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FOREWORD
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approved,
Vernon L. Mahugh Eriie B, Braunschvweig
Capt, USAF Capt, USAF
Project Engineer Prograw Manger
Air Force Rocket Propulsion Laboratory Air Force Hocket Preopulsion Laboratory
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ABSTRACY

Reported herein are the resulis of Materiuls and Processes cffort related
to development and fabrication of experimental Aerospike thrust chawber

hardware.

This report includes information relative to the selection of materials
and information concerning the fabrication of the 250X combuaslor bodies
and injectorz, the development of the small tapered thrust chamber tubes,
and the development of tooling and successful brazing of the small tubes

to backup structure, and the injecters. Fabrication details of the 2.5

and 20K segment hardware is also included.
Bighlighted are:

1. Date for prediction of tube life, based on elevated temperature
cyclic strain tests, analytical calculations, and life cycle
tests.

» 2. The developument of small-diaweier, iapered, variabie wall thick-
ness, formed tubes with an internal surfakc roughness requirement.

3. The brazing of the small tapered tubes to the backup structure

utilizing the pressure bag concepl.

4. The thermographic method of braze bond inspectiun.




BONFIDENTIAL

i'
. CONTLNTS
Introduction and Summary . .+ + & « + + o« e e 4 e s . 1
Cyclic Strain Te.ts of Thrust Chambex Tube Materials « e e e 1
Tube Material Life Aualysis and Experimental Verification . . 2
Thrust Chamber Tube Tester . . . . o . + .+ « « .+ . . 3
Tube Tapering . . « . .+ .« « « + + ¢ e« e e e e 4
Furnace Braze Tooling e e e e e e e e e e e e e 0
Nondestructive Testing of Tube-to-Body Braze Joints e e . 8
Tube Malerial Sclection Program ., . . .+ o + o+ « « « o+ . 11
Program I'lan e e e e e e e e e e e e e 11
_Sclection of Cendidale Materials . . . . . . . . . . . 11
Literature Survey . . « « + « « + e 4 e e o+ . o« .1
Oxidation--Erosion and Surface Protection Studics .
Mcchanical Property Tests . . . .« . . . + ¢ .+ + « . 16
¢ Brazipg Feasibility Studies e e e e e e e e e e e 16
Mechanical Strain, Elevated Temperature
- - Yatigue Studies . . . +« .« & o v o 4 e e« s e . . i8

Tube Tapering and Forming Yeasibility Study . . . . . . . 19
Maierial Selection . . . . . + + 4+« . « . . . 19 ?
Nickel Tube-Wall Thirust Chamber Cycling Tests e e e e e 22
Nickel Tube-Wall Thrust Chamber Fatigue Results Analysis . ., . 23
Fabrication of 250K Cowbustors e et e e e e e e e e 33
General Deseription . . . . . . . . . . . . . . . 33
Thrust Chamber Tube Processing e e e e e s e e e e e 35 :
‘Brazing of Tubes to Combustor Bodies . /1 ;';{ﬁf
250K Solid-Wall Chamber, Copper Throat Weld Overlay e e e 94 w
Fabrication of 250K Injectors e e e e e e e e e e w97 n
Injector Strips, Deburring Baffles e s e e w e e e e 57 ‘ 5';
Brazing of Imjectors . . . . . . . . . . . . . . . 101 |
Fabrication of 2.5K Segments . . . . . .« .+ =« +« + . . . 109
Nickel 200 Tube-Wall Fabrication . . . .+ . « « .« « « . 109
OFHC Ccpper Tube--Wall Fabrication D b5

BONFIDENTIAL



BOKFIDENTIAL

.
.
.
.
.
.
.
Sadd
02
2

A S PSS S 74 Y LA P e d o
X' ‘UL .l\.(}ot.\.U“ CL «Vir J% WELE - e - L] . .

Nickel 200 Tube-Wall Fabricstion . . . . . . .« « .« . o 129

Injector Fabrication . . . . .+ + .+ « . .« .« o e log

@@R]EUD[ER]TI’[IML

—p Em T o e e - , ]




| AL ST DUNICITE AN o+ 15 v 5 AL AR b ) IR < M TRt B TR, T LY T RIS L ¢ St e T TTEE | 0§ TN Ye . AR iRt Py b ot oo :

CONFIDETAL

TLIUSTRATIONS

. }. HMatexrinl Selection Progrom . . ., . . . . .+ . . . 12
2. 250K Thrust Chomber Assennly e e v e e e e e h
3. Typical Llougitndinal Splits koeuud wa lnper and Gvier

Tubes Suhsequent to Nigh-Fressure fiie Fuvewiog voe 39
4. longitudinal Spilit Which Penctruted Threugh ihe Tobe

Woll Causiug Tube Net to Forw io Vieoal Bhape . . . . . ho

e wen e X et S Ny
4 £
P
u
¢
i el |
. al

9. Location of Crose Sections Nemoved From High-Pressure,
Pic~l'ormed Quier Tubes Atfter Flow Check e e e e e L0

4, Photos of Attack Produced on ID of Tubes by Walnut

Shells in Laboratory Test . . . . . . . . . . . 45 |
7. Three Pressure Bag Configurations Tested in the : *
Loboratory for I'ressure HKesponse and Wifficiency . . . . 48 f

8. Intcrnal Pressure vs External Force for a 1-21/32 x 6-3/%
Flat Pressure Bag . . . . . . .« .+ « . .« .« . . 49 f
9. Full-length Inner and Outer Tube and Body Test :
Segments Ready for Brazing . . . . . . . . . . . 52
10, TIower knd Tube-~to-Body Joint Scaled After the First
Braze Cycle, e e e e e e e e e e e e 54
11. Typical Exit End Tube-to-Body Joint . . . . . . . . 55
12. Outer Wall Segment, Injector ¥nd . . . . .+ . . . . 56
13. Typical 347 Stainless-Steel Test Specimens e e e e 58 {
14, View of an Outer Wall Assembly During TFirst Cycle :
Preparation, . . . . . . . . . . . O . .
15. Location of Nickel Viller Metal end 90Ag-10Pd Braze
Alloy Application For the Firsi HBrgze Cycle . . . . . 64
16. OGuter Body Assembly on %etiort Base With Pressure Bag

Tooling Installed . . . . . . . . .« . . .« . . 65 ; 3
17. The 270 cu ft Aerospike Vacuum Retort . . . . . . . 67 i
. 18. Time-Temperature Curve for the Tirst Rraze Cycle, {
, Duter Wall Unit No. 1« . . « . . « . - . . . 69 :
\ 19. Outer Wall Pressure Bag Tooling . . . . . . . . . 7C

s

: BONEIDENTIAL

(This page is Unclassified)

e e et s b Sin e

Aa fm Wil Fegaar m. ol e N TSI DU - N - - i - - k Q
N R N T N T SR




BONFIDENTIAL

2U. DBroze Test Specimen . . . . . . 4 . W ..., 72
21.  lecation of Nickel Tiller Metel and 90Ag-10Pd Draze

Alloy Application for the First Braze Cycle . . . . ., 73
22. Pressure Bag Pressure Requirements During DBrazing Cycle,

Inner Woll Unite No. 1l and 2 . . . . . .+ . . . . 76
23. location of Pressure Bogs and Purge Linea for the First

Braze Cycle on the Inner Wall Assembly . . . . . . . 17
2h. Inner Wall Assembly in Brazing Pusition on Hetort Base . 79

25. UYime-Tewmperature Curve for the First Braze Cycle,
Inncr Wall No, 1 v e e e e e e e e e e e e 81
26. View of Inner Wall Unit No. 2 in the Exit End Dowp P

Position Following the Second Braze Cycle . . . . . . 87
27. Closcup View of Inner Wall Unit No. 2 e e e e 0 e . 88
28, Silver-Pulladium Brazed Tube Crown Repair on Type 347

Stainless-Steel Tube (50X) . . . . . . . . . . . 90
29. Repair of Tube-to-Tube Leakage by Stylus Plating

With Silver . . . . . . . . . . . L L. . .. 90
30. Thermographic Test Results on Laboratory Development

Sample s v e e e e h e e e e e e e e 92
31. Thermographic Inspection Results Showing Areas of

Disbonds . . . . . . . . . . . . L ... 93
32, Completed and Seciioned Baffle Assemblies . . . . ., . 99

33. Section Through Braze Fixture and Two Befflew

Showing Gas Purge System St e e e e e e . luu
34, Eroached Strip and Baffle Sest ou Injector Segment , . . 102
%5. Pessage From Strip and Baffle Sest to Manifold by

the EDM Method . . . . . . ., . S 102

36. DBreze Alloy Placement Reiween Sirips e e e e e e 10%
37. Breze 2}lloy and Nickel Through Placement e e e e 105
38. Partial Thermocouple Attachment . . . . . . . . . 106
39. VFurnace Hetort for Brazing 250K Injector .« e e 107
43. locetion of Metallographic Specimens Bemoved Vrow
Nickel 200 Tubes (RLOOOOARX) . . . . . . . . . . 113
viii

Mg s e e e s rmr ceas = en s

e T —— s

GONFIDENTOIAL

[UEPEN sl NS ~:




GONFIDENTIAL

41, Typical Conditions Obgerved on Book Die Formed

. Nickel 200, 2,.5K Segment Tube: e e e e e e e e e 115
42. 2.5k Nickel Tubular Thrust Chamber Segment During i
Assembly . . . . . 0 0 e e e e e e e e 116

43. 2.95K Nickel Tubular Thrust Chamber Scgment Before

Addition of Backup Strurcture e e e e e e e e e 118
k4. TRepuir of 2.5K Nickel Tubular Thrust Chamber Segment . . 119
k5. Braze Alloys Dots Applied to the ID Tube Crowns of the

2.5K Nickel Tubular Thrust Chamber Segment e e e e e 120
46, Location of Metallographic Specimens Removed From OFHC

Copper Tubes {HLOVVVGOX) e e e e e e e e e e 126
47. Typical Conditions Observed on Book Dic Formed OFHC

Copper Tubes for 2.5K Segment . . . . . . . . . . 127
48. VWall Thickness Profile of Tapered RILO0O0109X Nickel
200 Tube . .+ . + ¢ ¢« v+ 4 e e e e e e 130

49, Locaticn of Metallogrephic Specimens Hemoved From

Straight Tapered Tubes During "In-Process™ Contirol

4 Evaluations {RIO0D109X) . . . . . « « & v « « . 134
50. Leocotion of Metallographic Specimens Rlemoved From
. Preformed snd Finish Formed Tubes (RLO00109X) . e e 140

51. Typical Conditions Gbserved on Book-Die-Formed,

Nickel 200, 20K Segment Tubes . . . . . . . . . . 141
52. Baffle Seat Assembly RLQ00113X Aiter Furnace Brazing

aud Final lachining e e e e e e e e e e e 144
5%. View of Brézed Baffle Seat Assembly Showing Outer

0 N e g sy 2 Sy y

Tube Deformation - e e e e e e e e e e e e e 146
54. Typical Components of RL000107X Fnd Plate Assembly
Before Assembly for Brazing e e e e e e e 148

55. Tube-Wall Assembly RL000108X on Furnace Brazing
Fixture e e e e e e e e e e e e e e 149 '
56. Tube-Vo)l Assembly RLO00108X Following Assembly é
on thé_ﬂfaziug Fixture Cold Side Up . . . . . .. . . 152
57. Hoi-Gas Side of RLOCOLO8X Tube Wall Assembly . . . . 153

- | BONEIDENTIAL




58.

59.

60.

61.
620

63.

64.

65.

Crosgs-Secti onal Viewa of Tube Wall and Braze Fixture
Teken at Throat Area . . . . . .

. e 154

Croes-Sectional Views of Tube Wall and Braze Fixture

Teken at Throat Aresa . . . .

Unit No,

Furnace Brazing

1 RIOGN110X Chamber Braze Assembly After

- . . - . - - . -

View of Area of Thrust Chamber e v e .

Uncured Strips of Verifilm 043 applied to the Tube

Bundle

Prior to Trial Assembly « e e e

-« + 155
. . . 159

* L] 162
. e e 166

Uncured Adhesive Film Pattern Applied to a Titanium

Backup Structure Prior to Assembly o e .
Baffle Assembly RLO00104X Showing Components BDefore
and After Assembly

Thermocouple location, Purge Line Position, and

- . . . B - . .

Position in Furnace . ., . . . . . .

@OMUIEWM&

Thls page is Uhclassiflad)

————-

N 1Y

. . . 170

A




(%7

10.

11.

