075 -0.015 «0«U15
0.080 0.140 =0N.015 0.160
0. 065 0.100 =0. 025" 0.050
0.105 0.M70 ~0.010 1200
0.075 0175 20010 0124
o.110 C.060 -0.0!5 0.030
0.050 0.110 0.030 0.08S
0. 095 0+114 0. 025 0.090
0095 0.104 0. 005 0.06S
0.075 0.075 0. 000 0.035
0.070 0.045 0. 025 0.109
0+100 0.025 0. 005 =0.055%
0+1:0 0. 065 «0.005 =0 NS
0.110 0.080 0.00S =0:060
0.1035 0.075 N.00C =N.050n
00‘05 00095 00005 «0.030
0.095 0.070 «0.030 =0 045
.105 0.105 «0. 089S «0.070
0. 090 0105 =0..050 «0.075
0«100 0.124 =0.0PS =0.C7%
0.105 0.080 «0.005 =0.03%
RAT236 0.075 04090 04000 -0.040
0.075 0.080 0.000 «0.060
0.085% 0.105 0.010 =~0.060
0.09% 0.080 0015 «0.060
0.095 D.125 0.010 =0.04%
0. 105 0.090 =0.025 «0.039%
0«100 0.099 =00 02% *0.043%
0.09% 0+104 «0. 020 =N:05%
0.093% 0,098 «0.010 «0.0%0
0,080 0.094 0.000 «0,03%
0.020 Ne17% «0.02% =0¢040
0. OO 0P 0S5 ‘. =0:030 *0:043
D. 100 0170 «0.019 *Ne DAY
) 0.119 0.230 00098 «0:04%
' 0.120 N800 0.000 =N, 0aN
c-32
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Table A) Page 25
Continued
Coating Flux
or Alpha Kester Pure No
Package 611 15hi Rosin Flux
0.075 0.115 =0. 005 0.C/>
0.075 0134 -0.010 N 02N
0.100 0.149 ~0.005 0+ 025
0095 0.229 0. 005 0.C15
0.115 0.060 0. 000 0.022
0.100 0.085 0. 000 0.610
0.110 0.120 «0. 005 0.015
0.114 0.120 0. 000 0.025
-t 0.10S -, 04100 © 0005, 0.020
Eccosil 0.095 0.085 -0+010 Q.00
0.080 0.140 0+ 005 C. 20
0.090 0.209 0. 005 Q.CT0
0.100 0179 0.010 NDeii 1S
0.085 0125 0. 025 0.C7%
0.0°5 0164 0.025 001"
0.125 0.135% D010 0.C15
0.105 0.230 0.015 0.025
0.119 0.180 0.015 0015
0110 0.210 0. 005 0.N3N
0.100 0.270 0,005 0 NS
U« 095 0.285 0.010 N.01N
0.110 0.243 0.015 0.0720
0.130 0.214 0. 005 Ne 0N
0.100 0+144 0.000 0. 020
00130 _0-"4 0. 005 Qeno7
00040 "OGOlO ’00‘25 -0.\5:"-
9+ 030 0.005 -Ce 144 0787
0.025 0.050 -0+ 149 “0e114
0.125 0.020 -0.154 «0e179
=0.005 =0.010 -0.164 ~0.1R9
0. 005 0.030 -0.120 =Ne 1 4N
HRermetically =03.005 0.030 =-0.150 =Ne 170
Sealed =-0.015 0.080 -C. 150 “0e D1
-0.015 0.005 | «0.145 -0.170
-0.020 ~0.045 -0.150 ~0.179
=~0.015 0.290 =-0.120 “0e15C
=0.035 0.280 ~-0.144 -0 150
=0.020 0329 -0.1.49 e 147
~0.030 0.310 -0+¢149, -0+ 150
=-0.9030 0331 =0e 164 =Ne ) 4>
0.035 0.105 «0.120 “0¢150
=0.005 0.140 =0+ 085 ~0.150
0.015 0.080 -0« 155 -. 145
0.020 -0.03S =-0.135 -0.149"°
=0.010 0.010 ~-0+145 ~N. 143
0.015 0.095 ~0.095 ~0e15
0« 02D 0+ 190. «-0.055 “'ﬂo 150
00040 00150 "00]34 "00150
0+040 0.170 -0+109 -0.1.°7
G« 035 0.190 =0.134 =0e15%7
C-33
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Page Tadle A2
, Mrox Resistors
Percentage Changes of Individual Resistors after 1] days at 1so°c
Coating Flux
or Alpha Kester , HAme No
Package 611 15kk Rosin Flux
“0.20576 «0.09485 -0.23486 “0.20521
“0.22599 =0.06969 “0.26917 «~026538
“0.24052 ~0.,10943 *0.27384 -0.25513
“0.26074 =0.11936 ' =0+33697 ~0.29531
“0.21597 «0.10442 -0.31298 =0.28032
“0.18039 «0.15477 =0.25495 -0.16022
«0.22058 «0¢13487 -0.3_!48 «0+1939
0.22484 ~0.12988 «0.31963 ~0.19381
Sylgard <0.22451 ~0.12981 . =0¢30445 - ,=001693
182 “0.23036 =0.15978 -0.32962 =0.17433
“0.2404 -0.05002 -0.28472 ~024504
“0.26053 007459 -0.27873 027544
“0.25074 -0.1742 =0.3083 -0+27506
027113 -0.20899 “0+33299 «“0+24531
“0.24078 -0.20883 -0.33723 =0.19538
V16067 ~0.10503 ~0+27455 ~0.19508
0.21028 ~0.12473 ~0+30479 =0.22452
«0.215 ~0+18486 -0+ 35461 ‘002698
024044 =0+14507 -0¢32954 «0.22374
0.24505 ~0.14006 © =0-28988 “0.17925
-0.21035 9.99E-03 -0.22518 «0.26972¢
0.24613 9.96E-03 -0.28872 ~0.24999
“0.25554 s ) -0.23872 -0.28001
024581 ~0+06964 -0.28362 -0.28027
'0022586 "0008945 ‘0026381 '0'285‘
“0+22067 010505 -0.21485 0422528
026049 -0:13992 -0.25499 «0e26427
025469 ~0¢] 3988 ~0+26958 -0+.25858
<0.26541 «0.14995 ~0¢3197 ~0.26838
“0V.28494 -0.15517 ~0.26499 024417
“0.24106 ~0.10493 «0.23018 =-0+26528
“0.27113 =0.06479 =0+25403 =0+30912
«0.28574 ~0.+15294 ~0.27877 “Ge3) 40
~0.28034 =“0+17935 ~0.29363 =0+34887
GE 0.29044 =0+19874 -0.29852 -0.31414
511 “0.21546 -0.12002 -0.21992 ~0+28534
“0.22995 -0.11987 =0.32193 =~0+30906
~0.26464 -0.08992 -0+30282 «0+33343
«0.30949 ~0.07496 ~0.26372 =0.31418
“0.28452 ~0.11498 ~0.2585 “0+30412
“0:26606 ~0.08493 -0.26475 ~0425513
=0.28127 -0.0995 ~0:.29468 ~0+26402
0.29963 -0.13455 -0.28958 «0.32264
'0!29616 ‘0-‘5463 "0029003 '003431
V26606 ~0.17879 =0.24001 ~0.33801%
=0.20541 “0.08994 ~0.24499 =0+28%99
“0.23499° -0.08996 ~0.25904 “0.26997
~0.27027 ~0+30496 «0.23892 =0.32987
“0.27455% ~0.06498 -0.27827 “0.31502
<0.26501 o =0:26366 -0.3345

C.34
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Table A2 &
Continued
Coating Flux
or Alpha Kester Pure Yo
Packuge 611 15kh Rosin Flux
1+65899 132447 T 7507 T+23507
2.06665 1465655 2.96417 1.52393
2.09084 1:91371 2.03459 1.6121
2.09159 1.98626 1.9902 19862
1.96639 2.1358 ! 2.06583 1.25921
1+42907 1.44522 1462187 . 1+44551
1.73364 1.9893 1+96646 1.29735
. Stycast 1.9107 2.11152 2.0001 124378
28506T 2.10579 1497125 2.16612 0.74534
* 1e872 2.06993 2.23981 1.31848
177838 1.63386 1.78366 116547
1.95215 2.21582 2.08167 1.59521
2.10437 2.34949 2.13521 1429286
2.08438 2.16558 2414075 0.97254
1.84357 1.81038 2.16105 0.9853
1.90276 *1.45971 i+43752 129513
2.36967 1467715 1.84306 1.54106
2.22 147158 1469997 2.74764
2.44426 17719 190476 177941
2.69813 1.62756 1.8054 1466934
1474183 105894 1.33213 1.25494 |
2.35606 1.68556 1.60388 1.47506
2.27966 173468 2.02835 187619
2.18196 189486 2.09209 1485375
2.26362 1.78251 2.13917 1.85342
~J.22519 ~0+1 5496 <0+16531 0-3iGC1 4
0.24888 -0.15997 ~0.20954 -0.3£926
V29404 -0.14938 ~0.21471 -0«36927
-0.29879 -0.13499 -0.21918 ~0.36919
“0.2638 -0.11491 -0.20932 ~0.30426
-0.18504 -0.12483 -0.22054 -0.33515
“0.2094 ~0.11962 ~0.2857 -0.38419
“0.23946 -0.13442 ~0.27555 -0.41866
=0.2340¢6 £~=0.12434 -0.28587 ~0.43 418
HAT236 -0.19434 -Gel164 ~0.22066 035925
0.24511 -0.104%8 ~0.2448 -0.32061
-0.2501 -0+15504 -0.28412 -0.35944
0.23516 -0.1200! -0.28864 ~0.368%6
'002449 ’0014489 ‘0-2589 '0037399
-0.210)6 -0.09502 -0.28851 -0.3491
“0.19016 ~0+13487 -0.31489 ~0.22573
0.16961 -0.15395 -0.37015 -0.33963
016977 -0:14415 -0.34436 -0.3692¢
©0.21951 041692 -0.31222 -0.3986
~0.19858 -0+15406 -0.28066 ~0.35928
-0.19008 -0.04495 -0.25537 -0.3305
©0.30018 -0.02999 -0.3388 -0.37373
0421497 -0.08002 -0.31375 =0+ 37G5K
“0.30992 -0.03498 -0.35304 -0+ 42867
=0.30535 0 -0.33826 -0.3870Y
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Page 28
Table A2 -
Continued
Costing Flux
or A%phn K;;:er Pure Yo
Package 11 1 Rosin X
=52 T ~$=3TOTT 25T ]
«04+30502 ~0.08468 «0+30081 ~0+26439
“04+30535 ~0.09456 -0.31073 ~0+27415
0428516 ~0.02492 ' =0.28058 ~0+31429
0425994 -0.20881 -0.27587 ~0.29912
“0.21506 ~04+14999 =0.27992 «0.22541
“0+21945 ~0.14984 =0.29399 ~0+2496
“0.25877 -0.+13001 ~0+31372 -0.28913
- “0.24392 ~0+14996 -0.31819 ~0+29936
-0.20398 -0.16996 -0.32311 -0.309
~0+.25481 -0.10512 ~0.23509 ~0.24023
Fecosil -0.27994 -0.08463 -0.31017 ~0.29946
~0+26495 -041095¢9 -0.29493 ~00¢32403
“0.25465 ~0.1744 -0.2602 ~0.32916
~0.21542 -0.13921 -0.26047 ~0.3190%
“0.+20997 =0.09505 -0.2201} -0.28035
“0.27397 -0.05003 ~0.23437 ~0.29967
“0.2984 -0+11487 ~0.22382 ~0.314
“0.29872 -0.07503 -0.26381 ~0.3341
-0.34392 0.01 -0.2638 ~0.3002
-0.15005 0.05996 -0.24012 ~0.26554
-0.21502" -0+06445 ~0.28021 ~0+30927
~0+18965 -0+03481 ~0+27504 ~0+29924
-0.20024 -0¢1143 «0.31002 ~0+31906
016512 ~0+14417 -0.25013 -0.30929
= 0.1069%% <0.02496 ~0.04508 ~0.18023
0.08974 0 «0.0597 ~0+2245}
0.07962 0+01995 -0.06961 ~0.22401
0.0%977 ~0.01497 =0.06952 ~0+22925
0.0648 -0+04503 -0.06958 ~0.23925
0+07006 0.09992 0416029 «~0.20017
0-050g8 007068 0,11509 “De2A4M)
0+0448 0+15936 G+ 14499 «0¢25447
4.96E-03 0.03991) 0.1804 ~0425944
0+04981 ~4.98E-03 ~ 0.21029 ~0+26413
Hermetically 0.04502 0.01498 =0+09006 «0+2301
Sealed 0.02001 ~4.99E-03 -0403975 ~0.23992
004994 0.06982 -0+05453 - «0+23917
0.0100t 0.02497 -0.0747 «0+25419
0.0450) 0.08012 -0.06972 -0.2789
0.11996 0.23022 -0.04499 -0.22019
0.07978 0.25951 ~0+055 -0+24436
9+94E-03 0+19401 ~0+05505 -0.22422
0 0.0647 «0+06999 -0+24376
0.08958 0.12955 =0.08008 -0.24882
\ 0.05003 0412004 '0.20536 -042205
0.07003 . 0426487 0.223%2 -0.2295¢
0.10999 0.20477 021893 =0+23455
0:12497 0.22014 0422365 -0.25962
0.11495 0.23487 0.2088 =0.,22473

C.38
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Tabdle A3
Birox Resistors

¥P 51,978
Page 29

Percentage Changes of Individual Resistors After 11 Days at 1'50°C 49 Days at 100°¢

cmt’.ng Flux —
or Alpha Kester Pure Ko

Package 611 154k Rosin Flux
“YelUnit ~deiudoy ~ecl vol “Jeof ¥ .
~J«215%0 ~0«37965 023427 ~JeZH13D
22047 *0+15969 =0 2566 =Jeld ¥
“0.25071 -0.08952 =331715 “Je27dcr
018564 ~0+07458 vV -0.32305 BTN
“0.17536 ~0.15976 =-0.24995 -Jel 301"
V2256 ~0«}11988 ~Qe29451 ~Nal &7
~0.23484 ~0.11989 ~0.2K8967 ~Jeld9 3.
V20904 ’0-‘,‘453 294449 -0.]3133(1-

Sylgard -=0.22034 -0.+11434 -0.29966 ~0e13945

182 -0-2?dl}6 ~0.03001 =0.23%976 =Je 20
~025532 008453 =0 25082 =NePl1034
025575 ~0+14931 “De29339 =De23575
0.27113 017414 “Je2 32 ~DerFdle
~0.23577 “0.179 ~(e32236 “0elndn
“G.i10063 010505 “Ne2745> “0s1 71207
-0.18525 =0.] 4966 ~0.29479 ~0e2040n
“0.215 -0+15988 032464 =Js} 7400
“0.23043 “0.09504 032455 =0.27%0 .
=0.20504 ~0.10504 ~0.00611 =Del 7427
019332 0.03497% ~0.21M7 “0e24700
~N.22604 0.0295¢ ~N.24391 ~0eR399:
~023549 Ge05465 ~UJe20762 =GN
235786 “0+044177 =0e2d>377 ~0elbD)
=0.20578 005945 -0.233%2 =N 26D 5
Vel Y36 -0.07204 ~Uecdd4n | ~QelGDza
“0.23545 013992 “De25999 =Ne23V03a
PD.25474 -013459 ~0.206958 -De23667
024037 008997 ~QJ.28972 ~0e24355
e 24995 -0.095]1 ~N«22999 0« P0al1
0V.21595 ~0.09494 ~0.21017 =0:24025
-0.22092 -0.03459 ~0.2490z= Q26435
0V.P45¢64 “0.13907 “NPA3K4 “N.P709173
0.23528 LI PR BT P ~5ec 06375 ~0e304%33
“0.2503% =0.]1 6693 «0¢27365 “De2%42%
~0.21045 ~-0.11002 -0.21492 “Ne2503

GE -0.20496 ~0+10938 -0.29716 “0.2791%

511 “0e24467 =0.09491 =0.26807 -0.29364
“0.26956 ~0.07496 ~0.25377 -D«33410
025956 =0.09499 ~0.2237 =N.28916
~0.23092 “0.05995 ~0.25476 ~0.23N10
0.25113 ~0.08457 =0e2b469Y -0.19924%
“0.26512 =0.12957 =0.259562 *Ne31T7En
“0V.26€04 ~0.12969 ~0.27001 «N.31326
“0.¢23594 ~0+14899 -0.22901 = e2b5.3
017535 =0.0847%4 =0.21999 024920
Q21499 ~0.05997 ~0.229]1 5 =N.29997
“0.220¢2 ~0.06998 -0.23892 =0« 309¢ »
0V.21465 -0.03999 =0.24846 -0 31 Wik
~0.22001 0.02996 ~D.23R78 N ¥ A7)
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Page 30 *
nge 3 Continued
Coating 4}
or Alpha Kester Pure No

Package 611 15k Rosin Fux
172207 136945 179572 1428404
2.131 7 172122 2.12915 1.57378
2¢16587 1.95347 2.10458 166683
2.16682 2.05098 2.06021 1+64987
2.0316 2.1954° 213585 1.31B935
150429 1.46522 167192 1.+49052
1.83886 2.05928 2.02635 1.34705
2.02045 2417641 2.0848¢ 1.28358
2.19561 ‘2.0511 2.23085 0.75613
197185 2.14475 2.29954 1.37821
186354 167882 1.83877 1.20045

Styeast 2.02222 2.28041 2.15673 1.66002

285002 2.17935% 2.43394 2.21022 1.45916
2417457 2.2303 2.23578 1.04437
1.93399 187522 2.24128 1.035231
149979 1.4997 150263 1.30513
D.45443 1.767 1491799 1463551
2.339174 1.77066 1.95981 2.78746
2.52407 1.83679 1.95961 1.85327
2.77776 1.70Z243 LeB901E te00y}2
1.60189 1.09391 139223 129994
2.42109 179992 1.65384 157971
239964 176947 2.09345 1.92891
2.29707 194957 2.14212 {94006
2.35377 1.86218 2.19428 1.08323
Ge19016 0416997 011533 ~Dsouol 4
0.20506 ~0.13497 -0.20954 *0.35427
-0.27909 -0+07994 -0.20472 «0.3593°
~0.29381 -0.12999% ~0.19925 ~0.39912
“0.22696 -0.10452 01246 -0.3392
«0.17504 -0«11484 =0e¢19548 «0+33015
015543 “0s1248 ~0¢206064 ~0e38927
0423946 ~0.10952 -0+24048 =0.38876
“0.1992 “D+11439 024575 «“0.36924
0.17441 -0.13418 «0+19559 «0.34428

HAT236 “0+24011 -0.10988 =0.21982 -0+30558
-0.22009 -0+13503 =0.2592 ~ +0.33448
0.22516 «0+11001 ~0.26376 ~0.36387
0421991 -0.134 -0.23898 =0+34906
0+17513 =0.07r 02 ~0.24872 ° ~0.+30419
«0.16514 -0+)"988 =0.2949 ~0+29074
“0+13968 =0.12416 -0+32013 ~0+34483
01498 “0.1193 ~0+31941 ~0+35429
-0.:20953 -0+13935 -0.25207 “0e36871
“0.17949 ~0+12424 -0.25059 «0+33431)
-0.:20008 “0.02497 -~0+23033 «0+30546
“0:27517 -=04D15 ‘- «0e28399 ~0.2641 |
“0+16997 0.0600i -D.28386 «0+36393
«0:27497 0.01999 =0.32321 -0+ 42369

. ~0.255¢ ¢+ | 0.02503 ~0+31339 «0432903
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Table A3 Fage 31
Continued
COQting o h“!
or Alpha Kester Pure Ko
Package 611 15hh Rosin Flux
~Uscudie “Jeodll ~Yezcu4y “QegIdod
“0.27001 ~0.06974 «0.28076 ~0.2594
~)«26531 ~“0.0746% ~D+29569 ~0.23427
~0.24513 =9.97E~-Q3 =0¢26053 ~0.26441
“0.22494 _-0.!7898 =0¢23574 ~0.259224
“0.2>5008 ~J«14999 =0.25992 ~Ge16>33
“0¢24935 =0.109866 -0.289 «“0.20966
“0.24b862 “0.065 “Q«29331 ~0.24925
-* “0.24892 “0e12496 =D.26536 -psi2744l
024936 ~0.13997 ~0+3082 “0.26913
020984 ~0.0901 =0.23509 ~0.220621
225495 0.02459 =0«2001> ~0.203943
Eecosil -0424995 ~0.08468 -0.26993 ~0-30907
) 2986 -0+15945 “0e24012 -0.25892¢
“C.17033 ~01093% (1. 23542 ~0.2941 0
“0.19497 -0.07004 ~0.2051 ~0.25534
D2} 42 =0.01501 =0N.22930 015952
Q27851 ~0+09969 =0.21635 ~0ec b4l S
028378 =0+.0%~003 024550 ~0.29919
“0:+31401 0e0ud0 ~0e¥3651 ~Qenal
010503 Ge0Ta34 “Qe228511 ~0.2304"
-} «20002 -0.02479 “0e2451n -D+25433
-0.15471 ~“0.01492 =0.27504 “0:2743
-0.1802¢ ~0.08%445 =3+25501 ~0.27419
“0¢14511 =Nt 1434 -1)e 22512 02597
Oei29v4 Vel S!S “uetstl} =0e117021
0.109686 Del 7400 -“N.04975 -0.19457
0.11446 0el19952 “0sU 3464 -0.2041
O«.11456 Ol 647t =0+07940 ~0.26414
07975 014009 LT UNETS T Qe ZYilx
005504 02493 =0+03005 -0.20517
0+.094c2 027887 =0.04503 023444
netd oal 007564 UedE17 L=Je0 45 =0e24449
ﬂel;:;:il:gdy V04467 0.33925 =J+04a51 =0.24447
OeGT472 N.26385° ~0.G3004 ~0.25416
0.08004 0.02996 ~-0.03002 -0.2201
0.04002 052497 Q- ! ~0.25491
0.0948% 0.08977 =“4.97E-03 -0.24%14
0.04502 004494 -0.01992 -0.24422
007502 0.06513 -0.01992 ~0.8616
D] €995 0.2102 ~0.02% ~0.20517
0:09973 0.2645 ~0.01 =0l 2460
009945 019431 ~0+H2301 ~J+ 20429
0.04951 009474 =~0:03 =0.25381
007465 Nel24%6 ~1)2 03508 ~Ce2437%4
0:.13005 0135002 Ce230 «De20546
0+20538 Ve27456 Del4cS ) Qe L BT0Y
0422499 0e2147¢ Vet 06202457
0420495 0.23015 D243y D259 462
02149 De2hand 1232371 “0.21074
C-39




