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lion rates.	 however, deposits produced at these conditions were brittle. 	 Post heat treatment was found effective in Increasing the ductility of
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INTRODUCTION

In the development of advanced chambers for programs such as the Space
Tug Experimental Engine Program, new fabrication techniques and/or materials
will be needed to meet the projected chamber requirements. Of the techniques
currently available for fabrication, deposition by sputtering offers the most
potential of meeting the demands of the advanced designs. The application of
sputtering techniques to the fabrication of thrust chambers permits relative
freedom in materials selection for the chamber designer. Not being limited by
the inability to electrodeposit a material and not having to sacrifice the material
properties by elevated temperature joining operations, the chambers can be
fabricated from practically any alloy or combination of alloys desired. Further-
more, the improved bonding obtainable with sputtering provides increased low-
cycle fatigue life through improved materials and an elimination of joining
materials at the bond interface. Previous work by McClanahan, Busch and
Moss( 1) has shown that precipitation-hardened and dispersion-strengthened
copper alloys synthesized by sputtering offer potential as materials for fabricating
regeneratively cooled thrust chambers. Furthermore, it was shown that a
sputtered copper-0. 15 zirconium alloy can be stronger than the same alloy
produced by conventional primary foi , ping techniques.

The proposed method for chamber fabrication involves the sputtering of
an inner chamber wall, which is machined to a ribbed wall configuration.
The chamber channels are then filled with a suitable material and the final
closeout layer applied. Fabrication by this approach requires that the filler
material be compatible with the vacuum sputtering environment. The filler
must be capable of being applied to the channeled configuration and completely
removed without degrading the chamber material properties. The inner wall
structure and closeout layer could be (1) an alloy such as copper-0.15 zir-
conium; (2) a dispersion-strengthened, high-strength copper alloy; or (3) made
of graded layers to promote improved fatigue capabilities. The sputter applica-
tion of a high strength alloy outer chamber structure, with or without wire re-
inforcement, may permit further increases in chamber pressure to be attained,
as indicated by the work of McCandless and Davies(2) . Refurbishment or sur-
face protection by sputtering of inner wall coatings are further concepts for
extending chamber life. It was the objective of this program to develop sputter-
ing techniques for evaluating these concepts for advanced chamber fabrication
and coating.

The investigation performed in this program was divided into five work
tasks. Task I involved the application of an OFHC copper closeout layer to a
ribbed wall cylinder to yield a cylindrical structure representative of regenera-
tively cooled thrust chambers. Within this task an evaluation of five materials
to fill the grooved cylinder passages and selection of predeposition processing
and sputtering deposition parameters compatible with the filler materials were
performed. With the techniques developed, a cylindrical channeled structure
was fabricated and was submitted to NASA-LeRC. In Task II, fabrication and
evaluation of bulk sputtered OFHC Cu, Cu-0.15Zr, Al203-Cu, and SIC-•Cu were
performed. With the deposits fabricated, an investigation of structure, mor-
phology, and tensile properties of each alloy was performed. The purpose of
Task III was to investigate laminated cylindrical structures. The materials
for this task were selected by NASA-LeRC from those evaluated in the second
task of this program. One cylinder was sputter deposited with four layers of
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OFHC copper and the other cylinder with four layers of Cu-U. Mr. Each
layer of the deposit was of different hardness. Each cylinder was evaluated
for layer hardness, structure and bond integrity. Higher strength outer
structures were evaluated in Task IV. tour sputtered alloys, NASA Ilb-11,
Ti-Ml-2. 5Sn, aluminum, and Al-Al203 were evaluated for tensile properties.
Task V of the program investigated techniques to refurbish and coat the inner
surface of the thrust chambers. Inner surfaces of 7.6 cm (2. G in,) internal
diameter OFI1C cylinders were sputtered with OFEIC copper, Zr0 2 and graded
OFHC copper-Zr02 coatings. These were evaluated for bond quality, structure
and fatigue characteristics.

This report covers all the work performed in Tasks I through V of the
program. This report includes the work that was separately reported in the
Task I final report (NASA CR-134629).

n
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TASK I

INTEGI{AL COOLANT PASSAGE FILLER MATERIAL

The objective of this task is the evaluation of five candidate materials for
use as fillers for the subsequent application by sputtering of the closeout layer
to the inner structure of regeneratively cooled thrust chambers.

EQUIPMENT AND PROCEDURES

The equipment used for sputter deposition is shown schematically in fig-
ure 1. The vacuum chamber was of welded stainless steel construction, with
elastomer sealed main flanges. All other flanges were metal sealed, The
vacuum pumping system consisted of an air-driven aspirator pump, two liquid-
nitrogen-cooled sorption pumps, and a 0.270 m 3/s ion pump. The target,
substrate, and anode power supplies were all unfiltered fullwave-rectified DC
supplies with a nominal 4.5 %r, ripple. The filament current was provided by an
AC power supply.

Except for the initial depositions, which used research grade argon,
research rrx ide 99.99% pure krypton( 4) was employed as the sputtering gas.
Pressurt 00ving sputtering was measured with a Pirani gauge, and the gauge
reading ^.r,z• uwted to the approximate krypton pressure. A Schultz--Phelps gauge
was empityed to detect rapid changes in pressure and served as a back-up gauge.
The ion pump current was used to indicate pumpdown pressure.

For the closeout layer depositions, the targets, machined from Certified
Grade 101 orHC copper, (3) were 14. G cm long with an outside diameter of
12.7 cm. Target internal diameters of 10. 2, 11.4 and 11.7 cm were employed
in the depositions performed. The targets were supported in a water-cooled
stainless steel holder. The cylindrical substrates were held on a stainless steel
or OFHC copper holder, water--cooled through a coaxial support tube.

The substrates were machined from Certified Grade 101 OFIIC copper(3)
tubing. Two configurations of cylindrical substrates were fabricated: fully
grooved (figure 2) and quarter-grooved (figure 3). The blank cylinder was
mounted on an aluminum arbor affixed to an indexing head. The grooves were
machined using an 0. 159-cm wide cutter. The cylinder was approximately
2. 5 cm Ionger and 0.025 cm larger in diameter than the final dimensions desired.
The excess length and diameter were machined off after filling to provide a clean
surface on the ribs. The final machining and finishing operations were an integral
part of the filler material evaluation and will be separately discussed.

The operational characteristics of the sputtering device did not depend,
to first order, on substrate diameter. The selected substrate diameter of
0. 1 cm was within the 5. 1 to 7. G em requirement and minimized the machining
required on the starting substrate material.

A general procedure was used for all depositions performed in this evalua-
tion. The substrate with the desired surface finish was cleaned, installed on
the substrate holder, and loaded into the vacuum chamber. The system was
then rough pumped with an air-driven aspirator pump and sorption pump and ion
pumped to high vacuum. The time required to reach a low base pressure was
dependent on the filler material being evaluated.

3
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After pumping to high vacuum, argon or krypton was bled into the system
and sputter cleaning (back sputtering) of the substrate started. Argon was used
during the initial experiments (runs I-1 through 1-9) because krypton was not
available. Krypton was used in the latter runs because of the higher deposition
rates resulting when this gas is used. During sputter cleaning, the magnetic
field was established and a high negative substrate bias voltage applied. The
purpose of the sputter cleaning is to remove gases and other contaminants from
the substrate surface so that a high strength substrate-closeout layer bond is
achieved. Substrate cleaning was usually accomplished by ceveral cycles of ion
bombardment, followed by pumping to high vacuum. Sputter cleaning the sub-
strate also accomplished a partial clean-up of the target. During the final cleaning
cycle, the target was sputtered simultaneously with the substrate. The cleaning
cycles were continued until no increase in pressure was noted when the discharge
was initiated.

To start deposition, the voltage and current to the target were increased
to the desired level. Usually, target power was kept low at the start of deposi-
tion to minimize substrate heating and outgassing or vaporizing of the filler
material.

From the completed cylinder of each deposition, sections were removed
for metallographic examination. These were typically mounted in clear epoxy
and polished to a 1µ finish. Etching was performed exclusively with a solution
of 5g reC13, 10-m1 13C1, 50-m1 glycerin, and 30-m1 water.

When closeout layer bond strength was to be determined, 2.5 by 2.5 cm
square sections were removed for tensile testing. After removal of the filler
material, these sections were bonded to tensile fixtures (figure 4) with EA951
Structural Adhesive (5) (450°K, 4.5-ks air cure) and pulled in tension normal to
the bond interface at a strain rate of 8.3 x 10- 5 cm/cm/s (0.005 in. /in. /min).
Where high bond strengths were anticipated, the ribs on each side of the seg-
ment were cut to reduce bond area.

TILLER MATERIALS

Selection

The filler materials chosen for this evaluation (table I) included materials
that could be applied by casting, flame or plasma spraying, or slurry techniques.
Casting was to be limited to materials whose melting point was less than 450°K
(177 0 C). Three ow melting alloys CERROTRU @, CERHOCAST @, and
CERROBEND® (h) were selected for evaluation. CERROBEND was chosen for
its low melting point and ease of application, while CERROCAST was selected
because of its stability after casting and its noneutectic composition providing a
nonuni.que freezing temperature. CERROTRU was selected because its net
expansion upon freezing would provide a tighter mechanical bond to the groove
walls.

The SERMETEL® 481 material(7 ) was selected because of the ease of
application. This material is applied as a slurry and dried at 353°K (1961F).
Usually, this material is then baked at 811°K (1000°F) to sinter the particles
together to form a continuous aluminum matrix. This heat treatment was not
to be performed, since this exposure would result in annealing the OFHC copper
substrate.
6
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Table 1. ruler Ma,

Melting Temperature,
OX 	 OF

343	 158

411-443	 281-338

411	 281

933	 1220

I
i

Material

CERROBENDO

CERROCASTD

CERROTRUO

Aluminum

I	 I	 .	 .I

terials

Composition,
Percent by Weight

50Bi-26. 7Pb-13.3Sn-IOCd

40Bi-6OSn

58Bi-42Sn

99.9AI

SERMETEL® 481	 933	 1220	 45A1-54.5NaSiO4-0.5ZnO

Pure aluminum, applied by flame spraying, provided the final filler material
examined. Ranging in density from 85 to 90% of theoretical density, this material
could be easily machined and easily removed by leaching in a NaOII solution.
Aluminum and SERMETEL 481 allowed higher substrate temperatures to be
maintained during deposition of the closeout layer.

Filling Techniques

All CERRO® Alloys examined in this program as possible filler materials
were cast into the grooves using the same technique. (See figure 5.) The tech-
nique consisted of three steps. preparation of the cylinder, casting of the
CERRO Alloy, and removal of the cylinder from the casting.

Typically, the cylinder was prepared by vapor blasting or sanding the
grooves to remove burrs and contaminants and washed with methanol. The ends
of the cylinder were tightly plugged. The cylinder was then tightly wrapped
with 0.0127-cm Ti-6A1-4V sheet so that it extended slightly beyond the copper
cylinder ends. The titanium alloy sheet was secured with 0. 025-cm diameter
wire at two positions along the cylinder length. This assembly was then preheated
for 2 to 3 min in an air furnace at 477 + 10*K (399.2 -EWF).

Approximately 3.9 kg of CERRO Alloy was melted in a PYREX@ container
and the molten alloy skimmed to remove floating contaminants. The preheated
cylinder was pushed vertically into the molten CERRO Alloy so that the top
edge of the copper cylinder was below the surface of the molten CERRO Alloy.
Since a difference in pressure exists, the molten CERRO Alloy is forced up the
passages formed by the titanium alloy sheet and the grooved copper cylinder.
Vibrating the assembly assisted the movement of entrapped bubbles up the grooves
and assured complete filling of the passages. The whole assembly was then
allowed to cool to room temperature.

After removing the outer glass container, the excess CERRO Alloy was
broken away, and the titanium-alloy sheet and the end plugs removed to complete
the process. The filled grooves were visually examined for entrapped porosity
and subsequently machined to final dimensions. This entailed removal of 2.54 cm
from the cylinder length and 0.0254 cm from the outside diameter.

m
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The aluminum filler material was applied to the vapor-blasted cylinder by
flame spraying. After approximately 0. 025 cm of aluminum was applied, the
excess was removed from the ridges between the grooves. This procedure "Vas
continued until the flame-sprayed aluminum completely filled the grooves. The

"	 cylinder was then machined to final dimensions.

The SERMETEL 481 filler was trowelled into the grooves and baked at
353 11 If (1760 F) for approximately 1 hr. The filled cylinder was then machined to
final dimensions.

Machining Operations

The removal of the final 0.025 cm from the diameter of the cylinders after
filling was perfo: med using a variety of machining techniques. These included:
the normal lathe turning operation, longitudinal surface grinding, longitudinal
milling, and bidirectional dry machining. The several techniques were tried in
an attempt to minimize smearing of the filler material onto the rib lands and
to eliminate the formation of cracks alon g the grooves due to the filler material
being pulled away from one side of the groove. Each operation is described in
some detail in the following paragraphs.

Normal Lathe Machining - The filled cylinder was mounted on an aluminum
arbor, rotated axially at 3 rev/s. Using a carbide cutting tool, traversing at
0.005 cm per revolution, approximately 0. 013 em was removed from the radial
dimension per pass during the initial rough machining and approximately 0. 002 cm
was removed from the radial dimension per pass during the final finishing
operation. No lubricants were used at any time during this machining operation.
Trimming to length was performed as the final operation in this and all subsequent
machining techniques to be discussed.

Longitudinal Surface Grinding - The filled cylinder was mounted on an
aluminum arbor attached to an indexing fixture. The surface grinding operation
was performed using an AF-1226 grinding wheel, rotating at about 40 rev/s and
traversing the specimen lengthwise at 0.1 cm/s. Removal of 0.0013 cm per
pass resulted in a fiat surface approximately 0.3 cm wide. After each pass the
cylinder was rotated 5.46 deg. A water soluble lubricant was used throughout
the surface grinding operation.

Longitudinal Milling - The basic setup for the longitudinal milling operation
was the same as that used for the surface grinding operation. In this operation,
a 1.9-em diameter carbide end mill rotating at 5 rev/s traversed the cylinder at
0.1 cm/s. The axis of rotation of the end mill was parallel to the tangent plane
of the surface being milled and orthogonal to the cylinder axis. The cylinder
was rotated 5.46 deg after each pass. After milling, the cylinder had 66 flats
approximately 0.3 cm wide about the circumference. A water-soluble lubricant
was used in this machining operation.

Bidirectional Dry Machining - The dry machining operation was performed
on a reversing lathe with the cylinder mounted on an aluminum arbor and rotated
at 2.3 rev/s. Using a TGB 431 cutting tool, traversed at 4.5 x 10- 3 em per
revolution, approximately 0. 0025 cm was removed per pas,-, The lathe rotation
was reversed for the final two passes. The cylinder was then polished with 600-
grit SIC paper in both directions on the lathe to complete the process. No
lubricants were used at any time during the dry machining operation.

11
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Flnishing Operations

Several techniques were employed throughout this program to either elim-
inate the smearing of the filler material onto the rib lands, reduce the surface
porosity of the filler materials, eliminate the pulling of the filler away from one
side of the grooves, or affect the surface finish of the substrate. These opera-
tions included shot peening, vapor blasting, glass bead peening, chemical polish-
ing, and mechanical polishing, and, in some cases, a sequence of several of these.

Shot Peening - The shot peening was performed using SAE 170 cast steel
shot at a carrier air pressure of 0.210 MN/m2 (30 psi). The orifice was held
3 to 7 cm from the surface. The flow was directed normal to the surface and
traversed in such a way that a given point experienced 3 to 5 sec of peening.

Vapor Blasting - The vapor blasting operation was performed using a water
slurry of 325-grit NOVACULITN @ with a water pressure of 0.55 to 0.69 MN/m2
(80 to 100 psi). Typically, the nozzle was held approximately 20 cm from and
45 deg inclined to the surface of the cylinder. Vapor blasting was performed
until the desired surface finish was achieved.

Glass Bead Peening - The glass bead peening operation was performed
using 0.0177-- to 0.0296-cm diameter glass beads impinging normal to the surface
from a nozzle held 5 to 10 cm from the surface. Typically, the peening operation
was performed with a water carrier operating at a line pressure of 0.55 to
0. fi g MN/m2 (80 to 100 psi), The nozzle was traversed at such a rate that a
given point on the surface experienced approximately 5 sec of peening.

Chemical Polishing - Chemical polishing was accomplished by placing the
work piece in a solution consisting of equal portions of H3PO4, C113COO11.
and 1INO3 for 5 sec. The solution was typically heated to 348 -15°K. Immersion
in distilled water followed by an ethanol rinse completed the process.

Mechanical Polishing - Mechanical polishing was performed using a hand-
held, air-operated tool. The polishing media, 6A paste, was applied to the
MICROC LOT H® disk affixed to the polishing tool. A VARSOO' carrier was
liberally applied to the work piece throughout the polishing operation. Polishing
pressure and direction were left to the discretion of the operator performing
the polishing.

The surfaces of many cylinders were finished by sanding with 600-grit SIC
paper using no lubricants. Both lengthwise and circumferential sanding were
employed, although both were not necessarily used on every cylinder. The
sanding operation was continued until the desired surface finish was achieved.

Sputter Cleaning and Closeout Layer Deposition

After the filled cylinder had been machined to final dimensions and the
surface finished to the desired degree, a final cleaning was performed prior to
insertion in the vacuum chamber. Sputter cleaning (rack sputtering) was employed
to remove surface contaminants that could degrade the interface between the
substrate and the closeout layer. (See table H.) The deposition cycle (table III)
immediately followed the sputter cleaning operation. In some cases, the two
processes were performed simultaneously, i.e., while one was being phased in
the other was being phased out. Whenever the deposition was stopped for any
significant period of time, a sputter cleaning cycle was performed prior to re-
initiating the deposition cycle.
12



Table IL Summary of Cylinder Preparation and

Run Cylinder Cylinder Filler Machining, F inijiting Treat
Number Number Configuration illaterial Preparation, and Prinvirl

I-1 None - Nonv Lathe machined, light vapor 1A
distillvil water rinse, methanol

I-2 None -- None Lathe machined, Iicaty vapor 1
distilled water rinse, methanol

1-3 C-1 Fully grooved CERI ODEND a Lathe machined, light vapor 131
distilled water rinse, methano l

I-4 C-3 rally grooved CERROBENDR Lathe machined, degreased, A,
distilled water rinse, methanol

I-5 C-1 Tally gr toved CI:RROBENDR Lathe machined, 2Y(, Gµ polish
peen, 50%. vapor blast, degrem
water rinse, methanol rinse

1-6 C-4 Quarter grooved CERROTRU® Lathe machined, 9077 vapor bh
polish, degrease, methanol rzn

I-7 C--S Quarter grooved CERROTRUG Lathe machined, vapor blast,
rinse, methanol rinse

I-8 C-0 Quarter grooved SERMETELR 481 Lathe machined, vapor blast,
rinse, methanol rinse

I-J C-7 Quarter grooved Aluminum Lathe machined, vapor blast,
rinse, methmiol rinse

I-10 C-8 Quarter grooved Aluminum Lathe machined, vapor blast,
rinse, methanol. rinse

1-11 C-4 Quarter grooved CERROTRUR Lathe machined, glass bead p
water rinse, methanol rinse

1-12 C-12 Quarter grooved Aluminum Surface ground, sanded No. 11
followed by No. 325 paper, vat
distilled water rinse, methanol

1-13 C-10 Quarter grooved Aluminum Milled lengthwise, glass bead j
water rinse, methanol rinse

1-14 (2) C-14 Quarter grooved Aluminum Milled lengthwise, vapor blas tji

peen, vapor blast, distilled tvG'
methanol rinse

^^rozrt x	 1	 _^



ler Preparation and Sputter Cleaning Parameters

:ng, Finishing Treatment, S%Irfacv Sputter Cleaning Pressurv,
trztion, and Primary Cleaning Voltage, N'	 Current, mA Duration, s N/m2 ^C

pined, light vapor blast * AJAX R scrub, - None
ter rinse, methanol rinse

tined, hoary vapor blast, AJAX R scrub, - Nona - .. _
,ter vinsc, methanol rinse
fned, light vapor blast, AJAX CFR' scrub, -300 50 300 1.3 10
ter rinse, methanol rinse
invd, degreased, AJAX® scrub, -450 50 300 4.5 34
ter rinse, methanol rinse

ined, 23 % 611 polish, 25 r: glass be'aCI -450 50 300 4.0 30
►apor blast, degrease, distilled
, methanol rinse
ined, 90 1,0 vapor blast, 10% GA -450 50 300 3.1 23
rease, methanol rinse
fined, vapor blast, distilled water -500 50 300 3.6 27
lanol rinse

fined, vapor blast, distilled water None-system would not pump down due to filler outgassing
aanol rinse

ined, vapor blast, distilled 1vater -000 300 60 5.5 41
^anol rinse -600 300 60

ined, vapor blast, distilled water -700 300 60 3.3 25
:anol rinse -750 300 300
ined, glass bead peen, distilled -700 300 60 3.9 29

methanol rinse -700 300 60
find, sanded No. 120 paper -650 300 60 3.0 2.9
No. 325 paper, vapor .blast, -750 300 900
,er rinse, methanol rinse

lnvise, glass bead peen, distilled --675 300 660(1) 3.9 2.9
methanol rinse

htviso, vapor blast, glass bead -250 300 1620(3) 1,.2 9
blast, distilled water rinse,
tse
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Table II. Summary of Cylinder Preparation and Sputter Cle

. Run Cylinder Cylinder Filler 111acixining, Vintshing Trent
Number Number Configuration Material Preparation, and Primn,

I-15 (4) C-11 Quarter grooved None No machining, 2570 sanded No.
vapor blast, 2570 glass head pe
distilled water rinse, methanol

I-10 C--17 Quarter grooved Aluminum Milled lengthwise, glass bead 1'
(54 hr)	 vacuum bake, valor b]
soak (ultrasonic)

I-17 C-14 Quarter grooved CERR,OTR.UR Milled lengthwise, 505 sanded
paper, 50r{, chemical polish(G),
rinse, methanol rinse

I-18 C-19 Quarter grooved CERROTRU" Milled lengthwise, sanded long
paper, ethyl alcohol rub

1--19 C-15 Quarter grooved Aluminum Milled lcngthwise, shot peened
lengthwise, Sanded lengthwise
AJAX ̀R scrub, methanol rub, i

1-20 C-18 Quarter grooved Aluminum Dry milled lengthwise, &-j lna
lengthwise No. 600`paper, AJA
methanol rub, ethyl alcohol rb

I-21 C-21 fully grooved C ERROTRU 
R Dry machined, sanders Iungthwi

AJAX' R scrub,• ethyl alcohol rii

I-22 C-22 Fully grooved Aluminum Dry machined, sanded lcngthw,
AJAX R scrub, methanol rub, c

I-23 C-20 Fully grooved C ERROTRU (F-t' Dry milled lengthwise, machii
wise No. 600 paper, AJAX 111 sc
ethyl alcohol rinse

1-24 C-22 Quarter grooved Aluminum Dry milled lengthwise, etched
(3 hr) vacuum bale, methanol

I-25 C-20 Fully grooved CERI30TRU R ' Dry machined, sanded length jI
AJAX R 'scrub, methanol rub,

I

Notes:
a

(1)120 s, 240 s, and 300 s cleaning cycle with pump clown bet%Veen cycles
(2)Triode operation during cleaning; filament at 7.5V (108A), anode at +40V (5A)
(3)60 s, 180 s, GOB) o, 480 s, and 300 s cleaning cycle with pump down between cycles
(4)Triode operation during cleaning cycle; filament at 7V (110A), anode at 1 .401' (7..2A)
(5) GO s, 120 s, 180 s, 3 iD s and 120 s cleaning cycle with pump clown between cycles + 180s
(6) 1/3 IINO3, 1/3 I13 PO4, 1/3 C113000Ii heated to 348°K
(7)225 mA substrate current for first few seconds.