12.

153.

14,

GONFIDENTIAL

TARIES

S AL

Candidate Materials for Thrust Chamber Ussge . . ., .
Summary of Results, Material Property Literature

Survey e e e e e e e e e e e e e e
Cyclic Strain Test Results . . . . . . . . .« .
Factors Affecting Selection of 2CK-Segment Tube

Material . . . . « & . 0 o .00 e e e .
Factors Affecting Selection of Long-Range Tube
Materials v e e s e e e e e e e e e e
Summary of 2.5K Segment Cycle Tests . . . . .
Thermal Fatigue Tube Tester Results on Nickel 200 .
Brazed Lap Patch Tegt Dete . . . . . . .+ . . .
OQuter Wall Furnace Braze Data . . . . . . . . .
Joner Wall Furpace Braze Data . . . . . . . . .

Regults of Metallurgicel Evaluations Conducted on

Tapered Nickel 2G0 Tubes (RLO0004EX) « e e .
Results of Metallurgical Evaluation Conducted on
Finish Formed Nickel 200 Tubes e e e

Results of Metallurgical Evaluatiocns Conducted on
Tapered OFHC Copper Tubes (RLOOCO6OX) . . . . .
Results of Metallurgical Evaluations Cenducted on
Tapered Nickel 200 Tubes (RL0O00109X) During Tapering
Parsmeier Development e e e e e e e e
Metallurgical Sample Requirements Established for
In-Process Control and Final Acceptance of Nickel

200 Tubes (RLO00109X) e e e e e e e e e

Results of Metallurgical Evaluations Performed on

:_;Straight Tepered Nickel 200 Tubes In-Process Control

Checks of Productisn Runs e 4 e s 4 e e e e e

. Meiallurgical Bvaluation Conducted on Preformed Nickel

200 Tgbes_(ﬁtOOOlogx) From Manufacturing Lot 8062 . .

e
A |

15
17

20
21
2k
32
59
68
80

111

125

132

133

135

137

_ BONFIDENTIAL

e T s By e s Lot SRR




18,

19.

AN IAnneretn

GONFIDENTIAL

Resulte of Metallurgical Evaluation Conducted on
Preformed Nickel 200 Tubes (RLO00109X) Subsequent

to Annealing ee e e e e e e e e e e
Results of Mctallurgical Evaluaticn Conducted on

Finish Formed Nickel 200 Tubes (RLO00109X) . e e
Baffle Seat Assembly (RLO00113X) Fabrication History
Tube-Wall Aasembly'GUDOOIOSX) Ieakage and Repair History
Chember Braze RLO0O0O110X Furnoce Brazing History . . .
Chamber Braze Assembly RIN00110X Post-Torch Braze
Leakage and Repairs e e e e e e e e e
Baffle Assembly RID00104X Fabrication History .

xii

GONFIDENTIAL

138

139
145
150
158

161
169

o ot e e 1 i, e o ey
o




GONFIDERTIAL

CTION AND SUMMAILLY

(U) Fabrication of toroidal configuration thrust chambers and injectors
and varicus thrust chamber segments was made possible only after the devel-
opment of specialized fabrication methods aud tooling to accommodate the
advanced design of the hardware, The requirement for fabricating two iubu-
lar thrust chawber assemblies with no allowance for spares demanded rigorous
plamning and development. This required that techniques hazardous to the
assemblies were avoided, and that safe, reliable techniques were to be used

at all times.

(U) Joining of component parts was accomplisled by standard welding and
braziug practices and wiih adhesive bonding ard bolting during the firal

stages of segmented-hardware assembly.
(U) Highly specialized repair techniques were developed to repair damaged

tubes. Unique methods were used to remove (ents, seal holes, and to remove

restrictions in the small-d.ameter tubes.

CYCLIC STRAIN TESTS OF THRIN HA) ! TUBE MATERIALS

@
(]
[4w]
food
i3
5
32
'3

(U) To provide data for prediction of tube life, elevated temperature cyclic
strain tests were conducted for the candidate tube materials. Threz types

of tests were considered: {1) thermal cycling of restrained tubular speci-
ment; (2) thermal cycling of tubular speciwens with sufficient csclic mechani-
cal strain added to simulate strain levels calculated fer the thrust chawmbo:r
regenerative cooling tubes; (3) mechanical strain cycling of bar specimens

at constant temperature. The third test method was chosén because of the
immediate availability of cyclic wmechanical strain test equipment and the

inherent simplicity of this type of testing,

@‘@MFPDH}WHM
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(C) The materials sclected for testirg ware OFHC copper, nickel 200,
nickel 270, type 347 stainless steel, and beryllium copper #10.

(U) Test specimen configuration consisted simply of a cylindrical tensile
specimen with a 3/8-inch long, 1/4-inch dieacter reduced section. Attach-
ment points of the extenscmeter were located in the V-grooves on either
side of the reduced section. Mechanical strain, representing the equiva-
lent thermal strain calculated for the thrust chamber tubes, was applied
by an Instiron mechanical tesl machine controlled by extensomecter feedback.
The specimen was heated during test by a modified tube furnace which was

capable of wmaintaining *10 F in the test section.

(C) The test temperatures were selected to include the tube crown tem-
peratures predicted for each candidate material during firing of the demon-
airation thrust chamber. The higher annealing temperatures represented
anticipated brazing temperatures. The lower temperatures were standard
anneals which do not produce appreciable grain growth. All tests with

the exception of one were stopped at 400 cycles if complete separation

had not occurred.

~~
(@]

The data obtained from these tests together with general design con-

1

TAma AT I S T | _ (a o mw owes
lculations an ife ¢cycle Lests on vhe Z2.5K Ni

[<N
bt

siderations, analytical ca

t

segment, resulted in the selection of Ni 200 as the tube material for the

demonstrator cesign,

‘TUBE MATERIAL LIFE ANALYSIS AND EXPERIMENTAL VERIFICATION

(U) An analytical approach to the prediction of tube life was formulated.

A "strength-of-materials" approach to the approximate solution of the multi-
axial, cyclic, plastic strains was used in conjunction with low-cycle fatigue
relationships to enable a prediction of the tube fatigue life. Comparisons
between the predicted and experimentally determined thermal fatigue lives

were then made by hot-firing tests of a full-scale thrust chamber segment,
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{C) A 2.5K nickel tube wall segment was tested by cycling chamber pressure,
and thus, tube wall temperature, in a scries of cyclic test groups. During
each test group, the fuel flow through the injector and tube banks remained
unchecked, while the LO2 flow was intermittently stopped. Igniti@n was ob--
tained with TEAB hyvpergol, and maintained during the idle phases of each

test group by a small gascous oxygen flow,

(C) Thermal fatigue tube cracks began to appear at about test 200, and
steadily increased in number to include 80 percent of the tubes at test
314, with the thrust chamber still in operable condition. It was noted
that the predicted thermal fatigue life of the 2.5 segment was about mid-
way between tlest 200 and 314.

THRUST CHAMBER TUBE TESTER

(U) A unique experimental tool for simulation of the complex thermal strain
conditions of thrust chawber tubes was used during the progrem. This thermal
fatigue tester employed an elcctrically heated, hydrogen-cooled tubular
specimen. Heat generated by electrical resistance was applied to the tube
specimen, which was 1n turn continucusly cooled internally. A near steady-
vtate heat transfer condition was thereby established resulting in the simu-
lation of the thrust chamber tube-wall temperature drop. The electrical

power was varied to simulate changes in thrust chamber operating conditions.

{C) This tube tester was used to conduct thermal-fatique evaluations on the
selected Nickel-200 tube material. Some engine start-stop sequence simula-
tion tests were initially completed. The segment cycling tests later largely
superseded the results of this effort. O0f special interest, however, was a

unique test designed to simulate a complex fatigue-creep condition, which

could be more critical to thrust chamber life than the start-stop sequentiul
life. |
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(C) A severe "steady-state" tube gas-wall cycling condition of 1365 to

1435 F at a frequency of about 1 c¢ps, in combination with a pressure stiress
of 4500 psi, was applied t¢ the specimen. The calculated nominal tempera-
ture drop through the specimen tube crown was 520 F. This test represented
conditions more severe than any predicted for the aerospike nezzle. Testing
continued for 7 hours, accumulating 22,500 thcrmal cycles without fracture

or leaks,

(U) It was difficult to compare the experimental results of this test
against analytical predictions, since a large extrapolation of the thermal-
fatigue curve used to predict the start-stop sequential life was required,
with a resultant loss in confidence. The test did demonstrate, however,
the adequacy of the sclected material in a complex fatigue-creep operating

condition.

TUBE TAPERING

(U} The development of small-diameter tapered and formed tubes which were
brazed together to form toroidal and segmented assemblies was a major step
“in the successful fabrication of hardware. Although some experience had
previcusly been gained im the tapering of swall J%7 tubes duriug previous
segment test programs, the techniques of tapering cross section and wall

thickness on small tubes were advanced.

(U) Engineering drawing requirements which specified a wall thickness of
0.007 to 0.0069 inch in the area of maximum taper, with an inside diameter
longitudinal surface roughness of rms 50-100 represented a significant
challenge to the tapering process. This fact coupled‘with the requirement
for a 0.010 to 0.012 inch wall thickness at the portions of the ilube away
from the throat and taper transition areas required considerable development

work.

BONFIDENTIAL




(U) In order to impose the maximum of control upon a complex process and
slill ensure a reasonably inexpensive tube of high quelity, a processing
specification was issued which was unique in thet it required a test for
ensuring the tapered tubes would be capable of being plastically deformed
by internal pressure to withstand high-pressure die forming. In addition,
requirements {or cleaning and aunealing of preformed tubes were specified
along with final acceptance criteria for a lct ol tubes which used the
aclual high-pressure die forming of a representative sample from each loti

as the basis for acceptance of the lot.

(U) Metallurgical evaluation of experimental and preproduction runs of
tapered cuter tubes revealed that the tube could be successfully made in
one pass. The outside diameters, on both tube configurations, in arecas
which were nugt tapered, were on the miniwum side of the acceptable toler-
ance range, and the wall thickness in the area of maximum taper was on

the maximum side of the acceptable tolerance range.

(U) Tapering tubes with a tapered wall and an ID surface roughness with
specific values in the area of maximum reduction {where the wall is also
at the smallest dimension) was achieved. Values between 43 and 75 rms

were obtained on the outer tubes and 47 to 72 rms on the iuner tubes.

(U) The expansion capability requirement specified that a percentage of

tapered and annealed tubes of each configuration be evpanded 6 percent

diametrically in a high-pressure die in order te show formability of the

3]
“

i 31

represented lot of tubes. No problems were experienced on the ocuter tubes
during this test. During initial expansion tests on inner, tapered and
annealed tubes the tubes burst at pressures considerably below the pres-

sure required to expand the tubes 6 percent,

{U) Resulis of the extensive analysis performed on the mechanics of the

test itself revealed that the tubes failed because of unbalanced axial
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pressure loade which occurred during tube prescsurization, These loads
cause the tube to shift longitudinally in the die cavity before expansion
could occur. The axial leadu created axial compressive atreasses of suf-
ficient magnitude in the area of maximum reduction on the tube to first
yicld the material in compression, then buckle ihe entire cross section
into a tight kink when the tube tranzlaled into the divergent seclion of
the die. Subsequent increasing pressurization brought on hoop failure at

thic buckled location,

(U) The situation was resolved by swaging both ends of the inner tubes,
and modification of the tube pressurization fixture. These changes re-

- duced the unbalanced axial load in the tube diameter to a negligible value
and the data obtained guve high assurance that the inner tubes would form
properly. Since lhere was a considerable time span between tapering an'
high-pressure die forming, these tests protected the schedule by demon-
strating assurance carly that thz tubes were of adeguate quality for the
severe deformation =ncountered during high-pressure die forming., Very
few rejections were subsequently encountered in high-pressure die forming
(the ultimate check on the tube tapering operation) on the 12,000 outer
and 10,000 inner tubes produced.

(U} A numerical traceability system was maintained on all 250K thrust
chamber tubes so ihat metallurgical and dimensional inspection could be
contruvlled and related to specific tubes.

FURNACE BRAZE TOOLING

(U) Considerable experience has been acenmulated in the use of inter-

nnl pressure bags to hold regenerative cooling tubes in place during

o i :
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the brazing of lar rell gh

e
inner and outer walls for a 100-inch-diameter, toroidal shaped chamber

was an advancement in the following arcas:

1. Brazing small tubes to a massive backup structure

2. Meintaining precise throat gap requirements by censtant and

uniform pressure

3. Controlling differential thermal expansion through the use of
pressure bag tooling. A lemperature differential of only 1 F
would produce a differential expansion cver “he 100-inch diameter
of about 0.061 inch.