¥P 51,978
Pege 32

Percentage Changes of Individual Re
+17 Days at 100 C + 11 Days at 12

Table Ab
‘Mrox Resistors

;lzml After 11 Days at 150°C

Coating .
or A%ptu Keoth:r ge ,;o
Package 1) 15 in ' S
= =0.206 «0+0€5 =0.215 «0. 195
~0.221 «0+055 -0.249 =0.255
-~0.236 ~0.075 «0.269 -0.250
-0.261 «0.094 =P332 «0.290
«0.211 ~0.094 «0:313 «~0.270
-0.185 ~0.130 «0.260 «0. 125
-0.236 «0.125 «0. 305 «“0s174
«0.245 -0+130 =0.308 ~0s164
-0.239 “0.140 ~0e 304 -04169
-0.240" «0.135 =0:315 - =0.149
«0.235 -0.035 =0.255 -0.205
Sylgard ~0.266 -0.104 «0.269 -0.PP0
182 -0.266 <0¢164 -0.303 =0.240
-0.281 -0.199 -0.313 «0.240
-0.256 «0.194 -0¢337 -0.185
-0.161 ~0e095 -0 265 «0e175
-0.215 «0.130 -0+ 305 -0.220
~0.225 «0.17S =0 325 ~0.184
=-0.245 =0.135 =06 320 «0.214
~0.250 -0.135 Qv -8~ ~0.189
-0.200 C.035 -0.215 ~0.250
“0.236 0045 =0.259 =0.240
=-0+256 0.020 «0¢269 -0.275
=0.241 -0.050 -0.269 -0.270
-0.221 -0.NR0 ~0.264 -0.280
-0.196 -0.105 =0.245 =0.205
-0.045 -0.130 «0.265 «0.249
«0.265 -0+135 -0.285 ~0.259
-0.255 -0.125 -0+ 300 -0.268
-0.265 «0.125 «0.250 «0.234
‘00236 '00075 -0-210 '00?40
«0.256 -0.050 -0.249 ~0.274
-0.088 ~0.124 -0:¢269 -0.200
“Ue270 -0e 164 =0.284 ~0e334
«0.275 -0.184 ~0e299 ~0.299
QE -0.200 «0.110 ~0.230 =0+260
S11 “0.215 0115 ~0¢312 . =0.289
«0.255 ~0+095 -0.283 =0.314
-0.295 «0.090 ~0.269 -0.309
-0.275 «0.105 ~0e249 v =0e294
~0.236 -0.055 -0.255 ° -0.235
062718 «0.085 «0.290 =0.249
~0.285 «0+130 «0.275 -0.298
-~0.286 =-0+150 =0. 285 =0.2R8
«0.246 -04169 =0.240 ©0¢313
=0¢195 «0+075 =0.220 ~0.255
«0.230 -0+ 070 ~0.234 ~0.290
«0.255 ~ «0.075 «0e 249 «0.325
“0.260 =0e055 -0.263 =0¢320
-0.25% 0.015 -0s854 -04305
N C-40
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MP 51,978
Tadle AL Poge 33
Continued
Coating Flux

or Alpha Kester Pure Yo

Package 611 15k Rosin Flux
1e767 1394 1+841 1334
2.207 1.761 2.179 1.624
2.231 2.008 2.150 1.792
2.222 2.106 ) 2.105 1.686
2.087 2.240 ° 2. 181 . 1329
1.524 1545 1.737 1.556
1.874 2.134 .24 101 1342
2.055 2.256 2165 1.313
‘ 242590 -2.101 - L P.316 0.745
Stytast 2.017 2:210 2. 384 1.383
285067 1914 1719 1.914 14235
2.09? 2.355 2.221 1.700
2,259 2.508 2.280 1.519
| 2.240 2.295 2.306 0.992
! 1.969 1.925 2.316 1.na%
i 2.023 14555 1.533 1365
: 2,529 1.732 1,978 1650
2,345 1.806 2.010 2.832
2.569 1.872 2. 006 1.8R4
2.847 1.727 14920 10994
1.872 1e115 1e 417 14220
2.511 1.800 1.669 1.575
2.425 1.849 2.118 2.008
2.317 2.019 2.202 1.985
] P.414 1917 £.034 1.982
~0- 185 ~0+165 0. 180 Y PRI 1)
=0.224 -0.150 -0.20S «0.238¢4
~0.269 =0.140 "00?00 =0s379
«0.274 «0.125 -0.20% -0.289
-0.229 ~0+105 ~0.204 -0.31%
~0.160 -0+125 -0+190 -0.325
~0. 189 -04125 -0¢271 -0.379
PP, -0.115 . =06 PhI -0.2399
-0.209 ~0+114 -00 261 -0e404
“0.189 «0.154 -0.221 “0.344
RAT236 -0.225 -G+105 -0.230 ~0.296
-0.220 =0+145 ~0.269 -0.3234
-0.210 -0.120 ~0e274 =04354
“0e. 230 =0 l45 "00254 -0 359
-0. 185 -0.070 «0+269 -0.304
-0. 175 -0.110 «0.290 -0.256
-0.150 «04109 ~0.330 =0+320
=0 ‘60 "0'0?0 -0e334 * ~0s364
“Ne215 -0.154 «0.2917 -0.374
“0+194 -0D¢139 -0.266 -0+ 349
=-0. 180 -0.025 ’00?35 “Ne.310
=0« 305 “0.0P5 .. “0.299 ~0+364
=D+ 195 =-0.040 =0« 309 -0.364
-0. 325 «0.010 -0.343 «0. 409
-0, "80 0.010 -0.328 ~0.309
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g 51,373
&" 3 Table Ab
Continued
Coati Hx

or e Apha Kester T Pure ¥o

Peckage 611 15kb Rosin Flux
- [ 0.180 =0.065 -0.225 =0.220
«0.290 =0.075 =0.296 ~0:254
“0.280 «0.095 =0.311 ~0259
«0.265 =0.030 «0.276 «0.284
~0250 =0.204 -~0.261 ~0.264
~0.205 «0.135 =0.265 «“0.210
«0+209 ~Cs 120 ~0.299 «0.2158
=0« 244 =0.115 «0.294° =0:249
| =0.229 =0.145 | = -0.303 .. =0.279
"=0.4190 =0.150 " =0.308 ~0.289
~0.729 -0.085 «0.245 =0.220
~0.255 =0.080 ~0.295 ~0.279
Eceosi] ~0.265 «0.100 ~0+290 «0.299
-0.265 ~0.169 =0.255 «0314
~0.20% -0.119 =0+255 =N.289
=020 ~0+075 .=0.210 =0.255
~0.249 -0.020 -0.224 -0.265
~0.283 =0.105 ~0.224 ) ~0.294
=0.299 «0.075 ~0.254 0314
=00329 0.025 “0.259 =0, 300
-0.130 2.080 «0+.238 ) «0.23%
~0+205 =0.035 -0.2¢5 ~0.274
=0.185 '60030 -0+290 0274
=0.195 «“0.099 © =04 305 =-0.299
«0.155 ~0.129 «0.260 =N 2F9
0.120 0~0l0 =0+055 '00l8°
0.100 0.020 ~0+065 «0270
04100 0040 -0.070 -0.219
f 0.085 0.005 ~0.079 =0.224
0.080 =0.025 " «0.084 -0+224
0155 0.105 -0.050 =0.190
0+145 0.080 =0.055 «0.234
CelaA C.14? ~0.C50 ~0eC a4
0.109 0.050 =0+060 ~0.244
Hermetically |  0.134 0+010 -0.045 -0.249
0.135 0.020 0.070 =04230
0.130 0.000 0.109 =0.250
0.185 0.070 0.119 =0.254
0125 0.030 0.090 v ~0+269
0160 0.070 0.105 ~0-294
0.200 0.190 0. 055 «0.230
0-!45 00225 0.090 =0.244
0179 0+169 0.095 =0+.244
0.159 0.025 0.080 «0.244
0164 0.105 0095 «0.259
0¢165 0.120 0.220 =023}
0.245 0.250 0.278 ~0¢23S
0.265 0.200 0.279 «0.245
0.280 0.210 0.283 «“0.275
00985 ' 0+ 2495 0.P49 -0.245

C-42
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Table A5

WP 51,978
Page 35

dividual Resiatorsokrter 11 Days at
150°C + 17 Days at 100 C + 76 Days at 125 C

. MR A mea ey B sa - et

Coating ~ 3y
» or Aépha Kel::r Pure Ko
ackags 11 15 Rosin Fux
——aemehe ~uec2l “ded75 ~Ue -—vec s
~Je 984 -8,060 ~@.244 -d.255
~2.246 ~0.,365 ~D.269 =Je 259
~0e.276 -0.0909 ~0.,337 ~B.233
‘0-22' 0.530 '003!8 -0s279
-3.200 ~0.150 -0.270 -0.155
~Pe236 -0.139 -0.305 ~iJe 169
-2.255 ~C.125 -92.315 ~Je 174
. ~0.244 X '°00135 ~0.304 e 174
T ~tie 245 «0.139 -0.325 ~0.159
* Sylgard ~0.245 ~8.045 ~8.270 -0 205
' 182 "0.261 "001”9 '00269 «~D.225
: ~Je261 -0 1059 -3.313 0245
~3.291 ~8.199 -8.333 ~De 281
'{:"261 -9.194 -B.Sll'l ‘an'{)l')
~YelT6 -0.120 -0.285 ~0. 185
"00215 -0.140 '30305 ~0.2108
-3.240 -0, 180 -0.33% «“0e174
00.255 ‘3.145 =0.335 -@.209
| ~0.200 «G. 140 solnboh -G i6S
~Se230 Y UL ~Yed ~l5e 260
-0.236 ) B.045 ~0.234 “@.235
-0.256 ) g.020 -P.254 “Be27TW
-0.251 -8.969 -2.259 “0e260
-I‘).L'.Sl "0.075 "!4‘0?—49 ’002-‘.’:'
3,236 -Beiub ~e2€9 “a235
-2.245 -0.135 ~3.265 - 247
-0 25% -0.129 ~0.299 -0e249
-(,255 D115 ~"+3U5 “Ce2673
-3.260 -H.112 -Be24% -%e214
«3.231 «“Q.U9G -Be225 -e 265
’00331 '00045 ‘00264 «-De264
~de251 -0.139 ~i3e 284 =299
~0e250 3169 -0.284 -0+ 322
GE -3.255 -¥.179 -€.303 ~0.289
n -8.195 -0, 123 -8.235 -0.273
-B4285 =¥ellY “D.297 ~0.274
=4.255 -d.0895 *3.278 =0 304
-0,295 -4,089 ~0.274 ~3.294
-0.280 'Golﬂd -0.239 ~3.279
~0.246 -J. 080 ~B.255 ~0.233
-0.266 -g.098 *3.275 ~0.229
'60290 ,'00130 '30270 ‘9-383
-3.276 ~0.20% «3.275 ~0.274
'@9251 -9.169 -%.230 -%.293
-, 188 +8. 085 ~0.235% (e 265
0,190 ~J3.U55 ~0.229 -0, 285
-%.220 “0e@15 -0.249 «2. 318
-0.22% ~B3.05% -0.268 -0,310
=0.825 ~0.025 =Je 259 =04354 ]
C-43
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Page 36 Table A5
Continued
Coating Flux
Tor Alpha Kester Pure Ko
Package €11 1 Rosin Flux
2944 1.539 2.066 1.539
3.458 1.960 2.479 1.982
3.466 2277 2,400 2.305
3.471 20389 2¢375 1944
3.326 2.533 2,481 1.533
1.630 1.758 1.977 1. 766
2.874 2.419 2.486 . 1.456
2.320 2.571 2469 14473
Stycast - 24540 2.405 20654 - 0.788
2850CT 2,366 © 24524 2.733 1.573
2.164 1,874 2.189 1391
24403 2. 663 2.572 2.0148
2.569 2.826 2.630 1o 763
2.569 2.614 2,641 1106
2.215 2.185 2. 642 1.150
2,368 1.730 1.688 1538
2.923 2.002 2.243 1.924
24609 2.020 2.289 3.131
2.868 2.09!1 2.299 2,187
J.021 1.928 24109 2.332
2.107 1.49¢ 1,582 1.580
2,856 2.034 1.784 1.834
2. 655 2.078 2.319 2,722
2.547 2.288 24442 2,307
2e¢ 749 2.1_21 2. /%0 2.2€6
-8.,199 ~Hel70 D175 -0. 385
~0.214 -0.135 -6 195 ~0s354
'@0269 -0 l35 '0.210 -0 35“
'30279 "ﬂ' 120 '50229 -8 359
~Be22Yy -0.095 =029 -Be.294
«Be175 -0.130 =0.206 -0.33%
«“Q.179 “B.115 «0.256 =0.364
o220 'uollﬂ =@ 25‘ -G 399
-B.199 -@.899 «0.251 -0.384
-0.184 -0.189 ‘@211 -0,334
HATZ36 -0.240 <0115 -0.245 <8.291
=-0.220 -0 125 -0.269 -B.310
-0.205 -0.095 =8.:279 -8.334
-B3.225 -0.125 =0.854 "0-344
-0.190 -P.235 «B.259 -0.314
=B.155% -0.115%5 «0.290 «0.255
-0.130 -0.124 -9.310 -8.320
~0.143 -B.114 ~B.324 ~0.739
'00‘95 '9.‘34 “00297 '00354
~0.184 -B. 124 =-8.26! -0.324
-0,185 -0.230 «B.240 -0.305
~0+255 ~.018 Hdw:pyasa ~9.329
-3.13% -.035 -@.289 -9,334
-0.260 -0.0850 =0.328 -8.379
~0.275 8.01% «9.323 -f3,329
7
C-44
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Table A5 Page 37
Continued
Costing Flux
or Alpha Ketter Pure No °
Package 611 iohh Rosin Flux
~0¢255 ~JevBY ~decdl ~weced
~3.275 -3.075 -9.321 eile 23D
~3.289 -D.0590 ~0.316 ~0e303
~0.265 -83.825 -2.286 “Be 279
~B.240 -2.194 ~P.261 ) ~iJe 264"
-B.220 -0e159 ~3.289 -3.220
~2.249 -d.125 100289 “Beld
~3.239 ~%e 139 0, 499 wy)e 254
. ~8.219 ~0e¢ 160 -5, 333 * «Pe2T
~9.18%5 "=0.169 -2.323 -3.234
-6-243 “”ollg '50255 -5-231
Fecos1l 34255 ~0.075 -8.275 -0.265
-~ 260 -Ne 110 -,28S -Je2%4
~3.260 ~0es179 -e260 =Le 294
~2.210 “Pell4 =iie2SY =0,299
~0.215 ~Y44d95 -Jde225 =De 265
-0.244 -3.010 -4e229 ~4e 255
~@.283 =0.135 o229 ~0e2774%
-0.289 ~0.U75 -D.259 -e29Y
-(.324 Ue 025 ~Cecdy e 3
=5 152 Le065 =lecE> ~Da 139
-0.208 ~we@35 «Ds255 -G 64
~de 190 - 025 ~B.235 -ge 164
«0.2079 -2.084 ~0.399 =Ce224
~(e155 -Je 124 -0 259 ~jel 14
Pell5s velicd W.v315 321 J
BD.199 L6 DD ES el
2.169 . 680 $.065 =De
D.169 DeB4o C.8045 -0.239
0.1%9 ~Bs81b 0.533 -0.234 !
0.520 P.110 P. 140 ~0.215
0.574 0095 0.220 -0.244
9e377 De 159 f@o236 =-0.259
0.561 .06 ve2l5 =J+259
0.533 0.0089 - 0.250 ~0e2€9
B.400 V029 D.440 -7, 250
B.455 ~0e040 Be546 -0.24%
Eormetically 24574 N.485 8.616 -Je 254
Sealed P.479 0.035 $.543 -0 2CY
D.545 D.05S , Be558 -0.299
V515 0.210 Yo 4009 =Q.225
0.558 B.260 0.525 -yY.239
d.572 0.189 0. 6006 -0.234
0553 0.0855 P.530 ~Ue 249
@.542 0.10% d.54] ~B.249
Q.463 Be 14y 2.381 -3.236
0. 629 03390 0.487 ~Je 24
B+ 625 Y230 0.478 -0.2855
B. 655 §.239 D.482 -Je 275
M.685 Ne255 .13 “Je2053
C.45




MP 51,978
Page 38

Table A6
8000 Series Resistors

Percentage Changes of Individual Resistors After Coating (Before Azing)

v—rer

Nux
Coatiang Alpha Kester Pure ¥o :
p Of . 511 1544 Rosin Flux g
~0.015 8.198 0.052 0.9055 }
0.085 .0.030 0.092 P.13! !
2.010 0.045 2.044 8.095 |
0.805 0.174 0.060 0.106
2.200 2.069 0.044 2100 I
0.074 -2.326 2.032 0.085
0.050 2.213 0.040 ¢.045 !
B.243 0.228 0.024 2.065 |
0.250 2.109 0.064 0.030
Sylgard 3.050 0.397 8.076 0.045
182 3.005 0.010 8.032 0.875
2.010 2.679 0.080 04175
9.015 P.213 0.0852 2.115
2.015 2.094 2.052 0.083
0.015 0.163 0.048 0.875
2.005 0.184 2.025 2.050
3.015 2.025 2.045 0.176
2.015 0.361 3.089 2.121
8.025 -0.020 0.020 2.080
3.025 -9.143 2.020 0.129
0.005 0.605 0.028 2.065
0.020 2.035 2.044 0.120
3.310 2.104 0.024 0.092
0.010 B.119 2.044 0.120
3.010 2.000 0.044 0.125
2.03% 2.000 9.040 0.060
0.015% 0.025 2.064 2.095
2.015 9.223 0.236 0.095
2.010 9.208 2.060 2.075
2.010 -0.010 9.080 2.090
P 9.0085 0.357 0.028 8.065
a1 0.000 -3.059 0.088 2.136
: 0.005 0.277 0.036 Q.111
2.005 0.293 2.0856 2.100
2.0085 -0.050 2.064 ,@.125
2.020 0.772 9.824 2.065
2.010 -2.406 2.080 2.140
2.010 0.079 0.052 2.125
0.010 9.352 0.958 2.105
2.410 2.178 N.108 9.18Y
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Page 39
Teble A6
Continmued
Coating Flux

or Alpha Kester ) Pure No

Package 611 1544 Rosin Flux
b =deuus e 14 Vei)32 Je 74
He3AS PR A Y] Vedddy Je 245
Vedl1d Bd.218 Ve 344 e 134
. 'aoVJl'd . Ve 139, dev)ds . Je 15'0
\ 04935 ' -3.012 0+ D64 26173
-Je IS de.178 Ded6) DeisSJ
JeQUJ Bells Je D44 de J95
.09 Del178 Jed24d Je134)
'.5.'.)10 150139 e 376 Je 35
\00-’)&55 00134 Wev)d2 2,131
de e l28 Jed 63 Jde 045
QelJ1d Ve247 JeDS6 Jel2l
Stycast J.005 B.104 Je)S2 de 375
2850GT Dedds Jde lad Je ) 69 e itdi)
D630 Be247 i}e Jd4 Jeti 73
. ﬂov)JS '.)'JI-IS Je 32 ﬂ.,.“GJ
JedAS 3 Je 39 e dBD e2l3
DedBS DedT7 Jeul6 Nel3J
JedAS Ded 74 Jeld6 Je 13
\d.@l@ Yo 3G Y 30@73 Je 15"3
JedlS Be)24 Dol Je D75
I ! Jed2ud Jedb Jed 76 We 155
Yel1H 952 v FY1.10] De Y5
. ded1d Fel 68 D376 Ye 145
JedB15 JeD52 Ve 69 de l€9
b.019 Bed32 D.096 Qe 31
L @215 DedUd 2116 D.120
[~ BeD1I Hei68 . Ze116 Ve l2d
@.M@S vel4y DeDBH @.1&55
] d.020 B.056 Je ldy de125
" HAT236 24009 @.03¢ 8.132 0.055
x B.812 . Bevd72 e l24 fells
¢ ' Je DS delidd Je 120 e 1 65
Ded 1y Jerd6J del51 . Me1}33
I Ao 9 DeABY de 156 Bel4ys
, B.0038 B.044 Ne 135 045
2.010 Jelléb D.132 De 1€5
Dedl5 Jel32 e 124 Weldd
I Ded12 Qe84 Be 124 2el119
) Q013 e 104 De 124 Je 120
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MP 51,978
Page 4O
Table A6
Contimed
Costing Flux

or Alpha Kester Pure KNo
Fackage 611 154y Rosin Flux
Jedlv) JeJ36 Jed92 J.4955

Y925 D.U56 Be246 ge.211
Jed2d Bed76 ge.112 B.17¢€
Je )29 JeB72 d.152 De 166
Jded34 Yed30 - 3302 B.236