FOLDOUT FRAM )	 pRF nU4G pA.GE BLANK NOT M
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'ation and Sputter Cleanlag Parameters (Continued)

ning, Finishing Treatment, b%irface Sputter Cleaning Pressures,
pzration, and Primary Cleaning Voltage, V	 Current, mA Duration, s N/m2 g

ling, 257D sanded No. 600 paper, 25% -500 500: 1200 2.2 17
;t, 257o glass bead peen, 25% untreated,
,ater rinse, methanol rinse

gthivise, glass bead peen, 800°r -800 300. 960(5) 3.11) 29
teuum babe, vapor blast, methanol
Lsonic)

,thwtse, 50%b sanded lengthwise No. 610 -500 60 1200 3.6 27
rh chemical poiish(6), distilled %%rater

I11anol rinse

AhMse, sanded lengthwise loo. 600 -500 70 840 3.6 27
yl alcolial rub

;thwise, stiot peened, dry mille(I -500 65 600 3.6 27
sanded lengthwise No. 600 paper,

cub, methanol rub, methanol rinse

I lengthwise, dry machined, sanded -500 70 600 3.:3 25
No. 600'paper, AJAX ® scrub,

'ub, ethyl alcohol rinse

ned, sanded kngthwise Pao. 000 paper, -500 70 (7) 300 3.:3 25
cub,. ethyl alcohol, rinse

ned, sanded lrngthivise No. 600 paper, -500 100 1020 3.3 1.15
:ub, metlanol rub, ethyl alcohol rinse

lengthwise, machined, sanded length- -500 55 240 :3.:3 25
00 paper, AJAX U scrub, methanol rub,
.ol rinse

lengthwise, etched dilute lINO3, 400 O F	 -1000	 100	 1200	 2.7	 20
um bake, methanol rub

aaed, sanded lengthwise No. 600 paper,	 -500	 70	 1200	 3.9	 29
.ub, methanol rub, ethyl alcohol rbise

EOV (5A)

veen cycles

I +40V a. 2A)

.en cycles + 180s target phase in cycle

15
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Table III. Summary of Deposition.

Substrate Target magnetic Coils
Run Cylinder Cylinder hiller Voltage, Current, Voltage, Currant, Current,	 Sepur

Humber Number Configuration Material V mA V A A	 c

TARGET A - 10.2

I-1 None -- None Ground - -600 5.0 7.0	 R. 4

I-2 None -- None Ground - -530 511 7.7	 G..1

I-3 C-1 Fully Grooved CERROBEND@ -125 3 -450 4.0 7.7	 G..1
Ground - -450 4.0 7.7	 (i.4

I-4 C-3 Tully Grooved CERROBEND® -250 5 -430 3.0 7.5	 7. C

TARGET 13 - 10.2

I-5 C-1 Fully Grooved CERROI3ENDU -100 G5 -620 1.0 5.0	 7.0
-100 65 -690 1.5 6.0	 7.0
Ground - -670 1.5 6.0	 7.6

I-6 C-4 Quarter Grooved CERROTRU® -35 G -500 4.0 7.5	 7. G
I-7 (1) C-5 Quarter Grooved CERROTRU® -50 45 -690 1.5 5.0	 7. (1

I-12(3)	C-12

I-16	 C-17

I-17	 C-14

ORIGINAL PAGE I

or.  POOR (aVALYM

Ground - -690 1.5

Quarter Grooved SERMETEL®R 481 No deposition, system would not pump down due to filler outgassif

Quarter Grooved Aluminum -200 140 -700 1.2 5.0(2) 7. G
-100 140 -700 2.0 7.0 7.a

Quarter Grooved Aluminum -300 250 -725 1.8 5.0 7. G'

Quarter Grooved CERROTR[! U -250 215 -800 1.9 5.0 7. G'

TARGET C - 10.2

Quarter Grooved Aluminum -250 175 -850 2.0 7.0 3.
-250 175 -1000 0.8 7.0 3.

TARGET D - 11. f

Quarter Grooved Aluminum -500 250 -750 1.5 5.0 7.
Quarter Grooved Aluminum Ground(4) 0 -500 0.8 0.0 7.(

-350 120 -650 1.3 5.0 7.^
-150 59 -650 1.3 5.0 7.(

Quarter Grooved None Ground 0 -720 1.9 5.0 7.t
-100 60 -720 1.9 5.0 7.
-200 loo -720 1.9 7.5 7. 1

-200 194 -750 4.4 7.5 7.1
-100 84 -750 4.4 7.5 7.1

Quarter Grooved Aluminum -500 140 -500 1.0 5.0 7.
-250 60 -570 1.4 5.0 7. 1

-250 89 -070 2.0 510 7.
-250 89 -650 2.0 5.0 7.'
-150 89 -650 4.8 7.5 7.

Quarter Grooved CERROTRt' -500 8{i -450 1.0 5.0 7.1
-250 75 -615 2.0 5.0 7.1
-100 84 -905 4.0 5.0 7.1

I-8	 C-9

I-9	 C-7

1-10	 C-8

1-11	 C- 4

1-13 	 C-10

I-14	 C-13

I-15 (5)	C-11
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mmmary of Deposition Parameters

A1ngnetic Coils Substritty :Maximum C'loscout Maximum
Lmt,	 Current,	 Separation, TIrn v, Temperature, Luyer Thickness, Deposition Rate, Ifressurr,

A	 cm ks hr OK °i° nmi mils nm/s mil/hr .q/m2 µ

TARGET A - 10.2 cm ID

7.0	 0.4 25.2 7.0 322 120 0.533 21.0 21,1 3.0 1.3 10

7.7	 6.4 23.4 0.5 341 155 0.584 23,0 24.9 3.5 0.9 7

7.7	 6,4 7.2 2,0 330 145 0.558 22.0 30.9 4.4 1.5 11
7.7	 (► . 4 10.8 3.0

7.5	 7.6 18.0 5.0 350 170 0.407 16,0 22.6 3,2 1.5 11

TARGET B - 10.2 cm ID

5.0	 7.6 7.2 2.0 350 170 0.173 6,8 8.0 1.1 4.0 30
6.0	 7.6 7.2 2.0 358 185
6.0	 7.6 7.2 2.0 358 185

7.5	 7.6 18.0 5.0 341 155 N111 NM NAI NAI 1.7 13

5.0	 7.6 16.2 4.5 380 225 0.170 .6,7 7.5 1.1 3. G 27
6.3 1.75 526 487

own due to filler outgnssing

5,0(2)	 7.6 16.2 4.5 339 151 0.142 516 7.5 1.1 5.3 40
7.0	 7.6 2.7 0.75 354 178 7.2 54

5.0	 7.6 18.9 5.25 324 12.1 0,173 6,8 9.1 1.3 4.5 34

5.0	 7.6 21.6 6.0 349 169 0.241 915 11.1 1.0 3.9 29

TARGET C- 10.2 cm Iii

7.0	 3.8 10.8 3.0 389. 231 0.127 510 8.8 1.3 5.6 42
7.0	 3.8 3.6 1.0 362 192

TARGET D - 11.5 cm ID

5.0	 7.6 40.5 11.25 355 180 0.280 11,0 6.9 1,0 3.9 29

0.0	 7. G 20.7 5.75 1156 722 0.231 9,1 5.1 0.8 i.1 8
5.0	 7.6 10.8 3.0 - 3.9 29
5.0	 7.6 13.5 3.75 - 3.9 29

5 1 0	 7.6 8.1 2.25 566 560 0.295 11.6 10.9 1.6 3.6 27
5.0	 7.0 7.2 2.0
7.5	 7.6 7.2 2.0
7.5	 7.6 0.9 0.25
7.5	 7.6 3.6 1.0

5.0	 7.6 1.8 0.5 482 408 0.580 22;8 i2.9 1.8 3.9 29
5.0	 7.6 2.7 0.75
5.0	 7.6 14.4 4.0
5.0	 7.0 9.7 2.75
7.5	 7.6 16.2 4.5

5.0	 7.6 14.4 4.0 U4 191-i 0.052 2,0 3.G 0.5 3.6 27
5.0	 7.6 14.4 4.0 0.129 5.1 9.0 1.3
5.0	 7.6 22.3 6.25 0.493 19.4 21.9 3.1



i	 I	 I	 I	 _I
Table M. Summary of Deposition P,.

Substrate Target Magnetic Coils
Run Cylinder Cylinder filler Voltage, Current, Voltage, Currant, Current, Sepnrn

Number Number Configuration Material V mA V A A er

k - 11.7

1-18 C-19 Quarter Grooved Cl-.I11101 'I10 -500 60 -170 0.5 5.0 7.11
-500 60 -450 0.1-1 5.0 7. 6
-500 90 -615 1.0 5.0 7.1i

-500 153 -800 1.1.0 7.0 7.6

-0. 6 73 -730 3.0 7.0 7. (1

-25 18 -7(10 1.0 7.5 7, 6
1-19 C-15 Quarter Grooved Aluminum - 500 70 -450 0.7 a'. 0 7.6

-250 43 -•150 0.8 5.0 7. G
-250 40 -.150 0. 8 5.0 7.6
-250 50 -600 1.1 5.0 7. ()
-250 53 -(100 1.1 5.0 7. 6
-100 63 -1000 2.0 5.0 7.6

I-20 C-18 Quarter Grooved AIuminum - 500 70 -450 0 . 7 5.0 7. (i
-250 51 -600 1.1 5,0 7. 0
-100 (35 -1000 2.1 5.0 7. (i

I-21 C-21 Fully Grooved CERR0 ,11110 -500 75 -450 0 . 9 5.0 7. 11

-500 80 -500 1.1 5.0 7.1i
-500 t60 -1000 2.4 5.0 7. (i

I-22 C-22 Fully Grooved Aluminum -50 0 -350 0 . 9 1i. 5 7. 0

-50 0 -250 0.0 6.5 7. ()

-25 10 -6100 •1.2 (0.5 7. (1
I-23 C-20 Fully Grooved CERROTI?V@ -500 65 -350 0.7 5. 0 71 (i

-500 60 -350 0.5 5.0 7. (i
-500 80 -450 1.2 5.0 7. 0

-500 100 -550 1.8 5.2 7.(1
-500 155 -800 11.3 5.0 7.0
-500 110 -1000 2.0 •1.0 7.0
-25 21 -1000 2.3 4.0 7. (k'
-25 25 -1000 5.0 5.0 7.d,
-250 so -1000 510 4.8 7.0

I-24 (6) C-16 Quarter Grooved Aluminum -500 140 -800 4 . 0 4.7 7. (1
-25 21 -1000 4.0 •1.1 7.(

0 0 -1000 3.4 4.5 7. (1
0 0 -1000 2.5 4.5 7.0
0 0 -800 3.5 7.5 7. f
0 0 -700 4.5 8.0 7.0

TARGET F - 11.

I-25 C-23 	 • fully Grooved CLRROTRU@ -900 50 -400 0.6 5.0 7.
-400 84 -550 1.1 5,0 7.e
0 0 -700 1.0 5.0 7.4
0 0 -1000 1.7 5.0 7.(
0 0 -1000 3.2 6.0 7.4

NOTES:

(1)Operated In triode mode last 1.75 hr

(2)For first hour of operation, 5A coil current was used

(3) Discharge unstable during entire run

(4) Triode operation with filament at 8.5 v (115x) and anode at +40v (15a) for first 5.75 hr

(5)Filament operated without anode to heat substrate throughout run

(0)After 5. b hr, system evacuated, 5 min back sputter 1000 v (230 mA) at 251A pressure

NM - Not Measured

FOLDOU'^ imim )	 PRECEDING PAGE BLAND NOT FMMED



mary of Deposition Parameters (Continued)

Magnetic Coils Substrate Maximum Closeout. Alnxllnum
.ant,	 Current, Separation, Time, 'I'entperature, LiWer Thiclrncss, Deposition liatr, Pressure,

A em Ics lir °K OF mm mils nm/s mtl/hr N/m2 µ
TA Itt ET E - 11.7 em 11)

5.0 7.G 14.4 1.0 Nll _ 0.021 0.h 1.5 0.2 3.3 25
-5.0 7.0 15.3 •1.251 0.024 0.0 I.0 0.2

5.0 7.0 10.8 5.50 0.078 3.1 4.0 0.6
7.0 7. ti G.3 1.75 0.099 3.0 15.7 2.2
7.0 7.6 2.7 0.75 0.037 1.4 13.7 1.9
7.5 7.0 26. 1 7.25 0.550 21.0 21,1 :1.0

5.0 7.6 1.8 0.5 Nil 0.003 0.1 1.7 0.2 :1.2 24
5.0 7.6 5.4 1.5 0.013 0.5 2.4 0.4
5.0 7. ti 18.0 5.0 0.083 :1.3 4.6 0.7
5.0 7. (i 6.0 2.5 0.021 0.8 2.3 0.3
5.0 7.0 4.5 1.25 0.024 0.9 5.3 0.8
5.0 7.0 '31.0 13.0 0.238 944 11.0 1. II
5.0 7.6 21.6 11.0 N11 0.074 2.9 3.4 0.5 :1.3 25
5.0 7.0 .18.5 13.5 0.249 9.8 5.1 0.7
5.0 7.6 28.8 8.0 0.025 1.0 0.0 0.1
5.0 7.0 27.9 7.75 0.056 2.2 2.0 0.3 :1.3 25
5.0 7.G .10.7 1:1.0 0.101 7.5 4.1 0.8
5.0 7.6 27.9 7.75 0.332 13.1 11.9 1.7
(1.5 7. Ei 19.8 5. 5 0.038 1.5 1.9 0.3 .113 25
11.5 7.6 :1.6 1.0 - - - -
0.5 7.0 `30.7 5.75 01350 14.0 17.2 2.4
5.0 7.6 U. 5 3.7 y NAl 0.017 0.7 1.3 0.2 3.3 25
5.0 7.6 18.0 5.0 0.020 0.8 1.1 0.2 3.3 25
5.0 7.0 18.0 5.0 0.008 2.7 3.7 0.5 :1.3 25
5.2 7.6 •13.2 12.0 0.284 11.2 0.7 0.9 3.3 25
5.0 7.6 7.2 2.0 0.101 4.0 14.0 2.0 3.3 25

•	 •1.0 7.0 9.0 2.5 0.094 3.7 10.4 1.5 1.6 12
4.0 7.ri 7.2 2.0 0.09.1 3.7 13.1 1.9 I.G 12
5.0 7.6 B. G 1.0 0.094 3.7 20.1 3.7 I.0 12
4.8 7.0 3.6 1.0 0.094 3.7 26.1 3.7 1.6 12
4.7 7.6 5.4 1.5 NAI 0.292 11.5 20.0 2.9 2.7 20
4.1 7.6 1.8 0.5 2.7 20
4.5 7.0 7,2 2.0 0.7 5
4.5 7.0 4.5 1.25 0.420 10.5 10.7 2.•1 0.7 5
7.5 7.0 11.7 3.25 0.5 4
8.0 7.6 9.0 2.5 0.5 4

TAIIGET V - 11.7 em ID

5.0 7.0 18.0 5.0 NAI	 1.015	 1iy.0	 10.7	 1.4	 3.0 29
5.0 7.0 9.0 2.5 3.3 25
5.0 7.0 5.4 1.5 I.G 12
510 7.6 37.8 10.5 1.6 12
0.0 7.0 30.G 8.5 l.G 12

i
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V I I I
Mller Removal

Techniques were established for removal of the CERH2OTR.0 and aluminum
fillers. Removal of the flame-sprayed aluminum by leaching with NaOII was
found to be most rapid between G. 0 and 7.0 molarity. (See figure G.) Ultrasonic
vibration and tilting of the sample did not result in significant increases in the
rate of removal. A maximum rate of 1.3 x 10`" 4 m/s (0.48 cm/hr) was obtained
using 7.0 molar NaOH at 348 to 3530K (167 to 1760 F) without ultrasonic vibration.
Removal of the CERROTRU was accomplished by placing one end of the cylinder
in a pool of molten CERROTRU at 453°K (356 0F) for about 300 seconds and with-
drawing slowly. F inal removal of the last remnants of the CERROTRIT was
accomplished by etching in a concentrated I1C1 solution.
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NaOH Solution Concentration - moiarity

Figure 6. Effect of NaOH Solution Molarity on the 	 IT'D 78193A
Average Leaching Hate of the Flarne-
Sprayed Aluminum Mi ller at Ambient Tem-
peratures

RESULTS AND DISCUSSION

The closeout layer thickness was measured throughout the program to
evaluate the geometrical characteristics of the selected sputtering configuration
and to determine it thickness distribution was changing as a result of nonuniform
target depletion. Typically, the circumferential distribution at the cylinder
center varied between :L5% of the average coating thickness. (See figure 7,)
This variation in coating thickness was attributed to deviations from perfect
symmetry of the target, substrate, and magnetic field during deposition. The
longitudinal closeout layer thickness distributions obtained in all runs were
typical of those shown in figure 8. The basic shape of the distribution over the
cylinder length was a consequence of the similar length of substrate (12.7 em)
and target (14.6 cm). Th y_ change in longitudinal distribution with deposition
was attributed to the change in tar get geometry due to the nonuniform sputter
removal of material. Similar distribution profiles with a similar type device

R	 have been previously observed and described by Gill and fiay. (3)
21
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The distributions obtained were acceptable for the filler material evaluation
to be performed since the required deposit thickness was relatively small. Where
thicker deposits would be required longer targets, modification of the target ends
or shaping of magnetic field would have to be performed. The various filler
materials, processing techniques and deposition parameters are discussed
separately in the following sections.

Effects of Tiller Materials

Of the filler materials evaluated, CERROCAST, CERROBEND, and
SERMETEL 481 were found to be unacceptable for use in the fabrication of thrust
chambers ; y sputtering. The high shrinkage characteristics of CERROCAST
resulted in incomplete filling of the grooves after repeated filling attempts. The
casting technique being used with the low melting alloys would require mod-
ification to allow for the shrinkage of the CERROCAST. Application of this
filler in contoured thrust chambers would be extremely difficult. Although, the
casting of CERROBEND into the grooves resulted in adequate filling, this use of
this filler resulted in severe bond contamination. The closeou 't layer removed
from the rib lands of run 1-3 exhibited discoloration indicative of CERROBEND
contamination. This was qualitatively identified by spark source emission
spectrography to contain Cd, Bi, Sn, and Pb, the constituents of CERROBEND.
Bond contamination also resulted in the cylinders produced in runs 1-'4 and I-5.
The SERMETEL 481 filler was found to be unacceptable due to continuous out-
gassing in the vacuum environment. Without using the high temperature curing
cycle (3.6 Its at 813°Iq which would anneal the OFHC copper substrate, the
SERMETEL 481 was porous and contained entrapped gases that prevented
acceptable vacuum levels to be obtained. Furthermore, the surface could not
be densified sufficiently to yield a smooth surface.

iPosition About Circumference - deg

Figure 7. Circumferential Closeout Layer	 FD 78481-A
Thickness Distribution at Cylinder
Center
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Aluminum was found to be the most suitable filler for thrust chamber
fabrication. However, the method of application by flame-spraying was found
to be unacceptable. The ap plication by flame-spraying resulted in a porous
structure (figure 9), which exhibited extensive outgassing. System contamina-
ion was the most excessive in the experiments in which this filler material was

used. A direct result of the contamination was the oxide layer at the bond inter-
face observed in runs I-14 and I-16. Whether the oxide layer formed entirely
during the sputter cleaning, the in-situ bakeout cycles, or the initial stages of
the deposition cycle could not be determined from the experiments performed.

Of the filler materials investigated, aluminum was the most easily removed
and provided the highest bond strengths. The investigation of other techniques for
applying the aluminum filler, such as vapor deposition, ion plating, or sputtering,
was beyond the scope of this program.

The CERROTRU filler was used in eight of the experimental depositions,
with some measure of success. Contamination of the interface between the
closeout layer and the rib surfaces resulted in lowering the bond strength. The
degree to which the interface was contaminated seemed to depend on the severity
and duration of the sputter cleaning operation. A technique for the application
of CERROTRU was developed that provided a complete filling of the grooves.
Removal of the last remnants of the CERROTRU was usually accomplished by
etching in a concentrated HCl solution. This procedure sometimes resulted in
embrittling the closeout layer. The embrittlement was attributed to the openness
of the closeout layer.

Effects of Predeposition Processing

From the initial depositions performed on cylinders prepared by normal
lathe machining techniques, it was observed that this method of machining tended
to smear the filler and substrate and result in the formation of a large burr on
one side of the rib edge. On the nonburred side of the rib edge, the filler mate-
rial was pulled away from the rib wall. The sputtered closeout layer persistently
exhibited cracks extending from the nonburred side of the groove. (See figure 10.)
Longitudinal surface grinding was evaluated in run I-12 as a means of forming
burrs on both sides of the grooves. The grinding technique introduced deep
machining marks into substrate, which required excessive sanding for removal.
Longitudinal milling dial not result in deep machining marks, but did yield sig-
nificant burring along both sides of the grooves. As is apparent in figure 11,
burring the groove sides did not in itself eliminate the cracking problem, although
a reduction in severity of the cracking was noted.

Suspecting that the machining lubricants trapped in the filler material during
milling also contributed to the crack formation through the introduction of con-
taminants, dry milling was Lsed in run I-19. Though the outgassing rate of the
aluminum filler was significantly reduced, the cracking problem persisted. Dry
machining using a reversing cutting technique resulted in minimal cracking at M.
rib wall and reduced the extent of cracking in the closeout layer. (See figure 12.)
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Figure 10. Dirring and Closeout Layer Cracking Resulting from Normal Lathe Machining, Run I-7	 FD 78485A
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Concurrent with the variations in machining, surface deformation techniques
such as glass bead peening and shot peening were also tried as a means of further
sealing the incipient cracks at the rib walls and, in the case of the flame-sprayed
aluminum filler, densifying the surface layer to decrease outgassing and seal the
surface porosity. Though these techniques resulted in further decreasing the
cracking frequency and severity, the problem was not totally eliminated. (See
figures 13 and 14.) Other techniques, such as vacuum baking prior to Installa-
tion in the sputtering chamber (runs I-16 and I-24), radiation heating of the
sample at high vacuum in the sputtering ohamber for 54 ks (15 hr) (runs 117
and 1-18),  and multiple sputter clean-p,umpdown cycles (runs I-13, I-14, and
1-16), were used to reduce filler outgassing and crack formation. Though these
techniques were successful in reducing the filler outgassing, the cracking problem
persisted.

The effects of the different surface treatments on the presence of defects
in the closeout layer were initially deduced from the comparison of the structures
of the closeout layers on the filled copper substrates from several rung. However,
the effect of surface finish was usually overshadowed by other effects, attributable
to the filler material, deposition parameters, etc. The glass bead peening opera-
tion seemed to contribute most to the interfacial contamination on the copper sub

-strates (figure 15) and promote defect formation. To further confirm this, a
separate deposition similar to I-14 was performed on an aluminum substrate
prepared with three different surface finishes (glass bead peened, vapor blasted,
and sanded with 600-grit SIC paper) on different areas of the cylindrical substrate.
It was again observed that the glass bead peening operation promoted the forma-
tion of defects in the coating. (See figure 16.) The defects were normal to the
surface and traced back to the centers of the concave regions of the surface.
The defects probably resulted because of the deposition rate difference between
the concave regions and the convex regions. The concave regions exhibited a
lower growth rate since these areas were exposed to a smaller segment of the
cylindrical target (shadowing effect) than the convex regions. As the deposition
continued, the difference in growth rate increased, resulting in deeper and
deeper "valleys,'" The junction between the coating on adjacent "hills" eventually
became a sharp cusp moving outward trailing a thin crack or open boundary.
The vapor-blasted area exhibited the same effect, but with fewer resultant
defects. (See figure 17.) This may have been due, in part, to the contamination
at the interface, attributed to the vapor blasting process. It should be noted
that vapor blasting usually resulted in a clean interface, (figure 18), so that the
above result was not taken to indicate that vapor blasting should be discontinued.
However, the preparation by sanding with 600-grit o1C paper resulted in a
defect-free structure, smooth deposit surface, and a high quality interface.
(See figure 19.) Hence, sanding was the preferred preparation technique for the
latter runs.

Deposition on a 6A polished surface (runs 1-5, I-6, and I-15) and on a
chemically polished surface (run I-17) invariably resulted in poorer adherence
of the sputtered closeout layer. This, in both cases, was attributed to con-
tamination resulting from the techniques employed.