4. Maintaining iube-to-body fit with the provisioen for physical in-
gpection «f the tubes after installaticn of the pressure bag

tooling.

(U) The pressure bag concept allowed the forces on the tubing to be varied
with temperature in such a way that proper tubing location was maintained
without crushing the tubes at elevated temperature, Proper use of the bags
required knowledge of the relationship beiween internal pressure and external
forces through the ambient to 2000 ¥ temperature range. Knowledge of the
elevated temperature strength of the type 347 stainless steel tubing under
. transverse compressive loads was also necessary. To satisfy these require-

ments laboratory tesis were conducted on pressure bag force relationships

Ll e

and tube crushing strengths.

(U) Pressure bags with diagonal exparsion grooves had been used previously
in large tube bell chamber applications to allow for expansion and contrac-
tion of the bag while minimizing stretching and uncontrelled wrinkling. A !
flat, pillow type bag was also selected for test to reduce the stiffness
characteristics of the grooved bags and to reduce the risk of losing tube-
to-body coutact at groove locations on the small tube Aerospike configuration.
. : Testing of the thrce bag configurations demonstrated the superior perform-

ance of the flat type.




{U) Tube crushing experiments were run al both ambient and elcvated tem-
peratures by applying loads through a steel block to a similated tube

assembly. The forces required to hold the tubes in place at 2000 F were
much less than 50 psi, indicating a satisfactery wargin of safety al all

temperatures.

(U} The above design considerations and tesi dala resulted in the con-
struction of flat, pillow-cype inflatahle pressure bags attached to equally
spaced rigid vacking rings, four rimpgs on the ouler wall and seven rings

on the inner wall. The rings were approximately % sq in. cross scetional
area, with 2-iunch scparation beiween the rings. Sufficient tube area was
covered by the pressure bags, backed by the rings, to prevent tube wove-
meut; yet, sufficient. space remsined open between pressure bag rings to
allow physical verification (by moving tubes) of tube-to-body fit. The
space between rings also provided free circulation of the furnace almon~

phere for cleauliness and iemperature uniformity during brazing.

(U) The experimenial data on the pressure bags and tube strengihs wcre
utilized in the subsegquent line pressure-temperature requiremenils used

in the furnace brazing operstion. This tooling proved very satisfactiory
ir: obtaining tabe-to-backup structure bond as revealad by the thermochrom-

istic imspection,

NONDESTRUCTLIVE TESTING OF TUBE-TZ-BODY BRAZE JOINTS

(U) Post braze inspectioa of the tube-ito-backup braze bond was necessary
to: (1) prove the tooling ard brazing procedures, aund improve the quality
of subiacquent bodies by tooling modification, if necessary (2) previde a
measure of d:shond that determines the maximum pressure which could be
tolerated between the tubes and the bodies which mignt result from leakage,
and (3) indicate whether repair or a rebraze cyecle was necessary, in the

case of gross disbond.




(U) The determination of tube-to-body braze joint bond or disbond was notl
fcasible by normal inspection methods, i.e., ulirasonic or X-ray. The use

of thermochromistic pigments appeared to be simple, inexpensive, and pructical.

(U) The thermographic method is the applicaiion of a tewperature-sensitive
paint upon the hardware to be inspected, and the application of heat at a
rapid rate from the same side in which the paint was applied. Changes in
the conductivity, due to the presence or absence of a heat sink, of the sub-
surface material are detected by color changes ef the surface paint. The
absence of & heat sink (disbond) causes the area ol the tube cver the veid
to increase in temperature at a faster rate than bunded adjacent areas. A

temperature of 140 F will cause the thermochromistic paint to change color

from a light pink te a vivid blue. The change in color is reversible with

higher humidities, which is beneficial in that this permits "erasing'" the
blue color, but humidity must be controiled so that sufficient time is pro-
vided for recording results. Initially a sample group of tubes was brazed
to a backup panel with various sizes of slots in the panel to deliberately
create disbonds in the brazed assembly. The resulting thermochromistic scan
clearly showed the lack of bond in the slot areas, as well as tubes that

lifted from the backup panel during brazing.

(U) In addition to many other test specimens, the tes{ proved its practi-
cality on 0.008 toc 0.011 ineh wall thickness 347 stainiess steel tubes

brazed to a messive stainlese steel backup structure.

(U) To ensure repeatability, it was necessary to establish the effects of
temperature and relative humidity on the rate of color recession. The time
availabl> tc record the location and size of the void as manifested by the
initial colur cnange could then be ascertained for a given temperalure and

lumidity.




(U) The tesi resulls indicated that a rclative humidity of GO percent was

> would exist tu make ihe

Bt
[

the maximum humidity at and below which amplc ii

necessary recordings.

(U) Other extensive tests were necessary to establish the distance of the
heal source from the hardware being tested, and the rate of travel of the

heat source around the circumference of the combustor bodies.

(U) The development efforti permitted the highly successful inepcction of

the outer combustor bodies in 35 winutes each and the inner bodies in 90
minutes. The time difference for inspection was not because of significant
differences in area of the bodiecs, but was due to repositioning the camera used
for r cording any indications around the circunference of the inner body

compared to its pivot position at the center of a circle for the outer body.

(U) The thermo detection method of testing was very simple, reliable and
inexpensive. It made possible, what is extremely difficult, expensive, or
impracticable by other inspection methods. The test method proved the ade-
quacy of the braze tooling, techniques, and procedures on the first body
brazed, and revealed no gross areas of disbond which could have interfered

with operating parameters, or necessitated rework.
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TUBE MATERIAL SELECTION PROGRAM

PROGRAM PIAN

(U) A materials evaluation and selection eifori was planned to provide
the critical data needed to sclect a long-life, high-performance, febri-
cable tube material. The logic flow diagram for the material selection

program is shown in Fig., 1.

SELECTION (F CANDIDATE MATERIALS

(U) 1In the selection of the candidate tube materials for thrust chamber
usage, an effort was made to utilize besic analysis as a means of screening
2 broad raenge of materials, A plastic strain analysis, in conjunction with
an analysis of high-temperature ductility and fatipgue data, was used to
select the candidates. In general, a candidate material was evaluated by
comparing the predicted cyclic plastic strain against its fatigue proper-
ties over a range of temperatures. Other considerations, such as ease of
fabrication, mechanical properties, and estimated cost and availability,
influenced the selection (Table 1 ).

(U) The candidate materials thus selected were then the subject of pre-
liminary studies in processing, availability, and const. As a result of
these preliminary studies, a further screening of the original candidates
was made, The original candidate materials which survived the preliminary

screening are also shown in Table 1,

LITERATURE SURVEY

(U) A survey was made of all available data on the physical and mechanical
properties of the candidate materials, All existing valid data were com-

piled using, wherever possible, the properties of the waterial in the

-  GONEIENTIAL

(Ti:is page is Unclassified)




CONFIDENTIAL

measody UG1332]ay

$1S31
NOLLYTINWIS 38nd

S1S3L
3N1553J04d

NOil3373s

S1S34
AYOLVYOEVT

\
\

A3Adns
ALITi8YTIVAY

SA3ANNS
JOLVYILIT

[elasjoy [ sundig

VHRBNE R NI

SISATYNY
LHD13M

SI1SATYNY
NIVYLS JiLSVd

SISATuNY
¥34SNYYL LV3IH

SIVIYILYH
dLVGICNYD 4O
NO113373S
IWILLATUNY

AJAYNS
ONNOYONIVE

12

GCONFIDENTIAL




| TABIE 1

CANDIDATE MATFRIALS FOR THRUST CHAMBER USAGE

Original Caudidates, Selected
by Analysis

Nickel ' 200
270
D

Cepner OFHC

Boron Deoxidized
Beryllium Alloy 10
Zirconium Alloy
Chrowmium Alloy

Stuirless Steel 37

Scereened Candidates, Evaluated

by Tests

Nickel ) 200

270

Copper 0. HC
Additional Candidates for Long-
Range Application, Evaluated by
Tests

Copper Boron Deoxidized

Beryllium Alloy 10

13




aa~furnace-brazed condition., The resulis of ilhe liverature survey are
shown in Table 2. In somec instances, the required data were not avail-
able, Testing was therefore scheduled to obtain these data on the
remaining candidatc materials, as indicated by the sladed boxes. As
stated carlier in this section, four of the candidate materinls were
eliminated. Chrome copper and zirconium copper were eliminated because
of difficulties in furnace bragzing. TD-nickel and Hastelloy-X were
eliminated because ¢f the shortage of supply in tube stock and long lead
“time to procure samples and stock. Also, TD-nickel cost was cxcessive

when precured iu bar stock as nccessary for this ~ffort,

OXIDATION-EROSION AND SURFACE PROTECTION STUNIES

(U) The oxidation-erosion studies ravealed that from strictly thermo-
dynamic considerations, copper and nickel should not oxidize in a wvater
vapor envirgnment, With excess hydrogen in the water vapor, copper and
possibly nicikel shculd not oxidize, even under the flow conditions charae-
teristics of the thrusi chambers. It scems probable, then, that the
oxidation-erosion preblem, if it appears, ceniers around such practical
considerations as nonuniform mixtnre ratio digtribution and adverse per-
turbations in tube temperature. These effects can only be determined by

iestis, and are characteristic of injector design, start sequence, throttling

range, and other system—controlled effects.

(U) The ¢iffusion layers and coating studies were intended to reveal
those state-of-the-art processes which might be applied to nickel or cop-
per tubes to enhance their coxidation-erosion resistance, Two different
approaches were explored. Studies indicated that braze alloy wetting may
increese the oxidation resistance of nickel and copper since these alloys
are essentially composed of noble metals. A concurrent literature review
revea led the existence of several stale-of-the-art intermetallic diffusion
processes which would be applicable to nickel and possibly copper. Diifu-

sions of aluminum appeer particalarly attractive because such diffusions

14
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repuledly have ductilities close to that of the base metal. Other diffu-
sion systems in current use employ chromium and aluminum-chromium combina-
tionz, All diffusion coatings would adversely affect thermal conductivity
to aome degree. The significance of this degradation could only be de-

termined by heat transfer tests and anslyscs.

(U) As a result of the oxidation-ervsion and diffusion layers and coatings
studies, a decision wos made to eliminate the surface protection screening

tests uniil a firm requirement was established by hot-firing tests.

MECHANICAL PROPERTY TESTS

(C) The mechanical property and ductility tests were simple tensile tests
on rod and tube specimens, both in the anncaled condition, and were also
proccssed in a way similar to a furnace-brazed tube. Tests were conducted
at room temperature in air and also at clevated temperature in an argon
environment, The results of these tests are shown in Taeble 3 . Some sig-
nificant findings from these tests were the excessively low yield stress
of Nickel 270 and the effects of grain size on the tube materials apparent

tensile properties,

BRAZING FEASIBILITY STUDIES

(C) The braze process and contamination studies and tests were intended

to define initially proposed furnace step braze cycles for each candidate
tube materinl, These initially proposed braze cycles were then applied

to lest specimens to determine the allioy wetting and flow characteristics,
and to determine any tendencies for the braze alloys to induce tube alloy-
ing or intergranular penetration, The results of these teats indicate

that while Nickél 200 and 270 apparently may be successfully furnace brazed
with current technelogy, brazing of bare OFHC and beryllium copper is limited

by tendencies of the common braze alloys to dissolve part of the basc metal.
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(c) TABLE 3
CYCL1C STRAIN TEST RESULTS
%
Annealing Test Cycles
Temperature,| Specification [Temperature,)] To |Totol Condition of
Material ¥ No., F Crack |Cycles| Specimen After
Strain 0.0134%
OFHC Cu 900 1 500 230 20 90 percent crack
OFHiC Cu 900 2 509 10 | 4GO |Separation
OFHC Cu Q00 7 750 - 400 [No creck
OFHC Cu 900 3] 750 - 40O [No crack
OFIIC Cu 1900 13 =00 135 | 308 |[Separation
OFIC Cu 1900 14 750 50 | 400 |Separatlion
OFC Cu 1900 OA 750 490 511 20 percent crack¥*
OFIIC Cu 1900 3 500 - K00 [No crack
Strain 0.0257%
Ni 200 1359 4 1100 100 168 |[Separation
Ni 200 1350 3 1100 50 | 283 ({Separation
Ni 200 1350 6 1400 100 355 |Separation
Ni 200 1350 5 1400 20 | 390 |Separation
Ni 2090 1975 22 1100 74 1 327 |Sepavration
Ni 200 1975 21 1400 20 | 400 |Separation
Strain 0.0257%
Ni 270 1975 16 1100 180 LOO 50 percent crack
Ni 270 1975 15 1100 180 | 400 20 percent crack
Ni 270 1975 18 1400 170 | 529 |Separation
Ni o970 1078 17 1400 220 L0 90 percent creck
Strain 0,0360%
347 1975 20 1200 70 | 315 |Separation
Stainless ‘
347 1975 19 1650 50 105 |[Separation
Stainless
Strain 0.0098%*
Be Cu #10 1650 + 11 500 - 400 |No ecrack
1100
Be Cu #10 1650 + 12 500 - 500 INo Crack ,
1160 :
Be Cu #10 1650 + 10 750 - 251 |Separation i
1100 !
Be Cu #10 1975 24 500 - 460 (No crack
Be Cu #10l 1975 23 750 - 400 {No crack

*¥Total strain range
**Separeted through 20 percent of reduced section
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MECHANLICAL STRAIN, ELEVATED TIMPERATURE FATIGUL STUDILS

(U) The mechanical strain at elevated-temperature fatigue tests were
designed to simulate the strain cycle experienced by a thrust chamber
during the sturt and shutdown sequence, These tests were run at constant
elevated temperatures, and utilized rod specimens which were axially
strained. Materials in the annealed and furnace-brazed conditiou were
tested. Plastic strain analysis was used Lo predict the equivalent axiel
strains which each material would experience as a thrust chamber throat
tube. The tests were run al temperuiures which represented the maximum
predicted tube gas-wall temperature for each meterial. Tests were also
run at a reduccd temperature known to represent a condition of minimum

ductility for each material., All tests were run in an argon environment.