Jed1S ded44 D¢ 155 Jed?I5

Eccosil deded 2284 B.124 de240

de 339 De.l123 e 149 Jedls

44325 Jed84 f.112 De 382

Jed29 De 164 Ve 199 D231

(0.‘.525 @oﬂq‘l) Be 12@ 6.135
Je¥25 0.028 @.388 B.276
JedlS PDe1SH Bel12 0e366
deN20 B.064 Q.92 d.236

JeJ3Y D089 G.128 J.201

Jed2d D.136 - Q.072 0.095

de}l S D.344 de 080 B.2091

Jed25 Ved32 BP.072 De231

Jed20 Bedb4y 0.239 de221

Ye)T74 Jeldd Ve l4y) Je 100

DeB79 e )92 O.164 Je211

Jel)34 Deddy Jel36 B.215

DedVY B.096 D.184 D191

Ved94 B.148 Q.184 Je 266

Y« @65 D.068 De140 .10
V.079 B.1204 Q.122 D166
Rergeticelly | w.a74 0.108 8.156 8. 166
JeM65 B.140 B.247 Pelus

V.089 0.208 J.283 d.24)

A.394 2.100 2.124 Q. 145
BeB0b9 2.104 D.2058 d.!86

0.994 f.112 @.136 B.261

Ded69 delle6 2.168 De171

Belly D.144 D.184% Del196

JeD74 3.100 B.120 D. 145

‘ BetdT74 B.l116 @.255% 0.2901
) G369 Q.124 B.192 Y.151
' D.094 B.172 d.272 Ael7d
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Table A7
8000 Series Resistors

Percentage Changes of Individual Resistors After 11 Days at 150°C

Coating A
or Alpha Kester Pure No

Package | 61 154k Rosin Flux
de224 Ve 392 Vegy9 De2r 7
0.233 P.297 ) Je332 0341
d.248 D237 de238 Je2€6
l)-253 00292 60304 @-333
0.254 V.243 Be316 Je 342
De 353 Vel7d De292 de242
Je 312 2.366 . Je235 el
Je278 Nel20 J.296 Ve252

S}'lg&rd Je 327 ) d.372 de 329 Ye372

! 9,253 SIVEL 54304 de336
b.268 Ye341 .313 D331
Je243 We371 B.297 Be291
d.258 Be371 Q.38 We37
de243 De.262 Be266 de 246
Jde«278 Y455 Je296 Je 332
J¢253 0.2177 Pe33i D.326
2.273 0.321 be261 2.312
Je 2958 U343 Je276 54331
Je25Y We283 Vebs Ye286
de.243 D248 Je292 De336
de248 Ve297 0.283 Be346
b.273 2.327 De288 We321
3.264 Se273 Je 394 245160
de273 Be302 Je296 Je256
de254 D406 24323 Be331
Pe253 2.366 Je292 DNe291
de243 P.322 ¥+ 309 D276
Je263 B.47! G344 Q.297
J.253 P.332 . )e296 D.287

GE De243 B.426 9.332 0.351

11 2.253 3.436 2.284 0.337
0.243 0.322 De292 PDe3U1
D263 Jdeq46 D« 336 #.351
2.253 B.344 De.224 D.292
de258 Ved456 Qe324 P.361
B.244 84435 2.308 P.336
J. 238 De411 D.296 2d.326
B.204 2.392 D392 Ae IR E
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Table A7
Continued
Coating Flux
or Alpha Kester Pure No
Package 611 1544 Rosin Flux
Yedde Ve 639 Be9521 B.92%
Je437 0. 658 B.592 1127
Q.452 Je 639 D.536 3.918
Beu22 @.708 B.58% B.253
9.3258 BDeB16 B« 629 0.917
2.407 B.692 De463 De 759
Jdel7 de 795 De543 B.733
Be422 B.771 Bellb .82
0e4a37 Ve743 Ve 609 el
Geli27 D+ 659 B+756 de 763
t Stycast ?.288 @.722 0.408 D743
28500 @e457 @.737 @.420 0.759
i B.412 D.634 24520 Ne 638
: 0.407 Q.663 Q.623 Ue 653
. De3T78 deTd3 Pe.696 De13
‘ Jed67 e 649 D560 ded3%
] De447 2.786 D596 1907
g B.547 De 696 @.863 De830
de 452 B.688 Je 638 B.932
20422 0.672 Do 641 ?.973
9+243 Be357 ?. 351 d.374
Jd«267 0e365 24367 Belas e
Je 254 J¢377 D.384 D.341
Jd«253 0.385 Je 336 Q.446
Jde273 J.393 2.356 d.509
Jde 263 D.293 Je399 Je233
0.263 0.301 D.411 Ge401
de253 B.316 Q.437 0.432
@.243 P.269 B.372 0.391
d.268 0.289 Qed43 0e437
RAT236 2248 0.297 3.148 Be391
De238 Q.332 de4l15 Nell 6
De.228 d.343 de419° Be496
De248 d.333 deygl B.366
0.2538 Y4357 D.451 Ned26
Ye.238 d.300 0.446 Q.359
U.238 Ve360 0.486 Deto1
D.278 Be.432 B8.431 0550
B.253 V.340 @.380 0.401
B4239 Qe 361 D.443 D.441

-850

e S—




prosm:  prew IR

IR S AR N WEN AN W EEm oee R T

= B el — T -, $Z20Z9090909090909090902TTY
MpP §L9ﬂ8
Page U3
Table A7
Continued
Coating ux
or Alpha Kester Pure No
Package 611 15k4 Rosin Flux
Jel278 00374 U0196 UCZZ—)G
6.278 @.293 B.512 Beli22
D.263 P.316 D.394 Je3487
B.273 Be312 e 359 Be377
@03@3 go 3163 ﬂ0565 Do 322
Be263 0.289 PDed4ll Ve 34C€
Eccos1l 0. 268 2.352 34407 Je 641
Je312 @.333 Je 467 Deli32
B.273 Q.eddl 2.514 Jedll
B.297 D.288 De378 He396
Be273 P.261 Be356 JedJ6
Je 2548 Ve 309 U395 Je546
0e248 @301 Q. 355 Dets 37
Y.268 de329 Pe473 WellJT
0.273 Qo401 P.332 D381
Jde248 2.289 D.328 Deli€l
0.263 B.285 0.332 Bed¥7
B.243 2.297 De343 Pe342
Ue278 Be 289 D.423 Ded7
dedil 0e 361 Qe 607 Vel 76 |
D.476 Q405 Q.731 D4617
0.457 2.377 d.628 D« 626
0.509 f.341 d.902 DeS37
9.551 D.433 de 648 Be 797
@.377 d.369 De 679 Gelin 7
Be.422 0.473 De 779 de.627
de4d2 De425 0.823 D517
Be367 D445 1.835 Be527
de.44]) 2.541 2.906 DeS1H
B.416 0.369 . Qe 623 Dels2
B.431 Q.353 DeT784 Ue 612
B.437 Q.417 Q576 e 742
Hermetically 0.387 @.365 d.612 0.572
Sealed 8.511 8457 7608 34553
B.519 B+ 353 VeT783 @ed97
B.472 J.381 b¥.918 de €652
Q.466 2.229 De 760 B.582
B.422 Jde132 Qe 759 Dde547
0.501 0.529 D.799 Deli97
c51
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Table A8
8000 Series Resistors
Percentage Changes of Individual Resistors After 11 Days at 150°¢
+ 9 Days at 100°C .
Coating l’lg_urs_:, |
or Alpha Kester Pure No i
Package 611 1544 Rosin Flux |
! Jde 209 B0.407 Y 0e299 0.252
3 2.224 0.297 ' 0.324 De351
: 2.243 0.292 0.268 0e291
2.233 0.292 0.292 0.332
b Be244 8,248 0.292 34331
i ‘ 0323 - 0361 Q268 - 7.213
s ' de 398 2.366 Be269 0.257
DeH19 0.366 2.261 B.272
. “e288 Q.406 D280 De2b2
i Sylgard Ce308 9.357 9.328 Be247
i 182 B.238 3.322 Be256 Be295
i Je248 0.490 0.292 Be396
D.25H5 2.327 0.293 0e336
¥.233 2.371 0.276 B.291
’ 2253 0.371 0.288 0.312
i ¥e243 0.257 0.256 D.241
! B.258 Be45) : D.286 @.337
Ve24% 2.277 2.330 0.311
! 0263 . B.321 2.241 0.261
. De278 2.331 0.246 D436
: Je238 0283 Ve 264 D266
: 2.238 0.248 P.272 2.316
| 2.243 d.288 042380 2.256
; 0.253 9.312 D.264 Je256
;. 0.253 2.268 3283 0.296
» ; 0.245 2.282 0288 2.276
' 0.248 2.401 0.304 9.316
 GE 2.243 0.352 0.280 2.3C1
b 511 0.228 2.278 2.296 0.286
2.2338 B.456 Q.324 B.2532
l 3.229 2.332 2.260 0.297
0.233 0.436 2.320 0.361
0.229 0.431 0.272. 0.347
A.219 2.323 9.284 0.311
; 0.244 2.436 2.312 0351
: 2.229 2.344 9.212 . 0.297
| ; 2.233 0.466 0.324 2.366
| 2.234 2.406 0.296 2.331
B.228 B.401 9.284 2.311
0.204 Q.401 2.356 Deld1

c.62
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or Alpha Kester Pure No

Package 611 1544 Rosin Flux
0.418 d. 664 0e557 3.9 6v

B.427 0.663 @642 . 1e167

G.407 0.7138 B.637 3.983

#e353 2.821 3. 625 2.917

de 392 @e711 0.579 B.805

Bedl2 2.81% 8. 65! B¢ 753

B.412 B. 736 B.512 3.907

Stycast 0427 3.747 de 664 3.723
28506T B.437 0.673 9.808 3. 734
2.268 0.726 De492 3. 765

0.437 @.752 3.532 B.774

3.397 @.649 2.612 @. 648

Q.407 2.683 3. 668 Qe 668

0. 348 2717 @.708 Be623

Bed67 @. 659 3.612 2.968

3e437 2.796 0. 668 1.067

2.502 3.711 2.959 2.893

G447 0. 688 0. 680 0.917

De412 2.633 2. 685 #.994

De233 De 89 Be 351 0354

2.272 8.296 3.367 Del6l

0.263 2.293 Be382 De361

34253 24297 0.332 B.44a1

0.273 2.313 0. 344 0. 489

8.238 2.309 2.383 2.293

0.253 2.317 B.399 2.386

HAT236 0.233 9.328 2.383 @.427
0.243 2.289 2.360 2.376

@.258 @.305 2.411 Bel42

0.228 2.288 2.088 Bedll

0.233 De324 2.391 Be401

2.228 8.320 0.403 G.461

@.243 2.308 0e462 2.361

@.233 3. 345 d.423 B.421

_ 2.278 8.284 B.450 B.345
: 0.238. 8.352 . Be451 0.496
0.268 0.368 0.427 8.545

0.248 9.332 3.340 0.436

8.239 d.349 @.4l1l Dbl

c-53




Tadle A8
Contimued
[ Coating Flux

! or Alpha Kester Pure Ko
:  Package 611 154k Rosin Flux
i Be253 B.261 0.180 Y4256
¥.253 0.289 De516 Be397
0.253 d.312 2.394 0.417
D243 0.296 0.347 Je332
0.273 d.321 B.569 9.297
de 248 . B.280 D.4927 D.356
D.248 0.300 0.387 D495
., Eccosil 2.253 2.336 3.419 3. 656
! d.283 P.313 J.451 @.517
Je 243 9.381 0.510 Be.a72
: De2K7 D.268 9.375 Pe4ul
i 0.253 B.253 8352 P.506
! 2.243 0.296 n.387 B.566
P.238 0.297 be327 P.442
2.253 0.321 2.379 Q.4l7
P.263 0.397 0.316 D.41!
2238 R.277 D.328 DedB1
Be248 D.269 2.320 B.471
8.233 P.269 D347 B.462
De268 Je«285 D403 De.4€2
Je 46 De369 d.687 0.501
0.501 2.413 2.871 Q. 622
D.427 B.413 Ne739 A.631
0525 @349 1.02% B. 602
D531 0.429 3.791 @.722
0.432 0.393 B.303 Q.472
. Ded481l B.493 9.863 B.647
H D.461 Q.437 2.895 d.522
; 0.427 Q.465 1.210 0.553
P.501 V.573 1.014 0.594
Hermetically 0. 451 @.365 .783 @.492
Sealed 0.476 0.365 .780 0.617
D.471 D.489 P.652 0. 742
B.417 0.357 B.692 D577
0551 0.469 9.683 @.548
2.522 d.353 0.891 0597
V467 Q.42] 1.017 8.652
0.481 0409 2.892 0.572
D432 0.377 B+975 f.562
0.549 D.482
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i Table A9
8000 Series Resistors
l Percentage Changes of Individual Resistors After 11 Days at 1so°c
+ 17 Days at 100°C + 11 Days at 125°C
’ Coating Tlux
f i or Alpha Kester Pure No
Package 611 1544 Rosin Flux
Je2538 Ded46 De 343 Jedde
l 0.273 0.317 ) 0364 2387
! 0.278 0.312 2.313 _ 8.326
r 0.268 2.327 0.324 0e367
ﬂ D293 D.278 2.332 Je387
8367 0.399 0.320 3.277
b 0.347 20386 - ¥e305 d.302
‘ ﬁ, 1.270 0.396 P.289 G.312
s @.323 P.415 2.317 0.287
Sylgard 24337 @382 de352 0332
182 0.283 2.342 0.292 8.355
ﬂ ?.283 2.510 B.328 dedu21
@298 0361 2.317 2.392
0.268 0.381 0.321 2.332
ﬂ 0.2308 9.396 de 320 0.352
0.283 0e292 0301 ¥.321
’ 0.293 2.479 0.336 Q432
ﬁ 2.278 0.322 @.359 9.392
2.298 0.351 0256 2337
9.328 9.350 P.286 Be366
Q.283 0e327 De316 Be331
! 2.273 0277 0.308 24381
0.273 Be312 0.300 2.356
d.283 0337 B.316 6.366
ﬂ 44298 0.302 24329 34342
2.303 0.322 B.328 2.316
0.278 @.421 0.348 2.376
i ‘ %.278 0.366 0.316 d.342
0268 0.307 B.341 3e337
0.288 @.485 B.372 04347
) P.278 0.362 2.300 BGe362
l GE 2.278 2.451 Be364 Q.402
~ 511 3.273 0.466 @.312 0.367
0.273 0.322 0.316 , 9.352
l 0.233 2.461 . 344 0e422
2.283 0.374 0249 0.297
0.263 0.476 B.364 2391
l 0.258 2.430 0.336 2.371
r 0.273 0.436 0.328 . D346
B.238 Q.421 0,396 D.456
C-55
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Table A9
Continued
Fux
Coating
or . Alpha Kester Pure v
Package 611 154k Rosin r
Jellycl 00@94 B.617 Le
B.452 2.783 Qe 659 1.
G.4817 Q.669 0. 624 RE
o447 A.748 0. 665 le
0,398 d.856 2.681 Je
Ve.442 B.771 0.591 Je
g.442 Q.834 D¢ 663 Je
d.427 d.816 B.598 Je
Deudb2 d.792 0. 794 S
b 3,452 2.693 5.871 3
D335 Ae 756 De556 ire
Be477 g.802 Je 5458 Js
Dely2 0.669 Qe 644 s
Be457 0.782 D.723 Ja
Ye433 Q.742 Do 760 Je
2.511 Q.689 0. 644 ‘e
V486 2.330 0734 1.
de546 Q.740 1«95 e
D491 @.732 de.724 e
Je &6 Q. 682 Be 745 i
Be273 0.333 B.387 e
B.302 0.324 De391 S
J.292 Q.329 Nedlb o
.287 G329 0e364 }
Je287 0.361 9.388 e
Jde278 Q.345 Q.411 Je
2233 9.345 0439 S
Je263 2.352 d.419 Do
2.273 B.325 0.372 Qe
A.293 @.345 P.435 Do
HAT236 3268 @.34l d.120 (3o
0.263 P.360 J.431 Je
B.258 B.356 B.431 Det
0.278 2.341 B.481 T
Ne298 3373 P.431 e
B.313 @.324 @.498 De
B.273 D376 d.471 De
#.293 0.396 0,463 Ve
G.283 d.352 B.364 De-
Ae263 9.377 B.451 Jo
C-56
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Table A9
Continued
Coating Flux —
or Alpha Kester Pure No
Package 611 1544 Rosin Flux
Je278 e 325 Ye208 Be296
D273 J.321 @.562 Ve d57
2.283 B.344 D.426 J.467
2.278 f.336 P.387 Det127
D.308 0+353 B.613 ¥.362
‘ 0.278 B.321 des466 J.431
De283 de341 de419 0.545
B.283 De368 Q.441 AeTil
0317 0.357 @483 Je 542
ECCOSil 0'273 @0421 0. 5“6 Be592
D317 0.320 D434 De451
2.283 B.289 3.388 De556
0.273 9.333 B.431 B.616
0.268 9.333 De367 0.497
0.292 0.361 B.427 B.467
2.307 Yed4) Ve 348 d.416
9.258 d.325 D.352 Pe516
0.288 v.321 B.356 B.522
D263 ¥.325 0.399 Bedd2
'0.293 0.329 d.439 Pe5u2
~3.134 0.4717 1.854 Froollyr
~0e397 0.437 B3.883 Eaararac
~de461 de 4N 1.237 Foitirt
-B+452 Del97 2.995 Fr
D526 D.461 2967 DeddI2
Be556 A.529 1.027 P.682
0.546 Q.461} 1.079 D.552
049! De591 1.425 D588
“”g:ﬁig;“’ 8.590 84657 ‘1e162 8.553
~0.818 B.425 0.967 f.582
0.570 0.401 0.896 D.627
0546 d.585 De764 e 767
P.486 D.413 P.319 d.€17
-l.022 B.529 0.833 D+533
-8.535 8.393 1.927 B.532
0.905 0.485 1. 125 Be 692
De 084 Bed6l 1.008 f.612
P.218 Qe441 1.103 P.612
Q. 382 D.633 0.947 D.528
c-57
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:‘ Table ALO