Sputter cleaning was shown in runs I-1 and 1-2 to be essential in obtaining
a good bond between the substrate and the coating. Variations in sputter cleaning
procedure were tried with each filler material examined. (See table II.) The
determination of the optimum sputter cleaning procedure was for the most part
empirical, being based on the relative difficulty of mechanically removing the
sputtered layer,
28
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Figure 15. Interfacial Contamination Resulting from Glass Bead Peening, Run I-16 	 FD 78492A

COO



i

fvlag: 250X Substrate Removed, Etched 	 Mag: 250X Unetched

Figure 16. Microstructure of Sputtered OFHC Copper on Glass-Bead-Peened Region of Type 6061
Aluminum Alloy Substrate
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Figure 17. Microstructure of Sputtered OFHC Copper on Vapor-Blasted Region of Type 6061 Aluminum	 FD 78496A
Alloy Substrate
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In tensile testing the closeout layers on cylinders C--15 and C-18 (aluminum
filler), failure stresses of 63.6 and 72.3 MN/m 2 (9, 230 and 10, 500 psi) were
attained. (See table IV.) Yielding of the rib would be expected to occur at about
45, 000 psi. The above failure's occurred by pulling closeout layer material from
between the ribs. (See figure 20.) The closeout layer was not remover] from
the rib surfaces. This type of fracture was attributed to the presence of cracks
in the closeout layer that resulted during deposition. Since material was not
removed from the rib areas, a bond strength could not be determined. A similar
failure also occurred at 67.6 MN/m 2 (9, 800 psi) with the sample tested from
cylinder C-19 (CERROTRU filler). The sample from cylinder C-21 (CERROTRU
filler) exhibited a 0.69 MN/m 2 (100 psi) bond strength, and all of the closeout
layer was removed. This extremely low bond strength was attributed to over-
heating in the initial sputter cleaning, which resulted in substantial interface con-
tamination. A similar failure, however, at a higher stress, 10.6 MN/m2
(1540 psi) was exhibited by the sample from cylinder C-20 (CERROTRU filler).
(See figure 21.) With this sample, the low bond strength was probably due to
inadequate sputter cleaning, since a 240-second cleaning cycle was employed as
compared td an 840-second cycle for cylinder C-19.

On the closeout layer removed from the rib lands in tensile testing of the
three CERROTRU Filled samples (C-19, C-20, and C-21) a visual discoloration
was observed on the underside of the deposit. Quantitative chemical analysis of
the closeout layer from cylinders C-19 and C-21 showed minimal quantities of
filler elements. (See table V.) The surface contamination resulting with
CERROTRU may represent a contamination level beyond the detectable limits of
normal chemical analysis. The results of the chemical analysis on the deposit
removed from aluminum filled cylinder C-18 showed minimal aluminum con-
tamination. Apparently, if aluminum is present at the interface, its presence
results in less degradation of bond strength than does the presence of the
CERROTRU material.

Effects of Deposition Parameters

The initial depositions performed in this program were directed at the use
of high-rate sputter deposition at 21.1 to 35.3 nm/s (3.0 to 5.0 mils/hr) to form
the closeout layer. The structure that resulted was filled with defects (cones,
open boundaries, cracks). A typical cone is shown in figure 22. When the rate
was decreased to 7.1 to 14.1 nm/s (1.0 to 2.0 mils/hr), the defects were
generally reduced in number and severity. Variations in substrate bias and
deposition temperature were employed along with variations in filler material,
machining, and cleaning techniques in an attempt to eliminate the structural
defects of the sputtered closeout layer.

It was not anticipated to perform a comprehensive parametric study of
deposition parameters on deposit structure and properties. However, as the
work progressed, it was apparent that certain deposition parameters were
influential to the deposit integrity and were studied in further detail.
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w Table IV.	 Results of Room Temperature Tensile Testing

Tensile load, Area, Tensile Stress,
Run Cylinder Filler N lb m2 x 10-4 in2 MN/m2 psi Remarks

I- 19 C-15 Aluminum 21,350 4,800 3.35 0.520 63.6 9,230 Failure in coating between
gibs; no material removed
From rib area,

I--20 C-18 Aluminum 21,306 4,790 2.93 0.455 72.3 10,500 Failure in coating between
ribs; no material removed
from rib area.

I-18 C-19 CERROTRU® 22,685 5,100 3.35 0.520 67.6 9,800 54°o of coating removed
from rib area.

I-21 C--21 C E RROTRU® 222 50 3.23 0.500 0.69 100 100° removed from rib
area.

1--23 C-20 CERROTRUQ 2,091 470 1.97 0.305 10.6 1,540 1001`e removed from rib
area.

^	 t	 a	 a
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A. CYLINDER C-15 FROM RUN 1 . 19
	

FAL 304!6

B. CYLINDER C•18 FROM RUN 1 . 20	 IAL 30537

Figure 20. Appearance of Closeout Layer Fracture	 FD 78183
After Room Temperature Tensile Testing
of Segments from Aluminum-Filled
Cylinders C-15 and C-18
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A. CYLINDER C•19 FROM RUN 1.18
	 FAL 30489

r

B. CYLINDER G20 FROM RUN 123

a^

Figure 21. Appearance of Closeout Layer Fracture 	 FD 78191
After Room Temperature Tensjle Testing
of Segments from CERROTRU Filled
Cylinders C-19 and C-20
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Table V. Chemical Analysis of Sputtered Closeout Layer

Run	 Cylinder	 Filler	 Bi Sn	 Kr(*) Al

I-17	 C -14	 CERROTHO	 0.5 ppm 2 ppm	 1040 ppm 0.2 ppm

I-20	 C-18	 Aluminum	 <0.5 ppm 2 ppm	 1800 ppm 2 ppm

1-18	 C -19	 CERROTRU(8	 0.5 ppm 2 ppm	 2300 ppm 1 ppm

I-20	 C-21	 CERROTRU®	 0. 5 ppm 2 ppm	 7300 ppm 0.2 ppm

*Krypton analysis performed by Pyrolysis Gas Chromatography; all others
by Spark Source Mass Spectrography.

MAG:250X ETCHED

Figure 22. Appearance of Cone in OFHC Copper
	

FD 78747
Closeout Layer - Run I-7
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i Structure of Sputtered	 FD 78497

,pplied at a Substrate
355°K (82°C) - Run I-13

The effect of deposition temperature on coating structure generally cor-
related well with that observed by Thornton. ( 9) The depositions performed
at T/Tm = 0.2 to 0.3 (271 to 406°K) exhibited columnar grains. (See figure 23. )
The depositions performed at T/Tm = 0.3 to 0.5 (406 to 678°K) exhibited a more
equiaxed structure and, for the highest temperatures in this T/Tm range,
showed indications of concurrent recrysta.11ization. (See figure 24.) As was
expected, the temperature of deposition affected the hardness of both the closeout
layer and the substrate, (figure 25 and Wbie VI). The scatter in the closeout
layer hardness at low temperatures was atirlhuted to the openness of many of the
low temperature deposits. (See figure 26.)

Since it was believed that outgassing of the filler material might be con-
tributing to the formation of cracks in the closeout layer, low rate initial
depositions were employed to minimize the filler material heating and subsequent
outgassing. If the low rate deposition was followed by a high rate deposition not
exceeding about 14.1 nm/s (2.0 mils/hr), the closeout layer was usually quite
free of open defects. (See figures 27 and 28.)



t

1

MAG:250X ETCHED

Figure 24. Microstructure of Sputtered OFHC
Copper Applied at a Substrate Tempera-
ture of 566°K (293°C), Run 1-15
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Figure 25. Effect of Substrate Temperature on	 FD 78483
Closeout Layer and Substrate Hardness
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Table VI. Hardness of Sputtered OFHC Copper Coatings uW Substrates
(0.2-kg I.oad,, Diamond Pyramid Indenter)

Coating	 Substrate	 Deposition
Run	 Cylinder	 Hardness	 Hardness Temperature

Number	 Number	 (VPN)	 (VPN)	 (°K)

I-5 C-1 227 112 359
I-7 C-5 207 110 380
I-9 C-7 178 114 354
I-10 C;-8 256 114 3'14
I-11 C-4 256 111 3-.9
I-12 C-12 161 91 382
1-13 C-10 225 83 355
I-14 C-13 96 25 656
I-15 C-11 99 38 566
I-16 C-17 175 36 482
I-17 C-14 181 123 364
I-18 C-19 247 114 NM*
I-19 C-15 191 123 NM
I-20 C-18 247 129 NM
I-21 C-21 231 139 NM
I-22 C-22 79 123 NM
I-23 C-20 195 121 NM
I-24 C-16 183 127 NM

,t

NM - Not measured
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MAG: 10OX UNETCHED
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Figure 26. Open Microstructure of Closeout Layer 	 FD 78499
Applied Using High Rate and Low Tem-
perature - Run I-17
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Figure 27. Microstructure of Closeout Layer Applied 	 FD 78500
Using Low Rate Initial Deposition Followed
By a High Rate Deposition at Less Than

•	 14. 1 nm/s (2. 0 mils/hr) - Run I-21
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Figure 28. Microstructure of Closeout Layer Applied 	 FD 78743
Using Low Rate Initial Deposition Followed
by High Rate Depositions at More Than
14.1 nm/s (2.0 mils/hr) - Run I-18
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The bias on the substrate was varied to determine its effect on cone forma-
tion and closeout layer structure. The competing effects of substrate surface
finish, filler material outgassing, deposition rate, and temperature made it

f	 impossible to single out the effect of substrate bias on structure and cone forma-
tion. However, bias was found to affect the level of sputtering gas entrapment.
(See table V.) The amount of krypton in the samples seemed to correlate well
with the percentage of the deposit applied with a substrate bias of -500V. (See
figure 29.)

0	 20	 40	 60	 $0	 Wo
PERCENTAGE OF CLOSEOUT LAYER DEPOSITED WITH -500V SUBSTRATE 131AS

Figure 29. Variation of Closeout Layer Krypton 	 FD 78480
Content With Percentage of Closeout
Layer Applied With -500V Bias

Based on the results of Thornton, (9) lowering the sputtering gas pressure
should permit the use of higher deposition rates without obtaining the charac-
teristic open structures at the low deposition temperatures required by the
OFHC copper substrates and/or the low melting point filler materials. Although
the one run (I-24) performed with a lower discharge pressure did yield a closeout
layer with fewer defects (figure 30), the improvement in quality could not be
attributed solely to the lower pressure since several of the other parameters
were also changed.

I+'i.nal Cylinder Fabrication

Based on the results of the previous depositions and evaluations, a final
cylinder representative of a regeneratively cooled thrust chambt,.r was fabricated
in run 1-25. (See tables II and III and figure 31.) The initial layers were deposited
at about 4 nm/s (0.6 mils/hr) to avoid filler heatup and to bridgs the filler with
a heat conductive layer. The remaining deposition was performed at a slightly
W,gher rate, approximately 1.4. 1. nm/s (2.0 mil/hr). The applied closeout layer
thickness was approximately 0.102 cm in the center and 0.057. cm on the ends.

^I
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Figure 30. Microstructure of Closeout Layer Applied Using Lower Discharge Pressure - Run I-24 	 FD 78745
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FE 136193	 MAG: IX	 FE 135194

Figure 31. Appearance of CERR.OTRUO Filled Ribbed Wall Cylinder and Final Finished Cylinder	 FD 78484



j	 The closeout layer was dry lathe machined and finish sanded to a 0.051 ±0.013 cm
j	 tMelmess over the cylinder length. After machining, the CER,RO'rRU filler was

removed by the techniques described earlier. Approximately 300s were required
to remove, or to melt out, the filler material. The appearance of the as-
machined filler cylinder and the final finished cylinder is shown in figure 31.
Three small surface defects were present on the cylinder after finishing. These
were attributed to arc discharges in the sputtering chamber during deposition.
Since the finished cylinder was sent to NASA-•LeRC for evaluation, a destructive
metallographic analysis was not performed.

TASK I
CONCLUSIONS

Five materials were evaluated in this program with respect to their use
as fillers in the sputter fabrication of regeneratively cooled thrust chambe.s.
From this evaluation the following conclusions were drawn:

1. The closeout layers on substrates with the flame sprayed
aluminum filler exhibited the highest bond strengths achieved
in this program (in excess of 72.3 MN/m2 (10, 500 psi). The
porosity resulting from the flame spraying technique was
found to be the source of extensive system contamination leading
to open closeout layer structures. Fully dense aluminum,
although not evaluated in this program, would probably be the
most advantageous filler material for the fabrication of thrust
chambers.

f

2. An upward casting technique, developed for filling the grooved
cylinders with the low melting alloys, resulted in complete

•	 filling ofthe grooves with CERROBEND and CERROTRU fillers.
The high shrinkage of CERROCAST prevented complete filling
by the technique employed and hence was eliminated from con-
sideration.

3. CERROBEND was found to be incompatible with the high vacuum
environment and excessive bond contamination invariably re-
sulted when this material was used.

4. Of the filler materials evaluated, CERROTRU was the most
suitable with respect to filling the grooves and vacuum system
compatibility. However, the bond strength of the closeout
layer was found to be sensitive to the length and severity of
the sputter cleaning operation.

Removal of CERROTRU was accomplished by placing one end
of the filled cylinder in a pool of molten CERROTRU (453°K
for 3005) withdrawing slowly. Removal of any last remnants
of filler was accomplished by etching in a concentrated HCl
solution.

5. The slurry--applied SERMETAL 481 was found to be incom-
patible with the high vacuum environment. Outgassing from
the extensive porosity of this material prevented the normal
vacuum levels from being obtained.
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6. The machining technique used on the filled substrates was shown
to influence the occurrence and severity of closeout layer cracks.
Of the machining techniques investigated, dry bidirectional lathe
machining contributed least to rib edge deformation and opening
of the rib wall-filler interface and, therefore, resulted in re-
ducing the occurrence of closeout layer cracking.

7. The final surface preparation technique was shown to influence
the formation of defects in the closeout layer. Sanding with
600-grit SIC paper provided the cleanest interfaces and the
fewest closeout layer defects. The use of glass peening or
heavy vapor blasting introduced surface asperities that
contributed to the formation of defects in the closeout layer.

B.	 The effects of variations in substrate bias on the elimination
of structural defects in the :.puttered closeout layer could not
be ascertained due to concurrent variations in the filler
material, machining, finishing, and cleaning techniques.
However, Krypton entrapment was found to be the greatest
in those closeout layers applied with the highest substrate
bias levels.

9. The substrate temperature during deposition must be kept below
approximately 400°K (127°C) If the properties of the OFHC
copper substrate are to be retained after long term deposition
cycles. At low substrate temperatures, typically less than
366°K (930 C), low rate depositions must be performed to
eliminate open columnar or fibrous grain structures.

10. The use of a diode discharge in the deposition performed,
showed that, with the sample and target configurations
employed, a high integrity closeout was difficult to produce.
Improvements in deposit integrity through the use of a triode
discharge (higher energy plasma), may result and should be
investigated in future work.
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TASK II

SPUTTERED INNER WALL MATERIALS

The objective of Task II was to evaluate the properties of thick deposits of
OFHC copper, 0.15 Zr-Cu (AMZIRC C), Al203-Cu and SIC-Cu. The structure,
hardness, and tensile properties of each material were determined to delineate
the property enhancement obtainable by sputter fabricating these materials.

Integral to this effort was a study of the effects of variations in sputtering
parameters and post deposition processing on the structure and properties of
the sputtered deposits.

EQUIPMENT AND PROCEDURES

In this task a hollow cathode coater and a flat plate coater were used for
the depositions performed. The hollow cathode coater was similar in design to
that used for Task I, except that the targets were extended from 14.5 cm to
24.8 cm for improved longitudinal thickness distribution. The extended coater
configuration is shown schematically in figure 32. In the depositions performed,
the coater was operated in either the diode or triode mode. In diode operation,
the electron source (figure 32) was removed and an axial magnetic field applied.
For triode operation the electron source was employed and the magnetic field
removed.

The operation of the hollow cathode and the general procedures used in all
depositions was described in Task I.

The hollow cathode coater was used for the deposition of OFHC and 0.15 Zr-
Cu. The hollow (cylindrical) targets were machined from wrought Grade 101
OFHC copper tubing and wrought 0. 15 Zr-Cu alloy billets. The water-cooled
targets were 24.8 cm long with an internal diameter of 10.2 cm. Cylindrical
substrates, 6. 1 cm ID by 6.3 cm OD by 12.7 cm long, of either Grade 101 OFHC
copper or Type 6061 aluminum alloy tubing were used for most depositions.
However, a 1.9 cm OD solid Type 347 stainless steel substrate was employed to
evaluate cathode-to-substrate spacing effects. The substrates for the low
temperature depositions were water cooled, while in the depositions where higher
temperatures were studied, the substrates were heated by plasma radiation and
sputtered target material bombardment. All sputtering was performed using
research grade krypton. In each run, target voltage and current were adjusted
as necessary to establish the desired substrate temperature and deposition rate.
Substrate temperature was measured with a chromel--alumel thermocouple
located between the substrate and substrate holder.

The flat plate coater is shown schem-ntically in figure 33. This coater
was used in the deposition of 0.15 Zr-Cu, Al203--Cu and Sir-Cu alloys. Al!
depositions were performed in a triode discharge. For most depositions, two
targets were used with the anode filament arrangement as shown in figure 33.
However, in some depositions four targets were employed. In this case, the
two additional targets were placed where the anode and filaments are shown,
and the filaments and anode placed respectively under and above the targets.
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Figure 33. Flat Target Coater 	 (Some Ground	 FD 87508
Potential Shields Not Shown for Clarity)

The targets were 7.0 by 10.2 by 0.32 cm plates. The 0. 15 Zr-Cu was
machined from wrought billets. The Al203-Cu and SiC-Cu targets were com-
posite targets consisting of ceramic plugs in OFHC plates, as shown in fig-
ure 34. The plugs were machined from Al203( 12 ) and SIC( 13 ) rods and pressed
into the OFHC copper plates. The targets were water cooled during deposition.

The composite target configuration was selected, over powder metallurgy
Cu-Al203 and Cu-SIC hot pressed targets, for ease and cost of fabrication.
Since the ceramic plugs were surrounded with a metal matrix, deposition using
a DC voltage target could be used.

The substrates used in the flat plate coater were either 0.32 cm OFHC
copper or 1.3 cm Type 6061 aluminum alloy (5.1 em by 7.6 em) plates or 1.3 cm
or 1.9 cm OD Type 347 stainless steel rods. As in the case where high substrate
temperatures were evaluated, the substrates were not cooled, but heated by
plasma radiation and material deposition.

In the initial part of +his task substrate preparation wa-= evaluated. The
preparation procedures and sputter cleaning parameters used in each deposition
are given In table VII. The detailed summary of deposition parameters is
given in tables VIII and IX.

The depositions generated in this task were evaluated by standard metal-
lographic techniques for structural integrity, thickness distribution, grain
morphology, surface topography, Interface contamination and interlayer bond
quality. Microhardness and tensile properties were measured on the highest
quality deposits. Chemical analysis of the 0.15 Zr-Cu targets and deposits
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was performed to verify the transfer of the target chemistry. Post deposition
vacuum heat treating was performed to determine whether the deposit properties
could be further enhanced and to verify the thermal stability of the sputtered
0.15 Zr-Cu material.

The evaluation of tensile strength was performed on subscale flat tensile
specimens machined from the deposit.

RESULTS AND DISCUSSION

OFHC Copper

In sputtering of the OFHC copper material from a hollow cathode in a diode
discharge, the emphasis on the parameters evaluated was to achieve high integ-
rity deposits. The initial depositions (runs II-1, 2, 4 and 5) using low substrate
temperatures (water-cooled substrates) showed that poor structural quality re-
sulted. At temperatures of 333°K to 389% (80°F to 200°F), the deposit struc-
tures consisted of tapered, fibrous crystallites, as shown in figure 35. Accord-
ing to the Movchan and Demehishin(10) model of deposit structure, at substrate
temperatures below approximately T/Tm = 0. 3, the deposit structure should con-
sist of open, unbonded, tapered grains with domed tops (Zone 1 type structure).
In Zone 2, up to approximately T/Tm = 0.45-0.5, columnar grains with well
defined boundary zones result, with the width of the crystallites increasing with
T/Tm. At T/Tm over approximately 0.45-0.50, or Zone 3, the columnar grains
gradually change to equiaxed grains. Thornton's work yields a revision of this
model, showing that increased discharge pressure raises the transition tempera-
ture between Zones 2 and 3. In the deposits produced, II-1 to 5, the structures
contained unbonded grain boundaries and were similar to the open, voided (lone 1)
structures described by Movchan and Demchishin(10) and Thornton(9). These
structures prevailed at all deposition rates investigated. These deposits generally
exhibited a brittle behavior with a fibrous fracture surface. (See figure 36.) The
higher rates resulted in an increase in the crystallite size and in the number of
open or voided boundaries per unit area.

Biasing the substrate to promote ion bombardment of the substrate during
deposition did somewhat reduce the openness of the structure for the conditions
tested, figure 35. In the aggregate, biasing was ineffective in significantly alter-
ing structure morphology. With a chode discharge and the configurations used,
an effective bombardment by ions from the plasma was not attained (as evidenced
by low substrate current).

Increasing the substrate temperature eliminated the open structure, but
only at the lower deposition rates. At 700 0K (800°F) the structures were dense
for deposition rates below about 14. 1 nm/s (2.0 mils/hr), figure 37. At higher
rates, the open structure prevailed, figure 38. At the lower rates, the structure
exhibited a dense, equiaxed morphology, while at the higher rates, the structure
was columnar with recrystallized grains within the poorly bonded columns. In
run II-7, material deposited at 19.7 nm/s (2.8 mils/hr) exhibited low tensile
strength, table X. Nc; y1eldin.- occurred and the elongation was less than 0.5 %.
Although the overall fracture was brittle and exhibited a fibrous topography, the
individual crystallites exhibited ductile deformation behavior, figure 39. How-
ever, at the lower deposition rates, the fracture was ductile as expected, fig-
ure 39.
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TABLE VII. SUMMARY OF SUBSTRATE PREPA p TIO!" AND SPUTTER CLEANING
PARAMETERS FOR TASK II DEP(BITIONS

C,

Run Substrate Finishing Treatment, Surface Preparation, Sputter Cleaning(l) Pressure,
Number Material and Primary Cleaning Voltage, V Current, mA Duration, ks N/m2 u

11-1 Type 6061 Vapor blast and methanol rinse -560 300 0.60 NM N11
Aluminum alloy

11-2 Type 6061 Vapor blast and methanol rinse -5l'0 30O 0.36 NM NM
Aluminum alloy

11-3 Type 6061 25% polish to 600 grit, 25% vapo:- blast, -!s50 to 3D0 1. 08 1.13 8.5
Aluminum alloy 257c glass bead peen, 257v untreated -500

1I-4 Type 6061 Sanded lengthwise with No. 600 paper, -3000 400 1.42 2.3 17
0 0 Aluminum alloy AJAX) scrub, methanol rinse, and
'"V W. methyl alcohol rub

b 0- II-5 Type 6061 Sanded lengthwise with No. 600 paper, -1000 225 0.60 3.9 29
0 'Z Aluminum alloy AJAX® scrub, methanol rinse and .------•

methanol alcohol rub
U-6 Type 6061 Sanded lengthwise with No. 600 paper, -500 70 ' 0.96

0.30
3.7 27

25
^0 Aluminum alloy AJAX@) scrub, methanol rinse -1000 20D 3.3

11-7 Type 6061 Sanded lengthwise with No. 600 paper, -500 200 0.54 318 28
Aluminum alloy AJAX® scrub, methanol rinse -1000 275 0.60 3.8 28

11-8 Type 6061 Sanded lengthwise with No. 600 paper, -500 70 0.96 3.8 28-
Aluminum alloy AJAX@) scrub, methanol rinse -1000 80 0.30 3.8 28

11-9 Type 6081 Sanded Iengthwise with No. 600 paper, -500 100 1.20 3.8 28
Aluminum aIIoy AJAX@) scrub, methanol rinse

II-10 Type 6061 Sanded Iengthwise with No. 600 paper, -500 100 1. 02 3.3 25
Aluminum alloy AJAX0 scrub, methanol rinse

11-11 Type 6061 Sanded lengthwise with No. 600 paper, -500 125 1.20 2.8 20
Aluminum alloy AJAX@) scrub, methanol rinse

II-12 Type 6061 Sanded lengthwise with No. 600 paper, -500 100 1.20 3.3 25
Aluminum alloy AJAXO scrub, methanol rinse

11-13 Type 6061 Sanded lengthwise with No. 660 paper, -500 120 1.08 3.3 25
Aluminum allay AJAX@) scrub, methanol rinse

11-14 Type 6061 Sanded lengthwise with No. 600 paper, -500 ISO 0.96 3.2 24
Aluminum alloy AdAXU scrub, ethyl alcohol rinse -	 -

11-15 Type 6061 Sanded lengthwise %vith No. GOD paper, -SOD 50 2.16 2.3 17
Aluminum alloy AJAX@) scrub, ethyl alcohol rinse

I1-1G OFHC Copper Sanded lengthwise with No. GOD paper, -SOD 160 1.•32 3.7 2.7
AJAX@) scrub, ethyl alcohol rinse

NOTES: r	 -

lll Target and substrate cleaned simultaneously in triode discharge
(2)Substrate rotated during Cleaning. all others stat[on3ry
(3)CIcaningand deposition performed simultaneously
NU - Not Measured
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TABLE VII. SUMMARY OF SUBSTRATE PREPARATION AND SPUTTER CLEANING
PARAMETERS FOR TASK II DEPOSITIONS (Continued)

Run Substrate Finishing Treatment, Surface Preparation, Sputter Cleaning (1)
ks

Pressure,
Nfm2	 NNumber Material and Primary Cleaning Voltage, V Current, mA Duration,

II-17 OFHC Copper Sanded lengthwise with No. 600 paper, -500 85 0.78 3.7 22
AJAX® scrub, ethyl alcohol rinse -1000 28D 3.60 22

-1000 300 1180 27

n-18 OFHC Copper Sanded lengthwise with No. 600 paper, -500(3) 500 1.80 0.84 6.3
AJAX@ scrub, ethyl alcohol rinse `----

U-19 OFHC Copper Sanded circumferentially on lathe with -250 50 0.06 5.2 39
No. 600 paper, chemically polished
(787) for 10 min.