(U) A record of each load-strain cycle was continuously printed out by
automatic equipnment., An unsymmetrical curve was developed after a large

number of cycles which represented the load-defleclion behavior of the

progressing fatipgue crack alternately stressed in tension and compression.

As the crack grew, the tensile load-carrying ability decreased as strain
remained constant, thus providing a convenient technique for recording

crack progression,

(U) Vvhile it is customary in tests of this nature to report the rumber
of cycles to complete fracture, a more meaningful technique was used
which gave a measure of the development of internal fatigue damnge, as
well as the conventional cyclic life., This was obtained by pletiling the
ratio of meximum cyclic tension (compression loads in the specimen vs the
number of test cycles). These load values were obtained from the load-
strain hysteresis loops, Groups of curves for cach common material and
process condition were then drawn for cach specimen run at various test

temperatures.
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TUBE TAPERING AND FORMING FEASIBILITY STUDY

(C) A related tube-topering feasibility program wus also completed, and
the results were made available for the material selection program. The
materials evaluated in this program were type 347 stainless stecl, Nickel
200, Nickel 270, and OFHC copper. These materinls were experimentally
tapered to tube dimensions and tolerances., Inspection of the finished
tubes yielded an initial estimate of tube-tapering confidence with regard
to process time, tolerance control, lubricant contamination, and the cffect

of inclusions in the materiel.

\MATERLAL SELECTION

(U) To sclect a tubc material tor the demonstrator segment thrust chamber,
a criteria list was developed as an aid. The criteria were taken {rom
life, performance, and fabrication considerations, Each tube material

vas then evaluated by these criteria, as determined from the results of

£

" the Materials Selection Propgram, Ifivsm previous experience, from publiished

literature, and from the results of the hot-firing tests,

(c) A comparison of the demonstrator sepment thrust chamber tnub: materials,
ag determined by theae criteria, ie given in Table 4 |, Tt wae coneluded
thai Nickel 200 offered the best combination of neccessary features for

this application. This material was therefore selected, in vombination

with a process cycle which produced the best cbtainable properties.

{(U) A similar comparison was made of the long-range candidate waterials
{Table 5 ). It was scen that the beryllium copper 2lloy Ne, 10 materinl
offered a large increase in thevual fatipue life and uprating capability.
Its practical thrusi chawber use, however, awaits the development of

suitable manufacturing processes.
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FACTORS AFFECTING SELECTIJN OF 20K-SEGMENT TUBE MATERIAL

(Bas~d eon State~oi-the-Art Fabrication Technology

(©) and Chamber Operating Condicicns)
<< R
- Manterial Type 347
n\\\\\\\\\\\ Stainless Mickel Nickel O¥HC
Criterion \\\\‘\TZ:b, Steel 240 . 270 Copper
Strength to Withstand Goed Gooad Poor Gond
flydraulic Stress
Thérmnl Stress Poour Good Poor Fair
Fatigue lesistance
Metallurgical Stability | Excellent ; Good Poor Poor
Oxidation-Ercsion Good Good Good Good
Resistance
Systewm Compatibility ™ Excellent 7 {rood Good Tair
Comparative Coolant 1.0 0.55 0.75 (.95
Pressure Drop
Comparativa Weight 1.0 1.05 1.05 1.20
Uprating Capability Poor fair Fair Good
Drawing, Tapcring, Good Excellent; Excellent Good
and Forming Confidence
Brazing Confidence Excellent | Geod Good Poor
Availability Good Goad Good Good
Total Cost Low Low juove Low
: 20
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{c)

TABLE 5

FACTORS AFFECTING SELECTION OF LONG-RANGE TUBx MATERIALS

(Based on Current Knowledge and Chamber Operating Conditions)

\‘\\\\\\ Material Beryllium Beryllium
~\\\\\\ Boron Copper Copper
Deoxidized | Partial Heat | Full Hesatl
Criterion T~ Copper Treat Treat
Strength to Withstand Lood Exczllent Excellent
Hydraulic Stress
Thermaol Stress Fatigue Good Excellent Unlimited
Resistance
Metalluvgicoel Stability Good Excellent Excellent
Oxidation-Erosion Fair Good Excellent
Resistance
System Compatibility Fair Good_ _Good
Comparative Coolant 0.95 0.95 0.95
Pressure Drop
Comparative Weight 1.20 1.05 1.05
Uprating Capability Ga2d Excellent Ixcellent
Drawing, Taperiung, and Good Unknown Uniknown
. Forming Confidence
Brazing Confidence Poor Foor Poor
Availability Fair Good fro0d
Tatal Cost Luw Moderate Moderate

LI
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N1CKEL TUDE-WALL THRUST CHAMBER CYCLING TESTS

Test Condiiions

(C) An experimental determination of the thermal fatigue life of & 2,5K
segment ihrust chamber was coupleted. The goal of this 2.5K tube-wall
gsepguent. cycling program was to demonstrate by actual hot-firing tests the
life expectancy of the Nickel 200 tube matlvrial selected for the Demonstrator
tubes. A further benefit derived Ifrom this tests series was an experimental

verification of the analytlical tube life predictions,

(U) To achieve these goals, it was necessary to reproduce operating condi-
tions which simulated the critical fatigue life parameters of the Demonstra-
tor at rated operation in a segment thrust chezmber haviang an identical tube

material.

(C) The second nickel tube-wall 2.5 thrust chamber was made available
from a related program and used for these cycling tests. This segment

was fabricated of Nickel 200 tubes which were drawn, tapered, and pressure
formed following a process planning which closely resembled that described
for the Demonstrator Module. The segment thrust chamber experienced two-
step furnace braze cycles, using the braze alloy systems selected during
the tube material selection program. The total furnace time at high tem—
perature was adequate to ensure that tube material grain growth effects

were simulated,

(C) 1gnition was obtained Ly the use of TIA--TEB hypergol. The current

’ :
2,H2 1800 F hot
gas, No appreciable differences in environmenial effects were predicted

plan for the Demonstrator Module ignition makes use of 0

as a result of the substitution of the hypergolic ignitinn fluid. Duriug
the test series, no deposits resulting from the combistion of TEA-TEB were

found in the thrust chambe except in very minute quantities,

22
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{€C) 1t is thus rcasonable to conclude that the effects of chemical and
temperature environment on the metallurgy of the Demonstrator Nickel 200

tube material were simulated in the 2,.5K segment,

Testing Procedure

C) The 2.5K segment was tested by cyeling chamber pressure, and thus

tube wall temperature. in a series of eyclie test groups, During each

test group, the fuel Tlew through the injector and tube bunks remained
unchecked, vhile the L02 flow was intermittently stopped. lpnition was
obtainced at the start of cach test group with TEA-TLB hypergol, and was
matntained during the idle phases of cach test group by a small, continuous,
gaseous oxygen flow, Duving these cvelic idle phases, the heat flux to

the wvalls was very low, and by analysis, & tube-wall and adjacent-structure
average temperaturce which approached -230 F was realized. The upper cyelic
tube-wall temperatures were near those predicted for the Demonstrator throat.
A summary of the operational, tube cooling, and life parameters for each
test group is given in Table 6,
(C) The chamber serment was still in a satisfactory operating condition
at the conclusion of the 315 hot-firing tests., IHowever, since the program
goal of demonstrating the feasibility of obtaining 300 hot-fire cycles
with the Nickel 200 tube material selected for the Demenstrator Module
chamber had becn exceeded, the bardvare was removed from the test facility

in favor of a detailed metallurgical analysis of the chamber and injector.
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Analvsis of Test Conditions

(i2) The wost severe limitation to the extended usage of well-desipned,
regencratively cooled thrust chamber is imposed by the fatigue of the

coalant tubes. The fatigue phenomenon ordinarily manifests itself in
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the form of 1iny transverse cracks which nucleate and grow througl the
hot wail of the tube, Thice primary causc may be described as the pradual
destruction of the material's internal bonding due to plasiic strain or

Slip.

(U) Thermally induced plastic strains in the Demonstrator tubes occur

during the cngine start and shutdown sequence, especially near the throat
plane, llere a transicent gas-wall temperature ranging from necar the coolant
bulk temperature to the nominal operating value occurs with the rapid heat

flux buildup vhich follows ignition.

(U) An approximate technique for culculating the "equivalent uniaxial”
strain resulting from these tube-wvall, multiaxial strains was developed.
The uniaxial strain referred to here is the plastic strain in a low-cycle
fatigue test measured along the axis of applicd cyelic mechanical strain,
An analytical relationship between the tube wall plastic strains and the
plastic strain of a laboratory fatigue test is thus established, A tube

life nrediction based on laboratory test data is tlen possible,

(U) Since the test objecetive was the accurate modeling of the Demonstrator
thrust chamber thermal fatigue, the most important criterion of test de-
sign was that the maximum value of the gas--wall cyclic plastic strain be
reproduced in the test segmeni. Other important test design criteria were
the simulation of the cvclic temperature range which the Demeonstrator tube
gas wall experiences, and the simulation of the tube-wall environmental
conditions. These environmental conditions included those experienced
during fabrication as well as those during operstion, A\ high tube-wall
pressure stress in combination with cyclic thermal sirain can alsoe be
critical, causing the axial crack fatigue failure mode to predominate

over the transverse craclk failure mode. This complex fatigue-creep failure
mode was effectively simulated on the tube tester, described later. In

the selection of the 2.5K segment cycling test conditions, consideration
was given to ail of the above criteria so that these life paramcters for
the Demonstrator Moduie vere simultancously matched as closely as possible

in the 2,5K segment.
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(U) The throat tubes of the Demonstrator Module outer body were selected

as the reference base for test design because the operating conditions of

the outer body tubes afford a more basic limitation to the thermal fatigue

life o ie Demonsivator,

(C) The 2.5K segment test conditions were selected to simulate the Demon-
strator gas-wall thermal cycle in combination with the pressure stress.

It was again found that a good correlatien was reslized when chamber pressure
was 1250 to 1350 psia at a mixture ratio of 4.5 to 6.0 with a coolant flow-
rate of about 1.0 to 1.2 1b/sec. The mean tube-wall temperature, and thus
the tube wall yield strength, was also found to be comparable at these

operating conditions.

Life Predictiion

(U) Byuse of athermal fatigue diagram with the computered cyclic plastic
strain, a tube-wall life in thermal cycles was predicted. This predicted

lJife was consistent with the Demonstrator Module restart requirements.

(U) Table 6 includes a calculated life simulation ratio for each test.
This number is defined as the rabtic of the predicted life of the segment
thrust chamber cycling from -240 F to the peak heat transfer conditions of
thal case to the predicted life of the Demonstrator outer lLedy. Life
simalation ratios less than one indicate test conditions were more severe
than those expected on the Demonsirator Medule design. The predicted lives
used to cempute this ratio were i1n all cases oktained by identical use of
the plastic strain equations and fatigue diagram. Because ithe compuied
values of these ratios are less ihan unity for most cases, it vas seen that
the segment operated under conditions which were, for the most part, more
severe from a thermal fatigue standpoint than the Demonstrator outer body.