’ 8000 Series Resistors
i

. Percentage Changes of Indiyidual Resistors after 11 Days at 150°¢
| + 17 Days at 100°C + 76 Days at 125°C

| or Alpha Kester Pure No
. Package 611 1544 Rosin Flux
i 9.293 P.471 e 399 Be 392
i -8.601 8.362 P.416 B.462
! 2.338 0.357 9.385 0.397
§ 2.333 2.367 8.392 @.432
: 0.353 9.322 0.401 0.447
: g.412 © §.435 0.373 @.33!
; 0.387 0.440 0.369 9.357
| Sylgard 2.119 Be 440 0.365 - 0.377
| 162 0,367 9.485 9.385 9.357
! 2.392 9.436 9. 400 2.372
: 3.318 8.381 9.361 @.415
| 0.332 0.559 P.392 0.506
| 0.338 B.416 9.389 @.457
; B.347 @.440 9.384 @.418
. 0.323 @.326 8. 346 8.386
| 8.337 8.514 . 84371 0. 482 ]
00323 00361 00427 00417 h
: 9.347 8.411 8.336 @,417
' _0.367 3. 424 0.337 @.447 ‘
v 0,323 . 9,362 0,360 B, 422
l 9.323 9.327 8.372 0.412
f.328 0.372 8.377 0.427
‘ ‘ 0.348 8. 427 0.384 8.442 l
0.348 9.362 0.393 8.437
= 0.338 9.367 @.388 8.402
. 8.323 @.485 0.404 B.462 q
| 0.333 2.441 @.389 0.437 :
' 0.318 0.362 0.409 P.417
@.332 2.535 0.436 2.427 3
GE 0.323 9.407 2.356 P.418
511 9.323 0.495 B.404 2.477
| 8.323 9.520 0.372 - , 9.452
: 9,318 2.392 @.385 0.442 !
: 8.343 0.505 B.416 9.487
’ 2.318 0.428 8.297 . Be4l?
.« 0,323 2.535 0.416 0.492 ;
0.318 8.490 0.392 8.467
8.318 2.491 8.392 @.451
| é 9.308 0.481 04456 0.556 3
?
|
* 1
: c-58
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Table A0
Continued
Coating Flux
or Alpha Kester Pure No
P.ckgsg 611 1544 - Rosin Flux
Je542 Be 783 N Ve 653 le 120
2536 0.806 8. 740 1.323
0.586 2.778 0.564 1.104
9.531 0.847 9: 685 1,195
C.482 0.940 0.769 1.128
0.512 Be841 0.272 @.935
0.521 0.928 Ge371 B.874
0.516 @.924 9.304 1.663
gggiﬁf 3.557 ¢.886 @.756 0.874
2.516 0.802 0.931 0.979
2.353 B.B45 @.432 0.914
?.561 0.866 0.284 2.929
9.531 0.763 8.504 0.804
0.541 2.806 Be776 2.823
0.477 G.831 0.868 0.7174
0591 0.838 0. 700 1.0¢8
, G.561 0.949 0. 680 1.234
g De641 0.865 1,839 1.879
: 0.576 2.856 2. 784 1.193
8551 Qe 643 0.825 1,178
v 0.307 Q.385 Ved31 Be 449
0.317 2.389 Ged4l B.566
0.322 2.393 J.448 3. 456
2.317 0,393 0e420 B.536
0337 @.409 Gedl6 0.568
0.303 24405 @.439 3.374
0.302 @.409 B.474 0.491
0.293 0.420 0.463 0.497
HAT236 2.303 9.393 0. 440 8.477
0.322 0.397 D455 2.512
9.303 2.351 8.124 8.521
0.303 P.416 0.455 B.531
0.298 B.412 0.471 @.561
0.318 B.417 3.505 0.451
9.308 0.441 0e467 8501l
Be352 3.381 0.530 B.456
9- 323 0.433 B.494 0.58%
9.332 2,444 D507 0. 665
0.323 0.420 @.350 0517
6.318 2.433 8.47! Ge516
C-69
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Table A10
Continued
)
Coating Ay
or Alpha Kester Pure No
Package 611 154k Roain Flux
d 0327 8.361 9.224 Ge367
: @.327 @.381 0.612 2527
0.332 2.417 2.486 B.552
L 2.332 P.401 0.427 2.517
) 0.352 8.417 B¢ 692 @.433
\ g.322 3. 385 9.502 B.471
2.333 2.397 0.474 8. 635
0.332 B 440 8.519 2.816
. 0367 0.417 8.543 2. 623
ccosil 0.328 8,493 2. 682 2.597
8.352 2.393 0.618 8.536
2.332 0,353 0.451 8. 647
8.317 2.393 9.483 2. 726
9.312 8. 405 2.439 8.597
0.332 0.433 8.487 0.552
8.337 8.497 0.408 9,497
2.317 8.385 B.420 Be 602
0.328 0.385 8.416 2.612
0.322 8.397 0.439 0.582
0.342 8.389 0,498 _8.587
"240 265 00 533 i 50 653 M“
=34.585 9. 602 -21.331 -CEr-Y VY
-29.573 0.553 11,472 CR-TYY
=36.746 g.501 -20.132 . a4 a
-33.123 0.593 «13.136 ~“Srope
'0091@ 00585 “8.@62 00572 )
0.446 8. 721 «9.417 @. 773
0.595 0.670 -10.340 B. 648
r 8.585 2. 677 -15.785 8. 683
Hermetically 3.501 2.613 -13.132 @. 654
‘ 8Bealed 4,967 0.497 ~5.451 04597
-3.874 0.493 44277 B.762
-1.836 P.718 -3.527 ° 3.907
-GQ397 00513 '50113 ﬂo 728
«6:542 Q. 650 -4.900 @e 689
-21.728 0.513 1.470 0.592
; «17.646 B.641 1.488 8.778
-21.056 B.686 1.432 8. 722
-19.369 0.594 1.510 2.718
~19.064 2.814 1.318 9.623
c-80
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TABLE A10

STABILITY OF DUPONT BIROX AND 8000 SERIES RESISTORS

P

—v—

o PR PR e e

P en—

oy

M Ta el o

COATED WITH DOV CORNING DC3140

PERCENTAGE CHANGES FOR:

BIROX BIROX 8000 SERIES |8000 SEXIES
COATED WITH CONTROLS COATED WITH CONTROLS
CONDITION DC3140 DC3140 .
0.010 0.011 0.113 0.000C
0.002 0.026 0.051 -0-217
-0.080 0.000 0.074 0.048
After -0.025 0.012 -0.043 04040
Coating 0.179 0.018 0.044 0.051
0017 0.014 0.035 0.007
(Wo Thermal 0.012 0.013 0.057 ~04552
Aging) -0.053 -0.020 0.017 0.00%
-0.033 -0.024 0.032 0.024
0.002 0.015 ~-0.020 0.016
'00007 0-017 '00011 0o009
0.004 0.027 ~0+035 0.0083
-0.025 6.015 ~0.007 0.016
-0.031 0.021 0.000 0.012
«0.066 -0.006 0.004 0.012
'00013 -0-028 ’0-012 00017
0000 0.008 ~-0+035 0.004
'00122 00012 00007 00008
’ -0.388 0.007 -0.008 0.000
-0.150 ~0.004 ~0.004 0.008
-0.021 -0.032 ~0.009 0.007
0.038 -0.042 «0.021 -0.233
-0.110 0.015 ~0.022 0.012
‘00 353 *0~021 "00003 00000
-0.125 «0.004 ~0.004 0.004
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STARILITY OF DUPJONT BRIROZ AYD 3000 SERIES RESISTORS

TABLE A1l

CHATED WITH DOw COKJYINE DC3140

PERCEMTAGE CHAJGES FUKS

PIROX BILOX | 3000 SERIES | 8000 Sexlis
COATED WITH CONTKOLS COATED WITH COATROLS
CHIDITIVI DC3140 DC3140 .
0017 0.001 0305 0089
3 0.000. 0.015 0.205 00161
0+035° 0.000 0.192 0.097
0.005 ~0.006€ 04107 0194
0.030 -0.006 0095 0¢1%3
Ge027 0.000 0.105 0.104
After 0.031 0.021 0155 0.159
2k Hrs. 0.00 0.020 04137 0050
.\8 0.000 0017 0.139 0elSl
125°C 0.011 =0.015 0.118 0.128
0.017 0.000 0.052 0.061
0.016 0.013 0.049 0096
~0.025 0.004 0.051 0e123
-0.018 0.007 04056 0.008
00000 "00014 00064 00105
0e017 0.003 0.067 0104
0.015 0.008 0.063 0.093
=0.006 0.004 0.073 0.085
'00007 00000 00060 00034
0002 0000 0.060 0.093
-0.013 «0.008 0.064 0.092
04057 0.000 0.076 0084
-0.012 0.008 0.036 0.093
~04015 -0.002 0.060 0.093
0.000 0.000 0064 0.085
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STABILITY OF DUPONT BIROX AND 8000 SERIES RESISTORS

TABLE Al2

COATED WITH DOU CORNING DC3140

MP 51,978
Page 55

ENTAGE CHANGES FOR:

PERCI
BIROX BIROX .8000 SERIES | 8000 SERIES
COATED VITH CONTROLS COATED VWITH COJTROLS
CONDITION DC31 40 DC3140 ]
0.017 0.000 0,607 Qel 4
. 0.012 0.015 0. 451 0.184
0.035 0.000 0.383 0.240
0.000 -0.,008 0.245 0« 340
0.030 ~0.006 00199 04256
0.027 ~0.001 0.230 0ol 7!
0.031] 0.017 0.322 0.33«
0.000 0.012 0+2%6 0ei 6
After -0.008 ~0.021 0.21¢ 0.219
7 Days 0.008 «0.021 0.397 0215
At 0.013 ~0.002 04180 0.076
1250c 0.008 0.009 0190 0136
-0.030 G.000 0¢139 0135
‘00018 00007 00149 00132
0.003 ~0.018 0.149 0.127
0.017 0.003 0.224 04153
0.011 0.004 0.267 0.129
-0.013 0.004 0.176 0.129
-0.014 ~0.004 0.125 0.133
0-002 "00004 0-153 00133
0.006 ~0.008 0.207 0.151
0.069 0.005 0.250 0.133
‘0-004 00008 0-116 00125
«0.004 Ge002 0.132 0.137
=0.010 0.004 0+148 04117
63
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TABLE A3

cualed wilv J0w CURNING 0C3140

A

pIxOX AN RON0 SERIES KESISTORS

PE~CENTAGE CHANGES FOK:

BIRGOX BIROX RNOND. SERIES RON Y SkeTwn

CUATED WITH CONTROLS CUATED WITH CONTROLS
CunlTIun DC31 40 DC3t an .
0.040 NDeDla 0396 Ne201
0.032 0.037 0+316 . 0.291
0050 0.000 0.NK8 ' 0.263
0«01H 0.008 0134 ND«3R3
0«30 0.006 Nel47 0e2AN
After D053 -0.063 O«¢19> NelY
NeQOR 0.038 Ne?1 Y 0.334
14 Days 0023 0.033 0.164 195
at N.016 -0.007 0139 N+255
125% 0.032 -0+712 N2%7 0.259
0.040 0.013 NeNT4 0.104
0.03% 0+031 N.099 0.172
~1)e015 0018 0+139 0.095
0.000 0.025 0el125 0+171
N.028 -0.006 0.1t Al D151
0.044 0015 0.045 0.190
N.04atl 0.024 0.04Y 0+165
0006 0.025 Oe146 N.165
0.007 0.N2H 0076 Na169
0025 D014 Ne121 Nel69
0.315 0000 06132 0.187
0-086 NG5 NellB 06173
Ne0N4 N.N39 0+058 Ne161
0.004 0.010 0+060 N.18]
0.010 0.016 0116 0.157
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TABLE Al1b

STABILITY OF DUPONT BIROX AND 8000 SERIES RESISTORS
COATED WITH DOV COANING DC3140

PERCENTAGE CHANGES FOR: o
BIROX BIROX 8000 SERIES | 800@ SERIE:
COATED WITH CONTROLS COATED WITH CONTROLS |
CONDITION DC3148 DC3140 ;
) 0.0400 G.8322 8.4184 @.2453
0.0341 0.0549 B.3125 0.2612 |
; 0.0550 0.0220 ! B.2507 0.2831
! ¢.0200 P.£220 © 0.0948 @.3991 |
| -2.0081 3.0200 ' @.1748 0.2679 .
| i 0.0532 -0.0485 I @.2203 .2451
! After 0.08579 0.08716 | @.2052 | 043229
! 2.0302 2.0650 ' 0.1868 i 0.2318 |
! 28 Days 0.0247 8.0195 | @8.1904 | 0.2872
| at 0.9296 2.0169 0.2436 ! 0.2992
, o . 0.8365 0.0426 . 0.0987 ! @.1502 !
| 1257C | 0.0310 3.6669 | @.1198 ' 8.2198
; . =0.0100 0.2539 © B.l612 ' 0.1233
| 8.0000 0.0565 | 0.1448 2.2153
, . 8.0219 0.0219 | 0.1691 2.1752
| . @.0436 8.0413 . D.0683 0.2256
- 0.0128 0.0534 ! @.1830 0.1972
T 00144 | @.046! 0.0965 8.2132
. 8.08212 i\ 0.2434 L 841529 2.2132
, | 2.0147 0.0162 i @.1556 : 8.2243
' ! 0.0837 2.0274 0.1318 - 2.2132
0.0079 9.0541 8.0796 9.2012
! 0.0110 0.0273 8.0919 0.2173
i 0.0193 8.0358 8.1478 " 0.1976
C-65




MP 51,973
Page S8

STABILITY OF DUPONT BIROX AND 8006 SERIES RESISTORS

TABLE Al5

COATED VWITH DOW CORNING DC3140

PERCENTAGE CHANGES FORS

BIROX BIROX 8000 SERIES | 8000 SERIES
COATED WITH CONTROLS COATED WITH CONTROLS
CONDITION DC3140 DC3140
9.0333 «0.0519 9.4751 0.3047
. 0.0244 -0.1428 0.3788 P.4313
8.0500 0.0000 P.3441 0.3167
0.0159 ~9.0921 9.0988 9.4860
-2.0439 -0.0021 9.2304 8.3624
0.0466 -0.0300 B.2681 9.3120
0.0540 -0.1684 8.2841 8.5645
After 0.0227 -0.1626 8.2341 0.2917
64 Days 9.0165 «0.0752 0.2738 0.3268
2.0211 -0.0843 2.2790 6.3389
at 2.2332 -2.0600 8.1289 8.1836
125°C 0.0233 -0.1829 3.1480 2.2438
~3.0250 -0.1563 8.1978 0.0953
«0.006!1 ~d¢1448 8.1730 0.2392
0.0162 «0.8997 0.1973 8.1911
8.0393 -9.0531 8.1015 9.2312
8.0186 -2.1662 9.1053 9.2293
0.0064 -B.1765 0.2416 9.2414
0.0072 -0.1524 0.1246 0.2292
8.2154 -2.1591 @.1851 0.2373
009126 '09243 001824 50213l
2.0789 -0.0713 8.1734 0.2291
2.0079 -2.3398 8.0941 0.2253
0.0074 «0.0799 0.1199 2.2495
0.0096 -0.0896 0.1758 0.2177
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STABILITY OF DUPONT BIRGX AND 8000 SERIES RESISTORS

TABLE A6

COATED WITH DOV CORNING DC3140

PERCENTAGE CHANGRC FORS

BIROX BIR3X . |8000 SERIES 8000 SFHRIES |
COATED WITH CONTROLS COATED WITH CONTROLS
CONDITION DC3140 DC314n
-0 1066 -0.0519 Ne 4342 NePRQ9
«0.07067 «-0.14278 0.3030 0.4712
0.0300 0.0000 0¢3269 Ne215%2
-0+ 0050 ~0Ne0921 -0« 0553 Ne2754
0.0150 ~0.0941 (e N735 0e”324
-0« 0899 -0.0599 Ne 1405 Ne®971
-0.1119 -0.1684 0.2171% NeS5745
After =0eu151 -0e 1606 0s 154% NeR57
76 Days =0 0247 -0.0766 0¢1508 Ne19123
at -0.0612 -0.0843 Ne 1650 01954
° "00‘096. “D.0616 0. 1216 Ne 1P 4P
125°C =0¢1397 -N«1873 0. 148N N.N21°
-0 0400 ~0e.160N0 -0« 1538 -N.NAK3IS
=0.0307 “0a) &R D« DNNO Ne D37
"00023‘ “00'017 O.anl 0-039‘2
-0.1484 - =0« 0545 Ne 1NS56 Ne 146N7
=0.1378 «01701 Ne 1263 DeNTHA4
-0.0192 -N. 1806 =N« 1731R NeN70 4
-0« 0215 =0+ 1595 =N« NP2 NeNTAYL
«0«NKIS -N.s 1591 Ne N2} NeMQT R
'000735 -0-')324 001670 0-151"'
-0.0191 -0,0713 N. 18023 N.NCNY
-0.0118 -0:3476 =Ne?534 Ne NRE 2
-0.0074 -0.081R8 -0e 0559 NeNSEAS
-0+ 0289 ~0. 0941 «0. 0040 NeN64LD
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TABLE Al17

STABILITY OF DUPONT BIR@X AND 8000 SERIES RESISTORS
COATED WITH DOW CORNING DC3140

PERCENTAGE CHANGES FOR:
; BIROX BIRGX 8000 S 8000 SERIES
: COATED WITH CONTROLS CGATED WITH CONTROLS
! CONDITION DC3140 DC3140

0+0367 ~0.0450 045736 0.3386

040397 -0.+1431 0+4590 003750

0.0547 ~0.0203 0.+ 4041 0.2853

0.0148 -0.0873 0.1126 0.5275

0.0718 ~0+0873 0.2646 0.4116

0+0499 -0.0163 0.3017 043309

0.0479 ~0.1680 0.3453 0. 6483
0.0201 -0+1634 0.2829 0.3183
f 0.0174 ~0.0625 0.3396 0.3451 !
After 0.0342 -0.0717 0.3281 0.3572
95 Days 00332 -0+0475 0.1818 0.2207 |
0+0248 ~0+1896 0.1781 0.2582 |
At -0.0153 «0.1571 0.1934 0.0857 '
125%¢ =0.0036 -0.1462 0+1959 0.2616
0.0313 -0.0912 0.2122 0.2095 |
0.0323 -0+0436 0+1643 0.2426 .
0.0186 “0+1717 0.156% 0.2482
0.0108 “0¢1769 0.2152 0.2402
0.0027 ~0.1574 0.1476 0.2441

0.0244 -01598 0.2000 0.2602

0.0128 -0.0403 0.2294 0e245]
0.0861 -0.0772 0.1954 0.2440 '

0.0068 -0.3885 0.0825 0.2362

! 0+0111 «0.0859 0.1383 0.2483
j «0+0018 ] “0+0916 0.2021 0.2286 .
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Appendix D

ADHESIVE BONDING, CURING AND INSULATION
OF THE UpSTAGE AIRFRAME

MDAC Report MP 51,564 (M, C, St. Cyr), Adhesive Bonding
of Heat shield Insulation of Aluminum Substructure,
13 May 1970,

MDAC Report MP 51,736 (S. E. Gordon, et al.), Thermal
Analysis of Refrasil Phenolic Prepreg and AF31 Nitrile
Adhesive for UpSTAGE, 11 March 1970,

MDAC Report MP 51, 731 (R. W, Hunter), 300°F Cure Studies
of C-100-96/DP 24-2 Prepreg and AF31 Film Adhesive for
UpSTAGE, 22 April 1970,

MDAC Report MP 51,732 (F, B. Jones), Plasma Jet Specimen
Preparation, 23 April 1970,

MDAC Report MP 51, 741 (G, D, Shepherd), Bonding Refrasil
Phenolic to Aluminum Using HT-424 Adhesive for UpSTAGE,
21 April 1970,
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MISSILE & SPACE SYSTEMS NIVISION
i’“@- DOUGLAS AIRCRAFT COMPAN ', INC.
1 i-m- ;ev. ven MATERIAL & PROCESS ENGINEERING
LABORATORY REPORT CATALOG NO. PDL 104376
} i semaL wo. __ MP 51,564
DATE 13 May 1970
; TME  ADHESIVE BONDING UF HFAT SHIELD ASSIGNED TO M+ C. St. Cyr, A-265

INSULATION TO ALUMINUM CUBSTRUCTURE

1. MATERIALS

-

1.1 Vendor - 2M Company
St. Paul, Minnesota

v

1.1.1 EC-3515, B/A Polyurethane Achesive
B~tch 23M3C, DPM 3396

1.J.2 EC-3901, Silane Primer
Batch 32K8P, DPM 3688

1.1.3 EC-2216, B/A Flexible Epoxy Adhesive Paste
Bntch 22K8C, DPM 3279

1.1.4 AF-31 Nitrile Phenolic Film Adhesive
Batch 22H, DPM 3915

1.1.5 EC-1459, Nitrile Phenolic Primer
Batch 5B8P, DPM 2131

1.1.6 AF-126-2, Epoxy Nitrile Adhecive Film
B«tch 905, DPM 38LL

1.1.T EC-2320, Epoxy Nitrile Primer
Bateh 15MTC, DPM 3842

1.2 Vendor - Bloomingdale Department, American Cyanam’d Co.
Havre de Grace, Maryland

WS NN WM MW e P g e TR R e

\ 1.2,1 FM-122-5, Epox, Nitrile Adhesive Film
Batch B-204

1.2.2 BR-123, Epoxy Nitrile Primer
Batch L-15

1.3 C-100-96 Refrasil/DP 24-2 Phenolic Resin Prepreg, Batch 09806
Ferro Corp/Cordo Div., Culver City, California

Note: Candidate adhesives were selected on the basis of (1) a short
duration glueline temperature exposure of 93° to 140°C (200° to

300°F) and (2) a non-outgassing material during the required
elevated temperature cusing cycle.

D-1




4

MP 51, 56k
Page 2

2. OBJECT

2.1

2.2

2.3

2oh
3.
3.1

302

To develop and evaluate a method for eimultaneously bonding and curing a
Berrasil/phenolic prepreg to an aluminum substructure.

To determine the compatibility of selected adhesive eysteme with the
Refrasil/phenolic prepreg.

To evaluate Joining techniques for ease of fabrication, bond integrity
and aerodynamic smoothness.

To determine the integrity of the bond by nondestructive inspection.

PROCEDURE

Bonding of Retrasil/?henolic Prepreg to Aluminum Plates

The candidate adhesives were used to bond C-100-96 Refrasil/DP 24-2 Phenolic
prepreg to 6"w6"x0.250", 2024 T-3 clad aluminum plates. The sluminum plates
vere prepared for bonding by etching in a solution of sulfuric acid-sodium
dichromate for 20 minutes at 66°C (150°F) per the procedure outlined in

DPS 30,000, Type I, Rev. K. The faying surfaces of the cleaned aluminum
plates were brush coated with primer, where applicable, and the primer cured
per tue recommendations of the manufacturer. Subsequently, the adhesive

vac placed (film) or trowelled (paste) onto the sluminum faying surface,

the prepreg positioned on the adhesive and the assembly taped into position.