1I-20 347 Stainless Steel Sanded lengthwise with No. 600 paper, -750 30 0.90 0.90 6.8
(1..9 em din) AJAX@ scrub, ethyl alcohol rinse

11-21 347 Stainless Steel Sanded lengthwise with No. 600 paper, -500 30 0.06 3.3 25
(1.9 cm dla) AMY& scrub, ethyl alcohol rinse "`-

11-22 347 Stainless Steel Sanded lengthwise with No. 600 paper, -500 40 0.30 3.5 26
(1.9 cm dla) AJAX@ scrub, ethyl alcohol rinse

A-23 347 Stainless Steel Sanded circumferentially on lathe with -500 55 0.30 3.1 23
(1. 9 am dia) No. 600 paper, AJAX+@'scrub, ethyl

alcohol rinse
U-24 347 Stainless Steel Sanded circumferentially on lathe with -25(X) 12 1.20 0.59 4.4

(1.9 cm dia) No. 600 paper, AJAX@ scrub, ethyl
alcohol rinse

r̂ 11-25 347 Stainless Steel Sanded Iengthwise with No. 600 paper, 0 0 0 D 0
(1.9 cm din) AJAXS" scrub, ethyl alcohol rinse

11.26 OFHC Copper Sanded lengthwise with No. 600 paper, -25 650 0.30 0.73 5.5
AJAX@ scrub, ethyl alcohol rinse

+	

r.

U-27 Type 6061 Sanded lengthwise with No. 600 paper, -25 G50 0.30 0.73 5.5
Aluminum alloy AJAX@ scrub, ethyl alcohol rinse

A-28 Type 6061 ID sanded Iengthwise with No. 600 -25 1600 0.34 0.41 3.1
Aluminum alloy paper, AdAX7 scrub, ethyl alcohol

rinse

II»29 Type 6061 ID Sanded lengthwise with No. 600 -25 2150 0.30 0.59 4.4
Aluminum alloy paper, AJAXU scrub, ethyl alcohol -

rinse

11-A-1 OFHC Copper 30 min. etch In bright dip solution, -500 40 0. 30 3.5 26
(0.32 cm plate) ethyl alcohol rinse

11-A-2 OFHC Copper Sanded lengthwise with No. 600 grit -500 55 MID 3.1 23
(0.32 cm plate) paper, ethyl alcohol rinse

NOTFSt'

(1)Target and substrate cleaned almultaneously in triode discharge
(")Substrate rotated during cleaning: all others stationary

(3)Cleaning and deposition performed simultaneously
NM - Not Measured
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TABLE VII. SUMMARY OF SUBSTRATE PREPARATION AND SPUTTER CLEANING
PARAMETERS FOR TASK II DEPOSITIONS (Continued)

Run Substrate Finishing Treatment, Surface Preparation, Sputter Cleanlo!(lti Qrcewre.
Number Material and Primary Cleaning Voltage. V Current, mA auratlsel^ Its N/m2 M

C-A-3 (21 OFHC Copper Sanded lengthwise with No. 600 grit -25 12 1.20 0.59 4.4
(0.32 cm plate) paper, ethyl alcohol rinse

H-A-4 OFHC Copper 3 min, etch in dilute HNO 3 , -25 400 0. 30 O.T2 5.4
41.9 cm dia bar) ethyl alcohol rinse

11-A-512) OFHC Capper 3 min. etch 4f dilute HNO3 -25 380 0.50 0.65 4.9
(1.9 em dia bar) ethyl alcohoi rinse

11-A-6 OFIiC Copper and Sanded lengthwise with No, 600 grit -25 600 0.30 0.61 4.6
Type 6061 Aluminum paper, AJAX* scrub, and ethyl
alloy (0 . 32 cm plate) alcohol rinse

n-A-7 OFHC Copper and Sanded lengthwise with No. 600 grit -25 470 0. 30 0.61 416
Type 6061 Aluminum paper, AJAX8 scrub, and ethyl
alloy 10 . 32 cm plate) alcohol rinse

H-A-8 OFHC Capper and Sanded lengthwise with No. 600 gri p. -25 430 0.30 0.65 4.2
Type 6061 Aluminum paper, AJAX (9 scrub, and ethyl
alloy 10 . 32 cm plate) alcohol rinse

11-A-9 OFHC Copper and Sanded lengthwise with No. 600 grit -25 450 0.30 0.64 4.8
Type 6061 Aluminum paper, AJAX® scrub, and ethyl
alloy 40 . 32 cm plate) alcohol rinse

11-A-10 OFHC Capper and Sanded lengthwise with No. 600 grit - 25 470 0 . 30 0.64 4.9
Type 6061 Aluminum paper, AJAXA scrub, and ethyl
alloy (0.32 cm plate) alcohol rinse

11-A-11 Type 304 Stainless Sanded lengthwise with No. 600 gt :t -25 300 0 . 30 0.61 4.7
Steel (1.3 cm dial paper, AJAX 9 scrub, and ethyl

alcohol rinse
11-A-12 Type 304 Stainless Sanded lengthwise with No. 600 grit -25 300 0.30 0.60 4.8

Steel ( 1. 3 cm dial paper. AJAX® scrub, and ethyl
alcohol rinse

TV-A-13 OFHC Copper Sanded lengthwise with No. 600 grit -25 500 0.30 0.40 3.0
paper, AJAX8 scrub, ethyl alcohol -50 0.60
rinse -100 0.30

IV-A-14 OFHC Copper Sanded lengthwise with No. 600 grit -25 500 0.30 0.42 _.!
paper, AJAX 1R scrub, ethyl alcohol -50 0.60
rinse -100 0.30

N-A-15 OFHC Copper Sanded lengthwise with No. 600 grit -35 500 0.30 0.41 3.1
paper, AJAX® scrub. ethyl alcohol -50 0.60
rinse. -100 0.30

NOTES:

(1Tsrget and substrate cleaned simultaneously in triode discharge

(2)Substrate rotated during cleaning; all other stationary

(31Cissning and deposition performed simultaneously

NN - Not Measured



TABLE VIII. SUMMARY OF TASK If DEPOSITION PARAMETERS

Substrate Target Magnetic Coils Substrate UWraum lkpnsit Average
Run Target Substrate Voltage, Current, Voltage, Current, Current, Separation, Time Temperature Tbiclwess IleposlllonRite Prpsure

Dumber blaterial atatrrial 1' A C A A cm tas hr `I{ * mm mils amts mllAr NJm- a

it-I OFIIC Copper Aluminum GOGI - 50 3 - 900 3.0 7.5 7.6 3.6 I.0 364 196 0.305 12.0 16.9 2.4 0.7 5.6
- 50 3 - 775 3.0 7.5 7.6 5.4 1.5 0.7 5.6
-100 110 - 770 2.0 5.0 7.6 3.6 1.0 3.5 27
- 50 85 - 850 2.5 5.0 7.6 5.4 1.5 3.6 27

11-2 OFIIC Capper Type GOGl -100 110 - 820 2.0 5.0 7.6 3.6 1.0 360 188 0.091 3.6 12.7 1.8 3.8 27
Aluminum allay -200 135 - 515 2.0 7.5 7.5 3.6 1.0 4.3 33

II-3 OFIIC Copper 'type 6061 -350 ISO - 800 1.6 5.0 7.6 12.6 3.5 557 544 0.127 5.0 6.8 0.95 3.6 27
Aluminum alloy -150 86 - SDG 1.6 5.0 7.6 6.3 1.75 -

Q-4 QFIIC Copper 'type GOBI 0 0 - SDO 4.0 5.0 7.6 2D.7 5.75 mn 0.444 17.5 21.I 3.0 1.9 14
Aluminum 11loy

Rv OFIIC Copper Type 6061 0 0 - 75D 4.5 5.0 7.6 16.2 4.5 am am 0.899 .31.1 21.1 3.0 2.0 15	 -.
Alumia.:m alloy 0 0 - 900 3.0 5.0 7.6 10.8 3,0 0.27 2

0 0 -1300 3.0 5.2 7.6 10.8 3.00) 0.27 2

H'G OFI1C Copper Type 6061 0 0 -1000 4.0 6.0 7.6 72.0 20.0 367 200 I.297 55.0 19.0 2.7 0.72 5.4
Aluminum allay --

I1-7 OFIIC Copper Type 6061 0 0 -1000 4.2 6.0 7.6 70.2 19.5 700 800 1.524 60.0 21.8 3.1 0.62 3.5
Aluminum allay

11-8 QFIIC Copper Type 6061 0 0 -3000 2.5 5.75 7.0 109.8 30.5 644 700 1.40D 55.1 12.7 t.8 0.90 O.B.
Aluminum allay

II-SP Cu-0.15 Zr Type 6081 0 0 -1000 3.3 6.5 15.2 90.0 25.0 599 GDO 1.30D 51.2 L4.1 2.0 2.9 22
AIumimr.n aiToy

11-10 Cu-0.15 Zr Type 6001 0 0 -1000 3.7 4.0 10.2 912.7 25.75 644 700 1.270 5D.0 13.4 1.9 2.7 20
Aluminum alloy

II-IL Cu-0.15 Zr Type coal 0 0 -1000 1.8 3.2 I0.2 108.0 30.0 367 200 0.?40 29.1 6.9 0.97 2.7 20
Aluminum alloy

11-12 Cu-0.ISZr Type 6961 0 0 -1000 3.5 5.5 10.2 55.8 15.5 589 600 0.666 27.0 12.7 1.8 0.93 7
Aluminum allay

II-13 Cu-0.15 Zr Typc 6061 0 0 -1000 3.4 4.0 10.2 108.0 '0.0 672 750 1.348 53.0 L^..7 1.8 0.59 4.4
Aluminum alloy

11-14 Cu-0.15 Zr Type 606t 0 0 - 700 5.0 5.0 10.2 3.6 1.0 644 700 0.5^9 20.8 12.7 1.8 3.9 29
Aluminum allay D 0 -1000 2.5 4.3 10.2 27.0 7.5 644 70D 0.59 4.4

0 11 -1600 2.5 4.3 10.2 25.2 7.0 614 700 0.45 3.4

1I-15 Cu-0.15 Zr Type GGG1 0 0 -1500 6.0 4.3 10.2 1918 5.5 422 300 3.709 146.0 29.6 4.2 0.78 5.9
Aluminum alloy 0 0 -1500 5.0 4.3 10.2 104.4 29.0 42.^ 390 3.709 0.47 3.6

II-16 Cu-0.152r OFRC Copper -30D 50 -IG00 2.5 6.3 10.2 18.0 5.0 81t 1000 1.189 40.7 10.6 1.5 1.3 14	 ~
-250 47 -1000 2.5 5.5 10.2 25,2 7.0 811 1000 1.3 10

0 0 -1000 2.5 6.2 10.2 49.6 13.5 811 1000 0.80 6.0
D 0 -1000 2.5 4.8 10.2 21.6 0.0 811 1GG0 0.74 5.6

11-17 Cu-0.15 Zr OFHC Capper D 0 -1000 5.0 4.7 10.2 23.4 6.5 861 1090 :.466 57.7 20.4 2.9 1.0 3.6
0 0 -1000 5.0 4;8 10.2 26.1 7.25 BC9 1IDD 0. &3 5.1
0 G -1000 5.0 4.75 10.2 22.5 6.25 022 1200 O.G9 5.1

tJt

it IAcpesitien perlarmcd in made dlsetarge.



TABLE VIII. SUMMARY OF TASK II DEPOSITION PARAMETERS (Continued)

tat Substrate Target Magnetic Coils Substrate hlaxlmum Mposlt Average
O0 Run Target Substrate VolLiga, Current. Voltage, Current, Current, Scparatton, Time Temperature, Thtclmess Deposldos Rate Pressure

Number 16%wrlal huatertal V A V A A em ks hr IN -F mm Wits um/s mil/hr N/m2 P

]t-18 Cu-0.15%r OFIIC Copper 0 0 -1000 0.5 2.5 10.2 11.7 3.25 580 SSG L316 61.9 9.2 1.3 0.72 5.4
-30D 44 - 750 5.0 2.5 10.2 0.72 0.2 372 2I0 ?.1 16

0 0 -1000 2.5 2.5 10.2 23.4 6.5 855 1090 0.85 6.4
-1000 40 0 0 5.5 10.2 1.8 0.5 314 285 I.4 11
-200 05 -1000 2.5 2.8 10.2 109.8 30.5 1019 1375 0.47 3.9

It-19 Cu-0. 15Zr OFI1CCapper 0 0 -1000 v.5 4.1 10.2 2G.1 7.25 8G6 1100 0.541 21.3 9.2 1.3 0.56 4.2
0 0 -1000 2.5 4.3 10.2 30.6 8.5 866 1100 0.52 3.9

II-20 Cu-0.15 Zr 347 Stainless 200 28 -1000 2.5 4.1 10.2 1I3.4 31.5 700 SOD 1.626 71.9 1G.9 2.4 0.45 3.4

Steel - - --

31-21 Cu-O.IGZr 347 Stainless - 50 8 - 525 5.0 6.4 10.2 36.0 10.0 694 790 0.439 17.3 12.0 1.7 1.3 10
Q Steel

t-{ 11-22 Cu-0.15Zr 347 Stainless 0 0 -2000 0.5 0.7 10.2 49.5 13.75 950 1250 0.419 16.5 2.7 0.38 0.49 3.7
Steel 0 0 2D00 5.5 0.8 10.21 27.0 7.5 944 1240 0.33 2.5

0 0 -2000 0.5 1.1 10.2 27.0 7.5 939 1230 0.16 1.2IGIt
0 0 0 -2000 0.5 1.1 10.2 27.0 7.5 933 1220 0.19 1.4
t^ 0 0 -2000 0.5 1.1 10.2 27.0 7.5 0.20 I.5

11-23 Cu-4.15 Zr 347 Stainless 0 0 -2000 0.5 0.75 10.2 24.3 6.75 939 1230 0.193 7.6 2.6 0.37 1.13 8.5

Steel 0 0 -2100 0.5 1.0 10.2 25.2 7.0 1077 1460 0.20 LS
0 0 2000 0.6 1.0 10.2 23.4 6.5 111F 1550 0.20 1.5

11-24 Cu-0, l5 Zr 347 Stainless - &1 12 -15W 2.0 2.0 10.2 1.2 0.33 566 5611 0.457 18.0 9.6 1.35 0.59 9.4	 -

steel - n 12 -15D0 2.0 2.5 10.2 21.6 6.0 902 1185 0.32 2.4
- 25 12 -1500 2.2 2.2 10.2 3.6 1.0 877 1120 0.31 2.3

v^ 0 0 -150D 2.0 2.7 10.2 3.6 1.0 900 116D 0.25 1.8
+25 2 -I500 2.0 2.8 10.2 18.0 5.0 955 1260 0.26 1.9

II-25 Cu-0.15 Zr 347 StalnIeer + 2S 2.2 -1500 2.2 1.5 10.2 27.0 7.5 1083 1490 0.254 10.0 9.4 1.33 0.59 4.4
Steel

II-26(l) Cu-0.15 Zr OFIIC Copper - 25 0.85 - 25 2.3 Coils not Used 0.29 0.08 722 640 0.203 8.0 5.1 0.72 0.67 5.0
25 0.85 - 25 2.5 1.0 0.50 755 900 0.41 3.1

-25 0.B5 - 25 2.4 7.2 2.0 822 1020 0.41 3.1
-25 0.65 - 500 2.85 4.5 1.25 1172 1380 0.67 5.0
-25 1.04 - 25 3.2 0.29 0.09 772 930 0.35 2.6
- 25 0.91 -500 3.1 15.3 4.25 1186 1675 0.25 1.8
-1.5 0.71 - 500 2.85 10.8 3.00 IISG 1675 0,35 2.6	 --

11-270) Cu-0.15 Zr Type GOBI - 25 0.65 - 25 1.6 0.29 0. 06 294 70 0 . 249 9.8 5.1 0.72 0.73 5.5
Aluminum allay - 25 1.10 - 500 3.4 21.6 6.0 344 ISO 0.40 2.9

-25 1.20 - 500 3.3 27.0 7.5 350 176 0.49 3.7

11-28 (1) Cu-0.15 Zr Type 6061 -25 1.8 - 590 3.5 3.6 1.0 419 295 0..`94 23.4 i0.0 1.42 0.45 3.4
AIuminum alloy - 25 2.3 - 500 5.5 7.2 2.0 416 290 0.33 2.5

- 25 2.2 - 500 5.4 6.3 1.75 427 310 0.33 2.5
- 25 2.2 - 500 5.4 3.6 1.0 444 340 0.32 2.4
- 25 2.2 - 500 5.4 13.5 3.75 464 375 0.29 2.2
-25 2.15 - 500 5.2 25.2 7.0 475 395 0.25 1.8 ^t

U-29 (1) Cu-0.15 Zr Type GOGl -25 2.3 - 500 5.3 9.0 2.5 42z 300 0.950 37.4 12.7 1.60 0.37 2.7
Aluminum alloy - 25 2.3 - SOD 5 . 3 3,6 1.0 450 350 0.41 3.1

-25 2.24 -300 5.0 25.2 7.0 400 2GO 0.68 5.1
- 25 2.3 -600 5.0 2 2.5 6.25 400 260 0.63 4.7
- 25 2.25 - 500 5.0 7.2 2.0 400 260 0.52 3.9
- 25 2.3 -500 5.0 7.2 2.0 411 280 0.49 3.7

NOTES:
(110oposilon performed In triode discharge.



TABLE LK. STIMMARY OF TASK II DEPOSITION PARAMETERS FLAT PLATE COATERM

Substrate Target 9ubstr. to Maximum Deposit A-rage
thin Target Substrate Voltage, Current, Voltage. Current, Ttnte Temperature, Thickness Deposition Rate P^esaure

Number Material Material V A V A ks hr °K ° F mm mils nm /s mil/hr N/m w

11-A-1 Cu-0.15 Zr OFHC Copper -25 0.40 - 25 0.11 0.29 0.08 672 750 0.084 3.3 3.5 0.49 0.72 5.4

(0.38 cm plate) -25 0.40 - 25 0.58 0.9 0.25 644 1060 0.72 5.4
-25 0.38 -800 0.58 12.6 3.5 1.111 1540 0.68 5.1

0 0 -Boo 0.58 12.6 3.5 1122 1560 0.65 4.9

11-A-2 Cu-0. 15 Zr OFHC Copper -25 0.38 - 25 0.56 0.29 0.08 822 1020 0.140 5.5 2.6 0.37 0.65 4.9
(0.38 cm plate) -25 0.38 -800 0.57 52.2 14.75 1127 1570 0.64 4.8

11-A-3 Cu-0. 15Zr (2) OFHC Copper -25 0.37 - 25 0.53 0.29 C 38 nm nm 0.249 9.8 3.2 0.45 0.68 5.1
(0.38 cm plate) -25 0.38 400 0.58 25.2 7.0(3 ) (1116) (1550) 0.65 4.9

-25 0.38 - 25 0.52 0.29 0.08 0.71 5.3
-25 0.38 -800 0.57 52.2 14.75 0.64 4.8

II-h-4 Cu-0. 15 Zr OFHC Copper -25 0.36 - 25 0.53 0 . 29 0.08 am am 0 . 147 5 . 8 2.8 0. 39 0.71 5.3
(1.9 cm Aa. bar) -25 0.35 -800 0.57 51.3 14.5 (1116) (1550) 0.64 4.9

U-A-5 Cu--6.15 Zr (2) OFHC Copper -25 0.37 - 25 0 . 53 0.29 0.08 am am 0 . 142 5.6 2.6 0.37 0.72 5.4
(1.9 cm dim. bar) -25 0.36 400 0.55 53.1 15.0 (1116) (1550) 0.61 4.6

11-A-6 Cu-0. 15 Zr OFHC Copper and -25 0.60 - 25 0.50 0.29 0.08 339 150 0.076 3.0 2.6 0.37 0.61 4.6
o'type6061 -25 0.88 400 0.77 28.8 8.00 351 190 0.31 2.3

aluminum alloyh^ )0.38 cm plate)

8
fi-A-T Cu 0. IS Zr OFHC Copper and -25 0 . 47 - 25 0.52 0.29 0 . 08 327 130 0 . 160 6 . 3 3,0 0 . 43 0.61 4.6

Type 6061 -25 0.66 -800 0,76 52.2 14.75 350 170 0,57 4,3

►̂ aluminum alloy
(0.38 em plate)

b 11-A-8 Cu-0. 15 Zr OFHC Copper and -25 0.43 - 25 0.51 0.29 0.08 391 245 0.279 11.0 9.0 0.51 0.66 4.9
Type 60(;1 0

-25
0

0.45
-800

25
0.7b
0.52

26.1
0. 29

7.25
0. OP

411
377

480
220

0.56
0.65

4.2
i.9aluminum alloy

(0. 38 cm plate) 0 0
-
-800 0.75 52.2 14.75 394 250 0.56 4.2

11-A-9 Cu-0. 15 Zr OFHC Copper and -25 0.45 - 25 0.51 0.29 0.08 377 220 0.152 6.0 2.9 0.41 0.64 4.8
Type 6061 -10 0 -800 0,72 51.3 14,50 383 230 0.56 4,2

aluminum alloy
(0.38 cm plate)

II-A-10 Cu-0. 15 Zr OFHC Copper and -25 0.47 - 25 0.49 0.29 0.06 377 220 0.051 2.0 1.2 0.17 0.63 4.7
Type 6061 -50 0.65 -800 0.75 43.2 12.00 394 250 0.56 4.2
aluminum alloy
(0.38 cm pie tei

II-A-11 Cu-O. 15 Zr Type 304 -25 0 . 30 - 25 0.50 0.29 0, O8 339 ISO 0.191 7.5 3.6 0 . 52 0.63 4.7
Stainless Steel -25 0.50 -800 0.92 50.4 14.25 339 150 0.56 4.2
(i. 3 cm die. )

A-A-12 Cu-0.15 Zr Type 304 -25 0.30 - c5 0.48 0.29 0,08 339 150 0.254 10.0 5.6 0,80 0.60 4.5

Stainless Steel 0 0 -800 0.68 45.0 12.50 339 150 0.56 4.2

(1. 3 cm 3a. )
IV-A-13 OFHC Copper OFHC Copper -25 0.48 -1500 0.50 252.0 70.0 389 240 - - - - 0.40 3.0

and Al203
IV-A-14 OFHC Copper OFHC Copper Ground 0 -1500 0.50 244.6 68.0 422 300 0.700 27.5 2,9 0.40 0,43 3.2

and Al2(l3
fV-A-15 OFHC Capper OFHC Copper -25 0.48 -1500 0.50 253.8 70.5 439 330 1.780 70 0 7.1 1.0 0.41 3.1

and SIC

NUT ES:9:
("All ii-A depositions perfor-ied with triode discharge.
42)

C.n Substrate rotated during entire run.
to (3)System vented, filaments replaced.
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Figure 35, Open Fibrous Structure of OFHC Copper Sputtered at Low Substrate Temperatures	 FD 91 97
(333 to 389"K)
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Figure 36. Typical Fracture Topography of OFtiC 	 FD 91398
Copper Deposited at Low Substrate
Temperatures
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Figure 37. Microstructure of OFHC Copper Sputtered at 700°K (800°F) With Low Deposition Rates, 	 FD 91399
Run II-7
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Figure 38. Microstructure of Sputtered OFHC
Copper Deposited at 700°K (800°F) and
19.7 nm/s (2.8 mils/hr), Run II-7
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TABLE X.
Cn

SUMMARY OF ROOM TEMPERATURE TENSILE PROPERTIES OF TASK II SPUTTERED MATERIALS

Average Substrate Condition or Ultimate Tensile
Temperature Post Deposit?on Yield Strength Strength Elongation

Material Run Number °K OF Heat Treatment MN/m2 psi MN/m2 psi Percent

OFHC Copper I1-6 367 200 As sputtered - - 110.6 16,050 --
1I-6 367 200 As sputtered - - 115.1 16,700
11-7 700 800 As sputtered - - 23.8 3,450
11-7 700 800 As sputtered - - 25.9 3,760 -
II-B 644 700 As sputtered 79.2 11,490 184.6 26,800 25
1E--B 644 700 As sputtered 110.9 16,050 189.5 27,500 23
II-8 644 700 813°K-14.41w VAC 84.7 12,300 171.6 24,900 25
11-8 644 700 813°K-14.4ksVAC 80.1 11,630 175.0 25,400 26

0.15 Zr-Cu II-9 589 600 As sputtered - - 20.9 3,040 -
Ii-9 589 600 As sputtered - - 51.1 7,420 --
11-16 813 1000 As sputtered - - 71.9 10,430 -
II-16 813 1000 As sputtered - - 93.4 13,550 -
II-29 423 300 1145*K-14.4ksVAC 119.6 16,360 273.5 39,700 36
H-29 423 300 1145°K--14.4 k--=vAC 114.0 16,550 257.7 37,400 30
II-29 423 300 1198°K-14.4ksVAC 97.1 14,100 215.7 31,300 20
11-29 423 300 1198°K-14.4ks VAC 110.0 15,970 2sf.6 38,400 28

Al203-Cu II-A-13 389 240 As sputtered 514.7 74,700 5.a.4 77,700 20
II-A-13 389 240 As sputtered "98.1 86,800 636.0 92,300 8
11-A-13 389 240 As sputtered 135.7 22,600 226.7 32,900 40
II-A-13(l) 389 240 As sputtered 159.2 23,100 221.9 32,200 20
II-A-14 922 300 As sputtered 676.6 98,200 771.0 111,900 6
11--A-14 422 300 As sputtered 497.5 72,200 749.6 108,800 6
1[A-14(1) 422 300 As sputtered 458.2 66,500 739.3 107,300 12II A-14(-) 422 300 As sputtered 578.8 84,000 702.8 102,000 8

Sic-Cu ]I-A-15 439 330 As sputtered 426.5 61,900 585.0 84,900 12
II A-15 439 330 As sputtered 830.2 120,500 983.9 142,800 8
II-A-15 439 330 As sputtered 398.9 57,90D 531.9 77,200 16

NOT^S:

(')Sample from substrate facing OF HC annr-„r target.
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Figure 39. Fracture Topography of OFHC Copper Sputtered at Low Rate (7.0 nn/s) and High Rate	 FD 91401
(19.7 nm/s) at 700°K (800 °F) in Run II-7
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At a substrate temperature of 644 9K (700°F) and deposition rates between
3.5 and 12.7 nm/s (0.5 and 1.8 mils/hr) in run II-8 the structure was dense and
appeared equiaxed, figure 40. The deposit made at 12.7 nm/s (1.8 mils/hr) ex-
hibited a yield mtrength up to 110.9 MN/m 2 (16, 090 psi) and an ultimate strength
up to 189.5 MN/m2 (27,500 psi), table X. The deposits were ductile, exhibiting
high tensile elongations. However, the analysis of the fracture face of tensile
specimens revealed evidence of a columnar macrostructure for the higher rate
deposited material, figure 41. This structure did not prevent tensile elongations
of 23 and 25% from being attained. Chemical analysis of the II-8 deposit for
impurity gases showed that the deposit contained 10-20 ppm oxygen, 60 ppm
hydrogen and less than 10 ppm nitrogen.