(Some of the earlier tests in the series were less severc.)

CONFIDENTIAL
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Experimental Life

(U) By observing the chamber throughout the test series, a record of the
fatigne progression was obtained. The geneval appearance of the overall
tube was penvrally excellent and well-progiessed
only noted in a narrow band near ihe throat, UOn somc tubes, initial
evidence of fatigue was also visible on seetions near the injector. At
the conclusion oi the tosting (sce Table 6 Testing) fatipue symptoms
(microcracks) were cvident on the majority of tubes, Operation of thrust
chamber tubes containing microcruclhs generally has ne notable effectl on
chamber flows, cooling. or performance. This troit was agaivn verified
during this test serics. Comparison ¢f the appesrance of microcracks to
the apalytical predictions showed good correlation. Analytical data had
predicted that 50 percent of the tubes would have microcracks after 204

cyveles,

() There was a divergence in the appearance of the twe sides of the
chamber, The fatigue indications on Side A followed an ordinury progres-—
sion with microcracks appearing s#s would he expected from the usual scatter
experienced in chermal fatigue data. On Side B, it appeared that there wns
an unhalavce in throat tube-wall temperature such that a porfion of the
tubes were uadersgoing higher than nominal temperature conditions, while

the remginder of this side was operating at temperatures less severe than
the nominal. Midway through the tests, axial microcracks appeared on a
small percentage of the tubes on Side B, These gradually developed into
sources of leakiage as testing continued. All of these tubes appeared to
the left of the centerline of Side B, while the tubes to the right of the
centerline on Side B gencerally indicated less fatigue than any ether portion
of the chamber. The reason for this temperature unbalance has not been

accurately determined.

Hetallurgical Examination
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(U) A detailed metallurgical examination of the semenl thrust chamber

was couducted after test 315. The chamber was cut in half by sawing
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through the center of the copper side plates. Following phetography of

the two chauwber halves, additicnal saw cuts werc made to expose the threat
area lube hot and cold side to sterobinccular exsmination. This examina-
tion showed lhat no gross meliing or crosion of the tube crowns in the
throat had occurred, All but five tubes in the A side appearcd to have
microcracks in ihe threat area. The appeurance of the iubes wos remarkably
uniform en the A side. Unlike ihe A side, there was considerably more tube
crown damage in the ieft side of the ihroat of the B side than in the right
side. Exteneive, highly loculized metal movement had ¢eccurred in the hot-
gas surface of the tubes in the A aud B side throat aren, which is charac-
teristics of low-cycle thermal fatipue. The four tubes brazed to the copper
side .places suffered axial cracks near the throat apparently caused by
additional reatraint imposed by the side plates. On side B, thesc axial

cracks developed into major leaks during the latter tests.

{U) A metullographic examination was wade of seclions across the throat,
The hot-pas crowns showed an alternate increase and decrease oi thickness
which is typical of metal movement cesused by thermal cycling. Typical
variations were lLetween 0,010 and 0,015 inch compared to ihe original
0.012 inch. Exawination al high magnification confirmed the lack of
sulfur contamination or braze ailoy penetration. There was some erosion
-damage to a few tubes which protruded about 0.020 inch into the combustion

zone. This erosion is normal where direct flame impingcement occurs,

(U) A microhardness survey was made at regular intervals aleng the section
"of a tube at the throai. The observed variations in hardness are attri-
butable to strain cycling under variable conditions of temperature and

restraint around the tube crown.

PR ST

(C) A thin black film had formed on the tube surfaces in the convergent
ond throat areas. A spectrographic anulysis of this film indicated that
this deposit contained no major component {over 10 percent); it contained
minor quantities of chromium, nickel, iron, copper, aluminum, gold, boron,
and other trace elements., No nickel corrogion products formed from the
TFA/TEB hypergol were found, The spectrographic analyeis also confirmed

that the tubes were originally unalloyed nickel, with no alloy additions.

2

 GONFIDENTIAL

T vy w—— et s ol el




ERaC L

s TORMAER e

GONFIDENTIAL

() There was general evidence of thermal fautigue, with a few tubes aplit
by hoop stresses, There were no fuilures from erosion and/or melting of

tube crowns in the throat.

(C) The choice of braze alloy and the brazing operation appear correct.
Tube wetting was good, and yet the penetration of braze alloy into the
nickel was almost nil, No diffcrences in tybe materiais, iabrication, or
service—produced metallurgical changes could be deteeted in the throut
area, The nickel tube segment was judged to have been well made and

assembled, and to have good lif» performance in the test program,

Thrust Chamber Tube Tester

(C) The ebjective of the tube tester experiments was to cvaluste the

thermal fotigue Tife and bydraulic stress adequacy of the nickel material
under simuloted chamber operating conditions. Some ol the tests were
representative of operating conditions more severe in temperature than
those anticipated on the Demonstrator Medule and thus were conducted as

material limit tests,

(c) The clectrically heated, hydregen—cooled. thermal fatigue tube tester
vas the cexperimental teool used for tiese tests, Five thermal fatigoe
temperature eveice ranges were cmployed either individually or in combina.-
tion to evaluate six tubular specimens. The temperntture eyele ranges
were selected to demonstrate the lite capability of Nickel 200 under

various c¢yclie chamher pressure aperating conditions,

(C) The first four tests were desipned to verify the thermal fatipue life
of the throat tubes when subjectied to o continuous series of engine start--
stop sequences.  Two of these tests utilived cyvelie gas-wall temperatures
ol 100 ve 1400 ¥, and thus approached the predicted gas—-wall temperature
range of the Demonstrutor Module throat tuhes, One specimen was in the
"as received,” small-prained conditien, while the othier was furnace

processed with the resulting enlarged grain size. Penctrating crack
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failures occurred at 315 cycles in the "as-received" specimen, while the

furnace-processed specimen was run a total of 320 cycles witlwoui failure, °

Fatigue cracks werce intiuted, however, and further testing wus decmed
unnecessary. These tesis were run at temperaiure conditions sowevhat

iens severe than the Dewmonstrator Moduic throut tubes (ng = 13900 vs 1520 F,
TB = 100 vs ~230 F, also a reduced heat flux); conscquently, the induced

cyclic plastic stroins were less,

(C) The other two engine start-stop sequence tests cmploayed 0.012-inch
wall tubes in the furnace-processed condition with cyclie gas-wall tow-
peratures of ahout 100 te 1800 F, Such a temperature range on ithe Demon-
strator Module tubes would be represcntative of an ambient to over 2000
psi chamber pressure start cycle. The fatigue failures occurred at 142

and 143 cycles.

Intermediate Theottling Fatipue Tests,

(C) Two other tests on a related program were intended to explore the
limits of the Nickel 200 tube muterial under were complex operating con-
ditions, Two cvclic temperature ranges were cmployed on the first specimen,
A cyclic temperaturc range of (G20 to 1140 ¥ was initially applied to tihe
specimen o total of 800G times with ne evidence of failure. The same
specimen was then additionally cynled 193 times beiween 100 to 900 F.
Altonough the heated fube crown still suowed ne visible evidence of fatigue
cracks, testing was stopped because of a breakdown of the specimen in

another area.

Steady-State Creep and Fatigue Tests,

{€) The last test employed an 0.028-inch wali egpecimen which was designed
for high heat flux continaous testing. The objective was Lo verify the

limits of Nickel 200 in combined thermsl fatigue and hydraulic stress
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induced creep. A severe steady-state gas wall temperature cycling condi-

i tiun of 1305 to 1435 ¥ at a frequency of about I eps, in combination with
a heat flux of 50 Btu/in.e/sec and a hydraulic stress of 4500 psi, was
applied 1o the specimen. Testing continuced for 7 hours, accumulaling
22,500 thermal cycle: without fracinre or leaks. Routine inspection
revealed that microcracks were initiated, however, and furiher testing
wes slopped. Table 7 sawmarizes the results of thesc thermal faligne

testis,

(U) A tube tester data reduction coumputer program was developed on separate
funding. This program gave an accurate measure of the specimen wall tem-
peraturc drop. Included in the wall drop nomerical solution were the
variables of thermal and clectrical conductivity with temperature, und

variable current disiribution in the bimetallic bus bars.

(U) A computation of the plastic strains was also incladed in the program,
based on the plastic strain anaiysis; the measured test gas wall cyclic
.emperature; and the program computed wall drop. These valuaes arc given
in Table 7 which also includet a computed equivalent fatigue life for
the demonstrator throat tubes. This computed life is based on an exira-
pelation of the tube tester data, using the relationship N1k AuEp = G,

where k was assumed to have a value of 1/2.

(U) 1t is scen that the technique gave a lower life {about 1/3} for the Demon-
strator tubes than was realized in the 2. 5K scgment stori-stop cycling testis.
This differetice was atiributed to non-uniform specimen lube crown cyelic
heating in the tangential strain concentrations at the tube crown, and
perhaps other effects unresuvlved at this time., The Ysteady state” creep

Wowevei, were Lhoughi {o reezsonebiy represent

the Lemonsirator tube life, if such "steady state” tewperature fluctuatioas

were actually realized in service,
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FABRICATION OF 250K COMBUSTOUS

GENLJIAL ESCRIPTLION

(C) The 230K thrust chambes asscmkiy (Fig, 2 )} consisiu of =oncentric,
regeneratively cooled, imner and outer vombuslor assemblies fonuing an
annular chaber leadiug to a converging turcat {U.271 throat gap at a
mean diaweter of 93.08 inchvs). & sbrouded guter tubular wall, and an
innes inbalar wozzle wall extending to a nozzle length eguivslent to
11.3 per cent the length of a 15-degree, half-angle cone of the same
arca ratio. kach of the combustor assemblies is fabricated of 347
stainless sicel tubing brazed to a 304L slainless steel structural
backwall. The nozzle cait of the inner combusior contains a two-inlet
vistribution manifeid through which fuel cnters the coolant tubes. A
collection wmanifold at the injector end is formed hy the inner combustor
and Injector. A similer coolant circult exisis on the outer combustor
to the discharge munifeld where 20 vutlets distribute fuel to the injector

agsenbly.

(U) The cowbustion chamber geowetiry is 2 inches wide at the injector
and has a 6-inch lengih f{rom the injeetor Tace Lo the throat. The chamber
walls are parallel down to a point approximately 4.5 inches downsiream

of the injecter face, and then couverge at a 40-degree angle.

(V) Radial and axial positioning of the inuer combustor with the oute.
corbustoer is oblained by attachment to the injecior through the use of
axial studs. Relative location ig facilitated by shear lips at the

combusiour/injector interface.

(U) Pruovision is made io attach an cight-pointi thrust mount support
assembly to the inside surface of the inner combustor. also a solid-wall
nozzle extension at the exit plane of the inner nozzle representing a
25 per cent nozzle length. The perforated base closure for secondary

flow attaches at the exit plane of the nozzle exlension.
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Figure 2, 250K Thrust Chamberv
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THRUST CHAMBER TUBE PROCESSING

(U) 7rroperties which had to be coalrolled in the thrusi chamber tubing
were formability (strengih and dactility), wall thickness, surface defeets,
cross-section geometry, and grain structure (grain size, intergranular
attack), It was also necessary to maintain traceability on iubing so thai
~a

all inspection for these items can Ye¢ related to speciflc tubes.
4 It

i

(U) Cunirol of the nccessary fabrication parameters i1avelved development
in several areas, primarily because of the thin wall and small diameters
(0.080 inch) of the tubing. Devtlopment work was performed on tapering
methods to ensure defect-frec tubing with correct surface finishes in the
small sixzes. Improved cleaning methods were established to reach the

minule swall tube ID surfaces.
The Dhasic process steps and major inspection points established were:

. 1. Raw msterial preocurement
2. Rav material inspection--metellography and physical test
3. Tapering
4., Solvent cleoning
5. Aunealing
6. Metallographic sampling and expansion testing
7. Solveni cleaning
8. TPreforming
9. Solvent cleaning
10. Annealing
11. Metailographic sampling

12, High-pressuve die forming
13, Solvent cleaning
14, Final inspection, dimensional-metallographic

15. Flow testing




(V) Duw Material. Welded and drawn type 347 stainless~steel tubing
manfuctured from air melted strip was apecified for use as coolant pas- ‘

sage tubes on the ivner wall ond outer wanll combusior bodies.