The assembly was bagged and a vacuum of 28 inches Hg, minimum, applied.
Vacuum bagged specimens were then cured for 3 hours at 143°C (300°F) in the
eutoclave under 50 psig pressure and cooled to 66°C (150°F) before the
pressure wvas removed. The above cure cycle was used for all subsequent
bonding operations regardiess of the type of adhesive eystem utilized. The
adhesive systems uced were as follows:

Film Adhesive/Primer Paste Adhesive/Primer

AP-31/EC-1459 EC-3515/EC-3901
AF-126-2/EC-2320 EC-2216/None
F4-123-5/BR-123

#M-123-T/BR-123

Table I showe the thickness of cured Refrasil when bonded to aluminum.

Bonding of Prepreg to Aluminum Cylinders

Subscale circular aluminum cylinders, approximately 6 inches in diameter,
vere covered with insulation and cured uesing the four moet promising of the

D-2
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MP 51,56k
Page 3

above adhesive systeme. Cylinders vwere fabricated using a butt-splice
and a single overlap joint for each adhesive used. A layer of 5/8 inch
thick silicone rubber foam was inserted between the vacuum bag and bleeder
cloth to alleviate ridges on the surface of the heat shield due to excess
resin bleed out and bagging creases. Figure 1 depicts the bagging method
used to minimize surface imperfections on the insulation. Figure 2 shows
cylinders that were cured with and without the silicone rubber foam pad in
the febrication lay-up.

Bonding of Prepreg to an Aluminum Elliptical Cylinder

An aluminum elliptical cylinder, T1 inches in circumference, was insulated
with the prepreg using AF-31 adhesive film as described in 3.2 above.

Note: The Refrasil/phenolic prepreg had a flow of 10.7%, a resin
golids content of 28.8% and 5.9% volatiles and was used in
the as-received condition.

Yon-destructive Testing

All of the adhesively bonded UpSTAGE test cylinders were nondestructively
tested for voids in the adhesive bond line using the immersion ultrasonic
through-transmission technique. The basic operational set-up is shown in
Figure 3.

Ultrasonic Through-transmission Procedure -

The entire specimen vas immersed in water which acted as a coupling
medium. The ultrasonic waves generated by the transmitting transducer
passed through the adhesively bonded cylinder and were deiected by the
receiving transducer. Changes in the strength of the received signal
were attributed to changes in the attenuation because of the presence
of defects in the adhesively bonded ¢; ! 'nder.

A void in the adhesive is highly attenuating. To obtain a map of the

scan, the transducers were moved back and forth perallel to the axis of

the cylinder. After each pass, the cylinder was rotated a small increment.
In this manner the whole surface was covered. The record consists of a
series of lines, one for each pass of the transducers. The record was
arranged so that a line was written only for signals above a certain pre-set
level. Thus, those regions which show the greatest attenuation because of
voids appeared as light areas in the record. This type of record is

celled a C-scan map.

A typical C-scan map revealing voids is shown in Figure 4. The light areas
represent the more highiy attenuating voids. The long void shown across the
top of the map is duye to the air trapped between the aluminum and tepe which
vag applied to keep the cylinder from slipping on the rollers. A typical
C-scan map of an adhesively bonded cylinder without voids is shown in

Figure 5.

D3
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h. RESULTS

k.1 A large scale elliptical cylinder was insulated and bonded with Refrasil/
phenolic using a nitrile phenolic adhesive (AF-31). See Figure 6.

4.2 The epoxy and phenolic adhesives used in this work were compatible with the
Refrasil prepreg. The urethane adhesive was incompatible with the Refrasil

insulation.

4.3 The AF-31 cylinders were bonded void free as determined by ultrasonic through-

transmiseion technique. See Figure 5.

b4 The thickness of the cured Refrasil when bonded to aluminum is shown in Table I.

In all combinations checked, the total insulation thickness (cured Refrasil
and adhesive) is less than the total thickness of the uncured Refrasil plus
the uncured adhesive,

5. SIGNIFICANCE OF DATA

9.1 A process was developed for fabricating heat shield prepreg materiale to
. €lliptical cylindrical sections that produced an aerodynamically smooth
insulation surface. :

6. REFERENCES

S0  3859-6320
EWO 11069
SA 701k

W C. H L,

M. C. St.gayr

Non-Metallics erials Properties
Materiale & Methods -

Research & Engineering

J .
F. P. Chiavetta, Section Chief
Non-Metallice Materials Properties

Materials & Methods -
Research & Engineering

MCStCirtt
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Table I

Thickness Cured Refrasil

(inches)

Bonded to Aluminum

Refrasil

Total Thickneses of

Adhesive Bonded and Cured
Mo (Uncured) (Uncured) (excluding the aetel)
EC-3515 * 057 .0563
AF-31 .009 .055 .0510
EC-2216 * 055 L0517
Ar-laé-é 015 .053 .0563
FM-123-5 011 .055 .0569
FM-123-7 .011 053 .0563

* Paste adhesives applied manually.
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Figure D-1. Fabricau.a {echnique for Bonding Insulation
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Figure D-2. Bonded insulation Fabricated With and Without Silicone Foam Rubber
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Figure D-3. Uttrasonic Through-Transmission Schematic
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' Figure D-8. Ellipticel Cylinder, Insulation Bonded with AF-31 Adhesive
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FORM 37-00 (REV. 1-6D)

MISSILE & SPACE SYSTEMS DIVISION
DOUGLAS AIRCRAFT COMPANY, INC.

MATERIAL & PROCESS ENGINEERING

LABORATORY REPORT .0\ o o por. 104183
SEMAL M0, MP 51,736

r’_

DATE 3-11-70
TME THERMAL ANALYSIS OF REFRASIL ASSIGNED T0 S+ E. Gordon, A-255 ‘_

1.

2.

PHENOLIC PREPREG AND AF31 RITRIIE
ADHESIVE FOR UpSTAGE

MATERIALS

1.1

€-100-96 Refrasil/DP-24-2 Phenolic Resin
Prepreg, Lot No. 9806

Vendor Material Designation, WB 2262/96
Ferro-Cordo Corp., Culver City, Calif.

1.2 AF31 Film Adhesive, Batch No. 22H

DPM 3915, STM 0030-03

3-M Company, St. Paul, Minnesota

OBJECT

To perform Thermogravimetric Analysis (TGA) and
Thermomechanical Analysis (TMA), to determine
the effect of temperature on Refrasil Prepreg
and AF31 Adhesive to be used for UpSTAGE heat
shield insulation.

PROCEDURES

3.1

5.2

Prepreg Physical Property Tests

Incoming quality control tests to determine percent resin flow, volatiles
and resin solids on the C-100-96 Refresil/DP-24-2 were conducted per

MRD 11247171-Cloth, Impregnated-High Silica Phenolic, Heavy-Weight.

For results see Teble 1 (Prepreg Physical Properties).

Curing of Single Ply Prepreg and Single Layer Adhesive

One 6" x 6" ply of C-100-96 Refrasil/DP-24-2 phenolic resin prepreg
and one 6" x 6" layer of AF31 film adhesive were individually placed on
a .125" thick aluminum caul-plate using polytetrafluoroethylene as a
release film, A 28-gauge iron-constantau thermocouple was inserted
between the single ply of Refrasil and the release film, one-inch from
one corner, to monitor part temperature. The specimen was vacuum-bagged
and placed in an autoclave at ambient temperature. The autoclave was
purged and then pressurized with nitrogen to 50 psig. The autoclave
controllers were ther set to give a 300°F part temperature. After three
" surs holding time at 300° + 5°F, the temperature controllers were turned
off and the part cooled to ambient while maintaining pressure.
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th

Thermogravimetric Analysis

The TGA's of AF31 adhesive in argon and Refrasil phenolic prepreg
in argon and air were performed on a DuPont Model 950 Thermo-
gravimetric Analyzer. A Cahn Mark II Time Derivative Computer
was used, along with a Mosley Model 700lA X-Y Recorder, to obtain
the first derivative of the TGA Thermogram. This mixed system
has the capability of producing both the normal TGA curve of %
weight loss vs. temperature, and the first derivative of the weight
loss (or rate of weight loss) vs. temperature, simultaneously.
Thus, a peak on the derivative TGA corresponds to the point of
maximum slope on the normal curve. The derivative of the TGA
Thermcgram megnifies changes in the weight loss curve which are
easily overlooked in the conventional mode.

Thermomechanical Analysis (TMA)

The TMA's of AF31 adhesive and Refrasil prepreg were performed in
argon using a DuPont Model 940 Thermomechanical Analyzer. The
Cahn Mark II and Mosley TOOlA were used to obtain first derivative
of the dimensional change vs. temperature.

RESULTS

4.1

h.2

ho}

boh

The TGA's 1088 and 1094 of AF31 show that two small weight losses
occur in the temperature ranges of 75-175°C (167-347°F) and 200-
290°C (392-554°F). A very rapid weight loss in argon begins at
about 340°C (6LL°F).

The TMA's 736 of AF31 show continual shrinking with increasing
temperature; however, the rate is not constant. Beginning at

about 150°C (302°F) and continuing to 240°C (464°F) there is a
noticeable increase in the rate of shrinkage. During decomposition
the material undergoes considerable shrinkage.

The TGA's 1093 of DP-24-2 in argon show a large weight loss starting
at 390°C (734°F). The TGA's 1090 of DP-24-2 in air show a large
weight loss starting at 330°C (626°F).

In both air and argon the phenolic shows a weight loss between 200-
300°C (392-572°F).

The TMA's 735A, 727 and 737 in argon of DP-24-2 show a softening
between 150-250°C (302-482°F). Beginning at 390°C (734°F) rapid
contractions and expansions take place, due to bubbling of the
phenolic.

SIGNIFICANCE OF DATA

5.1

The AF31 in the temperature range of 75-240°C (167-464°F) shrinks
while evolving water in the gas phase due to further curing. At
340°C (644°F) total decomposition of the material begins with rapid

gas evolution, size decﬁfase, and charring.
D-1
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5.2 The DP-24-2, with a 60°C (140°F) lower oxidation temperature than
inert gas decomposition temperature, burns before it can char.
The material also undergoes further curing with gas-phase water
evolution in the temperature range of 150-300°C (302-5T72°F).

6. REFERENCES

S.0. 3859-6320

EWO 11069

S.A. 7014

Case Sheet 90327

TGA Run No. 1088, 1090, 1093, 1094

™A Run No. 727, T35A, T36, T37

TR 9940, puge 15; TR 9940, page 46 "Prepreg Physicrl Properties”
TR 12071, pages 2-T, "Cure of Materials".

Sy 5

S. E. Gordon
Analytical Chemistry Section

HH,

H. H. Spieth, Sedfion Chief
Analytical Chemistry
Materials & Methods -
Research & Engineering
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3.2.1 Specimen Preparation -

Rectangular beams approximately 3/8 inch wide by 1-1/2 inches long
wvere prepared from the prepreg and adr ‘sive materials as follows:
D-32

) g MISSRE & SPACE SYSTEMS DIVISION
' DOUGLAS AIRCRAFT COMPANY, INC.
& ronu 110 . 102 MATERIAL & PROCESS ENGINEERING
LABORATORY REPORT (\myi06 wo. PDL 104345
SERAL M9, _MP 51,731 _
DATE 22 April 1970
TINE 300°F CURE STUDIES OF C-100~96/DP2L-2 Assicngp 70 Ro W. Hunter, A~255 -
! PREPREG AWD AF31 FIIM ADHESIVE FOR
: UpSTAGE
b 1. MATERIAL
h ——
s 1.1 C-100-96 Refrasil High Silica Fabric/DP2L-2
Phenolic Resin Prepreg
Vendor Code: WB2262/96
Western Backing
} Culver City, California
1.2 AF31 Film Adhegsive - Nitrile phenolic adhesive
Douglas Specifications DPM 3915 and STM 0030-0k4
Vendor Lot: 22H
3M Company
St. Paul, Minnesota
2. OBJECT
2.1 To determine if a 3 hour cure cycle at 300°F is suff-
icient to cure the C-100-96/DP2L-2 prepreg and
AF31 adhesive,
2.2 To determine if a 3 hour cure cycle at 300°F will cause
degradation in the mechanical properties of the C-100-96/DP2L~2 prepreg
or the AF31 adhesive,
3. PROCEDURE
3.1 Material Quality Control Tests
3.1.1 Prepreg incoming quality control tests were run in accordance with
the requirements of the procedure in MRD 11247171, "Cloth, Impregnated- |
High Silica, Phenolic, Heavyweight."
3.1.2 Adhesive incoming quality control tests were run in accordance with !
the requirements of MMM-A-132, Type IV, \
3.2 Cure Studies
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3.2.1 (Cent'd)

One ply prepreg specimens vere prepared. All specimens were
cut with the same orientation.

AF3l1 adhesive is supplied as a thin calendered film. It was
necessary to laminate plies of the film together to form a

sheet of adequate thickness. The laminated sheets were given

a short press pre-cure (10 minutes at 300°F and contact pressure)
prior to preparation ol the specimens. The pre-cure~ was found
necessary to prevent foaming of the specimens at 300°F. The pre-
cure time was included in the final cure time of the adhesive.

3.2.2 Cure Studies -

The vibrating reed apparatus (VRA) was used to monitor the 300°F
cure cycles of the AF3l adhesive and -100-96/DP24-2 prepreg.

A specimen beam was clamped onto the vibrating reed driving rod

in the VRA chamber and its room temperature resonance characteris-
tics determined. The chamber was closed and heated to 300°F + 5°F
(approximately 6 minutes). The rescnance characteristics of the
specimen beam were periodically determined until the 3 hour

cure cycle was completed. The test is nondestructive and a
c¢cnmplete cure cycle can be monitored with a single specimen.

The resonance frequency characteristics measured during the

test are a function of (1) the physical measurements and specific
gravity of the specimen, and (2) the modulus and energy absorption
characteristics of the materisl used to fabricate the specimen.
Since the modulus and energy absorption characteristics are a
function of cure, the resonance frequency will change as the cure
progresser;. Therefore, the VRA can be used to monitor cure cycles.

RESULTS

The results of the prepreg quality tests are contained in Table I. The
adhesive quality control test data are contained in MP Report 51,732. The
VRA cure data are contained in Figures 1 through 4.

SIGNIFICANCE OF DATA

5.1 AF31 Adhesive

The adhesive shocwed very little change in properties during the cure
cycle, and in room temperature properties before and after cure.

The cure reaction that occurred took approximately 2 hours (110 minutes).
No degradation vas evident after 3 hours. The modulus increased as expected,
as the temperature dropped, but the damping factors increased indicating
that the glass transition of the adhesive is at or near room temperature,

0-33
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5.2 C-100-96/DP2k-2 Prepreg

The prepreg was 95% cured in approximately 1 hour as indicated by
the change in modulus and damping factors, but the modulus had leveled
off after 3 hours.

6. REFERENCES

MP Report 51,732
TR 11392

5.0. 3859-6320

5.A. TOlk

EWO 11069

TR 9940, Pg. 15

TR 5988, Pg. 46

I

R. W. Hunter

Non-Metallics Materials Properties
Materials & Methods -

Research & Engineering

Y OUor_

F. P. Chiavetta, Section Chief
Non=Metallics Materials Properties
Materials & Methods -

Research & Engineering

MRirtt
2/11/70
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i MP 51,731

Page k of L
q TABLE 1
f | PREPREG _PHYSICAL PROPERTIES
L {
b Material Date of ¥ Resin Volatile | % Resin
' Description Test Flow Content Solids
C-100-96/DP24-2 2-1h-69 1 10. 5.1 28.7
Lot No. 9806 9,
WB 2262/96 [ 2 10. 5.1 28.7
3 11.5 5.1 29,2
Average 10.7 5.1 28.9
| C-100-96/DP2L-2 10~-30-69 1 1.7 b2 31.2
Lot No. 9806 2 11.2 4,5 10.10
WB 2262/96 3 11.6 k.3 29.9
. Average 11.5 k.3 30.5
b
o
D-35
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FORM 3700 (REV. 1-42)

TITLE

1.

1.1
1.2
1.3
1.4
1.5

1.6
1.7
1.8
2.

MISSILE & SPACE SYSTEMS DIVISION
DOUGLAS AIRCRAFT COMPANY, INC.

MATERIAL & PROCESS ENGINEERING [

LABORATORY REPORT  camarog NO. PDL 104348
SEAL N0, MP 51,732

DATE 23 April 1970 }

PLASMA JET SPECIMEN PREPARATION ASSIGNED T0 —Fo B. Jones, A-256 )

-

MATERTALS

AF3l Film Adhesive, Batch 22H
DPM 3915, STM 0030-03

3% Company

St. Paul, Minnesota l

———

EC 1459 Adhesive Primer, Batch 5B8P
DPM 2131, 9020212

3M Company !
St. Paul, Minnesota

C-100-96 Refrasil/DP2L-2 Phenolic Resin Prepreg \
Lot No. 9806 !
Vendor Designations: WB 2262/96

Ferro-Cordo Corp., Culver City, Calif,

HT-424 .08 PSF Film Adhesive, Batch B-T377 f
DPM No. 2857, 9709014, Type I

American Cyanamid Company _
Havre de Grace, Maryland !

HT-42LB Adhesive Primer, Batch 105

DPM 2978, 9709475 ’
American Cyanamid Company !
Havre de Grace, Maryland

Aluminum Alloy 202L-T3 clad .032 x 1 x 10 inches

Aluninum Alloy 2024-T3 clad .020 x 1 x 10 inches

Aluminum Alloy 201k=T6 bare .063 x 1 x 3 inches
OBJECTIVE

The proposed method of insulating the UpSTAGE airframe involves adhesive bdonding I
of & single layer of phenolic Refrasil to the structure, using AF3l Film Adhesive

and using a lsy-up and curing process developed earlier in the Program, To I
confirm the thermal and mechanical design criteris using this material and

process, plasma jet test specimens were prepared and mechanical strength data

vere developed for AF3l Film Adhcgi‘voo. a
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2.

3.3

3.4

OBJECTIVE (Cont'd)

Note: During the plasma jet tests, the AF3l bondline reached a higher
temperature than that predicted and the adhesive failed, Afterwards, the
plasma jet test was repeated (with a selected specimen configuration)
substituting HT-424 Film Adhesive. The HT-42h material proved to be satis-
factory. The results of the plasma jet tests are being reported by the
cognizant design group.

PROCEDURES

Prepreg Physical Property Tests

Tncoming quality control to determine per cent resin flow, volatiles and
resin solids on the C-100-96 Refrasil DP24-2 phenolic resin prepreg was
conducted per MRD 1124T1T1 - Cloth, Impregnated-High Silica Phenolic,
Keavyweight, For results, see Table VII (Prepreg Physical Properties).

Specimen Preparation - Quality Control AF-31 per MMM-A-132

The aluminum specimens were prepared for bonding per 1PO00SkL, Type I (hot
etch). The aluminum was primed with EC-1459 (9020212) and air dried

30 minutes at room temperature followed by 30 minutes at 67 + 6°C (170 + 10°F).
The AF3l was applied Snd theolapshear specimens and T-peel specimens were
cured one hour at 177 C (350 F) under vacuum and 50 psig autoclave pressure.
Specimen configuration was per Federal Test Method Standard No. 175,

Method 1033.1 for the lap shears and per ASTM 1876 for the T-peels,

Specimen Preparation - Quality Control HT-L2L

The quality control specimens were fabricated, cured and tssted per above
paragraph 3.2, except that the cure was for 3 hours at 300°F.

Specimen Preparation - Mechanical Properties AF3l

The mechaniceal property specimens vereopreparsd per the design c8nstrligts
requiring the non-standard cure at 149 C (300 F) rather than 177 C (350 F)

and grit blast surface preparation. The lower cure temperature was imposed

to stay below the maximum allowable heat which could be tolerated by the
2024-T6 aluminum substructure material, Gri% blasting was required instead

of etching to eliminate acid residues which could contaminate the substructure.
The aluminum vas primsd and dried per 3,2 above. The specimens were cured

3 hours at 149 C (300 F) under vacuum and at 50 psig autoclave pressure,

The single lap shear specimen configuration was per Federal Test Method
Stendard No. 175 Method 1033.1, The double lap shear specimen configuration
vas per Figure 1. The bell-peel speciwen configuration was per DLP 13.012,

Note: Mechanical property specimens were not required per SA TOl4 (Phase I)
for HT-L2L4 adhesive, since this requirement was introduced after
completion of Phase I.
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Specimen Preparation - Plasma Jet (AF3l Bonded)

The aluminum substructure vas prepared for bonding by hand sanding with
#400 grit paper and followed by solvent wiping, per 1POO094 - Type IV.
The aluminum was primed with EC 1459 (9020212) agd air gried 0 minutes
st room temperature followed by 30 minutes at 67 C (170" + 10°F). ‘e
AF3l film adhesive (MMM-A-132) vas applied to the specimens and lightly
heat tacked into position prior to application of the Refrasil. The
Refrasil was positioned with the fill in the longitudinal direction; the
specimens vereobagsedb(in groups of four) and the materials were cured
3 hours at 149°C (300 F) under vacuum (25" to 28" Hg) and 50 psig auto-
clave pressure. The plasma jet specimens were fabricated per 1T 360LLB,

See Figures 2, 3, 4, 5, and 6,
Specimen Preparation - Plasma Jet (HT-42h Bonded)

The surfaces were prepared for bonding per 1POO09L-Type IV similar

to those of paragraph 3.5 above. The aluminum was primed with HT-L2LB
(9709475) and air dried 30 minutes at room temperature followed by 30
minutes at 67 + 6%c (170° + 10°F), e 0.08 pounds per square foot

HT-424 adhesive film (9709014-Type I) was applied to the specimen, the
Refrasil was positioned and the specimens were cured per paragraph 3.5
above, Three plasma jet specimens were fabricated per the -505 configuration
(Figure &),

TEST METHODS
The single shear specimens were tested at 600 to 700 pounds per minute,
The T-peel and Bell-peel specimens vere tested at 3 inches per minute,

The elevated temperature specimens vere soaked 10 minutes at test temperature
in a convection oven and tested in situ.