For the depositions where an open structure was obtained, a domed sur-
face topography (figure 42) was noted. For equiaxed deposits, a domed surface
topography was still present but the bonding between columns was apparent,
figure 42. At low deposition rates (below about 14.1 nm/s) the structures of
OFHC were similar to those predicted by the three zone models of Movchan and
Demehishin( 10) and Thornton(9). At the higher deposition rates, the structures
did not correlate with these models.

Other factors seemed to affect the deposit structure very little. The sur-
face finish did affect structure, as discussed in Task I, with the rough vapor
blasted surface promoting open type structures (run II-1, 2 and 3). The prepara-
tion by sanding (600 grit SiC) and Ajax t scrubbing was found to yield a suitable
surface, so high quality deposits could be attained. In several rura (table VIII)
discharge pressures up to 32 microns were investigated. With higher pressure, no
significant effects in structure morphology were observed. This is in disagree-
ment with the pressure-structure-temperature model described by Thornton(9).
This discrepancy is probably due to system configuration and deposition param-
eter variations between the two studies. In this work, the aggregate analysis is
that temperature and deposition rate are the most influential in dictating OFHC
copper deposit growth morphology.

0. 15Zr-Cu (AMZIRC ® )

The effect of deposition rate and substrate temperature on the structure
of 0.15Zr-Cu was similarly observed in sputtering from the hollow cathode. At
substrate temperatures from 360°K to 423°K (200°F to 300 0F), the structures
contained tapered columns with open or nonbonded boundar;es. This structure
(figure 43) was observed at deposition rates from 7.0 to 29.6 am/s. As was
found typical with low substrate temperatures, a domed surface topography
resulted. With increasing rate, the column diameter increased, as did the open-
ness of the structure. At substrate temperatures and deposition rates where
OFHC copper exhibited a dense structure, the 0.15Zr-Cu deposits remained
columnar and open. At 589°K (600°F) and 644°K (700'F) and deposition rates be-
tween 4.0 to 16. 9 nm/s (1.0 and 2.4 mils/hr), the structure was similarly open
with recrystallization occurring within the tapered columns, figure 44. At the
higher deposition rates, 16.9 to 24.7 nm/s (2.4 and 3.5 mils/hr) at 698°K (800°F)
the open columnar structure still resulted, figure 45. At higher substrate tem-
peratures 898°K to 943°K (980°F to 1240°F) and for deposition rates between 2.6
and 20.4 nm/s (0.37 and 2, 9 mils/hr) similar structures prevailed. Although
the extent of intergrain bonding was increased with higher substrate temperatures
total annihilation of voids between the grains was not achieved. The typical
structures produced within these temperatures and deposition rates are shown
in figure 46. Only at the low deposition rate of 2.6 nm/s (0. 37 mil/hr) and a
substrate temperature of 943°K (1240°F) did the structure of 0. 15 Zr-Cu approach
full density, figure 46.
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In sputtering the 0.15 Zr-Cu alloy, the zirconium content of all deposits was
within :0.02 wt% of the target zirconium level. On the sample from run I1-13,
a gas analysis showed that the deposit contained 10 ppm nitrogen, 90 ppm oxygen,
and 24 ppm hydrogen. These levels are not excessively high, but are higher than
those observed for the sputtered OFHC copper in run II-8. It is felt that some gas
presence is attributed to the open structure of this deposit. The surface topography
on all 0.15 Zr.-Cu deposits exhibited the domed appearance similar to that shown
in figure 47. In no deposition dice a faceted or flat surface topography result. All
structures exhibited brittle fracture, figure 48, and low tensile strength,
table X. On the deposit sputtered at 14.1 nm/s (2.0 mil/hr) and a substrate
temperature of 589°K (600°F) the tensile strength was 51.1 MN/m 2 (7420 psi).
At 813-IC (1000°F) and a 10.5 nm/s (i. 5 mil/hr) deposition rate, a tensile strength
of 93.4 MN/m2 (13,500 psi) was obtained. No yielding was observed and elonga-
tion was less than 0.5% in each case.

The difficulty in generating a dense deposit of 0. 15 Zr-Cu was attributed
to a combination of cathode geometry (cylindrical targets) and decreased surface
and bulk mobility due to the zirconium addition. In studies by Thornton( 9) with a
hollow cathode, a greater side flux of low energy now angle) material impacts
the substrate surface which increases intergrain shading and decreases surface
mobility. The difference in diffusion behavior between 0.15 Zr-Cu and OFHC
copper is indicated by the increased temperature (approximately 305°K (550°F)
higher) required tfj anneal and recrystallize wrought 0.15 Zr-Cu as compared to
that of wrought OFHC copper.

In several depositions (11-17, 18 and 19) post heat treatment was evaluated
as a means of eliminating the open boundaries. Heat treatment for 3.6 Ins (1 hr)
in vacuum at 1033°K and 1145"K (1400°F and 1.600°F) did not heal the open struc-
ture; the only observed effect was an increase in deposit recrystallization and
decrease in deposit ha dness, table XI and figure 49. These observations were
c 'stent with post annealing studies performed by Spalvins and brainard(11).

Several depositions were performed using a smaller substrate size, to
determine if the larger cathode to substrate spacing would eliminate or minimize
the susceptibility to open structure formation. In the runs performed, 11-22 to
II-25, no beneficial effects were observed.

To achieve a dense structure of 0.15 Zr-Cu, ion bombardment of the sub-
strate during deposition was necessary. This was achieved by using a -25 V
substrate bias and a triode discharge in the same hollow cathode configuration
in runs II-26, 27, 28 and 29.

At substrate temperatures of 423°K and 453°K (300°F and 350°F) in deposi-
tions, run II-28 and U-29 respectively, the resultant structures were dense and
bad no evidence of open grain boundaries, figure 50. The grain structure was
similar to that produced with a diode discharge at deposition rate of 9.2 nm/s
(1.3 mils/hr) and a substrate temperature of 898°K (980°F) as discussed pre-
viously and shown in figure 46. Increasing the substrate temperature to 1183°K
(1675°F) with a deposition rate of (0.72 mil/hr) resulted in a fully dense recrys-
tallized, equiaxed structure, figure 51. The surface topography of the triode
depositions exhibited a somewhat domed appearance with no visual evidence of
open regions between the individual column surfaces, figure 52.
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TABLE XI. EFFECT OF POST HEAT TREATMENT ON THE HARDNESS
OF SPUTTE REDO. 15 Zr-Cu DEPOSITS

Maximum Substrate
Temperatare Hardness (VPN) (1) OFHC 

Run Condition) °K	 OF Copper Substrate Cu-0.15 Zr Deposit

II-17 As deposited 923	 1200 47, 49 55,54
1033°K (1400°F) 51, 51 53, 56
1145°K (1600°F) 42, 41 58, 53

II-18 As deposited 1023	 1375 44, 43 58, 55
1033°K (1400°F) 46, 44 54, 57
1145'X (1600°F) 44, 44 57, 51

II-19 deposited 868	 1100 56, 58 71, 67
1033°K (1400°F) 49, 48 67, 61
1145°K (1.600°F) 39, 35 48, 47

NOTES:

(•)0.5 Kg Load
r'

(2) Post Heat Treatment, 3.6 ks in vacuum. __
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With the low substrate temperature deposits, the as-sputtered material was
brittle and exhibited a fibrous fracture morphology. With these deposits a post
heat treatment was effective in increasing the deposit ductility. At post heat
treatment temporatures of 81.3°K, 1145 0K, and 1198°K for 14.4 Its (4 hours) a
ductile equiaxed structure resulted, figure 53. The tensile ductility after the
1.1-45'K and 1198°K exposure and resultant tensile strength is shown in table X.
Although these conditions are over annealed, they represent the ability to transform
the low temperature brittle type deposits to ductile equiaxed material. In the
as-deposited condition, the brittle nature of the material was such that tensile
samples could not be fabricated.

Concurrent to the deposition of 0.15 Zr-Cu from a hollow cathode, investiga-
tion of the structure of 0.15 Zr deposited from a flat plate target was performed.
The targets (4 flat plates) were positioned to simulate a hollow cathode, see fig-
ure 33. In order to study the effects of discharge mode, all depositions were
performed in the triode mode, table 3X.

Depositions IIA--1 through II-A-5, performed with a substrate temperature
of approximately 11150K (15500 F), yielded dense, equiaxed, deposits which ex-
hibited a faceted surface topography, figure 54. The rates of deposition studied
were from 2.6 to 3.5 nm/s (0.37 to 0.49 mils/hr). Higher rates were not in-
vestigated since the substrates were not cooled and increased rates would have
resulted in substrate melting.

The effects of substrate bias and geometry were studied in runs IIA-6
through 11-A-12.  In these runs 0.15 Zr--Cu was deposited on flat, water-cooled
OFHC copper and Type 6061 aluminumplates in runs II-A-6 through II-A-10

 argon as the sputtering gas. All structures were dense and equiaxed al-
though a columnar "superstructure" was apparent, figure 55. Deposition rates
were varied from 1.2 to 5.6 nm/s (0.17 mils/hr to 0.80 mils/hr) but did not
seem to affect either the interface or the deposit microstructure.

Runs II-A--11 and II-A-12 were deposited on 1.3 cm diameter Type 374
stainless steel tubing as a further variation of substrate geometry. Both structures
were equiaxed and dense with a columnar ''superstructure", figure 55.

From these results and those obtained in the flat plate coater and supported
by the triode hollow cathode results, it was observed that substrate geometry has
very little effect on deposit structure when a triode discharge is used. The
results from the flat plate coater were identical to those obtained by McClanahan,
Busch and Moss (1) in sputtering from a similar device.

Al203--Copper

In the depositions performed, the coater shown in figure 33, having two
targets diametrically opposed, was used. One target was OFHC copper, while
the other was of the composite type shown in figure 34. The substrates were
water cooled as shown in figure 33. This approach was used to determine the
difference in properties of OFHC copper and Al2 O3 dispersion strengthened
copper sputtered in the same deposition.
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The typical structure of the deposits obtained in runs II-A-13 and 11-A-14
is shown in figure 56. The deposits were uniform, dense and of higher hardness
than the OFHC copper substrate. A grain structure was not evident in optical
microscopic analysis. In transmission electron microscopy, the deposits were
fine grain, (,. 1 micron diameter), figure 57. No evidence of a secondary Al203
precipitate was found either by microscopy or electron diffraction.

However, based on the results of tensile tests, the cosputtering of Al203
and copper from the composite target resulted in increased deposit strength,
table X. In the deposit facing the composite target tensile strengths up to
636.0 MN/m2 (02,300 psi) and 771.0 MN/m2 (111, 900 psi) were obtained fot
run 11-A-13 and run II-A-14. Elongations of 8% and 67o respectively were obtained.
The deposits made that faced the OFHC copper targets exhibited tensile strength
up to 221.9 MN/m2 (32, 200 psi.) and 739.3 MN/m 2 (107, 300 psi) for run II-A-13
and run II-A-14, respectively. Elongations of 40 and 12 01'O, respectively, resulted.
The difference in properties is possibly due to the bias conditions employed
during deposition. That is to say, the bias (25V) used in run II-A-13 may have
reduced the Al2 03 (or Al and 02) in the deposit through selective back sputtering.
While with the grounded substrate in II-A-14, this did not result.

SIC-Cu

In the deposition of SIC-Cu (run II-A-15), the same target-substrate
arrangement as described for Al203-Cu was used. Extensive sputtering of the
SIC resulted with the DC target voltage, such that the plugs and surrounding
OFHC copper were sputtered back to the 1.3 cm diameter portion of the plug,
reference figure 34. The resulting deposition rate was 7.0 am/s (1.0 mil./hr).

The deposit structure from this run is shown in figure 58. While completely
dense, the deposit was obviously nonuniform in grain size, probably as a result
of increasing SiC incorporation resulting from target depletion, and increased
area of SiC on the target. This is further supported by the higher hardness of
the outer layer (applied during 1.3 cm diameter SiC exposure). It is postulated
that small amounts of Si and C in solution promote grain growth, while large
amounts retard growth; hence 'the reason for the duplex grain structure. In the
outer layer of the deposit, no evidence of a SIC precipitate was observed, fig-
ure 59. This further supports the fact that Si and C may be in solution not as
SIC. The deposit grain size in the top layer was 0.5 to 1.0 microns.

In the deposit facing the SIC plugged target, a tensile strength up to
983.9 MN/m2 (142, 800 psi) and WIG elongation was obtained. In the deposit
facing the OFHC copper target tensile strength of 531.9 MN/m 2 (77,200 psi)
and 16% elongation was obtained. Since the substrates were grounded during
depositions, the results tend to support the observation made in the analysis
of the Al203-Cu depositions that biasing reducev ceramic transfer to the deposit.
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TASK II

CONCLUSIONS

From the depositions and observations made in this task, the following
conclusions were drawn:

1. With the hollow (cylindrical) cathode configuration and tech-
niques used in this evaluation, this target geometry, operated
in a diode discharge, was unacceptable for generAting dense
deposits of OFHC copper or 0. 15 Zr-Cu at low substrate
temperatures and practical deposition rates.

2. Dense ductile deposits of OFHC copper could be attained in the
hollow cathode-diode discharge if low deposition rates and high
substrate temperatures were used. However, at the higher
substrate temperatures, the structures were annealed and
ductile, but of lower strength. In deposition of 0.15 Zr-Cu
from this geometry and discharge open brittle de posits pre-
vailed at almost all substrate temperatures invef tigated.
Only by going to 1183°K in substrate temperature could dense
deposits be produced.
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3. Using the hollow cathode configuration and a triode discharge,
substrate biasing was effective and dense 0. 15 Zr-Cu deposits
could be attained at low substrate temperatures (423°K-453°K)
and moderately high deposition rates (10--13 am/s). However,
the deposits produced at these conditions were brittle and
required post deposition heat treatment to improve deposit
ductility.

4. It is not apparent that .Al2O3-capper or SiC-copper co-sputter
to form a dispersion strengthened material. From the observa-
tion made, it is suspected that the Al and 02 or Si and C are in
solution and strengthen the deposit through solid solution
strengthening and not by dispersion strengthening m.-:.•hanisms.

5. OE the materials spirdered, the co-sputtered Al2O3-Cu and
Si.C-Cu produced the highest tensile strengths. Tensile strengths
up to 771.0 MN/m2 and 983.9 MN/m2 for Al2 O3 -Cu and SiC-Cu
respectively were obtained with 6%p or greater ductility,
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TASK III

INNER WALL GRADATION AND LAMINATION

The objective of this task was to evaluate layered or graded structures for
the fabrication of thrust chamber inner walls. Layered structures made using
OFHC copper and 0. 15 Zr-Cu were evaluated for bond integrity, layer hardness
and fatigue properties.

EQUIPMENT AND PROCEDURES

A post cathode coater, figure 60, was used to sputter layered deposits
of OFHC copper and 0. 15 Zr-Cu. The deposition parameters were selected so
as to produce the required hardness variation from the inner to outer layer of
each deposit. The substrate preparation and sputter cleaning parameters used
for each run are given in table XII, while the deposition parameters are sum-
marized in table XIII.

The post targets used were machined from wrought OFIIC copper rods and
wrought 0. 15 Zr-Cu (AMZIRCB) billets. The substrates were 2.54 cm high
OFHC copper rings (6. 6 cm ID). The OFIIC copper was sputtered using DC
target voltage in a triode discharge, while both DC and RF target voltage was
used to apply 0.15 Zr-Cu. The DC portion of the deposition was performed in
a triode discharge, while the RF portion was performed using a diode discharge.

All deposits were evaluated by low cycle fatigue testing and standard
metallograpluc analysis. In fatigue testing a 2..54 cm long ring, G. 6 em ID,
was cycled through a total strain of 2% (-0.8% to +1.2;'0). The test was strain
controlled. A strain gauge cemented to ilia OD of the sample, at the point of
maximum strain, was used to control the strain range.

RESULTS AND DISCUSSION

The depositions parameters in run. III-1 and III-2 were adjusted to yield a
different hardness in each layer, and successively graded in hardness such that
the outer layer was the hardest. In the deposition of OFIIC copper, run IH-1,
hardness variations between layers were acct mplished by varying the substrata
bias. In run III-2, bias and deposition techniques were varied to change hardness.

The four layer deposit microstructure and layer hardness of run III-1 is
shown in figure 61. The first layer was deposited with a -50V bias, while the
successive layers were applied with a -25V, OV and +11V bias. The deposition
rate was approximately equivalent for each layer; 2.4 to 2.8 nm/s (0.34-0.39 mils/
hr). The substrate reached a temperature of 730°1S during deposition of the first
layer and decreased to 616°K during deposition of the third layer due to decreasing
bias. With the positive 11V bias imposed in sputtering the last layer, the tem-
perature increased to (661°K) due to electron bombardment heating. The resultant
structure was compl0-eiy dense with high quality interfaces, figure 61. In fact,
it was not possible tv ;Lfferentiate between the first and second layers. The
structure shown in figujoe 61. was overetched to show the finer grain structure
of the outer layers and the outer layer thickness.
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TABLE XII. SUMMARY OF TASK III SUBSTRATE PREPARATIONAND SPUTTER CLEANING PARAMETERS

Finishing Treatment, Surface Sputter CIeaning Pressure
Run No. Substrate Material Preparation, and Primary Cleaning Voltage, V Current, ma Duration, s --/M2

iII-1 OFHC Copper ID sanded circumferentially with No. 600 -25 3000 300 0.81 6.1
grit paper, buffed with jeweler's rough,
Ajax® scrub, ethyl alcohol rinse.

III-2 OFHC Copper ED machined, Ajax@ scrub, ethyl alcohol -25 3400 Soo 0.32 2.4
rinse.

III-3 Aluminum Ajax®scrub, ethyl alcohol rinse. 25 1700 600 1.13 8.5
-25 1500 2700 0.90 6.8
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TABLE XIII. S-PT-M TARY OF TASK III DEPOSITION PARAMETERS
to
ra

Substrate
Voltage,	 Current,

Run tie.	 Target Material	 V	 A

Target
Voltage,	 Current

v	 A
Time

ks	 he

substrate
Temperature
`l+	 -F

-	 "Maximum
Deposit Thickness
mm 	 miss

maximum
Deposit Rate

nmis	 mil/hr
pressure

Dt/mL	 a

DI-1 (1) 	0FI1C Copper	 -25 3.0 -25 1.00 0.29 0.08 602	 625 0.82 6.1

25 3,3 - .1.5 1.05 0.29 0.08 055	 720 0.49 3.7
- 25 3.15 - 2S 1.03 0,29 0.08 672	 750 0.49 3.7
- 50 3.7 -500 1.45 23.4 0.50 730	 855 0.066	 2.6 2,8	 0,39 0. 38 -.8

(first layer)	 (first layer)
- 25 3.1 - 25 1.00 0.23 0.08 509	 565 0.53 4.0
- 25 3.1 - 25 1.00 0.29 0.08 577	 580 0.45 3.4
- 25 3.? -500 1.40 24.3 0.75 GG1	 730 )).0915	 ,.0 2.7	 0.39 0.32 2.4

(second layer) (secowl layer)

- 25 3.0 - 25 0.90 0.29 0.08 577	 880 0.46 3.6
- 25 3.0 - 25 1.00 0.29 0.08 616	 E50 0.45 3.4

0 0 -500 I.40 25.2 7.00 616	 650 0.000	 2.6 2.6	 0,36 0.33 2.5
(third layer)	 (third layer)

-25 2.8 - 25 0.90 0.29 0.08 669 745 0.45 3.4
-25 3.0 -25 0.90 0.29 0.09 672 750 0.39 2.9

iI 2.85 -500 1.30 27.0 7.50 001 730 0.066	 2.6 2.4 0.34 0.28 2.0
(fourth layer)	 (fourth layer)

111-2 0) 	0.15 Zv-Ca	 - 25 0.8 80001 12W (4) 75 .6 21.00 NM %A1 0.189	 7.4 2.5 0.35 0.32 2.4
- 50 3.3 -500 1.40 36.0 10.00 0.112	 4.4 3.1 0.44 0.32 2.4
- 25 36 0 -900 1.40 39.6 11.00 0,228	 9,0 5.8 0.62 0,32 2.4

800W (3) 7.5W (4) 87.3 24.25 0,317	 12.5 3.0 0.51 0.43 3.2
(RF Floating)

III-301)	0.15 Zr-Cu	 Floating - 80nW(31 O.OW (11 65.7 18 .25 {6} M. N-.%1 3.8	 150.0 4.9 0.70 0.34 2.6
Floating - 80OW(3) 6.0W(4) 2"35.6 71 . 00 (7) (total thicRacas) 0.53 4.0
- 20 2.4 -500 1.3 47.8 13.25 0.87 6.8
-20 2.4 -500 1.3 56.4 14.00 0.95 7.3
-20 3.3 -500 1.6 36.0 10.00 0.66 5.1
- 20 2.0 -500 1.4 434 12.00 0.53 4.1
- 20 3.0 -"i00 1.6 39.E 11.00 0.66 5.1
-20 3.0 -560 1.5 30.0 10.00 (7) 0.53 4.1
- 20 2.6 -500 1.4 23.4 6.50 0.40 3.1
-20 3.0 -500 1.5 48.0 13.50 0.43 7.4
- 20 3.3 -500 1.6 53.2 14.75 0.48 3.0
- 20 3.4 -500 1.0 52.3 14.50 0.39 3, 7
-20 3.4 -500 1.0 2G.1 7.25 0.49 3.7

NOTES:
(1)Deposittan performed in triode discharge,
(- )deposition of lust and fourth layers deposited using RF and diode discharge;

second and third Iayers deptlsited using DC and triode discharge.
i3)Farward RF power.
")R -flectc l RF pewcr.
i5)f, positiUnof first and sccoal layers dcpoalted using RF aad dicdc

disOLIrge; remaining lavers dCp osited using DC and triode +iischarge.