(') The raw tubing for {he combusior tubes was procured by the tapering
vendor, (La Fielle Manufacturing Co.) Tubing with & 0.122-inch diameter
by O.01l~inch wall and 20 inches long was received for fobrication oi ihe
outer combustor body tubes. Tubing with a 0.152-inch OD by 0,013--iuch
wall thickness. and h0-inch length was used for ihe inner combusicer body
tubes. Identification Ly lot nuwsber was maintained on individual tukes
throughout. ihe complete fabrication process. Subscquently. a laper log
nunber was added to this identification number. A fluorescent penetraut
ingpeclion was performed on 100 percenl of the raw tube by the tapering
vendor. Less than 10 perceni of the tubing was rejected because of

indications.

() Tapering. Although some expericence had been gained in the tapering
of type 347 stainless-steel aerospike configuration tubes during previous .
segment test progrows, no experience in the fabrication of tapered wall
tubes of an overall length comparable to the inner combustcr tubes was

available. Very little experience was available in producing tubes to the

required configuration with a tapered wall. With these facts in mind, close
surveillance was maintained during experimental tapering and preproduction

- runs of 590 tubes of ecach configuration.

\
3
v

(U) To impose maximum contirol upon a process that is wroprietary with

it e e o oot < < < e e

thre tapering source and still ensure a reasonably inexpensive tubing of a

high gualily, o procescing specification was issued which required a test

for plastic deformation by high-pressure die forming. Tinal acceptance

criteria were based upen the actual high-pressure die forming of a repre-

senlative sample from each lot of tapered tubes after receival,

e, g S e
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CONFIBENTIAL

() Metsliurgical evaluation of experimental and preproduction vuns of
tapered euter tubes indicaied thot the tube could be rpucsesefully made in
one pass without rejecteble defects. However, ibe OLFs op both tuve con-
Tiguratious were undersize as ruch as 0.001 ipch iu yresw which were not
ispered. Yt wes determined ihat the undersize coniicien waa saused by the
kigh avial loads imposed upou the inbe duriay one-pasa fspering to acnieve
o topercd wvall wi E..Lin- canipmeri 1imils {m’.umlul-d inpering eauipmensy 1s too

large}. The 0D variations were accepted.

(C) This local diameter reduction had a marked eltect ups. {de wall thick-
ness at the aves of moaximun taper. Althivugh a weminal waii thickuess of
0.005 inch was the objective of the tep~rirg veodoy, the Jimcusion wag
exteemely difficull to achieve. The wall thirkiness, os determined by
mctallographic examination o {ulssg of bsihuuonfignrations dvring pilot

snd preproduction rans, was between 0.005%5 ond 3.0092 iach.

[
(V) Tapering a tuhe with a tapered wali and also requiring an 1D su.face
‘roughness with specific values in vhe area ol maxinum dinmeier reduction
l(fhe wall is ulso at smallest dimension here) way a unigue task., Ly the
nature of ilhe process iisclf, tapzring the tube wall tends tu reduce ID
surface gathering ard thus reduces surface roughness. Results of measure-
ments made on tubes from ihe pilot and preproductiva ruas revealed thuti
values between 43 and 7% rms could be obiained ou the orier tubes and 47

i0 72 rms on the inner tubes. These values werve subsequaull s accapted for

the production rup of lubes.
. A

T
[REME hl
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() Preforuing.  Profarming of the fepeved and amneale

“tubes was performed at the tapering vendor's fzcility., Subsequent to pre.
forming and inspection for contour and atation locatien, the tubes werso

" cleancd and final anneated. The [inul anncai after the preform operation

\ N . . N a . . . .
S 4 WaSs necessary hecause incongistent Vimal tube diwcpnoions were obiained !

R oo alter the initial higl-pressure dice farming of bols fube configurations,
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(U) Subsequent to the annealing of the preformed tubes, five tubes from
each nanufacluring lot were exarined metallurgically for compliance with

thicluess, defect 1o-cl, and micreostructure requirementis.

(U} High-Uressure Dic Forming. High-pressure die forming of the fubes
1o Tinal form was considered a major advance by Rockeldyne. Although

Rocketdyne has had comprebenszive experience in high-pre sure die forming
cf conveniionel rockel novazle coolent tubes, no experience in the high-

pressure die forming of acrospike-size tubes was available at the inception
of the program,

Each inner and outer tube, by engineering requirement, was subjected to
a f'low cheek with clouse tulerances between minimum and maximum { low values

from tubo-to-tube, Also the large wumber of tubes (3700) in a combustor

body, with attendani tolerance accumulations, demanded forming accuracy.

- Prenvoduction lots of 500 tubes of cach coafiguration vere used to develop

Jtlhe forming trchniques,

5

i {U) To assist in expediting the die~forming vperation, an epoxy potting
A .

compound was injected into the closed die set. The tube facsimile pro-
.duced was then subjerted to metallographic examination by removing crcoss

Photo-sacregraphs of the cross-
made and vaed to mssist in finishing the die
cavities vo final shape.

[0 ‘

S . S
. - ' .
o - . '

AUy Initial high-pressure of

die forming the guler and inner tube prepro-

tube failures. A substantial number of tubes

wplit longitudinally during the forming operalisn and an investigation was

Luction lots produced wany
\ ‘

. conducted to deiermine the cause, Melallurgical evaluation indicoted that
; .

"the aplits resulted from the propagation of 0D raw tube defects (Fig. 3

4). Investigatio: uf the processing history at the fapering vendor

‘inhnwed,thaf,a substantial ﬁuqntity of rgw tubing in the tirst few lots re-
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ceived had not been flash pickled prior to penetrant inspection. Flash pick-
ling was added to raw tube inspection requiremenie for production runs when
it was determined th t belt polishing on thc 0D of the tubes at the mill had

smeared the surfaces so that fluorescent penetrant inspection was invalid.

() The fact that tubes split in the dic denwonstrated the necessity of
using ilhe high-pressuve dice-forming operation ne a final acceptance criterion
Tor tapered and preformed tubes, Qtherwise, a large number of defective tubes

could have Leen purchased before the problem was discovered,

(U) To establish a relationship Letween wall thickness and flow values,

a nunber of high-pressure, die-formed tubes of cach configuration were

flow tested, and then measured metallographically at critical stations

(¥ig. &) for wall thickness and ID. Thotomizrographs of the control-
ling eross section from cach tube were made at exact womnifications. These
photographs were used to determine the flow areas. Although care was ex-
ercrised to produce a die cavity which would form tubes with a correct cross-
seciion configurntion, tubes ef both inner and outer shapes di ~ not completely
meet the final shape. The area o1 nonconformance was limited, nowever, to
the circular cross section in the throat area (area of maximum redvetion),

A perfect semicircular eavity is difficult to sink in a die with a shallow

cavity 0,039 inch deep in each die half,

(U) rinal Cleaning of Finished Tubes. In preparation for the furnace
brazing of thg tabes inlo combustor bLody assemblics, requircments were
established for cleaning and handling of the tubes subsequent te fabrica-
tion and final inspection and imsediately prior {o shipment to the white

I'uoi.

(U) Becsuse of the unique configuraticn of the tubes and the extreumely
small ID's, specialized processing facilities and procedures were necessary,
Combination vapor degreasing and flushing fixtures specifically developed
for the finish-forued tubes were used to remove shop sceil and ECM dielectric

fluid from the tubes, To accomplish this cleaning operntion, the tubes were

(@@Mﬁﬂ@@"m&m)
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vapor-gpray-vapor degreased in trichloroethylene for a minimun of 10 minutes.
Trichloroethylene was also flushed through the tubes at a minimun of 200
miliiliters per tube. DPeriodic checks of ihe fluid were made {o ensur:

that nonvelatile residues, as delecled by infrared analysis, were kept

below a apecified maximum level,

(U) Final surface preparation was effccted by means of an ncid descale.

The solution used in this operation consiszted of the following comstituents:

4 to & percent hydroflusric acid (30 degrees Baume)
20 1o 25 percent nitrie avid (hE degrees Baumé) per 0-N-350

Balance, deionized water (950,000 ohm~ci min
? 3

(U) A specialized facility for accomplishing the descale was constructed;
it consisted of a set of specialized holding racks and tanks. The descale

operation was followed by rinsing in tap water, deionized water, then an

" oven hake to dry.

Problems Encountered During Fabrication of the Tubes

(v) Yickle Attack and Carburization. The final surface preparaiion oper-

ations (acid descale, prebraze pickle) performed on finishad cuter inubes

‘were brought to an inmediate stop when it wvas discovered that one tube in

a rack of 96 piclkled tubes had vne end dissolved off by the mcid. At the

_ - ~

aately 2300 ouler iubes had heep
.

I3

. PRV S | P
1w Wabd 1DJBUTWU, appioXil

throngh the picklie eperation and were on racks in the whitce room.

(U) Metallurgical evaluation of a number of these tubces revealed severe
intergraaular attack, intergranular carbide precipitation in grain boundaries,

and carbon contenis of 0.4 percent carbon in the areas of failure (normal

43
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carbop cantent for wape 597 staanless steel 1w 008 maximum) ., Lt was evi-

dent from the dateo ¢btained thit the tubes wero carburizcd ang ware suscoep-

tible o the severe pickle attack becaus=e of this coudition.

(V) A complele evaluation of all prior processing ol the tubes, including

a riporous survey ol all vewdor operationz, was cendocted,  Duvibg this

pertion of the jnvestigation, it was found that pre-auneal cleaning ol the

preformed Lubes wias ol adeguale and ned i compieie accordance with speei-

fication requirements.  The tubes were cleaned in bundles; rather than in-
dividually, which prevented complete removal of the lubricants from the taper-
ing operation. Subsequent anncaling and prebraze pickliug vesulied 1o the
Trosty” or smutty appearance caused by carburization (Fig. 6, 7, and 8).

[n addition, it was discovered that the "Agra-Shkell” exit seal, used on the
bediegen furnace at the wapering vendor te anncal straipght tapered tubes,

was hacmiul. The shell particle seal is a standard device on wost continnous
Lyidrogen tub.e anmealing furnaces. The scal which consysts of very =mall
crushed particles of walnut shells must be penctrated by the tubes as they
leave the furnace cooling jacket. Shell particles were introduced inle tne

1D of the tubes during this operation. Laboratory tests ievealed that anueil-
ing tubes with walnut shells caused carburization and that subsequent pre-

braze pickling produced intergranular pickle attack, as shown in lig. 5.

(U) To preveni recurrence of this problem, major revisions were made to
the tapered and preformed tube processing specification. These revisions
required the reverse flushing cf the 1D of straight tapered tubes suise-
quent to each anneal iu a continuous furnace. Pre-anneual cleening of pre-
formed tubes was révised s0 tvhat a vapor-spray-vapor degrease with concur-
rent ID flushing using fixtures to accomplish the flush way required in a

manner similar to that specified for final cleaning of finish-formed tubes.

() 1t became apparent through a series of brazing tests thal successful
brazing of tubes covuld be accomplished without the benefit of preparing the
tubes by pickling. Since 2300 outer tubes or approximately 0C percent of

one combustor body's complement of tubes had already been expescd to the

Ly
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rieh]e, 1t was also necessary to dotermivre whethier or vt any of (hese
1 ' ] J
tubies could be used, Visual cxamination bad disclosed only a small per-

centape with visual indications of pichle ateach,

() An ultrasonie inspeetien meihod vas develyped which was capalile ol

detecting pielle attach more than U.00LT inch in depth,

() With the knewledge that o considerable mamber of tubes which hol not
been exposed tu prebraze pichle were carburized and that these tubes would
be used 10 1abrication of the combustor bodies, eryogenic teuwsile tesling
was cundocied on corburized tubes.  fhese data werce essential in establish-
1ng the eiiects of carburization on the performance vl the coolant tubes
during hot-firtng tests.  Becnuse adequite data were available concerning
room and elevaeted temperature tensile propertics of carburized type 347

stainless steel, only cryogenic testing was performed.

(V) The results of the eryogenic tests conducted at =200 and ~320 F dis-
closed that no signilicant changes in mechanical properties between un-
carburized and carburized tubes were evident when carburized tubes were
cxposed to furnace hrazing cyeles (specimens aclually accompanied an inner

body through braze cyele) prior io test.