RESULTS

The thickness of the cured and bonded Refrasil on each plasma Jet specimens
appears in Table I,

The density of the cured Refrasil was 1.32 grams per cupic centimeter,
The mechanical strength test data of AF3l adhesive are tabulated in
Table II, III and IV, The quality control test data appear in Tables V
and VI for the AF3l and HT-424 adhesives,

SIGNIFICANCE OF DATA

6.1 The overall thickness of the cured insulation on iho plasma jet specimens

vas less than that of the total thickness of the uncured material (comsieting

of primer, adhesive and S-stage Refrasil). The B-stage Refrasil is porous
and the curing process allows the adhesive and Refrasil resins to intermix

and densify,
D-42
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The mechanical strength data of AF3l adhesive is representative of the
process originally propoeced for the detsign and is identical to thet
employed in producing the plasma jet specimens. Teta are tabulated

on Tables II, III and IV. These data indicatg that AF3l adhesive with
EC-lgS9 primer is heat stable to at least 260 C (SOOOF), which is 111°¢
(200°F) above the predicted glueline temperature originally expected
luring the plasma jet tests,

The HTL2L quality control data recorded in Table VI exceeds the 2250 psi
lapshear strength requirements of Specification 970901k at room temperature.
No specification requirement exists for aluminum lapshear specimens (grit
blasted surface preparation) vhen tested at 260°C (S00°F). Additional
HTL24 adhesive mechanical test data and thermal property test data were

not run, because they had been generated for prior missile and space
projects like Zeus, Spartan and Saturn.

Non-Metallics Materials Properties
Materials & Methods -
Research & Engineering

UG ar
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F. P. Chiavetta, Section Chief
Non-Mctallics Materials Properties
Materials & Methods -

Research & Engineering
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TABLE I

Thickness of Cured Refrasil

Plus Cured Adhesive

AF31/EC 1L59

MP 51,732

Specimen Overall Average
Number Thickness (Inches)

501-2 .0k8

505-1 .061

505-2 061

50T-1 .060

509-1 055

509-2 .055

Thickness of Cured Refrasil

Pius Cured Adhesive

HoL 2k /HTh 2k

Specimen Overall Average
Number Thickness (Tnches)
505-4 .53
505-5 (51
505-7 050

D-44
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TABLE 11
AF31/EC1459
Mechanical Properties Data
(Grit Blast Surface Preparation)
Lap Shear at Ambient Temperature
{~ Specimen - Type Load Lap Stress Failure
No. — Lap Pounds Inches nsi
1 Single 1500 48 3120 Primer/Metal
2 Single 1502 148 3125 Primer/Metal
3 Single 1502 .48 3125 Primer/Metal
b Single 1450 48 3020 Primer/Metal
! 5 Single 1425 A8 2970 Primer/Metal
: 6 Single 1585 .48 3300 Primer/Metal
7 Single 1500 48 3120 Primer/Metal
8 ! single 1470 .48 3060 Primer/Metal
9 ., Single 1570 .48 3270 Primer/Metal
10 Single 1525 L8 3180 Primer/Metal
} ! Average 3129
11 Double i 3410 48 3550 Primer/Metal
12 Double | 3530 A8 3680 Primer/Metal
13 Double | 3412 A8 3550 Primer/Metal
14 Double 3450 .48 36L0 Primer/Metal
15 . Double 3555 48 3700 Primer/Metal
16 - Double 3490 48 3640 Primer/Metal
17 Double 3585 48 37h0 Primer/Metal
18 Double 3600 .48 3755 Primer/Metal
19 Double 3630 .48 3780 Primer/Metal
20 Double 3320 18 3460 Primer/Metal
| —_—
\ Average 3650
D-45
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TABLE II1
AF31/EC1459
Mechanical Properties Data
(Grit Blast Surface Preparation)
Lap Shear at 260°C (500°F)
{ Specimen Type | Load i Lap Stress Failure i
I No. Lap Pounds | Inches rsi )
! 1
i 21 Single 250 Y 520 Primer/Metal
22 Single 232 48 1483 Primer/Metal
23 Single 249 .48 519 Primer/Metal
2k Single 258 .48 537 Primer/Metal
25 Single 2ks I .48 510 Primer/Metal
26 Single 286 48 596 Primer/Metal
27 Single 250 48 520 Primer/Metal
28 Single 261 48 543 Primer/Metal
29 Single 273 .48 568 Prirer/Metal
30 Single 252 48 525 Primer/Metal
; am—
Average 532
N Double 36k .48 * Primer/Metal
32 Double 510 .48 532 Primer/Metal
33 Double 751 48 784 Primer/Metal
34 Double 525 L8 546 Primer/Metal
35 Double 438 48 456 Primer/Metal
36 Double 590 48 €15 Primer/Metal
37 Double 668 .48 696 Primer/Metal
38 Double 620 .48 646 Primer/Metal
39 Double 640 18 629 ~ Primer/Metal
ko Double 566 .48 590 Primer/Metal
Average 610

#*  Outlier at approximately 90% confidence level and not included

in ave

rage

D-46
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l TABLE IV
l AF31/EC1k59
Mechanical Properties Data
(Grit Blast Surface Preparation)
E Bell-Peel (.063 to .020 Metal)
R Ambient Temperature
a " Specimen Loaé 7 Failure
No. Pounds Per Inch
g 1 1k Primer to .020 Metal
2 16 Primer to .020 Metal
3 15 Primer to .020 Metal
I b 16 Primer to .020 Metal
5 17 Primer to .020 Metal
6 14 Primer to .020 Metal
l T 17 Primer to .020 Metal
8 16 Primer to .020 Metal
9 16 Primer to .020 Metal
l 10 16 Primer to .020 Metal
' Average 16
l D-47
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TABLE V
Quality Control Data
(Hot Etch Surface Preparation)
AF 31 22H Adhesive
EC 1459 SB8P Primer
Single Lap Shear
Test Load Overlap Stress Failure
Temp. Pounde Inches pei
! R.T. 1800 .18 - *
! 2260 .48 4708 Cohesive
2200 .18 4583 Coheeive
2340 48 4875 Cohesive
2015 48 4198 Cohesive
Average . 4591
+260°C 500 L8 1042 Primer to Metal
(500°F) 580 48 1208 | Primer to Metal
605 A48 1260 Primer to Metal
595 U8 1240 | Primer to Metal
560 L8 1167 | Primer to Metal
Average 1183
T=Peel
Test Load TFailure
_Temp. Pounds/Inch
R.T. 25 Cohesive
25 Cohesive
26 Cohesive
el Cohesive
2k Cohesive
Average 2l
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S
f TABLE VI
|
! Quality Control Deta
! }' (crit Blast Surface Preparation)
]
: HT-42L .08 PSF Batch BT377
F HT-424B Primer Batch 105
Single Lep Shear
H © Test Load I Overlap Strees Failure -
* Temp. Pounds Inches psi
H R.T. 1415 0.50 2830 100% Cohesive
1430 0.50 2860 100% Cohesive
1460 0.50 2920 100% Cohesive
! ‘ 1395 0.50 2790 100% Cohesive
1405 0.50 2810 100% Cohesive
l Average  28L2
l L #260°C 460 0.50 920 100% Cohesive
) i (500°F) 490 0.50 980 100% Cohesive
! Lg2 0.50 96k 100% Cohesive
{ ' : 500 0.50 1000 100% Cohesive
Lo7 0.50 814 100% Cohesive
l Average G36
4
' D-49
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TABLE VI
o Pregreg yucn Properties
Date of % Resin | % Volatile % Resin
Materisl Test Flov Content Solids
€-100-96/DP2L-2 10-30-69 11.7 b,2 31,2
Lot No. 980€ 11.2 b.5 30.4
WB 2262/96 11,6 k.3 29.9
Average 11.5 4,3 30.5
D-50
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RM 3798 (REV. 1-82)

1.

2,

g MISSILE & SPACE SYSTEMS DIVISION
: DOUGLAS AIRCRAFY COMPANY, INC.

MATERIAL & PROCESS ENGINEERING
LABORATORY REPORY CATALOG NO. PDL 104336
SERAL Mo, MP 51,71

OATE 21 April 1970
BONDING REFRASIL PREPREG TO ASSIGNED To G D. Shepherd, A-253
ALUMINUM USING HT-42l ADHESIVE
FOR UpSTAGE
MATERIAL

1.1 C-100-96 Refrasil/DP2L-2 Phenolic
Resin Prepreg
Lot No. 9806
Vendor Material Designation: WB2239/96
Ferro Corp., Cordo Division
Culver City, California

1.2 HT-L2L4 Epoxy-Phenolic Film Adhesive, 0.08 1b/1t2
Batch 7377, DPM 2857, STM 0019-01

1.3 HT-42LB Epoxy-Phenolic Primer
Batch 105, DPM 2978

1.4 Hi Shrink Tape, DPM 314l
OBJECT

To develop & method of bonding C-100-96 Refrasil
prepreg to aluminum with HT-L2L Film Adhesive
for the UpSTAGE Program.

INTRODUCTION

The failure of the plasma jet specimens (a single layer of .050 inch thick
Refrasil bonded to an aluminum substrate using AF3l adhesive) during the
high temperature testing environment (4000°F) necessitated a change to
HT-b2L epoxy~phenolic adhesive. Standard methods of simultaneously curing
the Refrasil prepreg and the HT-L24 adhesive to a large area of aluminum
substructure resulted in large unbonded areas and wrinkles in the Refrasil
probably due to the outgassing characteristics of the adhesive during the
cure. Modified bagging and curing techniques were required to overcome
these problems,

PROCEDURE

4,1 Surface Preparation (All Specimens)

4L.1,1 The aluminum surfaces were washed twice with methyl ethyl ketone
and then air dried for 30 minutes,
D-57
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h.1,2

k.1.3

The aluminum faying surfaces were grit blasted with #80
aluminum oxide grit.

The aluminum wvas primed with HT-4L2LB primer.
dried for 30 minutes at ambient temperature followed by a 1 hour

exposure at 82°C (180°F) in an oven.

Specimen Preparation

The adhesive, Refrasil, and bleeder were placed on 0.125" x 12" x 12"
aluminum panels and T inch diameter x 9 inch long aluminum cylinders in

the following sequence,

L,2.1 Standard Lay-up Procedure -

hl2l2

k.2.3

h-aoh

(a)
(v)
(e)
()
(e)

One ply of 0.08 1b/ft HT-L2L adhesive film

One ply of C-100-96 Refrasil prepreg

Three plies of silicone treated fabric for release
Two plies of 1584 glass cloth for bleeder

Vacuum bag

Modified Lay-up Procedure lo, 1 -

(a)
(v)
(c)
(d)
(e)

One ply of 0.06 1b/rt® HT-L2k adhesive film
One ply of C-100-96 Refrasil prepreg

One ply of perforated Armalon

Eight plies of 1584 glass cloth for bleeder

Vacuum bag

Modified Lay-up Procedure No., 2 =~

Same as No. 1 above except 1/2 inch thick siiicone rubber foam

wvas placed between the bleeder and the vacuum bag.

Modified Lay-up Procedure No, 3 =-

(a)
(v)
(c)
(a)

One ply of 0.08 1b/ft? HT-k2k adhesive film
One ply of C-100-96 Refrasil prepreg
One ply of perforated Armalon

One complete wrap of perforated shrink tape (DPM 3141)
D-58
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b.,2,4 Modified Lay-Up Procedure No. 3 (Cont'd)
(e) Eight plies of 158k glass cloth for bleeder
(f) One complete wrap of shrink tape
(g) Vacuum bag

,3 Specimen Cure

The specimens were then cured for three hours at 149°C (300°F) under
vacuum and 50 psig in an autoclave. They were then cooled to 66°C (150°F)
under vacuum and pressure,

RESULTS

Using the manual sonic technique large unbonded areas were found in the
specimens fabricated using the standard method of bonding.

Using FProcedure No. 1, with the increase in the number of bleeder plies,
successfully removed the gases producing a complete bond. However, this
method created wrirkles in the Refrasil surface,

Methoa No. 2, by the inclusion of silicone rubber foam during the lay-up,
wrinkles were reduced in size and number but were still unacceptable.

Method No. 3, by using shrink tepe, reduced the wrinkles to an acceptable
level. No unbonds were detected.

SIGNIFICANCE OF DATA

Metlod No, 3 was the most successful and will be used for bonding Refrasil
to the UpSTAGE structure,

REFERENCES

S0  3859-6320
EWD 11069
SA 7030

jﬂ A/ /LZLZJLAﬂ(

G. D. Shepherd

Non-Metallics Materials Properties
/ ’ Materials & Methods -

Research & Engineering
IV,

F. P. Chiavetta, Section Chief
Non-Metallics Materials Properties
Materials & Methods -

Research & Engineering
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MDAC Report MP51, 603 (A, Koivu), Evaluation of Wa: m
Gas Manifold Liner Materials, 20 August 1969.
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BUSSILE & SP2CE SYSTELIS DIVISiON

;- ‘ DOUGLAS AIRSRATT COIMPAdY, INC. :

MATERIAL & PROCESS EMGMEERING
LABORATORY REPORT Cutalog Ko. PDL 101848

- sem Mo 51,603

DATE 20 Ausuct 1060
WUE  EVALUATION OF WARM GAS MANIFOLD LINER ASSIGHED T9 5 Xotvy, A-063
« MATERIALS

1. PATERLALS

1.1 MKillabla fubbers

1.1.1 K-125% silicone fncber
Union Carbide Silicones Division

1,1.2 K-1347 Silicore Rubher
tinton Carbide Siliconcs Division

1.1.3 Silastic 55 Silicone Rubber
Dow Corniag Corporation

1.1.h S$iastic 75 S{licone Rudber
Dov: Ceivire Corporation

1.1.5 SS-2265-202bK Siltcone Rubber
General Flectric - Silicones Divislon

1.2 Castable Rutbers

1.2.1 RTV-630 Silicone Rubber
General ©Bleciric - Siliconee Division

1.2.2 T5S8-75% Sille<ne Rubber
General Llectric - Silicones Division

1.2.3 DC-92-Chk Silizore Pubber
Dow Corning Corporation

1.2.0 DC-20-103-2 Stlicone Rubber .
Dov Corning Corporstion

1.2.5 RTV-60 Silicone Adhesive Sealant
Cenersl Electric - Silicones Divizion

1.2.6 DC-T31 Silicone Adhesive Sealant
Do Corning Corporation .

1.3 Yetal Adhceion Primer

1.3.) S5-h155 Silieone Primer
Cencral El‘cct.r.lc - Sf1i:ones Diviaion
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1.2.2 Thixon AM-2 Nitrils rubber Primer
Dayton Chemical Products Co.

1.3.3 Epon 934 Epoxy Primer/adhesive
Shell Chemical Co.

1.k Control Materials

)
1.k.1 TFE Teflon
E.J. duPont deNemours Co. ~ Plastics Division

1.4.2 V-4 Nitrile Rubber Ablative Insulation
Ceneral Tire and Rubber Co.

1.5 Miscellancous Materials

1.5.1 Aeroder Specimen Mounting Plates - 1025 Steel 6-1/2"x1"x.062"
1.5.2 Heat Transfer Gas - Dry Nitrogen

2. OBJECT

The object ot thece tests was to compare the physical propertise and the
thermal inzulating characteristics of selected millable and castabie
silicone rudbbers proposed for insulating the interior of the warm gas
manifolds of the B and JI propulsion systems. .

3. PROCEDURE

3.1 Preperation of Test Insulating Materials

3.1.1 Milleble Rubbers - The rubbers were catalyzed on the ¢two roll rubber
mill {n cccerdance with the formulae shown i{n Table 1, and then cured
in a 6"x6"x.050" mold to the schedule prescribed by che manufacturer.
The press cure molded sh-ets were given an oven post cure as recom-
mended by the manufacturer. . .

3.1.2 Castable Rubbers - The rubbers were lrand mixed in a suitable container
in accordance with the formulae shown in Table 2, degassed, and cast
into sheets approximately .045" thick between glass plates using
spacers. All materials vere cured at room temperature with no oven
post cure.

TABLE 1
FORMULAE FOR MILLABLE RUBBERS

K-12 K-13k Silastic euuue er-e £§-2.27°
Polym-'r, pte/wt £ 1'53 '22 IUG ™ 5

Luperco, CST pts/wt . B 3
Varox, pts/vt J.o : -
(1) Con‘puund supplied al.ready catnlyzcu by lu"pucr

" B2
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TABLE 2
: FORMULAE FOR CASTABLE RUBBERS
Ty RTV-6320 TBS-758 DC-93-0LL  T™C-20-102-2
Polymer, pts/wt 100 100 100 10C
Catalyst, pte/wt 10 10 » 10 10
3.2 Prevparation of Asroder Spesimens .

Tue €:1/2"x1"x.062" cte2l mounting plates were vapor degressed and
grit blacted before bonding the test insulation. Specimens bonced
with RTV-60 were made with metal mounting plates primed with 55-%155
primer to assure good adhesinn between the acdhesive ané the metad.
No primer was used, or neecded, to obtain adhesion to the metal
mounting plate with the DC-731 adhesive. The adhesive vas applied
to both the rubber and metal surfaces and then the spfcinen was
assembled and loaded with a light weight. Specimens bonced with
DC-T31 were exposed to the atmosphere for five minutes prior to
assembly. This proccdure was recuired to provide sufflclient moisture
from the air %o activate th~ catalyst (acetic anhydride) in the
adhesive. All bonding was purforazd st room torczrrature., Finally,
an iron-constanten thermocouple was spot wzlded to the becksicde of
the metsl plate so that the tackside temparature rise could te
measured when the specimens vere exposed during the Aeroder test.
Control specirmens were bonced to the mounting plates with adresives
suitable for each particular material. Thixon A¥-2 was used to

bond the V-LL specimen to the mounting plate at the same time the
V-4& was cured. Bonding of th: Teflcn control to the mounting plate
was accomplished by bondizing the surface of the Teflon and cementing
to the mounting plate with Epon 93h.

3.3 Test Procedures

3.3.) Stress/straln data were determined in accordance with ASTM D-L12-86.

~ oy,

3.3.2 Hardness was determined in acenrdance with ASTM D~22h0-6hf.
3.3.3 Aeroder testing was performed in sccordance with DLP 13,47k,
b. RESULTS

Results are presented in Tables 3 and 4 and Figures I:and 2:

5. SICNIFICANCE OF DATA

5.1 Strece/Strain Pronertles

Anulysis cf the d=te ip Mahle 3 {ndicoter the millable rutberrs rave
highcor tencile ctrength ona prester elongntion than the castatle
. rubbers., Of there rubbers, Siluactiec 99 and 75 have the highest
E-3
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5.2

tensile and eiongation. These properties are important considerations
when inserting snd bonding the inculation to the interior of the EB
warm gas manifold.

RTV-630 and TBS-T758 have the highest tensile values of the cestable
types with RTV-630 pocsessing the greatest percent elongation. RKRTV-630
has the lowest uncured viscosity and is best suited for injection
casting of insulation for the interior of J1 warm gas manifold
hardware.

Thermodvramic Propoerties

Aeroder test data are chown in Table 4. The data of test numbers

3428 through 3431 are not believed valid because of difficulties
experienced with instrumentation but are irncluded in this report to
1llustrate the importance and sensitivity of the instrumentetion used

to measure and catrol test parameters. Particular difficulty experienced
in these four runs was because of a delay in the response of the

Speedcmax Recorder. Also, the top bed temperature did not appear
stabilized. The following observaticns can be made:

5.2.1 With the exception of the C2-22£5-2-202LN éowwound 211 silizone

materials exhibited lower backside temperature rise and avlation
rate than the V-4l control material. ~

5.2.2 With the exception of the GE-2365-2-2024N compound, all silicone

nmaterials exhibited lover br_kside temperature rise tnan the

Teflon control althcugh the thickness of the Teflon was appreximately
3-1/2 timns greater. Thn duretion of the test was increased in arder
to compensate for this thickness.

5.2.3 Generally, materials with the-lowest ablation rate demonstrazed the
I

highest backside temperature rise. This is especially evident for
the GE-2365-2-2024H system. However, the V-4i control exhibited
both high ablation rate and backside temperature rise.