C6? BcbA ern Layer .Ir pcsitloi target and suUatratc cleaned with -50V
bias far ;;a05.

(') tstcm crated to air to i vpn t target.
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Figure 61. Microstructure and Hardness of 4 Layer	 FD 91427
OFHC Copper Deposit (Run III-1)

The hardness of the first layer was essentially the same as the substrate
(VPN 100) and increased in the second layer to VPN 123. The last two layers
were identical in hardness, VPN 183. The substrate hardness before deposition
was VPN 100.

The structure of the four layer 0. 15 7.r-Cu and layer hardness is shown
in figure 62. The resultant structure was dense and of high integrity, both
within the layers and at the interfaces. All layers were of higher hardness than
those obtained with the OFHC copper deposit. The initial layer, applied with a
-25V bias by RV discharge, exhibited an average hardness of VPN 270. The
second layer hardness decreased to VPN 231 in the DC biased (-50V) applica-
ticu. The third layer applied at -25V bias potential with DC sputtering was the
same hardness as the first layer VPN 270. The outer layer, applied by RF
sputtering and a floating bias, was the hardest, VPN 320.

In LCF testing, the difference in performance of the two deposits was
readily apparent, taf le NIV. The layered OFHC copper withstood 37 4 cycles
until a surf=ace crack resulted, and failed at 585 cycles. This life was com-
parable to the baseline OF1IC copper fatigue life. A significant reduction in
fatigue p: operties was observed with the first 0. 15 Zr-Cu laver structure tested.
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TABLE XIV. LOW CYCLE FATIGUE TESTING OF
SPUTTERED INNER WALL DEPOSITS

Cycles to
Sample	 Strain Range	 Deposit Crack (13	Cycles to Failure

III-1
(4 layer OFIIC copper) -0.8 to 1.279 374 585

III-2A
(4 layer 0.15 Zr-Cu) -0. 6 to 1.4% 62 267

III-2B
(4 layer 0.15 Zr-Cu) -0.8 to +1.2;"0 Did not crack (2) Did not U11(2)

1II--213(3)
(4 layer 0.15 Zr--Cu) -0.3 to +0.857D 850 1003

M-3 (4)
(13 layer 0.15 Zr-Cu) -0.8 to 1.2x0 509 580

OFHC copper baseline -1.0 to +1,2"0 300 436

OFUC copper baseline --0.8 to +1.2 400 697

NOTES:
('' )Based on visual observation

(2)Delaminated in first cycle, continued in test, substrate
cracked at 384 Cycles, and failed at 430 cycles. Deposit
discontinued in test at 600 cycles with no failure.

(3) Failed substrate removed in gauge area, regauged,
and continued in test.

(4)Sample 10OVo sputtered 0.15 Zr-Cu.

The cycles to crack initiation were 62, with failure resulting at 267 cycles..
Although the strain range used was identical on each, the 0.15 Zr-Cu strain of
-0. 6 to +1, 4% was slightly different than the OFHC copper strain, -0.8 to 1.2%.
However, this difference in strain maxima is probably not the principal reason
for the decreased life of the 0.15 Zr-Cu structure. Undoubtedly the high hardness
of the outer layers contributed most to the poor fatigue properties. The fracture
face morphology of the failed fatigue specimens, figure 63, Illustrates the brittle
nature of the 0.15 Zr-Cu deposit.

Based on this result a second ring segment from III-2 was tested. This
sample was located at the top of the substrate stack during deposition. In LCF
testing, the 4 layer deposit, dela.minated in the first cycle, and was removed
from test with no deposit failure after 600 cycles, figure 64. Since the strain
range on the deposit probably decreased after delamination, the OFHC copper
substrate was removed in the gauge area, the deposit strain gauged and con-
tinued in test. Due to deposit thickness, only a strain of -0.3 to +0.85°'o could
be obtained. At this strain, approximately 850 cycles-to-crack and 1003 cycles-
to-failure resulted. No delamination of lb.e deposit layers was observed in the
fracture, figure 64. Meta.11ographic post-test analysis revealed that the delamina-
tion was due to insufficient sputter cleaning, caused by the substrate being at
the top of the discharge.
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Based on the LCF properties oI the four layer 0.15 Zr--Cu deposits, a thick
multilayer deposit of uniform hardness between layers was produced in run III-3.
This was produced to evaluate a fully-sputtered deposit of approximately the
same thickness as the OFHC copper baseline and layered LCF samples. The
111-3 deposit was made in 13 layers, with no significant variation in hardness
between the layers. As with the 0.15 Zr-Cu four layer deposit, two of the layers
were deposited using RF diode, while the remaining layers were deposited with
DC target voltage and a triodedischarge, table XIII. The resultant deposit was
3.8 mm (150 mils) thick, with a hardness of 167 X13 VPN (0.2 Xg load). The
deposit structure is shown in figure 65.

The III 3 deposit was tested in LC  at 2c,o total strain, -0.8 to +1.2%.
Cracking the deposit required 509 cycles, and failure 580 cycles, table XIV.
The deposit fracture was ductile with no observable delaminatton, figure 65.
The cycles-to-crack of this deposit exceeded that of the 4 layer OFHC copper
deposit and the OFHC baseline. This result showed that layered 0, x5 Zr-Cu
sputtered deposit can provide good LCF properties. Based on the good perform-
ance of this deposit, the tensile properties of both. as--sputtered and annealed
samples were determined, table XV. The properties obtained exceeded those
obtained for 0.15 Zr-Cu in Task IC and were equivalent to the proerties of
sputtered 0.15 Zr--Cu evaluated by N':^,Clanahan, Bush and Moss, 6)
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TABLE XV. TENSILE PROPERTIES Or LAYERED 0. 15 Zr-Cu
DEPOSITED IN RUN 111-3

Ultimate
Yield Strength TensiW Strength Elongation

Condition MN/M2, psi MN/m psi Percent

As sputtered 578.8 84,000 623.5 90,500 8.0

As sputtered 562.2 81,600 602.2 87"400 5.0

Annealed* 434.1 63,000 518.1 75,200 15.0

Annealed* 450.6 65,400 529.8 76,900 13.0

*Annealed at 863'K for 3.6 ks (1100 0x' for 1 hour) in argon.

TASTE III

CONCLUSIONS

Based on the depositions and evaluations performed in this task. the following
conclusions were drawn:

1. Sputtering from a post cathode is a viable approach for fabricating
a layered inner wall structure for thrust chambers.Graded or
layered OFHC copper and 0. 15 Zr-Cu deposits with hardness
increasing from substrate to outer layer can be obtained by
varying substrate bias and deposition parameters.

2. A four layer Or,HC copper deposit on the ID of cylindrical OFHC
copper sections, did not affect low cycle fatigue life of the
wrought OTI1C copper. However, a four layer 0.15 Zr-Cu
deposit with higher layer hardness, resulted in a lower fatigue
life.

3. A 100 percent sputtered 0.15 Zr--Cu deposit consisting of
13 layers of approximately constant hardness, exhibited a
substantial improvement in fatigue life over the four layer
0.15 Zr-Cu structure with graded layer hardness. Based on
the results obtained, grading from low hardness to high hard-
ness at the surface layer may not be desirable.

4. Sputtered multilayer deposits offer potential for improving
the LOF properties of chamber inner structures. Alternate
techniques of grading, and post deposition heat treatment should
be investigated.
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TASK IV

SP17TTERED HIGIi STRENGTII CYLINDERS

The objective of this task was to evaluate high strength materials for use
as outer jacket structures of regeneratively cooled thrust chambers fabricated
by sputtering. Three materials were chosen for evaluation from classes of
alloys with high strength to weight ratios as conventionally processed. They were
NASA IIb-11, (14) a nickel. base superalloy; Ti-W-2.5&, ( 15 ) an alpha phase
titanium alloy; aluminum; and Al203 dispersed aluminum. These alloys were
evaluated on the basis of strength of the sputtered deposit and compatibility with
the proposed copper alloy closeout layer.

EQUIPMENT AND PROCEDURES

For the depositions performed in this task, a hollow cathode and flat plate
coater described in Task II (figures 32 and 33) were used. The targets were
machined from wrought alloy billets. In the case of the Al203-A1, the target
was of the composite type (figure 84), comprised of Al20 3 (12 ). slugs imbedded in
a Grade 1100 aluminum plate. (10)

Substrate materials were OFIIC copper, Type 0001 aluminum and Ti-5A1-
2.5Sn. The copper was chosen to simulate sputtered thrust chamber material;
the aluminum and titanium were used to evaluate alternate substrate materials.
A summary of cleaning procedures for all experiments in this task is given in
table XVI. Mechanically sanding with 600 grit SiC paper followed by an Ajax®
scrub and ethyl alcohol rinse prior to sputter cleaning proved to be a satisfactory
pros.^dure and much superior to vapor blasting or chemical polishing in terms
of interface cleanliness and coating adherence. Sputter cleaning was felt to be
necessary and parameters were developed which gave excellent results for all
coating and substrate materials as shown in table XVI for depositions IV-7 to
IV--9 and IV-A-4 to IV-A-18.

The deposition parameters for experiments in this task are summarized
in tables XVII and XVIII.

The initial effort was directed at producing sputtered cylinders in the
hollow cathode coater. The first two runs were performed on aluminum sub-
strates at low temperatures utilizing diode discharge with no substrate bias.
'Mien the structure of these deposits was found unsatisfactory, a shift to OTHC
copper substrates was made. Higher substrate temperatures were employed
and the effects of substrate bias were investigated. Lased on the results of
Task II triode depositions, diode sputtering was discontinued, and a triode dis-
charge was employed.

Further experiments were carried out in the two target flat plate coater
to establish the effects of substrate material, substrate geometry, cleaning
procedures and target voltage.

Chemical analyses were obtained from eight Ti-5A1-2.5Sn deposits and
two NASA Ilb-11 deposits. The results which are given in tables XIX and XX
confirm that there is little change in composition when a -material is transferred
from target to substrate by sputtering.
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CD TABLE XVI. SUMINIARY OF TASTE IV SUBSTRATE PREPARATION AND
SPUTTER CLEANING PARAMETERS

Run Substrate Finishing Treatment, aarface Preparation, Sputter Cleaning (l) Pressure,

Number :Material and Primary Cleaning Voltage, V Current, mA	 Duration, ks Slm2 u

IV_1(2) AIuminum Sanded lengthwise with No. 600 grit paper, -500 110 1.20 2.9 22
AJAX	 scrub, ethyl alcohol rinse

IV-2 Aluminum Sanded lengthwise with No. 600 grit paper, -400 500 6.00 3.2 24
AJAX 'u scrub, ethyl alcohol rinse

IV-3 OFHC Copper Sanded Iengthwise with No. 600 grit paper, --500 85 0.30 3.7 27
AJAX E scrub, ethyl alcohol rinse

IV-4 OFHC Copper Sanded lengthwise with No. 600 grit paper, -500 100 0.90 3.7 27
AJAXO' scrub, ethyl alcohol rinse

IV-5 OFHC Copper Sanded lengthwise with No. 600 grit paper, -250 37 0.06 4.5 34
chemically polished at (3489) 160F far 0. G ks

IV-G OFHC Copper Sanded lengthwise with No, 640 grit paper, -25 1750 0.30 1.9 14
*d 0 AJAX'S' scrub, ethyl alcohol rinse

0 IV-7 OF HC Copper Sanded. circumferentially with No. GOO grit -IGO 710 0.90 0.52 3.9
^d

^
paper on lathe, AJAX v scrub, sanded
Iengthwise with No. G0 grit paper, ethyl
alcohol rinse

^' ►̂ 1L-8 OFIIC Copper Sanded circumferentially with No. 600 grit -25 1750 1.80 0.70 5.2
paper an lathe, AJAX 101 scrub, sanded

!- lengthwise with No. 600 grit paper, ethyl
!̂33i alcohol rinse

IV-9 OFHC Copper Sanded circumferentially with loo. 600 grit -25 1540 0.90 0.41 3.1
paper on lathe, AMC' scrub, sanded
lengthwise with ho. G00 grit paper, ethyl
alcohol rinse

IV-A-1(3) Ti-5A1-2.5Sn and Vaporblast, AJAX Q!) scrub, ethyl --25 550 0.30 0.29 2.1
Type GOGI Aluminum alcohol rinse
alloy

iV-A-2(3) Ti-5AI-2.5Sn and Vapor blast, AJAX`S scrub, ethyl -25 510 0.30 0.56 4.2
Type 6061 Aluminum alcohol rinse
alloy

IV-A-3 TI-5A1-2.5Sn and Vapor blast, AJAX R ' scrub, ethyl -25 430 61.0 0.168 5.1
Type G061 Aluminum alcohol rinse
alloy

NOTES:

(')Substrate and target cleaned simultaneously
("Cleaning in runs iV-1 to IV-G performed using a diode discharge, in all others a triade discharge was employed
(3)Argon used as the sputtering gas, Krypton used in all others.
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TABLE XVI. SUMMARY Or TASK N SUBSTRATE PREPARATION AND
SPUTTER CLEANING PARAMETERS (Continued)

Bun Substrate Finishing Treatment, Surface Preparation, Sputter Cleaning(l) Pressure
Number Material and Prlmary Cleaning Voltage, V Current, mA	 Duration, ks N/m2

TV-A-4 Ti-5A1-2.5Sn and Sanded Iengthwise with No. 600 grit paper, -25 400 0,60 0.55 4.1
Type 606L Aluminum AJAX@ scrub, ethyl alcohol rinse
alloy

IV-A-5 TI-5A1-2.5Sn and Sanded lengthwise with No. 600 grit paper, -25 420 0.30 0.45 3.4
Type 6061 Aluminum AJAXV scrub, ethyl alcohol rinse
alloy

IV-A-6 Ti-W -2.5Sn and Sanded lengthwise with No. 600 grit paper, -25 400 0.30 0.45 3.4
Type 6061 Aluminum A JAX@ scrub, ethyl alcohol rinse
alloy

IV-A-7 Ti-5AI-2.5Sa and Sanded lengthwise with No. GOO grit paper, -25 400 0.30 0.49 3.7
Type 6061 Aluminum AJAX® scrub, ethyl alcohol rinse
alloy

IV-A-S Ti-5A1-2.5Sn and Sanded lengthwise with No. 600 grit paper, -25 400 0.30 0.47 3.5
Type 6061 Aluminum AJAX(6) scrub, ethyl alcohol rinse
alloy

rV-A-9 Ti-5A1-2.5Sn and Sanded lengthwise with No. 600 grit paper, -25 400 0.30 0.45 3.4
Type 6061 Aluminum AJAX® scrub, ethyl alcohol rinse -50 420 0.90 0.45 3.4
alloy -100 430 0.30 0.45 3.4

IV-A-11 OFHC Copper and Sanded lengthwise with No. GOO grit paper, -25 500 0.30 0.58 4.2
Type M61 Aluminum A,TAX® scrub, ethyl alcohol rinse -50 530 0.90 0.55 4.1

` alloy -100 540 0.30 0.55 4.1

IV-A-12 OFHC Copper and Sanded lengthwise with No. GOD .grit paper, -25 400 0.30 0.49 3.7
Type 6061 Aluminum AJAX® scrub, ethyl alcohol rinse -50 410 0.90 0.49 3.7
alloy -100 425 0.30 0.49 3.7

IV-A-13 0FHC Copper and Sanded lengthwise with N6. 600 grit paper, -25 380 0.30 0.4a 3.4
Type 6061 Aluminum AJAX® scrub, ethyl alcohol rinse -50 400 0190 0.44 3.3
alloy -100 430 0.30 0.44 3.3

IV--A-14 OFHC Copper and Sanded lengthwise with No. GOO grit paper, -25 400 0.30 0.44 3.3
Type GOG1Aluminura AJAX'E) scrub, ethyl alcohol rinse -50 420 0190 0.44 3.3
alloy -100 420 0.30 0.44 3.3

IV-A-15 OFHC Copper and Sanded lengthwise with No. 600 grit paper, -25 490 0.30 0.49 3.7
Type 6061 Aluminum AJAXC scrub, ethyl alcohol rinse -50 1100 0.90 0.45 .3.4
alloy -100 500 0.30 0.45 3.4

NOTES:

(l)Substrate and target cleaned simultaneously

co l"1Cleaning in runs 1V-1 to IV-0 performed using a diode discharge, in all others a triode discharge was employed

(3)Argon used as the sputtering gas, krypton used in all others.
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TABLE XVI. SUINMIARY Or TASK IV SUBSTRATE PREPARATION AND

SPUTTER CLEANING PARAMETERS (Continued)

Run	 Substrate	 Finishing Treatment, Surface Preparation, Sputter C'raning (l) Pressure
Dumber	 'Material	 and Primary Cleaning Voltage, V Current, mA Duration, ks d/m2 v

IV A-1G	 OFIIC Copper and	 Sanded lengthwise vith loo. 600 grit paper, -25 430 0.30 0.43 3.4
"Type 0OG1 Aluminum	 AJAX!R scrub, ethyl alcohol rinse -30 400 0.90 0.4.3 3.4
alloy -100 440 0.30 0.43 3.4

IV-A-17	 OFI1C Copper and	 Sanded lengthwise with ao. 600 grit paper, -28 460 0.30 0.4.3 3.4
Type 0001 AIuminum	 AJAX p scrub, ethyl alcohol rips° -io 300 0.90 0.43 3.4
alloy -100 525 0.30 0.45 3.4

IV-A-18	 OFHC Copper and	 Sanded lengthwise with :No. 600 grit paper, -23 400 0.30 0.44 3.3
Type 6061 Aluminum	 AJAX R scrub, ethyl alcohol rinse -30 440 0.90 0.39 2.9
alloy -100 463 0.30 0.33 2.9

NOTES:

(1)Substrate-  and target cleaned simultaneously
(2)Cleaning In runs 1V-1 to IV-6 performed using a diode discharge, In all others a triode discharge tvas employed
(3)Argon used as the sputtering gas, Krypton used in all others.



TABLE XVII. SUMIARY OF TASK IV DEPOSITION PARAMETERS

ii

O s
P 1'd

Substrate Targ t Alalnette COIIs Substrate 11.3xitnum 30posit Average
[tun Target Substrate Voltage, Current Cottage, Current, Current, Separation Time Temperature Thlclmess heposltlan Hate Pressure

Number XMerlal Material V rnA y A A cm ks hr K °r mm mils nm; s mIlAr ',,'m2 v

IV-11 l1 71-5it-2.5Sn Aluminum 0 0 X900 5.0 4.0 10.2 25.2 7.0 3GG 300 0.599 35.3 G.G 0.94 1.73 13

0 0 -1000 3.0 4.7 10.2 11D.7 30.75 3GG 200 O.GB 5.1

IV-2 Tl- 'uAI-2.7xSn Aluminum 0 6 -11100 5.0 4.0 10.2 21.11 C.0 477 400 1.097 43.2 8.1 1.18 0.93 7.0
n 0 -1000 J.0 3.11 10.2 113.4 31.3 477 40n 0.90 0.9

IV-3 T1-5.'11-2.^iSn OF11CCopper .-..1n0 400 -400 0.11 3.3 Id.2 3.11 1.0 741 875 0.711 2B.0 0.3 0.90 3.33 25
0 0 -1000 5.0 3.0 10.3 108.0 30.0 n50 710 1.01 7.f

W-4 TI-'AI-7.l5n 0711C Copper -100 12G -1405 s.0 2.r 10.2 79.2 2-1.0 r" 790 0.737 29.0 C.8 0.91 1.9 14
-100 215 -1500 5.0 2.3 10.2 30.7 5.75 741 973 1.9 14
-100 130 -1000 u.G 2.5 10.2 6.3 1.75 741 875 1.9 14

W-3 7I-:7)AI-2.5'~n 0111C Capper -100 131-1 -1000 5.0 2.3 1012 50.7 15.73 705 010 0.509 20.0 11.4 0.91 0.20 1.3
-a0 95 -1000 5.0 2.3 141.2 22.5 0.25 3GG 5GO 0.19 1.4

Il'-r. Ti-Ilt-2. ;5n 0rllC Copper - - 1.75 -23 1.9 3.5 10. 2 0,29 0.00 372 570 0.163 6.5 2.3 0.23 1.9 14
25 1.5 -604 Z-0 2.4 10.2 1.5 0.41 G8G 180 0.43 3.2
n 0 -9n0 1.0 2.4 10.2 31.11 C.0 733 900 0.49 3.7
-100 1.0 -25 1.3 - - 0.29 0.08 755 900 n.43 i.2
n 0 -80D 310 - - 21. G r.0 753 9G0 0.55 4.2

-100 1.2 -25 345 - - 0.9 0.25 C04 790 0.5» 3.9
-25 1.4 -8n0 3..0 - - 24.3 C.73 7B3 95D 0.45 3.4

3C-7 Tl-.%1-3.55n OFI1C Coptsr -100 0.71 -33 7 0 - 010 0.25 744 693 0.105 13.0 4.3 0.111 n132 n.9
-an 0.651 -tODD 3.0 0 - 43.2 12.0 9nn MID D.2G 1.13
-1n0 0,74 -23 2.1 Al - 0.29 0.08 1173 1.:o 0.0 4.7 

0.1f. -1000 3.0 3.0 LD,2 27.0 7.3 733 860 0.45 3.4

Al" Ti-W-2.5$n OT11i't'oppvr -23 1.75 -25 1.21-. 1.3 10.2 0,29 0.09 7IG 8'10 0.178 7.0 R.3 0.47 0.0 5.2

-` 3 I.'in _105 3.2 0 - 24.3 6.75 8R3 11.30 0.53 4.0
-°.i 1.35 -2; '.1.7 0 - 0.29 n.(18 673 7.^.0 0.49 3.G
-2.i 1.4n -Innn 4.0 n - 27.n 7.5 919 ll!)5 0.25 1.9

tl-^3 Ti-S.-► I-°. ,sa L1T'l1L' C'nl*^,rr _21 1.:.4 -21 1.9 0.9 0.23 722 son n.279 11.0 1.1 n.7: (1.41 3.1
-^3 1 45 -1000 .1.3 24.3 +'..7; 9'-7 L^LO 0.49 3.7
-2:) 1:0:51 -1nnD 1;.D 3.6 1.00 977 Inon n-51 3.9
-25 1 RD ..2.-, :..., 0.9 fl.::, 777 No 0.49 3.7
-23 K.) -10,15 ;.4 2:1.2 7.00 975 1233 0.3.3 2111

t1 ^nt::m vi-1 to 11-i : tier f,,rmc 1. uidt dtrdr disciiarrc, IrI r , fl ispharge usod is all n:hers.