JNAZING 01 TUBES TO COMBUSTOR BODILS

Braze Tooling

{1\ e
Lt

i) The ihpusit chamber braze assemviy tooling employed inflatuble siainless-

steel pressure bags to hold the thrust chamber

The bags werce attached te rigid backing rings, four rings on the outer wall

and seven rings on the inner wall. Sufficieni tube area was covered by the

pressure bags, backed by the rings, to prevent tube movement; yet,
space remained open between pressure bag rings to alluw physical verifica-
tion (by moving tubes) of tube-to-body f£it. The space between rings also

provides {ree circulation of the furnace almosphere for cleanliness and

46

tubing in place during Lrazing.

sufficient




temperature uniformity during brazing., A single, large pressure bag covering
the entire tube surface, as used on conventional bell-shaped chambers, would
hive Tumided zecess Tor botl fnspection of fits and atmosphere cireulalion.

T 1 e . « . e
(U The pressure Lag caneg

el oy e 41
LENE LI 8 i

T 1 i
I O% 5 1 !

srecs en Lthe tu 16 be varies
wilh lemperature in sueh & way that proper tubing lecatien is maintained
without erushing; the tubes at elevated temperature., Iroper use of the bags :
vequired knovledae of the relalionship belween internal pressure and ex-
Lternal forees through ihe ambient 1o 2000 1 temperature range. Knowledge
ol the elevated temperature strength of the type 347 stainless-stieel tubing

under transverse compressive loads was also nocessary, é

Y - .
() A sceries of laboratory tests was conducted vn both pressure hag force

relatronships and tube crushing strengths.  The three pressure bag fipes ;
anc the effective pressure arcas are shown in Tig. 7. The pressure hags é i
-are shown in Vig., 7. ond typical dutla from the f{est serics are shown in E §
Yig. 8. The familics of curves show  the requirved internal bag pressure g %
to obtain specific forces on the tubing at 2000 F and at scveral inter- }. §
) wediate temperatures, ‘ ?
' i
1

i (G} Tube-crushing experinents were run at both anbicent and clevated temper-

atures, Al ambient tewperature, it was found thai the pressure bags weuld L
deform grossly witheut tabe damage as ring-to-iube clearances decreasced and ;
forees increascd, At a temperature of 2000 V¥, the {ubing, formed 1o theuse : i

chamber shapes end sizes, proved capable of supporting 50 psi (projected '
surface area of the tube crowns) without significant deformeiivn, The ferces ;
required 1o hold the tubes in place al 2000 I' are much less thon 50 psi, i ;
4 "
“indicating a satistactowy margin of safety at all temperatures., = ]
3
(U) The experimental data on the pressure bags and tube strengihs were ?‘ k.
utilized in ihe subsequent line pressure-temperaiure requirements used ¢
- ]
in the furnace brazing operavion. ‘ 3

y
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i

Three Pressure DBag Configurations Tested in ithe Laboratoery

for Pressure Respouse and Efficiency. Areas Encireled on
Bags Represent Bag-to-Tube Contact Area When Pressurized
Under Simulatied Brazing Conditions. Pillow-Type Bag “A",
Above, was the Design Selected for Production Teoling Be-
cause of less Rigidity and a Continuous Tube Cuniaci Ares
as Opposed to Designs Wilh Diagonal Expansion Grooves as
Shown in "B" and "C"
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Braze Process, Initial Review and Selections
[l Seliohit 2

(1) The veyuirvement of fabricating two tubmlar thrust chamber assemblics

wan studied initially with one apparent facior in mind--the program called
for fabrication of iwo compicic assewblivs with 5o allowance for spares,
This meant that rvigorous plonuing and preproduction development were re~
quired, technigoes hezardous Lo the assemblies hied to be aveoided, and safe

and veliable technigues wvere 1o be ueed at wll times,

(U) A delailed breze process develepment program wag performed to maxiwmize
ilie processing reliabiiity amd winimize the occurrence of problems during

fabrication.

(U) The Y0Ag-101d braze ailey was selecled for use as a priwary braze alley
for the type 347 stainless—sicel tube combusturs. This was based on its

generally pood brazing characteristics and ils neglipilile "appgressivencss”

PN T e BRI A i AN 41 S L N R e SR Y

tv the tube materinls over long high-temperature braze operations. It is

in current use on the J-2 production thrust chamber and vas successfully

LRES A N

used on the M0K teroidal thrust chamber.

o<

(V)  The 82Au-18Ni braze alloy was sclected for use as the secondavy braze
alloy for the type 347 stainless-steel tube combustors, based also om ex-
tensive Rocketdyne background with this alley and miuimal reaction with

type 347 stainless tubing.

Braze Process Development, Initial Test Program

{(U) Thrust chamber brazing tests were prepared utilizing two tuil-lengta

T BV 1 SN ORI G RN S T e QA .

by 2-inch wide outer and inner tube and body segmenis, Type 347 stoinless-

stvel tubes wore used daring the test program,
1o

Major ilest objectives wuere

1. Determine the correct amount of alloy to be preplaced on the

assemblies

LR T VO LN e P o T
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2. DIvaluate tfube-to-hody ond tube-to-cud ring scaling capabililices

3. Ivalunle methods to prevent braze alloy tube phugging

(1) The test segments were assenb!sd and alloyed, duplicating the procedurces

ERA B

planned for the full-size aosenmblics, RBOITHCLL {(9Ap-i19d) braze aiioy
wvire wog ingerted in alloy grooves machined in the nickel-plated bhodies,
and 0.002-inch-thick braze sheet wag spet welded to the tube contact surfoaces

for first-cyele brazing.

(') Green stop-of ' was paiuted inside tie tubes prior to assembly,  Tvo

sets (outer and inner wold couligurations comprising a set) of Dody sepr-

ments were assembled with type 37 stainless-stecel tubes,  Simulated injector

ard exit ring segments were net assembled until the second-cyele preparvation,

(1) Triammular nickel fillers were utilized to filt most of the space oc-
curring betweon tubes and flat surfaces of Lodies and rings. Various lengths
and attachrent positions were evaluated as well as capabilities of the fillers

for sealing with and without nickel powder vashed arvound theom,

(") Fixwuring of {ubes to the hody was performed by slrapping tubes to il
hody al pressure bag locations. Figure 9 sibows the first set of test seg-
menis ready for first-cyvele brazing., The two sets vere fintured for botih

brazing eveies in the injector end down position,

(U)  Test Results,  The alloy wire preplaced in body grouves on the first
set of segments appeared to give sulficient alloy for bondimg except for

the exit end of the inner-body segient. An additional alloy groove was

eaded to the sccoond aid subscyuent results were satisfactory, A

drawing change was made 1o add the grouve to boih inner and outer bodies
on production hardvare. No alloy paste wias added to tube-to-tube joints

on any of the test segments.

BONEIDERTIAL
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Figure 9. Yull-Lengih Inner and OQuter Tube and Body Test Segments
Ready for Brazing. Three Sets ol Segments, Such as the
One Above, Were Brazoed During Development,
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(V) Utilization of triangular nickel fillers proved to be effective as a
sealing plug beiveen tubes and flat body and ring surfaces, Tillers at

the lower end (as-brazed) of vertical joints would usually seal during the

first braze cycle. 1lowever, if the joint vas on tep, capillarcy forces usunlly

vere not sufficicnt to maintain braze alloy around the fillers to seal ihe
joint during the first cycle. Figure 8 shews an ivjector end tube-to-body
joint completely scaled in ore c¢ycle. Figure 10 shows a typical exit end
inbe-to-body joint {that required tvo cycles to seal. The use of nickel
pewder arvound fillers on first cycle joints was avoided so that additional
alloy could feed unresiriciedly into the joints during the seccond braze
cvele.  Nickel powder paste was required to obiain a scal on second-cycle
joints, Tillers were attached by Loti spot-welding and by hcoking one end

to retain them in a joint. Boih meiliods were effective.

(U) ©Un the current series cf developmenl tests, green stop-off was suc-

ceas{ully used to restrict braze alloy flow intoe the tubes. Previous

experience har shown it to be effective in limiting alloy flow. It was

“also noted that the pessibilily of alloy runoff entering the tubes at

‘the Jower =nd of the assemblies was very probably averied by the triangular
nicle) fiilers which directed the flow of alloy away frowr: the tube ends and
down ihe bodyv. Tigurce 11 shows the dircction of braze runoff flow. More

work has been done to prevent tube plugging and is reported in ihe sectien

on Tn-Process Development Tests.

In-Process Development Tests

{(U) Various brazing tesis were performed during hardware fabrication to

,
"~
<
&)
-
2
>
=
”
n
%
T
:
o
~
-

svercome problems as ihey were encountered. Some of

the tests were lengthy but are described briefly in the following sections.

1. Repoir of jloles in Tubes caused by arc hurns, nccidental blows by

shiarp louls, eilc.

Test Precedure:  Simulated holes in tubes were furnace braze re-

paived utilizing nickel sheet lap patches of 0.002-, 0,004-, and




P e e e ! S M P s ) g

jutof je JI1{TI [9YOTN ae nBuet]
e £93800T MOIIY °3104) szwvag 3sIIJ 9} JBIIV pares§ jurop Lpeg-ol-eqny, pui JamoT

Xy GOVK




VIR -AEEN

O »w:m

e

Ypper End Tube-to-
Body Joint. was Un-
scaled After the
First {ycle. Fillers
Were Installed By

Both Hocking snd Spotl

Welding I'rior to Brazing

Specimen Shown Above
was Prepored for
Second-Cycle Brazing
by Prepiacing Nickel
Powder Paste Around
Fillers o Seal the
Joint., Jeint was
Capped With Fillet

of Second-Cycle Alloy
Yaste as Shown at left

Tube-to-Body Joint
iz Shown Completely
Sealed After Second-

T PR s
Cyele Brazing




Figure 12,

Quter Wall Segment, Injector End. Arrows Show Direclion of
Txcess Alloy Run-0ff Flow Away Trom Tube DInds and Down the
Body By Following T'athis Created By the Niekel Yillers
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0.006-inch thickness, pressure test cyclic leaded, and pressurized

to destrintion,

Nesulis: Draze appearance was salisfactory., No restrictions in

tubes, All samples ruptured in parent tube material. Figure 13
shows lypical brazed tube specimens that were evaluated. Table 8
lists brazed lap patch test data., The lap patch repair melhod

was accepted for use on damaged tubes.

Improved Nickei Powder Binder

Reason for Test. Nickel powder in R-2 Binder paste vehicle (a

polybutene base braze alloy binder) was not easily worked into

“Jointe.

Tesi I'rocedure: Carbopol vehicle (a water soluble suspending

ageni) used in the past was reviewed for the present application.
Nickel paste was mixed with Carbopol and washed into test joints
vith a water-wet brush and capped with braze alley paste. Sauples
vere brazed and checked for elfect on tube malerial and nickel

powder placement.

Results: Nickel powder in Carbopol binder was sufficiently work-

able to produce desired nickel fillets, Binder was changed from
R-2 to Carbopel as nickel powder vehicle on all inner and outer

combustor assemblies.