5.2.4 Weight loss is not an accurate means of determining the value of a

materiel as a thermal insulation for this application. The svecific
grevity cf the materials varies greatly o a high specific gravicy
material might shew a hich weight loss and a low specific grs
meterial shows a lovw weipght loss. This is demonstrated when
comparing the data of the IC-20-1023-2 and K-.259 systems. 'The
ablation rate for these two materials {s identical although the
backside temperature rise for the K-1255 is lower. For this
application, the K-1255 is considered the preferred material.

5.2.5 The depth of ablation obtained with thece materials indicates that

the cpucimens micht be reduced In thickness and st{ll perrform
satisfooiorily under the conditions of the test, In these tests,
temperatures appréached those expected in ectual applicetion.

€4
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However, the pressure of the gae, the particle content snd the
compos itiom were quite different. It appears prudent to continue

. with the selected insulation thickness (0.40" for the EB and 0.90"
for the JI concepts) until other cata are obtained to indicate a
yedaction in Insulation thickness may be feasible.

5.2.6 The backside temperature rise with all of these materiels {is
considered relatively moderate. A far greater temperature rise
can probablvy be tolerated before design limits of the manifold,
metal are exceeded. With this possibility in mind, depth of
erosion might be a more realistic criteria for selection of the
insulation since a thinner section might ve sufficient to meet
design requirements. In this manner, a weight zaving may be
realized.

5.2.7 From a review of the backsice temprrature rise data, the Silastic
59 system appears to be the preferred material for the EB configur-
ation. For the JI configuration, which requires a castadble
material suitable for injection molding, the RTV-630 cystem iz
preferred.

5.2.7 Pased cn backside temverature rise, the test resulis indleate the

e, aiih cillly NS wEN) AN SN VIR MWer) NN PR FRNTY DU Rty TR gEeEe Atk il
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effectivenesc of the materials, on 2 declining scale, Lo oge ac felicuc:

Solid millable rubbers

Castzble lioguid rubbers

Silectic 55 RTV-639
Silastic TS DC-93-0kYy
K-13b7 TBS-758
X-1255 DC-20-103-2

GE-2365-2-202kN
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Appendix F
HiBEX- U MOTOR DESCRIPTION
(This Appendix is Unclassified)

Based on "UpSTAGE Program—HiBEX-U Rocket
Motor, Final Technical Report, " Volumes 1, 2, and 3),
Hercules, Inc., February 1772,

Contract No. DACA68-8012
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Appendix F
HERCULES HiBEX-U MOTOR

The HiBEX motor which was developed under the ARPA HiBEX program
(Contract No, DA-01-021-AMC-10696Z) was used with some modifications
on the UpSTAGE Experiment program, The modifications included design
changes to the nozzle by removing the TVC hardware, thus lightening the
weight by approximately 30 lb; incorporation of safety improvements in the

igniter; and use of a liquid carrier heptane as a casting-power processing aid.

Hercules manufactured 15,500 1b of new FDN-80 casting powder which was
blended with 6, 500 1b powder from the ARPA HiBEX program. Hercules also
manufactured addicional motor cases, propellant grains, nozzles, igniters,

and sundry components, as well as statically testing various components.

The rocket motor assembly (see Figure F-1) consists of three major com-
ponents: the loaded case assembly, the nozzle and closure assembly, and

the igniter loaded assembly.

The loaded case ass mbly is made up nf a conical fiber glass case with

fiber glass skirts ex'' n..ing fore and aft, terminating in alumirum skirt attach-
ment rings. The case contains FDN-80 composite- modified double-base pro-
pellant in a sing'e.rsrforated, 11-point star configuration., The propellant is
bonded to the case with a bimodal powder embedment case bond system. The
propellant-base burn rate is increased by the use of zirconium staples in the
casting powder which are randomly dispersed throughout the propellant mass.
The case is internally protected from the high-temperature combustion gases

at the forward end (igniter end) and at the aft end,

F-1
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An aluminum fo.ward poie piece, which is an integral part of the fiber glass
case, houses a pyrotechnic igniter assembly containing a 6. 5-1b boron/
potassium nitrate pellet ignition charge. The igniter assembly consists of a
concave aluminum pressure plate, which seals the forward port opening, and
a stainless steel primary tube surrounded by a stainless steel wire-mesh
secondary annular basket, both of which <contain the pellet charge. The igniter
has an electrical circuit, including two electric squibs and a safe-and-arm

mechanism.

An aluminum aft pole piece, which is an integral part of the fiber glass case,
provides for attachment of the nozzle and closure assembly. The nozzle and
closure assembly consists of an aluminum structural conical shell, a
compression-molded carbon-phenolic tape-wrapyed exit cone liner, an
asbestos-phenolic throat insert, and a two-piece cellular polystyrene nozzle

closure,

F.1 LOADED CASE ASSEMBLY

The loaded case assembly consists of the case subassembly, the propellant
grain, a hot gas se2l, and miscellaneous components, The conical fiber glass
case, with metal skirt attachment (splice) rings and adapters, contains
FDN-80 propellant, The loaded case is manufactured anc shipped separately
from the igniter and nozzle since additional subassemblies of the UpSTAGE

vehicle are integrated with these components during booster stage buildup.

F,1,]1 Case

The case i3 a truncated cone 86, 62 inches long, having a 32. 984-inch diameter

at the ait splice ring and a 20.87-inch diameter at the forward splice ring.
The case is divided into two main structural sections, the skirts and the pres-
sure vessel. The pressure vessel has port openings in the center of each
dome. Aluminum adapters are located at each port. The forward adapter
accommodates an igniter, and the aft adapter accommodates a nozzle in the
loaded motor assembly. The forward and aft domes of the pressure vessel
are internally insulated to protect the case from propellant combustion. The
conical section is protected with propellant during motor operation and there-

fore requires no insulation, The inert slivers are placed longitudinally in the

F-3




conical section of the case to provide desired bal'istic parameters. Splice
rings have been riveted at the end of each skirt to provide attachments to

adjacent missile sections.

F.1.1.1 Adpaters

At the two polar openings of the case, metal adapters (7075T652 aluminum
forgings) are wound into each dome. The forward adapter accommeodates the
igniter, and the aft provides attachment for the nozzle. The adapters are
also used during propellant manufacturing. The forward adapter provides
access to the case interior for propellant casting and machining while the aft

adapter is used to align and hold the core tooling.

F.1.1.2 Insulators

The forward and aft domes and adapters are protected from propellant com-
bustion gases by insulating material. The aft dome is covered by asbestcs-
filled styrene butadiene rubber (SBR) in conjunction with a ring of
asbestos-phenolic adjacent to the nozzle entrance. The forward domc is
protected from the combustion gases by silica-filled SBR. No rubber insula-
ticn was provided for the tapered conical chamber section since it is protected

by the propellant grain dur‘ng motor operation.

F,1.1.3 Pressure Vessel and Skirts

The fiber glass portion of the case consists of two rain sections, the osressure
vessel and the skirts, The pressure vessel is an orthotropic structur: fabri-
cated from continuous glass filaments bonded with ERL-2256 resin anc
m-phenylene-diamine (CL) hardener, The vessel has a nominal burst >ressure
of 4, 020 psig, The pressure-vessel center section has a conical shape with
approximately a +-deg taper. The dcmes are basically geodesic ovaloids .sith
deviations from t..e theoretical to account for unequal polar openings a1 d con
ical shape and to ‘acilitate winding. The conical section is'fabricated rom
helical and hoop windings. There are 17 helical layers; the number of hoop
layers, varied along the case to maintain a relatively constant hoop filament
stress, ranges from 20 at the aft major diameter to 14 at the forward tangent.
The transitions between the conical section and the aft dome are reinforced

with five layers of fiber glass mat, The mats are dispersed through the case

F-4
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wall thickness and staggered radially and axially to prevent large
discontinuities at the mat edges. The mat system is required to reinforce
the area affected by bending discontinuities that are caused by the juncture

of the dome to the conical section and ihe juncture of the skirts.

The skirts are also orthotropic structures fabricated from continuous glass
filaments and glass cloth bonded with ERL-2256 resin and m-phenylene-
diamine (CL) hardener, The skirts are fabricated by alternating layers of

glass cloth and hoop windings.

F.1.1.4 Splice Rings

The splice (skirt attachment) rings are used to connect the rocket motor
through the skirts with adjacent missile sections. These rings are fabricated
from 2014-T652 aluminum rolled ring forgings and are potted in place with a

high- modulus resin (Epon 901 Bl), Final structural attachment to the stub is
made with aluminum rivets,

F.1,1.5 Inert Sliver

The inert sliver is a lightweight component bonded to the inside conical wall
of the rocket motor case in line with each propellant star point, The purpose
of the sliver is to replace heavier propellant that remains after the desired
burn time and to produce more desirable pressure tailoff results, The inert
sliver does not account for all of the propellant sliver. The previous 1iBEX
program picked up additional impulse by allowing some propellant sli : r,
Eleven slivers weighing 25, 6 1b (total) replace 54.8 1b of unusable pr :»llant,

This weignt savings was achieved by utilization of a sliver resin systera filled
with phenolic microballoons,

F,1.2 Hot Gas Seal

The hot gas seal is an asbestos-filled styrene butadiene rubber insert, bonded

to the motor case aft adapter (metal polar opening)., It serves as the nozzle
approach interface and allows some relative motion between the motor case
and the nozzle during pressurization. Its primary function is to prevent hot
gases and molten metal particles (propellant combustion products) from

impinging on the O-ring seals between the nozzle and the motor case. The

F6




stepped outer diameter provides a retention system for bonding with the

truncated cone, providing an interference fit with the nozzle approach section.

F.2 IGNITER LOADED ASSEMBLY
The HiBEX-U igniter is a forward- mounted, perforated basket containing a
pyrotechnic pellet charge. Its function is to initiate burning of the rocket
motor propellant in a timely, controlled, and stable manner. Initiation is
accomplished by an electric squib housed in a remotely actuated safe-and-
arm assembly, The igniter features the following:
A, Remote electrical arming with automatic safing in event of power
loss,
B. Firing circuit electrically independent of arm and monitor circuits;
all circuits are RF (radio frequency) shielded.
C. Redundant | amp, 1 w, no-fire electric squibs,
D, Open firing circuit with squib leads grounded and squib discharge
blocked in the SAFE position,
E. Mechanical locking in the SAFE position for handling and storage,

F.2,1 Safe-and:-Arm Assembly

The safe-and-arm assembly (S/A) combines the complete electrical circuit

with the mechanical squib diversion of the igniter and simultaneously serves
as the motor case forward closure. Tne dual squics are the only pyrotechnics
in the S/A device,

Application of the arming voltage causes the solenoid to rotate 90 deg. The
solenoid shaft engages the driven shaft which transmits this rot-ry motion
through the base plate and turns the blocking rotor. The blocking rotor also
rotates 90 deg to align through-holes akead of the squibs and simultancously
turns the rotary switch that closes the firing circuit in the last few degrees

of travel.

Only the firing circuit passes through the base plate, as the arming circuit
and monitoring circuit 2re external to the base plate. The monitoring circuit
monitors the angular position of the solenoid shaft, thus providing a positive
and electrically isolated indication of the directly connected firing switch

and blocking rotor,
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F.2.2 Frimary Igniter Assembly

The primary igniter assembly is a booster charge for the squibs. It mounts
on the barrel section of the S/A and indexes to the squibs through engagement
of the indexing tongue with the booster (primer) housing. The two primers
receive the squih discharge when the S/A is in the armed position upon firing

command, ™

-e primers in turn initiate each end of a pyrocore loop running
the length of the primary charge basket. Within this basket are 320 grams of
boron potassium nitrate pellets alternately positioned by styrofoam spacers
down the length of the charge basket. A conductive plastic bag lines the steel
tube and provides a moisture barrier for the pellets. With the pyrocore
initiated, the pellets rapidly ignite and the resulting gases pass through the
radial perforations of the basket te initiate the main secondary charge. The
primers are bonded into the booster housing with conductive epoxy (ABLEBOND)
which is also in contact with the lead sheath of the pyrocore, providing a static

discharge path. The rubber grommet of the primer is also conductive.

F.3 NOZZLE AND CLOSURE ASSEMBLY

The HiBEX-H nozzle and closure assembly has been reconfigured for usz in

the UpSTAGE program from the original HiBEX nozzle design by the elimina-
tion of the HIBEX TVC system and mounting provisions. The nozzle assembly
less the closure weights of 74,3 1b is composed of three basic components:

(1) an ablative exit cone liner, (2) an ablative throat insert, and (3) an aluminum

structural shell,

I".3.1 Exit Cone Liner
The HiBEX-U nozzle exit cone liner has an overall length of 32,415 inches

and a maximum diameter of 26. 604 inches. Radial thickness ranges from a
maximum of 1,242 inches at the forward end to a minimum of 0, 098 inch at
the aft end,

The 25-1b liner is fabricate of Fiberite Corporation MX-4926 carbon
phenolic tape cut on a 45-de; .:.as. Splice joints in the tape are lapsewn
using cotton phenolic tape to minimize voids and pits and to withstand winding

tension,

F7
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F.3.2 Exit Cone Shell
The loads exerted upon the HiBEX-U nozzles are transmitted through the

full-length 7075- T652 aluminum exit cone shell. The exit cone shell has a
minimum wall thickness of 0. 100 inch and weighs 41.4 1b, The shell is
machined from a die forging having the physical properties listed below.
The exit cone shell OD is protected from corrosion by an Alodine 1200

chromate conversion coating.

HiBEX-U NOZZLE EXIT CONE SHELL MINIMUM
MECHANICAL PROPERTIES

Yield Strength Tensile Strength Elongation

(psi) (psi) (%)
Longitudinal 65, 000 75, 000
Transverse - 62, 000 71, 000

— —

F,3.3 Throat Insert
The HiBEX-U nozzle throat insert is fabricated"from molded 150-RPD

asbestos phenolic and weighs 4 1b, This material has excellent ablative

characteristics, good atrength, and a long history of use in rocket nozzles.

The axial load exerted upon the throat insert by internal pressure is trans-
mitted into a 0, i145-inch wide step in the aluminum she!l, Pressure force

analysis indicates that this design bearing load amcunts te 46, 440 1b, which
is equivalent to a design bearing stvess of 7, 200 psi, The resultant margin

of safety is therefore greater than 5,

F.3.4 Nozzle Closur
he HiBEX-U nozzle closure is a two-piece assembly of low density (1.9 lb/

ft ) expanded polystyrene (designated Styrofoam FR) produced by Dow Chemical
Company, The closure assembly weights 1,1 1lb, Styrofoam FR is blue and is
considered flame retardant, The aft face and outside taper of the aft closure
are coated with a 0,015~ to 0, 035-inch thick layer of Westchester Chemical
Company Lagz No, 1. This is a latex material having good resistance to
moisture absorption,

F8
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The minor outside diameter of the forward closure is designed to have a
nominal 0, 010-inch interference fit with the nozzle throat. The aft closure
is bonded to the forward closure, This design feature bypasses the need

for bonding to the nozzle which could result in nozzle damage during closure
blowout.
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Appendix G
HAZARDS EVALUATION OF HiBEX LIQUID CARRIER PROCESS

(This Appendix is Unclassified)
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by

R. G. Hunt
Allegany Ballistics Laboratory
Hercules, Inc,

31 December 1969
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Impingement

Sparkle

Threshold free fall velocity

TiL

ABL 2849
ABL 2888

Transition Characteristics or
critical height to explosion

LEL
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GLOSSARY

Collision of casting powder with a
portion of processing equipment or
another powder granule.

Burning zirconium particle.

The velocity at which sparkling of cast-
ing powder does not occur when
impinged.

Threshold initiation level - defined as
the level above which iritiation can
occur as established by 20 consecutive
failures obtained at that level,

Designation for casting powder
compositions and manufacturing lots,

Defined as the confined material height
above which an explosion can occur
when subjected to bottom flame initia-
tion produced by a 12 gram bag igniter.

Lower Exposive Limit
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Appendix G

HAZARDS EVALUATION OF HiBEX LIQUID
CARRIER PROCESS

CBJECTIVE

To determine the operational safety margins in the production of HiBEX
motors by the liquid carrier process. The operations analyzed were

(1) casting powder manufacture, (2) casting powder finishing, and (3) mold

loading.

The HiBEX system utilizes a high rate propellant formulation. The casting
powders made to this formulation differ from formulations normally processed
by the cast double base manufacturing process. During impact, friction, and
electrostatic testing a sparkling reaction occurs at a low level energy input.
The sparkling reaction and low level electrostatic energies are capable of
igniting dust clouds containing processing residues inherent in powder handling
techniques. This sparkling reaction was also found to occur at freefall height
necessary to load the units with initiation by impingement. Powder critical
heights were such that transition to explosion hazards were apparent in many

of the process steps.

A method was devised utilizing a heptane liquid carrier system to limit

powder particle velocities, reduce potential dust clouds and reduce the critical
height problems., While correcting the major problem areas, the heptane
carrier process introduced a new flammable material to the system and
required additional processing steps., The system also had little effect on

the powder frictional thresholds. The processing techniques did however

limit the powder movements to levels below the frictional thresholds.

This repcrt is a summary of the hazard analvsis of the operations in the
liguid carrier process and a compilation of the safety margin, These margins
were derived from a comparison of the in-process potentials expressed in
engineering terms and the response of process material to these stimuli

expressed in like engineering terms,
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A, Casting Powder Manufacture

The casting powder for this program was manufactured at the Hercules
Incorporated/Kenvil Plant. The manufacturing phase at Kenvil include mix-
ing, extrusion, granulation and packaging the green powder under heptane.
The additional steps required to package the powder in heptane is the only
deviation from normal production of high energy powders and is the first use

nf the hquid carricr concept,

1. Mixing—~Mixing is accomplished with a Day horizontal blade 400 1b
mixer equipped with a remote ingredient feed system for the addition of the

oxidizer and metal staples,

Preproduction safety checks of the system included (1) safety wiring and

potting of overhead bolts to reduce the possibility of foreign material enter-
ing the mixer. (2) Measurement of blade clearances between *he blades and
the mixer and the mixer glands. This is to insure no metal to metal friction

can occur during the mix cycles.

During mixing an acetone mist system applies acetone to the mixer glands
to prevent dry propellant from building up in the glands. Such a buildup could
present a potential source of initiation through friction. The glands are fabri-

cated from non-metallic material to further reduce friction hazards,

Transition to explosion hazards during mixing were reduced by maintaining
the total volatile level > 15% during mixing. Transition characteristics were
found to be independent of the alcohol/acetone ratio of the mix solvent within
the range of 60-80% allowing the original 65/25 ratio to be modified to 75/25
to increase powder quality, The transition data was based on a previous study
of an AP, aluminum staple CMDB propellant system, Figure XI, No data of

this type is available on the actual HiBEX green mix,

The green mix is removed from the mixer by rotating the bowl 90° and using
the blade action to move the mix into a powder bin where it is bagged and
shipped to the extrusion area. Residual mix is removed from the mixer
manually with a wooden powder hoe, The safety margin for an operator using

the hoe during normal operation is 1, 200, presenting no hazard.

G-3 -
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Mixer cleanup is accomplished by using a high pressure water stream and
mechanical scrapping. The 600 psi pressure of the pump is insufficient to
cause ignition. The use of the metal scrapper could cause initiation if the
force is concentrated on the corner or by dropping the implement. It was
recommended that the metal scrapper be replaced with a non-metallic

scrapper.

2. Extrusion and Granulation—The green mix is extruded into strands

for granulation using a 4'' diameter press with approximately 8' of material
height of a maximum pressure of 3, 000 psi. Prior to use with explosive
materials the hydraulic ram and basket assembly were disassembled and
aligned to insure that no metal to metal contact would occur between the ram
and the basket, During normal operation the press ram will build up a pro-
nellant flashing on the ram exerting frictional pressure equal to the press
ram pressure on the wall of the basket with a friction initiation safety margin
of >2,4, A remote operated ratchet device has been installed on the press

to remove the die for cleaning after the pressing operation is complete.

The powder is granulated on a cutting machine with a blade tip velocity of
approximately 85 ft/sec across the cutting bar., At this velocity small fric-
tional pressures could cause initiation during granulation. To reduce the
friction hazard the standard metal cutting bar was replaced with a non- metallic
bar with alcohol drip and mist systems providing lubricant and cooling to the
cutting zone, The blade/bar gap setting cannot be set large enough to exclude
all friction hazards since this adjustment is very important to the quality of
the product, For this reason cutting operations are a potential source of fires,
The product delivery tube between the cutting blade and the collection bag con-
tains a volatile vapor atmosphere subject to ignition from granule sparkles or
burning in the cutter, To minimize potential flame propagation to the powder
bag, an exhaust system was added to the tube to keep the va;:ors below the
lower explosive limit, A Primax deluge system with a light sensitive head is
located in the powder delivery tube should ignition occur. No mere than

20-25 1lbs of cut powder are allowed to accumulate at one time at the cutting

machine,
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Figure 1 summarizes the process hazard survey of the mixing, extrusion

and cutting operation indicating the enginéering analysis and the safety margins.