F-+
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TABLE XVIII. SUMMARY OF TASK N DEPOSITION PARAMETERS
FLAT PLATE COATER

Substrate Target Substrate Ataximum Deposit Average
Run Target Substrate Voltage, Current, Voltage, Current, Time Temperature Thickness Deposition Rate Pressure

Number llaterIal 4laterial 1' A V A ks hr °K OF mm	 mils nm/s mil/hr /m2 R

IV-A-1 (11 TI-SAI-2.5.9n TI-5A1-2.5Sn - 25 0.55 -	 25 0.38 0.29 0.08 350 170 O.OB1 3.2 1.8 0.25 0.2B 2.1
and Type G061 - 25 0.73 -1000 0.54 17.1 4.75 377 220 0.24 1.8
Aluminum - 25 0.73 -1000 0.53 29.7 8.25 30 205 0.5G 4.2

IV-A-2 TI-SAl-2.55n TI-5A1-2.55n - 25 0.51 -	 25 0.33 0.29 0.08 333 140 0.001 2.4 2.4 0.3 4 0.5G 4.2
and Type GOGL - 25 0.71 -1S00 0.52 25.2 7.OD 400 2GO 0.43 3.2
Aluminum

IC-A-3 TI-5AI-2.5Sn TI-5At-2.5Sn - 25 0.43 -	 25 0.31 0.6 0.1G 333 140 0.135 5.3 2.7 0.38 0.68 5.1
and Type GOU - 25 0.54 -1500 0.40 36.0 10.00 372 210 0.40 3.0
Aluminum - 25 0.55 -1500 0.39 13.5 3.75 351 190 0.45 3.4

IV-A-4 Ti-5AI-2.5Sn TI-5AI-2.5Sn - 25 0.40 -	 25 0.24 0.6 0.1G 339 150 0.249 9.8 2.1 0.30 0.55 4.1
and Type GOGI - 25 0.58 -1500 0.42 27,0 7.50 389 240 0.45 3.4
Aluminum - 25 0.57 -1500 3.40 29.7 8.25 377 220 0.49 3.7

11-A-5 TI-5AI-2,5Sn TI-5AI-2.55n - 25 0.42 -	 25 0.32 0.20 0.08 344 160 0.08G 3.4 1.7 0.24 0.45 3.4
and Type G061 - 2.3 0.44 -	 25 0.33 0.9 0.25 352 175 0.48 3.6
Aluminum alloy - 25 0.41 -1000 0.41 27.0 7. a0 375 215 0.40 3.0

-- 25 0.31 -	 25 0.31 0.29 0.08 350 170 0.49 3.7	 . -
- 23 0.40 -	 25 0.32 0.29 0.08 352 175 0.43 3.2
- 25 0.38 -1000 0.41 23.4 6.5D 372 210 0.39 2.9

IV-A-G TI-SAL-2,5Sn Ti-5AI-2 . SSa - 25 0.40 -	 25 0.37 0.29 0.08 3 550 170 0.137 5.4 1.7 0.24 0.45 3.4
and Type GODI - 25 0.42 -	 25 0.3G O.G 0.1G 352 175 0.47 3.5
Aluminum alloy - 50 0.50 -	 25 0.30 0.29 0.08 355 180 0.47 3.5

- 25 0.40 -	 25 0.34 0.29 0.08 358 185 0.43 3.2
- 50 0.47 -	 25 0.35 0.0 0.10 30G 200 0.43 3.2
--100 0.47 -	 25 0.35 0.29 0.08 372 21D 0.43 3.2_
-- 25 0.43 -1000 0.43 27.0 7.59 389 240 0.43 3.2
- 25 0.43 -	 25 0.33 0.29 O.OB 351 19D 0.45 3.4
- 50 0.45 -	 25 0.35 0.29 0.08 3G4 195 0.39 2.9
- 25 0.44 -1000 0.44 54.0 15.03 389 240 0.37 2,7

IV-A-7 TI-5AI-2.5Sn TI-SAl-2.550 -^ 25 0.40 - 25 0131 0.29 0.48 497 435 O.OB1 3.2 1.5 0.21 0.49 3.7
.and Type GOGI - 50 0.43 -	 25 0.32 0.6 0.16 539 510 0.45 3.4
Aluminum alloy -100 0.46 -	 25 0.32 0.29 0.08 5G4 555 0.45 3.4

0 D -1000 0.40 2G.1 7.25 5GG 5GO 0.44 3.3	 --	 r
- 25 0.42 -	 25 0.31 0.29 0.08 522 480 0.47 3.5
- 50 0.42 25 0.33 0.29 0.08 547 525 0.47 3.5
-IGO 0.47 -	 25 0.32 G.G 0.16 577 580 0.47 3.5

0 0 -1000 0.40 27.9 7.75 572 570 0.45 3.4

NOTES:

I11All depositions performed with trlode discharge.
_-r



TABLE XVIH. SUMi1 MRY OF TASK IV DEPOSITION PARAMETERS
FLAT PLATE COATER (Continued) -

Substrate 'Target Substrate Maximum Deposit Average
Run Target Substrate Voltage, Current, Voltage, Current, Time Temperature, Thickness Deposition Rate Pressure

Number Material ]Material C A v A ks hr °x °F mm mils nmis mil/hr t M k

IL'-A-R Tl-55AI-2.SSn TI-591-2.55n - 25 0.40 -	 25 0.30 0.29 0.08 433 320 0.137 5.4 2.7 0.39 0.47 3.5
and Type 6001 - 50 0.42 -	 25 0.31 0.G 0.16 444 340 0.43 3.2

Aluminum alloy -100 0.43 -	 25 0.31 0.29 0.09 40 380 0.43 3.2
- 25 0.40 -1500 0.40 27.0 7.59 477 400 0.40 3.0
- 25 0.41 -	 25 0.32 0.29 0.08 433 320 0.41 3.1
- 50 0.44 -	 25 0.33 0.6 O.IG 444 340 0.41 3.1

-100 0.47 -	 25 0.32 0.28 0.09 401 370 0.41 3.1
- 25 0.41 -1500 0.39 23.4 G.50 494 430 0.37 2.7

11-A-9 Tl-1Al-2.5Sn TI-SM -2.5Sn - 25 0.39 -1500 0.49 20.6 5.72 544 520 0.3GI 13.2 2.4 0.34 b,.41 3.1
and Type 6031 - 25 0.40 -1500 0.39 21.G 6.00 533 500 0.43 3.2

Aluminum alloy - 25 0.40 -1500 0 .40 27.9 7.75 51G 470 0.43 3.2

- 25 0.40 -1500 0.39 20.1 7.25 483 410 0.43 3.2

- 25 0.41 -1500 0.40 26.1 7.25 500 440 0.41 9.1
- 25 0.43 -1500 0.41 27.0 7.50 505 450 0.43 3.2

W-A-11 Aluminum 0F11C Copper - 25 0.41 -1500 0.49 80.4 24.0 3GG 200 0.406 16.0 4.7 0.67 0.45 3.4

and Type 0061
Aluminum alloy

11'-A-12 Aluminum OF1iC Copper - 25 0.46 -1500 0.47 75.G 21.0 NM NAI 0.978 38.5 4.9 0.70 0.43 3.2

and Type 8061 - 25 0.42 -1500 0.40 10 G.2 29.5 400 260 0.39 2.9
Aluminum alloy - 25 0.40 -1500 0.43 10.2 4.5 440 200 0.37 2.7

' IV-A-13 Aluminum 0F1iC Copper - 23 0.38 -1 x00 0.47 92.6 26 377 220 0.381 15.0 4.1 0.59 0.37 «.7

and Type 6061
Aluminum alloy

It-A-1.4 Al-A1 Q3 OFHC Copper - 25 0.40 -1500 0.49 97.2 27 350 170 0.221 8.7 I.3 0.19 0.37 2.7
and Type GO G1 0 0 -15500 0.45 69.4 19 331 no 0.37 2.7
Aluminum alloy

II'-A-13 Al-Al20, 0MIC Capper - 25 0.47 •-1500 0.50 327.6 91 355 190 0.359 14.0 1.1 0.15 0.38 2.8

and Type 0r1
Aluminum alloy

I`-A-16 NASA lib-11 OFFIC Copper - 23 0.40 -1500 0.48 40.4 14 383 230 0.127 5.0 2.5 0.35 0.41 3.1

and Type G0f,1
Aluminum

IV-?1-17 NASA Ilb-11 QF11C Copper - 25 0.40 -1500 0.50 01.2 17 389 240 0.279 11.0 1.7 0.24 0.39 2.9
and Type 606.1 0 O -1500 0.44 100.8 28 375 215 0.37 2.7

Aluminum alloy

IV-A-19 NASAIIb-11 OF11C Capper - 25 0.42 -1500 0.45 381. f, 10 f, N:MM NM 0.711 28.0 1.8 0.26 0.32 2.4
and Type G05I
Aluminum alloy

tiOTES:

t1^All fleposltiens performed ti:itlt trladv discharge.

N11- No, Measured,



TABLE =. COl4POSITIQN M OF TARGET AND SPUTTERED Ti-5AI-2.5Sn DEPOSITM ----co

AMS 4966 Target(3) _ Deposit From Run
Element Specification LA)	 (B) IV-1 IV-2 IV-3 IV-4	 IV-5 IV-6 IV-7 IV-8

Al 4.0-6.0 4.5	 5.4 5.4 5.4 5.0 5.0	 4.9 fix. 5 4.2 4.0

Sn 2.0-3.0 2.6	 2.6 2.5 2.6 2.0 2.0	 2.0 2.1 2.2 2.1

Ti Bal Dal	 Dal Bat Bat Bat Bat	 Bat Bat Dal, Bal

NOTES:

(1) Composition in weight percent
(2)Analysis by atomic absorption spectroscopy
(3) Target analysis performed at two different times.
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TABLE XX. COmPOSPTION( 1) OT TARGET AND SPUTTERED NASAM--11 DEPOSIT(2)

NASA Ilb-11 Target(3) Deposit From Target Deposit from
Element Specification (A) Run IV-A-16 (B) Run IV-A-18 --

Iif 0.75-1.25 1.05 0.83 0.70 0.90

Ti 0.50-1.00 0.80 0.90 0.80 1.10

Co 8.50-9.50 8.85 8.50 9.20 8.90	
_ ~

1Io 1.50-2.50 1.90 1.90 1.90 1.90

Cr 8.50-9.50 9.10 8.55 9.00 8.80

V 0.40-0.60 0.23 0.43 0.30 0.40

w 7.25-8.25 6.80 5.80 7.30 7.80

Zr 0.05-0.15 0.07 0.06 0.08 0.08

Ta 6.25-7.25 7.50 7.50 8.00 6.70

Al 4.20-4.80 4.50 4.00 4.80 3.50

Ni Bat Bal Bal Bal Bal	 --

NOTES:

(1) Composition given in weight percent

(2)Analysis by atomic absorption spectroscopy - -

(3)Target analysis (A) performed with Run IV-A-16 deposit; target analysis (B) performed with Run 1'V-A-18 deposit.

rA
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Representative dense deposits were chosen for tensile testing. The
properties shown in table XKI were obtained from subseaIe, flat tensile speci-
mens machined from the coated substrates. The substrates were removed from
the gauge section by chemical etching in the cases of Ti-5A 1-2.5sn and NASA
I1-11 (copper substrates were dissolved in dilute IIN0 ,3, aluminum substrates
were dissolved in warm NaOII) or by machining in the case of aluminum and
aluminum plus Al20,3.

The final evaluation was an interaction study between the expected sub-
strate, Cu, and the candidate high strength materials at elevated temperatures.

RESULTS AND DISCUSSION

Ti-5AI-2. sSn

The initial depositions in this task were made with Ti-5A1-2.5Sn targets
as it was believed this material would present the most problems with cleanliness
and substrate incompatibility. These beliefs were confirmed. Therefore, a
large number of depositions were performed with Ti-5AI--2.5Sn and a relatively
small number with aluminum and NASA Hb-11. The parameter development
which was done on the Ti system was directly transferable to the other systems.

The first two depositions IV-1 and IV-2were performed on grounded
aluminum substrates at low temperature with a diode discharge. Both titanium
deposits had an open columnar structure which was poorly bonded to the sub-
strate, figure 66. Varying substrate bias, switching to a copper substrate and
increasing temperature while maintaining a diode discharge in depositions N--3,
IV-4 and IV-5 resulted in a minor increase in density but the coating remained
columnar and open as shown in figure 67. No mechanical tests could be per- .
formed with any of these deposits as the open structure precluded any possi-
bility of mechanical strength.

When a triode discharge was employed in depositions IV--G through IV-9,
there was a dramatic density increase and effects of temperature and deposition
rate were more noticeable. Deposits IV-G, performed at 2.3 nm/sec (0.33 mils/
hr) and 750-79011K (522-594°F), and IV-7 performed at 4.3 nm/sec (0.0 mils/hr)
and 900°K (792 0 F), were dense but brittle while deposit IV-8 performed at
3.3 nm/sec (0.47 ills/hr) at 880-900°K (750-792°F) and IV-9 performed at
5.1 nm/sec (0.72 mils/hr) at 970-980°K (91.8-936°F) were both dense and ductile
to some extent. The typically dense structures illustrated in figure 68 also
show potential problems inherent in the copper-titanium binary.

An acicular precipitate phase, present in high concentration in deposit
N-8 and to a lesser degree in IV-9 was identified as a titanium hydride, TiH2,
by X-ray diffraction and was presumed due to system outgassing. This embrittling
phase can be decomposed by annealing in vacuum at about 800'K. An anneal such
as this wit:, however, compound the second problem. A titanium copper reac-
tion at the interface apparently forms TiCu 3 , a brittle intermetallic phase which
cannot be decomposed by heat treatment.

A series of experiments to explore low temperature deposition and sub-
strate cleaning procedures was carried out using the two plate coater depositing
Ti-5AI--2.5Sn with a triode discharge.
110
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The optimum substrate cleaning pre iedure, for all substrate material
investigated, was to sand with 600 grit SIC paper, scrub with A+ax® and rinse
with ethyl alcohol prior to sputter cleaning in the coater. Vapc , blasting prior
to sputter cleaning, as was investigated in deposition IV-A-1, 2 and 3, left
numerous abrasive particles imbedded at the substrate-coating interface, fig-
ure 69.

This series of experiments demonstrated that it is possible to deposit a
dense coating of 11-5A1-2.5Sn on various substrates if a trade-off of very low
deposition rates is acceptable. These successful low temperature depositions
indicate that the brittle TiCu3 reaction layer at the Cu-Ti interface can be
avoided. Unfortunately, as seen in table XXI the "as deposited" material is not
strong and is very brittle. An anneal which could increase the effective strength
and introduce limited ductility would also promote the formation of the TiCu3
reaction layer which may negate any gains. Figure 69 illustrates typical struc-
f-r es and interfaces of these low temperature low rate deposits.

Aluminum and Al203-A1

Aluminum, with and without an Al 2 03 dispersion, was also investigated as
a high strength cylinder material. All of these depositions, IV-A-11 through
IV-A-15 were performed in the two plate coater at low temperatures as shown
in table XVI11. These depositions, on OFHC copper and type 6061 aluminum,
were uniformly dense and adherent as shown by representative structures in
figures 70 for pure aluminum and 71 for aluminum plus Al 2 03 where relative
hardness is also shown. Tensile testing, as reported in table XXI revealed a
high ultimate tensile strength of 438 to 481 MN/m 2 for pure aluminum and 405 to
605 MN/;n2 for aluminum with oxide dispersion. However, all depositions were
uniformly brittle showing no yield or perceptible elongation.

Specimens of sputtered pure aluminum, IV-A-11, and co-deposited aluminum
plus Al203, IV-A-15 were examined by thin foil transmission electron microscopy.
Both materia s demonstrated an ultra-fine grain size, estimated to be between
100A to 200A from line broadening in selected area electron diffraction, and an
apparent "wire texture" with a (111) fiber axis perpendicular to the deposited
layer.

No aluminum oxide precipitate was resolved in the sputtered deposit from
IV-A-15 and no evidence was seen in the electron diffraction patterns, although
the microstructure of the codeposited material was different than the pure
aluminum as may be seen from figures 70 and 71. After heat treatment at 813°K
(1000°F) for 1 hour the codeposited microstructure showed a mottled background,
figure 72, which may have been due to oxide precipitation. However, no evidence
of Al2 03 was seen in electron diffraction patterns indicating that the oxide, if
present, was a very fine precipitate. Unfortunately, the 813°K (1000°F) heat
treatment dropped both materials to a 96.5 to 110.3 MN/m 2 (14 to 16 ksi) yield
and 117.2 to 131. 0 MN/m2 (17 to 19 ksi) ultimate tensile strength. However, 8%
elongation was achieved.
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NASA Ilb-11

The last three depositions in Tnsk IV, IV-A-16, 17 and 19. were performed
with NASA Ilb-11 deposited on OFHC copper and 6061 aluminum alloy substrates
in the two plate coater. These deposits varied mainly in maximum thickness as
shown in table XVIII and were uniformly dense as may be seen in figure 73. All
were brittle as deposited.

Specimens from IV-A-16 were examined by transmission electron micros-
copy as-deposited and after heat treating at 1310°K (1900°F) for 1 hour in hy-
dro en. The as-deposited material had an estimated grain size of approximately
200A and a strong (111) "wire texture" perpendicular ^o the deposit. The most
surprising observation was the lack of a visible second phase in the as-deposited
material. This observation means there was an enormous amount of i' forming
elements as well as carbon in solid solution, which probably explains the 200 gram
Knoop hardness of 700 to 750.

Figure 74 shows the transmission electron microscopy microstructure of
the as-deposited NASA IIb-11 as well as the microstructure resulting from an
anneal at 1310'K (1900°F) for 1 hour compared to the microstructure of con-
ventionally processed NASA Ilb-11. The post-anneal structure is duplex being
approximately 50% isolated grains 3 to 5 microns in diameter and 50% 0. 1 micron
grains separating the larger grains. Electron diffraction showed remnants of
the (1'1) wire texture and careful examination of the photomicrographs shows
the beginnings of precipitation especially in the larger grains.
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Tensile tests on material, from 1"V--A-17 showed the as-deposited alloy to
be very strong but brittle. An anneal at 1250 1X (1.800°F) for 14.4 ks (4 hours)
demonstrated the capability of promoting ductility in this alloy with essentially
no loss of ultimate tensile strength. These results are presented in table XXI.

TASK IV

CONCLUSIONS

Four sputtered materials were evaluated in this task with respect to their
use as outer jacket structures forstrengthening regenc.ratively cooled rocket
thrust chambers. From this task the following conclusions were drawn:

1. Of the materials evaluated, sputtered NASA-M-11 provided
the highest tensile strength, 916 MN/m2 (133, 000 psi), and
would provide the greatest effect in strengthening the outer
close--out layer of regeneratively cooled thrust chambers.
The as-sputtered strength obtained approached that of as-cast
NASA Ilb-11. The other benefit of this material was that
interaction with the copper base chamber materials is minimal.
The reaction zone is not brittle, which is desirable with
respect to fatigue considerations. Furthermore, this alloy and
reaction effect offer the greatest latitude of substrate tempera-
ture in sputter deposition.

2. The sputtered aluminum and co-sputtered Al203-aluminum
materials provided the greatest strength-to-density of the
materials evaluated in this task. The tensile strength obtained
of sputtered aluminum, 481. G MN/m2 (69, 900 psi), is over
double that obtained with Grade 1100 aluminum.

3. high strength deposits of Ti-Ml-2.5Sn could be obtained in
sputtering from a hollow cathode. To achieve strength and
density, a -25V bias and sputter deposition from a triode
discharge was required.

4. Of the materials evaluated, the aluminum and Al203-A1
exhibited the greatest interaction with the copper substrate
materials, while the NASA Ilb-11 material showed the least
interaction. Based on the extent of interaction, the NASA
Fib--11 alloy offers the most stable couple with copper to
provide the greatest latitude in substrate temperature range
for deposition and the highest operating temperature for thrust
chambers.
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TABLE XXI. TENSILE PROPERTIES OF TASK IV SPUTTERED MATERIALS

Substrate Ultimate Tensile
Temperature Condition or Yield. Strength Strength Elongation

Material Run Number °IC 'I Heat Treatment I1IbI/m2 psi IIIN/m2 psi Percent

Ti-5A1-2.5Sn lv--8 900 IIG0 As sputtered - -(1) 606.3 88,000 -
IV-8 900 11GO 813K-3. Gks-VAC 875.0 127,000 898.5 130,400 < 0..7.
IV-9 978 1300 As sputtered - - 785.5 11.1, 000 -
IV-9 978 1300 813K-3. Gks-VAC -- - 819.9 119,000 -

Aluminum IV-A-11 3137 200 As sputtered -- - 438.2 63,600 -
IV-A-11 367 200 As sputtered - - 330.7 48,000 -
IV-A-11 367 200 813K-14.3'ts-Ar 106.1 15,400 123.3 17,900 8.0
IV-A-12 400 260 As sputtered - - 478.2 G9,400 -
IV-A-12 400 260 813K-14.4ks-Ar 95.8 13,900 115.1 1b,700 8.0
IV-A-13 378 220 As sputtered - .- 481.6 69,900 -

Al203-A1 iV-A-14 356 190 As sputtered - - G04,9 87,800 --
IV-A-14 35G 180 As sputtered - - 551.2 80,000 -
IV-A-14 356 180 813K-14.4ks-Ar IGG. 8 15,600 119.9 17,400 8.0
IV-a-15 356 180 As sputtered - -- 405.1 58,800 --
W-A-15 35G 180 As sputtered - - 516.8 75, 000 -

NASA ilb-11 IC-A-17 383 230 As sputtered - - 8G5.4 125, C00 -
IV-A-17 1183 230 As sputtered - - 816.4 133,000 -
IV-A-17 383 230 1250K -14.4ks 606.3 88,000 906.0 131, 500(2) -

NUrES:

(1)'['here yield and elongation not shown, specimen failed before yield with no mcasureable elongation

`21Specimen did not Break, failure in grip hole.
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TASK V

COATED OR REFURBISHED WALLS

The objectives of this task were to evaluate the sputtering parameters for
refurbishing degraded chamber inner walls with OFIIC copper and for applying
Zr02 and graded Cu-ZrO2 as thermal barrier coatings for lowering inner wall
surface temperatures to extend thrust chamber life.

EQUIPMENT AND PROCEDURES

For the depositions performed in this task, a post cathode coater as
described in Task III (figure 61) was used. In the deposition of OFIIC copper,
triode sputtering using a DC target voltage was employed. For diode sputtering
Of Zr02 and copper-Zr02 , RF voltage was used. A summary of the preliminary
substrate preparations and sputter cleaning parameters for each deposition is
shown in table XXIL The deposition parameters are presented in table XXIII.

The OFHC copper target was machined from wrought OFHC copper rod.
The ZrO2 target was fabricated by plasma spraying ZrO2 onto a 2.54 cm OD
zirconium mandrel. In both cases, the targets were water cooled. Attempts to
sputter from a ZrO2 tube were unsuccessful; while sputtering at high current
densitites, the target fractured. This problem promoted the use of the plasma
sprayed targets.

The post cathode coater was used to fabricate targets for sputtering the
graded OFHC copper-Zr02 coa,tirgs. The following uniqae approach was used
to make the targets and graded coatings. First, a plasma sprayed zirconia
post cathode was shadowed with a stainless steel screen. Then OFHC copper
was sputtered from a hollow cathode cylinder onto the post, thus leaving an
array of copper hills and valleys on the zirconia. RF sputtering from the post
removed copper and formed the first layer of the graded coating. With continued
sputtering, the thin layer of copper in the valleys was removed, exposing Zr02,
which was co-sputtered with OFHC. copper from the thicker deposit (hills) region.
With continued sputtering, the extent of ZrO2 increased as the copper was
depleted. Eventually, pure Zr02 was sputtered to make the outer Zr02 layer
of the coating.

For all depositions, the substrates were 2.54 cm high OF1IC copper rings,
6.6 cm ID. five rings per deposition were used. 5.08 cm high OFHC copper
cylinders were placed below and above the 5 ring substrate static. All substrates
were fixtured on a water--cooled substrate holder.

The deposits generated in this task were evaluated by standard metallographic
techniques for structure, bond integrity, surface topography, and thickness. On
selected deposits of Zr02 , quenching in water and liquid nitrogen from 8131K
(1.000°F) was used to determine deposit adherence. In this testing, 2.54 cm.
square sections from the coated substrate rings were heated in air for ap-
proximately 1800s and then quenched. The evaluation of adherence was based
on visual examination.