3. Drum Loading and Rotating—The bags of cut powder are hand carried

in buckets to the drum Joading and rotating area. To minimize granular fri:-
tion during powder hardling and to reduce granule clustering the cut powder

is submerged vnder heptane in the shipping drums within 15 minutes after
cutting. Sufficient heptane is added to the drums to maintain a head of heptane

over the poweder during shipping to keep the powder in the green state.

The sealed drums are 1otated at 20 rpm for 10 minutes to completely wet all
surfaces with the liquid carrier heptane. The powder bag movement and
granular friction stimuli during rotation has been analyzed with safety mar-
gins ranging from 2.6 to 3,216, Abnormal situations can produce hazards if
drums fall of{f of the rotator causing excessive friction or heptane leaks during
rotating producing explosive vapor concentrations in the area. The situation
of dropping a drum would only result from careless operation and the potential
hazard of heptane vapors is minimized by the lack of an ignition source. If
ignition should occur in the heptane immersed powder, critical height to
explosion data indicates the material should not transit to an explosion. The
sealed drums are stored in a magazine maintained at >55°F to keep the
<1.0% NG dissolved in the heptane from precipitating and introducing a liquid
explosive into the process., This temperature specification is maintained
through the process. Figure 2 shows the drum rotating arrangementand the

appropriate engineering analysis safety margins,

4, Powder Shipment-The drums of casting powder immersed in heptane

are shipped from Kenvil to ABL by commercial carrier, The drums are
placed in the truck four abreast with two bars locked into the side of tic truc'k
to restrain the drums. Each layer of 4 drums is restrained in the same
manner. Excessive graunular motion during normal transportation is reduced
since each drum contains 3-5 bags of powder, rather than loose bulk powder,
The powder in the bags is covered with a head of heptane at all times, elimina-
ting drying of the powder granules. .’bnorn.al situatioas could arise from

leaking containers during shipment pr 3ienting an explosive vapor hazard in

G5
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DRUM ROTATOR ROTATING OPERATION
ROTATING OPERATI\ON
Conditions: Rotation - 20 rpm
. Surface Velocity - 1.65 ft/sec
Povder - 3-5 dags - 75-125 lbs
- Drum Gross Wt., - * 300 lbs,
Operstion: The loaded drums are placed onto the
rotator by hooking onto the drum in the upright
position and then lovering the rotstor into the
horizontal position. At this stege the drum
rests on tvo sets of rollers ready for rotation.
-
PROCESS SUTVEY
Potential Initfation Observations Engineering Analvsis Sensitivity Safety
Soutce 1a the Operation Conmbustible Iniciation Mode In-Process Potential Test Analvsis * Margin
NORMAL OPERATION
1. Powder bag sliding on the Heptane wet Friction 18.5 pas @ 1.65 ft/sec 16,000 psi 864
ingide of the drum during C.P. residue @ 1,65 ft/sec
_rotation. g
2. Sewved corner of a powder Reptane wet Friction 410 3L @ 1,65 ft/aec 16,00C pei 39
bag sliding on the {nside C.P. Residue @ 1,65 ft/sec
of the drum during
yotation
3 Casting powder granule Heptane wet Friction 18,5 psi @ 1.65 ft/sec 59,500 psi 3,216
experiencing granular green casting @ 1.63 ft/sec
friction between powder powder
bag end the dium duriag
rotation
4, Casting powder granule Heptane wet Friction 23,000 psi @ 1.65 $9,500 ,s1 @ 2.6
experiencing granular green casting fe/sec 1.55 ft/sec
friction between powder bag powder
sewed corner and the drua .
during rotation. .
¥, Cranular friction inside of Heptans wet . Granular 18.5 901 @ 3.3 ft/sec 3 2406 psi @ 149
of the powder bags during gresn casting Friction 4 ft/sec
~grun rotation,
ABNORMAL OPFRATIONS i
1. Heptane leaks out of the drum Heptane Electrostatic No voltage accumulation . 2 milli. Potential
causing an explosive atmosphere Human Spark joules Hazard
2, Drun falls off of rotating Green Casting Internal lmpasct Undefined . Undefine
stapd Powder end Friction _
3. Falling drum impacts casti~¢  GCrecen Casting 1mpact 600 ft/1b/in¢ 22 frelb/in‘ None
powder granules on the floer Powder -
4, Transition of reaction to Green Casting Transition Container 18" dias, > 26" @ 6" dla. 5 1.2
explosion {f {nitiation povder in powder @ ~ 20"
should occur in the drum heptane

Figure 2. Drum Rotating Operation (After Initisl Loading of Drums)
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the truck. Should this situation be found when the truck reaches its

destination the vapor concentration should be lowered to a safe level pr or to
moving the containers. Accidents where the truck overturns could pre ient
hazardous situation from excessive movement of the powder. The shij ping

arrangement is shown in Figure 3 with the appropriale hazard analysis data.

B. Casting Powder Firishing

Casting powder manufactured by the inert carrier process required cartain
portions of the manufacturing process to be completed at ABL. The: e steps
include powder unloaéing, powder drying, powder rewetting and pacl aging

into 14 gallon drums. powder shaping, powder screening and powde blending.

1. Powder Unloading and Drum Rotating~The casting powder irums

received at ABL are removed from the shipping truck by utilizing : truck
mounted hydraulic tailgate as an elevator, as shown in Figure 4. ' ‘'he indivi-
dual drums are removed with a drum cart. One operatcr handles he cart
and another stabilizes the drum. Movement is such that the bag a: 4 granule
movement inside of the drum should not exceed 410 psi at 1 ft/sec. This
relatively gentle motion affords a safety margin from 39 to 145, Uader
accidental conditions should a drum drop off of the truck, the grani lar fric-

tion would be in excess of the threshold sensitivity of the powder,

In order to breakup any powder clusters which may have formed du ring
shipment, the drums are rotated when received. This operation ca1 he
accomplished with the same safety margins of 39 to 3,217 as found or drum
rotation prior to shipping, Additional steps are required to lower tle drum
to a horizontal position and to lift the drums onto the rotator (Figure 5).
Normal operation in these sequences does -ot introduce additional haards.
An abnormal situation where a strap breaks dropping the drum could jresent
initiation hazards from granular friction, Figure 5 includes the additional
hazard analysis data,

2. Drum Unloading and Nrying-The powder as received at ABL is still

green powder containing residual alcohol and acetone, To be utilizod to manu-
facture propellant the powder must be dried, Removing the powder from the
drums is accomplished by the netup as shown in Figure 5, An operator stands

Gs

‘ic‘-._

Lo ™ e

g il wa G ey e




' W A W TRE WY R AW AR e

4
A-_’__\-_/_.\_.._._-d.
/\ .

\ w2 N

/

SHIPPING ARRANGEMENT

SHIPPING ARRANGEMENT

SHIPPING CONDITIONS

Carrier:  Truck

Securing Mechanisw:

Pouder drums are secured in the truck with bar
attached to each side of the truck restraining each row
of drums. Drums are locsted in sn upright position.

Operation

NORMAL OPERATIONS

PROCESS HAZARDS SURVEY

Observations Engineering Analysis Senjitivity Safety
Combustible Initiation Mode In-Process Potential Test Analysis Margin

1, Granuler Friction in Green Casting Friction No friction expected during normal transportation
Shipping Containers & Heptane due to settling effect of bagged powder in drums,
Powder
2. Impact of Powder on Drum- Green Casting Impact No impact due to powder bring restrained from
sides Powder woving.
ABNORMAL OPERATIONS
1. Vapor leaking fato truck Green Casting  Electrostatic Potentisl hazard would depend on the sccumulation
Pouwder and of an explosive atmosphere during transit time and
Heptane source of initiscion
2. Impact and fricction inside of Green Casting lmpact snd Undefined
drums csusing ignition of Powder and friction
powdar in the case of sn Heptane
sccident where the vehicle
overtums. : -
A. No container rupture C.P. & Heptana Transition 2 20" height @ 18" >24" @ 4" dla > 1.3
dismeter
e TN
B, Container ruptures Heptane we¢ Transition ™ 20" height @ 18" = 14" height Noae '
c.r. diameter @ 18" dia, ——
Figure . Drum Arrangement in Shipping Truck
G9
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e DRUM
ON cAxr PORTABLE CRAINE
o) ' |
DRUM ROTATOR %
If\
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Figure 5. Drum Rotating—(Prior to Unicading Bags)

PROCESS SURVEY OF TRUCK LOADING

Observations Eagineering Analysis Sensitivity Safaty
Operation Cotbustible Jnitiacion Mode In-Process Potential Test Anslysis Margin
NONMAL OPERATION. {
1. Removing of the powder Creen Casting GCrenulsr 410 pst @ 1 ft/sec $9,500 psi @ 143
drugs to hydrsulic tail Povdar snd Priction 1 fe/sec Y
gete and moving of drums to heptans - cosnoroanenmnn samssnances emcasn essvasnsssnacon K
s storage ares vith a hand Friction from 410 pod @ 1 fr/sec 16,000 psi @ 3 )
truck, povder bags on 1 fc/see
N casting powder
Tesidve
i e -
1. Drum drops off of truck Green Casting  Granular > 20 pol @ 16 ft/esc <700 pai @ Nove |
(s te) Powder and Friceion 8 ft/sec ~ .
Reptane

L _OPERATION

1. Lovering drum from upright
to horisontal position

LOADING ROTATOR

Green Casting Granuler
Povder and Triction

2. Retation of Povder in drum

27 pei @ L ft/sec,

16,000 pai @ 392
1 ft/eae

eptans
%Tu[yoh and conclusions as fer the initisl dvum rotatien,

ASHONRT GFANTICN

1. Strap bresks dropping drum

Ovean Casting Oramsler

Povder in Priction (2 fz dvep) 8 te/sec P ——
¥ Trensicion te suplosien suou Su:‘ﬁu Tronsitien Wt. bis, !W'tl' Kt/0ls, Nowe
Lt powder ignites ::v«t in » /4" |
ptese

2,100 pof @ 11 ft/see
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on each side of the drum, reaches into the drum, picks up a bag of powder
and holds it at the top of the drum until most of the residual heptane drains
back into the drum, The bag is then placed on a perforated tray over a
grounded heptane collection bin. The bags continue to drip through the tray
into the bin until another tray has filled. The tray is then placed in a drying
rack and has essentially stopped dripping heptane. The bottom tray on the
drying rack is solid to retain any residual heptane drippings. Heptane
vapors are within the explosive range within 2-3'" of the powder bags during
unloading and in the drying racks (Figure 6). This potential hazard is mini-
mized by the absence of excessive movement of the powder resulting in no
detectable voltage accumulations. Heptane vapors are concentrated enough
at the drum unloading area to require the operators to wear protective masks
to prevent toxic effects. This concentration is limited to the immediate area
of the drum as shown in Figure 6. The background vapor level in the room
was approximately 5% of the LEL with no detected dead spots where vapors
were excessive. The only explosive vapor concentrations in the drying bay
during powder loading were within 2-3 inches of the powder bags. No per-
sonnel are allowed to enter the dry bay during the elevated temperature dry-
ing operation, preventing human spark ignition of heptane vapors. Previous
checks on electrostatic buildup during drying indicated no voltage accumulates
on the bags from drying during this phase. Electrostatic voltage checks after

the cool down cycle indicated no voltage on the bags prior to removal from
the bay.

3. Powder Rewetting and Packaging—The bags of powder removed from

the drying bay must be rewetted with heptane to prevent movement of dry
powder, opened and placed in containers as loose granules. The rewetting
operation is accomplished by depositing the entire tray containing 2 powder
bags into a heptane bath with no physical movement of the granules until they
are heptane wet, When the bags are completely wet, the tié string is cut
with an exacto knife with no contact between the blade and the casting powder,
The powder, covered with heptane is poured into a grounded drum containing
sufficient heptane to cover the powder. Free powder drop heights do not
exceed 12" with a safety margin of 5. Explosive vapor concentrations are

located in the receiving pot and the rewetting heptane tray. No electrostatic

G-1
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DRUM MOAMNG SERV  WITH MEPTANE VAPOR LEVELS - DURING DRUM UNLOADING
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' vAPORS OPERATING CONDITIONS
1= 25% eun Unlesding Sotwp:
v 2~ 0% t. Opes Dewm
° 3 = >EXROSIVE RANGE 2. Newmeve bag slloviug msjeriety of the selvent to
dzop back fate the drwe
4 ~ DEXNOSIVE RANGE 3. Plece bog on poureus tzey on drip vesh
3 = DD(MOSIVE RANGE &, Place trey ou drylag rock
6= >0-00% OF LR ‘g o 3. Resesl eupty drem
:: :;0:' ?‘u. Suptying Bage inte 14 Gallen Bruse:
9~ &% OF AL . 1. Semowe trvey (t:‘:ut
10- ROOM =S% OF LAL :: :::-c::: tray v hoptone
&, Lift beg and pour contents fate 14 gsl centafser
3. After boge seal container
"NO VAPORS
3% OF LEL
'fi of LEL
30-60%
0% of| /
1.5
(L3
I
POWDER REWETTING AND TRANSFER TO 14 GALLON CONTAINERS

PROCESS WAZARDS SURVEY

s Sensitivicy Safecy
s Ty gy o rw R e e G T e R At z
1. eatially Nessrdews

Neptane Slestrestatic Ve Veltsge Generaties .~ & Nillijeules Ondeltaed
Vaper Masumulation Sleshacge \ T e
Ahaecml , i
Ls  Dropping of Povder Szeen Casting Oreaulas Priction ™ 3-4 (¢ drep So {nitistion a2 (
Begs Povder & Neprese sfter qropping
5, ’8\:‘!' Sag 8 It
2, ulestrostatie . vt ‘l‘“' .
Samaratisn Rep ! 4 o Veltage ¥o alectyostatic hasard io
Olecherge prasant {a the eparatiea
&, Jags ia Dry Rouse . - g " aince we veltage ts
, Aftee Cool Jowm ) scoumulsted,
b, Dumplag Neptans bd o . -
tate 0ty Pea
o, Dunping povder . . . - {
3. Preatell Dropping of . Septagment 1 ST ]
Povder oo the Sramiles b
Laove the Bog

——

Figure 6. Hazard Analysis of Process to Remove Powder Bags from Drums, Rewet Powder after
Drying and Loading Dry Powder into 14 Gallon Containers
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voltage accumulations were present in the operation minimizing the potential
vapor hazards. No physical movement of the powder was made until the
powder was heptane wet, Figure 6 includes the in-process data on the

rewetting operation,

4, Powder Shaping—Powder shaping and blending is accomplished in a

""'sweetie' barrel in approximately 1, 000 1b lots. The barrel is precharged
with sufficient heptane is maintain a heptane head on the powder bulk as the
individual powder containers are dumped into the barrel. Powder shaping

is accomplished by the intragranular action as the barrel turns., The finished
product is removed from the barrel and repackaged in the handling containers
by the use of an '"elephant trunk'' system. The "elephant trunk' is a flexible
duct leading from an ABL designed fail safe pinch valve, The duct is placed
in the receiving contaiier with a set distance between the bottom of the con-
tainer and the duct outlet. When the valve is opened 50 lbs of powder flows
into the receiving pot, while the head cf powder outside the trunk stops the
flow, The valve is then closed and the receiving drum is removed, sealed and
a clean drum put in its place. This is repeated until the powder is completely
removed. The loading, operating, and unloading phases of the shaping and
blending operation have sufficient safety margins ranging from 2 to 23 as

shown in Figure 7,

5. Powder Screening—Powder screening is accomplished with a Sweco 30"

screener with heptane circulating through the system to prevent powder dust
buildup. The powder is introduced into the screener with a special arrange-
men’ consistiug of a drum turning apparatus and dump valve, Using this
arrargement the powder can be introduced remotely with heptane flowing
throuzh the screener. The screened powder automatically separates into a
container ready to be resealed. Clusters and fine material are separated into
containers, which are sent to the scrap disposal area heptane wet. Instrumen-
ted measurements of the acceleration during vibration and calculations of
particle velocities have established adequate safety margins for this operation
during nor mal operating conditions (2.0 to 83, 000). Abnormal situations

where a foreign object enters the screener could create a hazard from friction,

G-13
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Screener cleanup requires flushing the inside surfaces of the screener with
water tc remove residual casting powder fines prior to removing the section

restraining bands.

Figure 8 shows the screenecr operation and the safety margins during

operation,

C. . .'d Loading
Mold léxading, via the liquid carrier system, limits the powder particle
velocities to a safe level. The process steps are, (1) filling the main hoppe.
with powder from the smaller 14 gallon transporter cans, (2) mold loading,
(3) mold transportation, and (4) mold unloading., These steps can be accom-
plished safely by this system with safety margins for normal operating con-

ditions between 2 and 1, 562,

1. Powder Dumping into Hoppers—Powder is received in the moid

loading area in 14 gal drums containing 50 lb of powder and 3 gallons of
Heptane., These drums are emptied into a single hopper for mold loading.

The powder dumper arrangement used to empty the drums operates with
sufficient margins of safety (of 2 to 1, 562) and does not introduce any granular
friction problems. Freefall drop height from the dumper to the bottom of the
hopper does not exceed the 5' freefall limitation, This safety margin is
increased by maintaining a head of ! :ptane over the powder in the hopper.
Critical height to explosion data indicates that the powder in the 14 gallon
drum or in the hopper should not transit to an explosive reaction if ignition

should occur, Figure 9 shows hopper loading setup.

2, Powder Mold Filling—The height of the HIBEX unit is in excess of

the freefall impingement threshold level, This was one of the reasons for

introducing the liquid :arrier system. Mold loading by the liquid carrier
process reduces the powder particle velocities to 1.4 ft/sec, considerably
below the 17.5 ft/sec threshold level, Hazardous dust clouds are also elim-
inated during the loading since casting powder residue will be suspended in the
liquid media, Electrostatic voltages are not generated at the particle veloci-

ties of the loaded powder as indicated by in-process measurement of less
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Figure 8. Hazards Analysis of the Soreening Operating
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than 300 volts accumulated during mold loading operatic..s. The ABL designed
fail safe pinch valves have been tested extensively to insure that the opening
and closing of the valve does not present a hazard. Safety margins have been
established for this operation ranging from 2 to 1, 562. A potentia. hazard
exists if the rubber boot in the valve should fail releasing the powder and
heptane in the hopper. The new type neoprene NE-604 elastomer body was
subjected to a contamination and endurance test to provide assurance that the

valve would not fail.

Vibration is used on the 14 gallon handling drums, the casting powder hopper
and the mold during mold loading operatioas. Potential granule motion levels
are below that required to cause initiation. Safety factors for the vibrations
exist from 62 to 122, Temperatures were n onitorzd as suspected sources

of friction heating during the mold vibration resulting in only 10° above ambi-

ent being detected, Figure 9 shows the powder loading setup.

3. Powder Unloading—A powder unloading technique was developed to

remove the powder from the mold in the event that poor loading efliciency or
other unacceptable condition occurred. The system in effect rcverses the
mold loading technique and allows for the powder to be cast back into th’é,

1, 500 b hopper without free fall problems. Due to the inert carrier ;echnique,
a few granules adhered to the mold and fell after the unit was removed from
the hopper during dummy powder tests., The drop height of these particles
could exceed the 5 ft Til height, due to the length of the motor case. This
problem is however minimized by the fact that only = 2 1b of powder remain
in the unit with water or heptane to remove these particles prior to disassem-
bling the mold. Figure 9 shows the unloading setup. Included in Figure 9

is a process hazards survey of the mold loading and unloading phases.

Heptane Handling

Special procedures have been adopted for heptane loading and unlioading of

the units and hoppers used during the process. A 3, 000 'b grounded desiccator
is used as a supply source of heptane during loading of the units and during
draining operations. A nitrogen atmosphere (< 8% OZ) is maintained in the

desiccator and the receiving containers during loading and unloading of the
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units to reduce explosive atmospheres. A Coppus blower is used to remove
the escaping vapors during heptane handling. Nitrogen is again introduced
into the hoppers and the units when the heptane is removed after loading.
Figure 10 shows the major heptane handling areas and indicates that at all
times the heptane receiver and supply vessels are always blanketed with

nitrogen, and that adequate ventilation exists in the various areas.

Material Sensitivity

The transition characteristics of the 2849 casting powder has been determined

by defining the critical height to explosion with and without heptane and by
extending the data to the diameters fround in the process. Figure 11 shows
these data for dry and heptane immersed conditions, The transition of the
green mix was analyzed by a comparison with the data established for a
perchlorated, aluminum staple, CMDB formulation, ABL 2888, Figure 12,
as a function of volatile solvert level. No data was available similar to this

for 2849 casting powder,

Impact, friction and electrostatic values of the materials are summarized in
Table I in engineering terms, This information will be extended by obtaining

data on the new powder being processed as samples become available,
CONCLUSIONS AND RECOMMENDATIONS

Two potentially hazardous areas exist in the green powder processing
operations which are not part of the liquid carrier systems but are part of
the casting powder manufacturing process., They are (1) a transition to
explosion hazard in the press during extrusion and (2) fire hazard due to

friction in the cutting operation,
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HAZARD ANALYSIS OF HEPTANE HANDLING TECHNIQUES

1. Electrostatics - None--All systems grounded,
2. Explosive Vapors - None--Nitrogen purge use to displace the sir from

the systeus prior to filling with Meptan