1.23
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N TABLE Vii. SUMMARY OF TASK V CYLINDER PREPARATION AND SPUTTER CLEANING PARAMETERS

Run Substrate Finishing Treatment, Surface Preparation Sputter Clean )ng(1) Pressure
Number Material and Primary Cleaning Voltage, V Current, mA Duration, ks iG /m2 9

V-1 OFHC Copper ID mechanically buffed with No. G00 grit -25 900 0.30 0.45 3.4
(6. G cm ID) paper, scrubbed with AJAX5, ethyl

alcohol rinse
V-2 OMIC Copper ID mechanically buffed with 13o. 600 grit -25 1800 0.30 0. G3 4.7

(G. 6 cm ID) paper, scrubbed with AMU, ethyl
alcohol rinse

V-3 OFEIC Copper ID mechanically buffed -with loo. G00 grit --25 18:;0 0.30 O.5G 4.2
(G. G cm ID) paper, scrubbed with AJAX® , ethyl

alcohol rinse
V-4 OFHC Copper ID mechanically buffed with 71o. G00 grit -25 1750 0.30 0.77 5.8

00.
(G.6 cm 11)) paper, scrubbed with AJAX®, ethyl

alcohol rinse
d V-5 OFHC Copper ID mechanically buffed with No. 640 grit -25 3000 0.30 0.53 4.1

(G. G cm ID) paper, scrubbed with A J!.XO , ethyl
alcohol rinse

V-G OFHC Copper ID meehanically buffed with No. 600 grit -25 4000 0.30 0.:59 a. 4
(G.6 cm Iii paper, scrubbed with AJAXC I , ethyl

alcohol rinse

V-8 OFIIC Copper ID buffed eircumferentlally with jewler's rouge, -25 3000 0.30 0.49 3.7
tsj (G. G cm ID) scrubbed with AJAX	 y ethyl alcohol rinse

V-9 OFHC Copper Segmented rings used with many preparations -25 3200 0.90 0.31 2.7
(G. 6 cm ID)

V-10 OFHC Copper Segmented rings used with many p reparations -25 3530 0130 0.72 14
(G. S cm ID)

V-11 OFHC Copper Segmented rings used with many preparations; -25 3130 0.30 0.7Q a, l
(G. G cm ID)

V-12 OF11C Copper Segmented rings used with many preparations -25 3190 0:30 Q. t13 4.7
W. G cm ID)

V-13 OFIiC Copper iD mechanically buffed with No. 600 grit -2, 3400 0. Ao 0.35 _.^^
(G.G cm ID) paper, scrubbed with AJAX C` , ethyl

alcohol rinse
V-11 OFHC Copper ID mechanically buffed with loo. G00 grit -2S :51100 0.50 0.32 2.4

(G. 6 cm ID) paper, scrubbed with AJAX IN , ethyl
alcohol rinse

NO'C moo`:

("Substrate cleaned simultaneously with target.
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'Raft Target Substrate

Number Material ?Material

V1 l OFHC Copper OFHC Copper

V-2 OFHC Copper 01711C Copper

V-3 OFHG Copper OF11C Copper

	

V-4	 OFHC Copper OF11C Copper

	

V-5	 OFHC Copper OFM Copper

	

r^ V-0 	 OF11C Copper 0F1iC Capper

	

V-8 	 OFHC Copper OFI(C Copper

TABLE X=. SUMMARY Or TASK V DEPOSITION PARAMETERS(-)

Substrate Target
Time

Substrate
Temperature(2)Voltage, Current, Voltage, Current,

V A V A k's. hr °K °F

- 25 019 -25 0.52 0.29 O.OB 350 170
- 23 1.8 -SOD 1.35 13.3 4.25(31 nr7 200
- 25 0.9 - 25 1.12 0.29 0.08 nm nm
+ 12.5 0 -So0 1.55 255.2 7.0 377 22D

- 25 1.8 - 25 1.20 0.29 0.09 ;350 170

- 35 2.2 -500 1.65 23.4 111.730 377 220

- 25 1.85 - 25 1.10 0.29 0.08 3 "10 170
0 0 -500 1.00 23.4 G.5 377 220

0 0 -500 1. fife 28.8 8.0 377 220

- 25 1.75 - 25 1.15 0.29 0.08 330 170

- 50 L 90 -540 L70 23.4 0.50 377 220

50 1.90 -SDO 1.70 26.1 7.25 377 22O

- 25 3.00 - 25 1.10 0.29 0.08 Rater Water
- 25 3.10 - 25 1.15 0.29 0.08 Cooled Cooled

- 25 3.30 -500 1.50 25.2 7.0 (350x- (17&-
- 25 2.80 - 25 1.25 0.29 0.08 377h) 22DF)

- 25 2.80 - 25 1129 0.29 0.08
- 25 3.15 -500 1.45 25.2 7.0

- 25 4.00 - 25 1.25 0.29 0.08 Rater Water
- 25 3.85 - 25 1.25 0.0 O.1G Cooled cooled
- 25 3.50 - 25 1.12 0.29 0.08 (350x- (170E-

- 50 4.00 -500 1.45 23.4 r.50 377h) 22DF)
- 25 3.12 - 25 1.10 0.29 0.08
- 3.10 - 25 1.10 0.29 0.08
- GO 4.10 -5i1D 1.40 25.2 7.00

- 25 3.1 - 25 1.4 0.29 0.08 Rater Stater
- 25 4.5 -500 2.5 23.4 6.50 Cooled CooW
- 25 2.9 - 25 1.13 0.29 0.08 (35011- (17017-

- 25 2.9 - 25 1.15 0..n9 0.08 377N) 220F)

- 25 4. r 1500 1.2 21. G G.0

11wraum Deposit	 Average
Thirkness Deposition p..e Pressurr

nm mils nm. 's mil!hr S:'m2 u

n. 1R 7.0 4.3 n.rl 0. -17F 3.4
0."ii 2.3
0.43 3.2
0.27 2.0

n.2D 8.0 9, a 1.21 0. 0 4.7
n.33 2.7

D.38 1:e.0 ..3 1.03 0. --11; 4.2
0.33 .:.

o.27 1n.8 3.5 0.78 0.77 ^. R
0.39 2.9
0.39 2.9

0.23 10.0 4.9 0.70 0.53 4.1
0.1")3 4.1
0.37 2.7
0,47 3. G
0.47 3.G
0.29 -.2

0.17 6.73 3.4 0.48 0. 39 4.4
0.49 3.7
0.33 4.0
0.313 2. G
0.41, 3.4
0.43 3.2
0.3,3 2.G

0.29 11.3 f.5 0.92 0.47 3. G
0.:51 3. 8
0.31 3.1
0.47 3.t:
0.49 3.7

?:OTFS:

(11 I)eposit (on performed In triode discharge

P2 Substrate water coaled
CNystem pumped to below M15 x 10' 4 N/m2 (5 x 14-7 torr) before each deposition step, sputter cleaned, and deposition continued.

(41 Depositions performed using ttr discharge with applied magnetic field {2.811 through rollsi
1 ")Copper sputtered on 7 rOi target.
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PARAMETERS('-)TABLE VIII. SUMMARY OF TASK V DEPOSITION
(Continued)

Substrate rarget(4) Substrate Maximum Deposit Average

Ran	 Target Substrate	 Voltage,	 Current,	 Voltage,	 Current, Time Ttmperature(21 nhlckncss Deposition
nmfs

Rate
/hrmil

Pressure
N1m-

Number	 Material lliaterlal	 V	 A V	 A ks hr °F- °Ei nm	 m115 u

V-9	 ZrO2
n

OF11C Copper	 - 23	 3.2
'Target RF Power ffatts)

ISO 0.9 0.25 nm	 nm -	 - - - 0.33 2•'
SO (RF)	 - HOD 72.0 20.0 nm	 nm -	 - - - 11 CO 12.0
DC
Ground

V-10	 ZrO2 OF11C Copper	 - 25	 3.53 110 0.29 0.08 nm	 nm 0.09	 3.S 1.1 0.1., 0.72 .5.4
- 50	 3.53 110 0.29 0.08 0.45 3.4
TO (RF)	 - 900 86.4 24.0 0.37 2.7
DC
Ground

V-11	 ZrO2 OF11C Copper	 - 25	 3.13 100 0.29 0.08 nm	 nm 0.13	 .i.0 1, 1 ; 0.23 0.49 3.7

- 50	 3.10 100 1.2 0.33 0.17 1.3
70 (RF)	 - 800 76.5 21.25 0.cq 4.7
Floattn„

V-12	 ZrO2 OLEIC Capper	 - 25	 3.19 IOD 0.29 O.OB nm	 nm 0.03	 3.0 1.0 0.14 O.Q. 4.7
- 50	 3.35 100 0.9 0.23 0.49 4.4
-100	 3.:i0 109 2.0 0.550 0.3:P 4.1	 -	 --
Ground	 0 834 74.7 2O.TC, 0.27 2.0

V-13	 Cu/ZrCA2(5t OF11C Copper	 83 RF	 - 800 1.4 0.40 nm	 nm Cr.24	 3.4 2.9 0.39 O. 3.-. ?.i;
Floating 80.4 24.0

V-14	 Cu/ZrOr() OF11C Copper	 -t%RF	 - 820 1.4 0.40 nm	 nm 0.I1	 4.3 1.3 0.1±5 0.32 2.4
F toting 80.4 24.0

N(YTES. -	 -

(I)Deposition performed In triode discharge
("1Substrate Rater Cooled
(3)System pumped to below 6.63 x 10-4 ti/m2 (5 x 10-7 torr) bct rc each deposlllon step, sputter tieaned, and deposition conilnucd.
(4) Depositions performed using RF discharge with applied majmctic IIcid (3.$A through roils)

(°)Copper sputtered on ZrO2 target.
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To further evaluate the coating adherence and the effect of the coating on
LCF properties, hoop type LCF testing was performed. The test used was
identical to that used in Task III.

RESULTS AND DISCUSSION

OFHC COPPER REFURBISHMENT

For the deposition of OFHC copper from a post cathode using triode sputter-
ing, the effects of deposition parameters, namely substrate bias, on the structure,
hardness and LCF properties, were investigated.

The use of a -25V followed by a. +12.5V bias (run V-1) resulted in areas
of recrystallized copper within the deposit, figure 75. The recrystallized
regions exhibited a hardness of 64-66 VPN while the other areas of the deposit
exhibited higher hardness, 90-100 VPN, table =V. In the case where no bias
was used, run V-3, with the substrate at ground potential, some recrystalliza-
tion was observed in the deposit near the original interface and at the interface
between the first and second layers, see figure 76. The hardness of this deposit
was higher (1.18 to 137 VPN) than that obtained in the V-1 deposit.

In the other runs performed, the effect of a -25V bias (runs V= 2, 5 rind'8)
and a -50V bias (runs V--4 and 6) was investigated. The representative structures
for the -25V and -50V bias substrates are shown in figures 77 and 78, respectively,
As with all other deposits in this task, the structure was extremely dense and co-
lumnar. In examining the structure in the transverse direction (perpendicular to
to the cylinder length) the structure appeared equiaxed. However, in longitudinal
sections (parallel to the cylinder length), the structure was columnar, figure 78.
This difference in structure is attributed to the pre--coating surface finish
resulting from the circumferential buffing operation.

It was apparent from the depositions performed that the 25V and 50V
negative bias on the water-cooled eubstrater) increased the effective surface
temperature (not measured) to increase adatom mobility and effect deposit
nucleation and growth.

Based on the hardness of the deposits produced in this task, the hardness
decreased with increasing bias. Although the surface temperatures were not
measured, it was apparent that since the substrate hardness also varied, the
deposition temperatures must have been significantly different for each deposi
tiou, especially in the case of fun V-4. In run V-3, where no bias was used,
the deposit Nvas significantly harder than the substrate.

The surface of all deposits exhibited a faceted topography, figure 79.
Although deposition rate was varied between 3.5 to 8.5 nm/s (0.48 to 1.21. mils/hr),
an effect of ,rate on structure and topography was not observed.
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Figure 75. Mtcrostructure of OFHC Copper Sputtered With a Bias of -25V and +12.5V, Run V-1	 FD 91439



TABLE XKIV. HARDNESS OF TASK V OMIC COPPER
SUBSTRATE AND SPUTTERED DEPOSIT

Hardness (VPN 0.2 Kg Load)
Run Deposit

Number Substrate Bias First Layer Second Layer Substrate

V: 1 -25V, +12.5V 96 90	 64* 96
96 96	 64 103

100 96	 66 110

V-2 --25V 88 - 90
90 - 100

100 - 103

V-3 No Bias 118 132 83
(grounded) 123 137 88

123 137 88

V-4 -50V 61 59 50
61 62 50
70 62 51

V-5 -25V 75 70 90
78 71 1.00
88 73 1.03

V-6 -50V 80 80 103
88 80 123
85 75 1.03

V-8 -25V 74 80 83
77 83 90
80 83 96

*Recrystallized region of deposit

i
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Mag: 250X

Figure 76. Microstructure of OFHC	 FD 91440
Copper Coating on ID of
OFHC Copper Cylinder.
Specimen Grounded During
Deposition (No Bias),
Run V-3
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Mag: 250X

Figure 77. Microstructure of OFHC 	 FD 91441
Copper Sputtered Using a
-25V Substrate Bias,
Run V-8
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Figure 78. Microstructure of OFHC Copper Deposited Using a -50V Bias, Run V-4 	 FD 91442
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Figure 79. Typical Surface Topography (f Task V	 FD 91443
Sputtered OFHC Copper Deposits.
(Surface Shown from Run V-6 Deposit)

In comparing the coated to uncoated cylinders in low cycle fatigue testing
at 2% total strain, no decrease in fatigue life of the OFHC copper substrate was
observed due to the presence of coating, table XXV. However, cycles to crack
the deposit varied from 54 to 750. The difference in behavior could not be at-
tributed to deposition conditions or structure. Cracking however, was inter-
granular, occuring in the columnar grain boundaries. It is possible that a com-
bination of the columnar structure and deposit properties caused the variation.
However, with the limited testing a structure-property-fatigue relationship could
not be formulated.

Zr02 Coating

R F sputtering from a post cathode was used in the application of the
zirconia (ZrO2) coating to the inside surface of the 2.6 ID OFHC copper cylinder
segments in runs V-9 to 12.

The overall appearance of the coated substrates and the typical micro-
structure is shown in figure 80. All deposits exhibited a black color which is
indicative of the low temperature monoclinic form of Zr02.

In the direct sputtering of Zr02 the primary parameters studied were sub-
strate surface finish and substrate bias. Preliminary testing showed that a
surface roughened by vapor blasting made a stronger bond with the ceramic
than did surfaces prepared by chemical etching, polishing with buffing compound,
or hand sanding with 600 grit SIC. The bond region of the vapor blasted, buffed
and polished finishes is shown in figure 81.
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TABLE XXV. RESULTS OF ROOM TEMPERATURE LCF TESTING
OF TASK V SPUTTERED OFHC DEPOSITS

Strain Cycles to Cycles to Cycles
Run Range Deposit Substrata to

Number M Crack(l) Crack Failure

V-2 -0.8 to -1.2 54 341 701

V-3 -0. 8 to +1.2 225 400 640

V-5 -0.8 to +1.2 344 427 961

V-6 -0. 8 to +1.2 60 160 817

V-6 -0. 8 to +1.2 367 447 668

V-8 -0. 8 to +1.2 54 341 701

`'-8 -0. 8 to +1.2 750 871 923

Base Line(^ ) -1.0 to +1.2 - 300 438

Base Line( 2) -0. 8 to +1.2 - 400 697

NOTES-

(1) Cracking determined by visual observation
(2) OFHC copper segment, no internal coating, baseline data.

i
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Figure 80. Visual Appearance and Microstructure of ZrO2 RF Sputtered on ID of Cylindrical OFNC 	 FD 87945
Copper Sample (Surface Prepared by Vapor Blasting), Run V-11
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Figure 81. Effect of Substrate Surface Finish on Bonding of RF Sputtered ZrO2 on ID Surface of
OFHC Copper Cylinder (Note Substrate Grounded During Deposition), Run V-12

FD 87946
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Of the two bias conditions evaluated, grounded and floating, the floating
(-70 RF) bias gave the best adherence. This was observed in bend testing
coated samples and in quench testing. In bend testia , the bias-coated 2.6 inch
ID rings could be deformed 90 deg without coating spalling. In both water and
liquid nitrogen quenching the bias coated samples gave the best adherence,
table XAVI. The appearance of the ZrO2 coating (run V-11) after 10 quench
cycles is shown in figure 82. As shown, coating cracking of both samples oc-
curred. However, minimal spalling resulted.

TAB LE XXVI. RESU LTS OF QUENCH TESTING(')

Run	 Cycles to Failure
Number	 Surface Finish	 Bias	 LN9	 H90

V-11	 Vapor Blast Floating 6(2) 6(2)

V-12	 Vapor Blast Ground 2(3) 2(3)

NOTES:

( ' ) One cycle - 813K/180s (1000°F--3 min) immersed in quenchant

(2)Partial spalling beginning with 6th cycle, run to 10 cycles

(3) Completely s alled after 2nd cycle.

Samples from runs V-11 and V-12 were tested for coating adherence in LCF
testing at 2% total strain (-0.8 to f1.2%). The results of testing are given in
table XXVII. As expected from the quench testing results, the vapor blast
surface preparation provided the best coating adherence.

In general, all deposits were similar in structure. O f the sputtering
parameters evaluated, little effect other than adherence improvement was
obtained. In the limited depositions performed, the feasibility of sputtering
adherent ZrO2 coatings to the inner wall surfaces of thrust chambers was
demonstrated. Certainly from the work performed, the parameters for increased
adherence were not optimized.

Graded Cop er-Zr% - Using the post target as previously described, two
depositions, runs V-13 and V-14, were made. The sputter fabricated target was
successfully used to generate a graded copper-Zr0 2 coating. The resultant
structure Is shown in figure 83. The Initial layer was OFHC copper, followed
by a Cu-Zr02 graded layer. The outer portion of the deposit was ZrO2.

Based upon quench testing of 2.54 on square coated samples from 813K
(1000°F) into water and liquid nitrogen, coating adherence was not as good as
that produced by the biased or floating direct sputtered Zr02. The graded
coating from run V-14 started to spall after 3 cycles in water and after 4 cycles
in liquid nitrogen. However, almost complete spalling resulted after 4 cycles
in water and 5 cycles in liquid nitrogen.
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Figure 82. Appearance of ZrO2 Coating on OFHC Copper Segments After 10 Quench Cycles from	 FD 87944
813°K (Air) Into Water and Liquid Nitrogen, Run V-11
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TABLE XXVII. RESULTS OF ROOM TEMPERATURE LCF TESTING OF

Zr02 AND GRADED Cu-ZrO2 DEPOSITS

Substrate Strain Cycles to Cycles to
Run Surface Range Coating Metal Cycles to Coating Adherence

Number Preparation (171 Crack(1) Crack Failure at Fracture Area(2)

V-11 Buffed -0.8 to 1.2 2 46 474 Gross deposit spalling.

V-11 Vapor -0.8 to 1.2 195 227 543 Spalled 0.42 cm
Blasted (0. 125 in.) from

fracture.

V-12 Vapor -0. 8 to 1. 2 43 100 221 No spalling.
Blasted

V-13 (3) -(4)	 -0. 8 to 1.2	 27 92	 354	 No spalling

V-13 (3) -(4)	 -0. 8 to 1.2	 15 257	 497	 Spalled 0.84 cm (0.250 in. )
from fracture, one side
only.

V-14 (3) -(4)	 -0. 8 to 1.2	 93 181	 411	 Spalled 0. 42 cm (0. 125 in.)
from `racture, one side
only.

NOTES:

(1)Cracks determined by visual observation
(2)Visual observations
(3)Graded Cu-ZrO2 deposits
(4)Substrate sputtered to make target.
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The graded Cu-Zr02 coatings from runs V-13 and V -14, were evaluated
in LCF testing. The LCF behavior and adherence of graded deposits showed
little difference from the Z r0 2 coated samples, table XXVII. In the areas that
did spall the spalling resulted at the interface between the sputtered copper
and Cu-Z r02 graded layers.

With the work performed the viability of making a graded coating by
sputtering was demonstrated. However, with the limited depositions performed,
the graded Cu-ZrO2 performs.°ce was not optimized.

TASK V

CONCLUSIONS

Based on the depositions and evaluations performed in this task, the
following conclusions were made:

1. Sputtering from a post cathode in a triode discharge was suc-
cessful in generating dense deposits of OFHC copper to the
Inner walls of 6.6 cm ID OFHC copper segments. Increasing
substrate bias decreased the deposit hardness, probably as a
result of increased surface temperature.

2. The results of low cycle fatigue testing (2% total strain) showed
that sputtered OFHC copper (of the structure and properties
deposited) on the inner wall did not decrease OFHC copper
substrate fatigue life. Based on the work performed, re-
furbishment of degraded thrust chambers can readily be pe
formed by sputtering.

3. In direct RF sputtering of Zr02 , an adherent ZrO2 coating on
inner wall surfaces of 6. 6 cm ID OFHC copper cylinders was
obtained. With the parameters evaluated a self-biased or
floating substrate and a vapor blast surface preparation gave
the best adherence.

4. A sputter fabricated target was successfully used to generate
graded OFHC copper-Z r0 2 coatings. However, with the
limited depositions performed, an improvement in adherence
over the direct sputtered ZrO2 was not obtained. Improve.ments
in adherence possible, through additional parame'er studies
warrant further investigation.
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PROGRAM SUMMARY

In this program techniques and materials were developed and evaluated for
the fabrication and coating of advanced high performance regeneratively cooled
thrust chambers.

The jucce .,sful use of sputter deposition in the fabrication of the regenera-
tively cooled thrust chambers was found tc be most dependent on the application
of a suitable filler material. Of the five materials evaluated as fillers in Task I,
aluminum was found to provide the highest bond strength and be most desirable
for chamber fabrication. The methods of filling with aluminum by flame spraying
and slurry techniques were found to be unacceptable. The filler porosity as-
sociated with these deposition techniques contributed to extensive outgassing
during sputter cleaning and deposition. The aluminum filler is attractive since
it does not promote rib contamination during sputter cleaning and can readily be
removed by leaching with sodium hydroxide. Application of a dense aluminum
filler by sputtering offers potential a.nd should be investigated in future work.

In filler evaluation an OFHC copper closeout layer was deposited to filled
ribbed wall cylinders using a hollow (cylindrical) cathode and a diode discharge.
With the configuration of substrate and target, the diode mode was found to be
unacceptable for generating a dense high quality closeout layer structure
Further analysis of bulk OFHC copper deposits sputtered from a hollow cathode
(Task II), using a diode discharge, showed a relationship of deposit. -.L .,-Acture to
deposition rate and substrate temperature. At conditions of low su p, tr -te
temperature, crystallite size and openness of the structure increased with in-
creasing deposition rate. At elevated temperatures it was possible to produce
an equiaxed, ductile structure, but only at low deposition rates. At higher
deposition rates an open structure resulted having recrystallized, equiaxed
grains within large, poorly bonded crystallites. Similarly 0.15Zr-Cu alloy,
sputtered from the hollow cathode using a diode discharge, exhibited open type
structures for all conditions evaluated. Low deposition rates significantly re-
duced the openness of the structure as did increasing substrate temperatures.

The use of triode discharge with the higher degree of ion bombardment
with biasing was successful in generating dense, high strength structures of
0.15 Zr--Cu at low substrate temperature and at basically equivalent conditions
to those employed in sputtering from a diode discharge. Although not investigated,
the use of triode discharge for closeout layer application should provide a signi-
ficant improvement over diode sputtering.

In investigating other bulk sputtered materials for inner wall structures
(Task H) co-sputtering of Al2 0^ Cu and SiC-Cu were found to yield deposits of
high strength. Co-sputtered deposits of both systems resulted in deposit
strength over twice that of OFHC copper, and the highest of the copper materials
evaluated. However, in the co-sputtered Al203 and Cu or SiC- , Cu, it was not
apparent that- a true dispersion strengthened alloy was formed. The strengthening
of the Al203--Cu and SiC-Cu was attributed to solid solution strengthening
mechanisms. As an alternate to bulk sputtered inner wall structures, layered
deposits of OFHC copper and 0. 15Zr-Cu were investigated as means of improving
chamber fatigue life (Task III). Deposits having four layers, with increasing
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hardness from substrate to surface, were produced by sputtering from a post
cathode. With the structures evaluated, the OFHC copper layered structure did
not affect low cycle fatigue properties over unlayered wrought OFHC copper.
With the four layer 0. 15Zr-Cu structure of varying hardness, low fatigue prop-
erties resulted. A 100% sputtered 0. Mr-Cu, comprised of 13 layers of constant
hardness, exhibited excellent- fatigue properties, Post cathode sputtering pro-
duced dense deposits at all deposition conditions investigated.

For evaluating alternate means of strengthening thrust chambers, sputtered
Ti-5A1-2.5Sn, NASA IIB-11, aluminum and Al 2033-A1 alloys were evaluated as
high strength chamber outer jackets (Task IV). Of the materials evaluated, the
NASA Hb-11 provided the highest tensile strength as deposited. The aluminum
and Al203-A1 materials as sputtered exhibited tensile strength over double that
of wrought aluminum. With the properties obtained, these materials (NASA Ilb-
11, aluminum, or Al-Al203) would be effective as outer chamber jackets.

Techniques for refurbishing degraded thrust chambers with OFHC copper
and coating thrust chambers with protective Zr02 and graded ZrO2-copper ther-
mal barrier coatings were developed (Task V). No decrease in substrate fatigue
strength was observed with OFHC copper sputtered to the inner wall surface of
simulated chamber segments. Adherent Zr02 coatings were obtained in sputter-
ing from a post cathode using a floating RF bias and a vapor blast surface prep-
aration. Using sputter fabricated targets, techniques were developed to apply
graded ZrO2-copper coatings. However, with the limited depositions perfovmed,
the properties and adherence of the direct sputtered and graded Cu-Zr0 2 were
not optimized.
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