Wide-Gap Brazing Material

Reason for Test: Wide gaps under exit vrings after the first braze

cycle require filler powder addition around shims., Use of nickel
povder could result in porous, leaking joints,

Test Procedure: Combine braze alloy powder with other filler

powders in various amounts and note braze results including braze

Nesulis: Combination of 66 percent braze alloy (second cycle

82Au-18Ni alloy), 17 percent 90Ag-10Pd, and 17 percent pure nickel
in powder form resulted 1n an effective wide-gap brazing nmaterial,
Some miuor porosity was noted, The material was used as a filler
in gaps under exit end rings on units No, 1 and 2 inner and outer

assemblies.
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Tigurc 13,

T T

Typical 347 Stainloss-Steel Test Specimens With 0.0602-1nch
Nickel Sheet P'atch (.-’\rrow) Brazed Over 0.030-lnch Hole in
Tube. Hydrostatic Pressure Test Failure Occurred in Adjacent
0.011-Inch Tube-Yiall Material

58




+Jurisoq oanssaad e xotad Lori® pdol-Bvoo
0114 PeZWIQ 20BUJNF PUER 3agN1 B UT 90y IFIWRIP-YOUI-/(0°(Q B I3A0 paplam jods
sex yojed yowvy *S3SEIWAOTY} SNOTITBA JO [PIJII}0M WIYHS [9YOTIU oand wouxy apemw adem 59YdI3BJIx

{syeey ou) (sseat ocv
000 ST sa104o (G 591940 06 960°0 8
{syuey ou) {sRes ou)
6o%' Tl 537042 (3 §a1042 Qg 9500 L
(sxeo ou) (s¥xeay ou)
Co% ‘ST 831242 (g 831242 0f %00°0 9
{ &qed] onv (s¥eat ou)
00861 821940 06 591040 Q6 %00°0 ¢
(3reat o
atoqutd) (s3yeay ou) (s5eer ou) b
009 LT 551242 53 sa7242 oC %00°0 Y
(eqeel ou) syeay ou)
00% ¥l 8e1042 (g 537242 G 300°0 £
(s51901 ou) (s3ear ocv
009°ST §51942 LT 527042 06 200°0 g
{s3ea; ou) (s3ma1 ou)
009 ‘%1 821242 (g (.008 891240 oG | sy@s[ oN 0005 g00°0 I
1ed ga8]3£) 18d S97%4) PIOH tsd gourt oN
‘sangsarg Jo Jagmmy ‘am esaayg Jo Jaqumy MU ‘amssaxg ‘88IUHOTIL T, e1dmug
18ang 211es 804DPAY -aAng 21492 90apAyg #*q0%%d

4 VIvd 183l HOIVY dvVI ©Zvug

AL e




Ty

5

Silver-Palladium Shims

Reason for Test: Sporadic tube-to-tube gaps in throal region after

the first biaze coyclice required shiimming. A betiter heat transier
material than nickel was desired,

Test Procedure: 90Ag-10Pd braze alloy wire was flatiened te form
shim inserts. Braze tests were performed to note braze quality.
Povder filler material aronnd shims was alse evaluated,

Results: 90Ag-10Pd shims and powder brazed successfully aml were
used on assemblies 2 inches forward and aft of the throat in tube-
to-tube gaps. 9QUAp-10Pd powder was used arcund shims on inner and
ouler units No. 1, Niclel powder was used around shims on both

No. 2 unitis.

Tube Tlagming

Reason for Tesi: Tube plugging from second-cycle alloy was ex-

perienced,  An effective stop-off was needed,

Test Procedure: Thrust chamber tube ends were coated or plugged

vith various inhibitors and oxidizing media. Tube ends were en-
veloped in braze alloy paste and were brazed duplicating time and
temperature above braze solidus temperature used on production

hardvare.

Nesults:  Ca0 powder added to R-1 Binder was "hund to be effective

and was used on inner and outer units Ne. 1 and 2,

First Cycle Alloy Hemelt Tests

Neason for Test: Determine remelt temperature of 90Ag-10Pd first-

cycle braze alloy as affected hy: (1) brazing with 82Au-18Ni alloy,
and {2) an expected increase in silver composition as the alloy
flowe, resulting in a corresponding drop in melting peint.

Test Frocedure: Apply second-cycle allays over prebrazed first-

cycle alloy. Braze at increasingly higher temperatures until
remelt is noted. Determine analysis of alloy runoff on first

production assembly and rcelated remelt temperature.
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Resulls: Tests with the second-cyeie ulloy over 90Ag-10I" braze
depusits showed no remelt below 1833 F. Mclting temperatures of

alloy samples were:

Solidus Liquidus
Temperature,  Temperatuve,
Sanple ¥ 13 Percent d
New Yosg-luba Alloy 1882 1509 9.98
Run-vff Semple 1837 1857 8. 50

Alloy remelt tempersiure was deiermined to be above brazing

temperature range for the second-cycle alloy.

Drazing, Quler Wais asowwviy Unit No, 1

(U) Assembly Preparation. Assembly preparalion began with the application
of green stop-off Lo threaded holes and other surfaces on the body where
braze alloy flow was prohibited. The atiachment of braze alley wire in
machined grooves on the body followed, and braze alley sheet was spoi-welded
to the body tube contact surface. Green stop-cff was applied to the ID of
8ll itube ends. The tubes were stacked io the body in the exit end dewn
position with a base fixture helding the tubes vpright during stacking.

A total of 2700 tubes were ultimatcly used in the assembly to obtain a
tight tube-to-tube and tube-to-body fit.

\-

(U) Braze alley wire was installed in alloy grooves on both injector and
exit rings and was follewed by spot-welding 0.002-inch-thick braze alioy

sheet the brazing surface of the rings. DBoilh rings were assembied and
sceured in place. Figure 1k shows an outer wall gssewbly during first-

cycle preparation.

(1) Triangular nickel fillers were used as sealing plugs between tubes
and flat body and ring surfaces. During spot-welding of fillers to the

injector ring, two tubes were damaged by arcing; one tube had surface

BONEIDENTIAL
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meliing, the other had an arc burncd Lolo approximately 0,039 in:k wide.
t was considered impossible to replace the two discrepant t{ubes without
tearing down the completie tube stack including the spot-welded fillere.
A local repair method was sclected; it consieted of a 0.002-ipch nickel
sheet formed and spot~welded over the discrepant tubes. The patceh weuid
be brazed in place during the fivst furnace braze cycle. This process

war previously described; In-Proce

Ihe]
1]
[
=
4
&
-
)

ment Tests,

(U) Corrective action to prevent arc hurns was undertaken by alerting

all shop pers=omncl cencerned of the problem and instructing them to ground
spot~welder leads to the same part being spot-welded., Caulion notes and
special instructions were added to brazing procedwres and Asscmbly and

Operation Records.

(U) Nickel filler installelion was completed and was followed by placing
nickel powder, braze alloy paste,and nickel drip tabs in locations indicated

on the sketch in Fig. 15,

{(U) After completion of alloying, the assembly was placed vver the pressure
bag tooling. The correcct elevation for the tooling was obtained by adjusting
wedges on the bottom of the fixture. The bag rings vere adjusted to be con-
centric with the body and spaced from 0.103 to 0.133 inch between the surfoce
of the thrust chamber tubes and the surface of ihe Refrasil on the pressurec
bugs. Each pressure bag was pressurized to 00 psi in the assembly white

room to size the bag against the tubes. 1Tt was noted thet at 20 psi, the
pillow-type bags expanded enough to make initial contact with {he tubes,

whbich coincided with roem temperature data frow pressure bag tests.

(U) Thermocouples were attached 1o the assembly, tvoling,and retort in
accordance with the writtén brazing procedure to moniter the brazing cycle.
The retort base was placed on the furnace hearih which had previously been
leveled to within #0,610 inch, Figure L6 “shows the pressure bag tooling
(less the manifold lines) assembled to an outer body and positioned on the
retort base.
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062 INCH BKAZE ALLGY
Jp— WIRE (R80120-062)

// _~—00¢-00 RING
/
/ / ’,// M_BRAZE ALLOY FILLET
BRAZE ALLOY flll['—w i /
[ /o
NI POWDER nun.j e : i
L
(/& INCH INSERT LENGTH (

030 TRIANGULAR NICKEL
FILLERS INSERTED FIRST CYCiE

VIEW A
f

VIEW A

VIEw 8

062 DIA BRAZEE ALLOY
WIFE [RBIZ7G-062IFIRST CYCLE

TN

—BRAZL ALLOY FILLET
.030 INCH TRIANGULAR NICKEL .

EILLER SPOT-WELD TO R!NG-—-s\/“\ - >

-,

~==003-0C KING

030 INCH TRIANGULAR MICKEL
FILLERS, SPO1.WELL 10 BODY————et

/4 INCH 'WNSERT iENG'H“—\(\'\ ’

NI POWDER FiLLE" OF GFREEN STOP-OFF

BRATE ALLOY FILLET— VRQUND RING

RESISTANCE SPOT-wEID
MICKEL DRIP TABS

Tigure 15, lecatien of Niciiel Tiller Hetal and $8Ag-167d Braze Alloy
; Application For the First Braze Cyele. Also, Tube-to-Tube
doinis kere Alloyed Full length of ihe Assenbly., Broaze
Pesition was as Shown Above. Braze Wire was Installed in
CALD Boédy Alloey Grooves
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(U') The retort was designed to pernit o povtial vecuwn of 300 wicrons of -
percury up to 7950 To Tt was te be sealed vell enough so that vhien cvacuating
al room temperature Lo 300 microms and the puripdown was held. the tyme ve-

quired foy pressure 1o incrcase from 300 to 59U microns would pot he less

than 2 minutes, After the first -pouun eyele that et the acceptable Teah

rate vas obtained, one additicnal 300-micron cvacuation woas requirved at

voun tempergture and ene at 700 F, cach fellowed by haekfilling with argon.

Vigare 17 shows the weld-sealed retort on the furnace hearth.

it ca s

(V) Fiest Braze Cycle. Furnace braze data are listed in Table 9. Figure 1o

shovs 1he {ime-temperature curve resulting from the first braze cyele,  Time- . |
temperature data from all thermocouples on the assembly vwere cnteved on FORTRAN

daia sheets and plotted by the computer for analysis of the braze cycle,

(1) Tollowing the braze eycle, pressure bag tooling was carcfully removed

H"

from the chamber according to steps outlined in the brazing procedurc.

Figure 19 shows the pressurce bag wvhich functioned successfully during the
hraze cycle, Yosibraze exanination of the braze assembly revealed the
folloving:
1. About 95 percent of the tube-to-tube joints at the lower hall of ) ?¥
the charber were filleted with braze alloy. About 75 percent of 1
the tube-to-tube joints at the upper half were filleted., Sowme {

tube-to-tube gaps were noted that would require shiwmming: dhe

larpgest were about 0.C15 inch wide.

2. DBraze fillets at the injecior ring-to-tube joints appeared satis.

factory. Souwe small voids were noted thau could be remedied during

the second braze cyele. Exit end ring-to-tube and {lube-to-lody 3
joinuls werce only intermitiencly filleted, 3

g

3. There were light brown oxidation spoats on the tubes that coincided f

with 0.0l inch pressure bag bleed holes., A slight amount of oxida- ?i
tion could distinguish itself ithrough pressure bag holes and not !
through the main retort inletl since a small stream of was from the é
pressure bags would inpimge direetly on the tubes first hefore }
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Figure 17.

The 270 cu ft Aerospike Vacuum Retort is Shown on

the Furnace Hearth. Edges of the Detort Seal Flange,
Arrow (A), and Plumbing Lines and Ducts are Weld Sealed
Prior to the Brazing Cycle. Hearth Posts, Arrow (B),
arve Leveled to *0.010 Inch Prior to Placing the Retort
Ease on the Hearth Before Each Run

67




Temperature Differentials

Atmosphere Reguirement:

Argon, Minimum Flowrate
Hydrogen. Minimum Flowrate
Helium, Flowrate

Auxiliary Purge Line, Four

Places
Braze Alloy

Braze Temperature

A
TABIL 9
OUTER WALL FURNACE BRAZE DATA
g Outer W. 1D Assembly,
: Data N First Braze Cyele
% Time In Date G:30 AM 17 February 1967
f Time Out Date 9:20 AM 19 February 1907
; Total Time 62 hours, 5{) minutes
Assembly Levelness. in 0.180 inch from level¥
{ Assembly Levelness, out C.000 inch from level
é Iteom Temperature LEvacuation 2 minutes, 30 seconds
% 300 to 500 Micerons, time
: Braze Position Injeeior end down
Pressure Bag Preasures K0 psi ot ambient; gradual reduction
| to 100-inch water column at 1800 F

See Fig, 20

1400 CFH heating and cooling c¢ycle
1600 CFH above 1400 F
Helium not used

- . mey 4VINIT
25 1o U Crn

o

RBO17G-0062 (90Az~10Pd)

+35

2010 F 70

F, 20-minute hold

*The retort basc has movable plates which causes the initial levelness
" measurement to be more out of level thun after braziug.
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mixing with the lar
checking of the pressurc bag line system was performed, but no

specific leaks were found,
4, The lap poaich over the arc-burned tubes showed salisfaclory braze
appearanceo.,

5. Alcohol flow check of the individual tubes indicated no tube

restrictions.

(U) Seccond Cycle Preparation, Shimming of all tube-io-tube gaps over

0.003 inch wide was performed by using singie-thickness pickel shims,

Shims were fiited into gaps by tapering the ends with a hammer on a solid
block prior to imnserting them into place. Nickel shims-were used in all
tube-to-tube gaps except from 1 inch forwerd to 1 inch aft of the throat,
where 90Ag-10Pd braze alloy shims (braze alioy wire rolled flat) were used.
The Y0Ag-10Pd shims had YUAg-10Pd braze alloy powder washed in around the
shims while nickel powder was used around the nickel shims te form a complete

seal at each gap.

(U) Nickel powder paste was washed into visible ring joint voids wherever
they were found. Voids at the exit end tube-to-hody joint required con-
siderable time and effort in obtaining a nickel powder seal, especially in
the space above triangular fillers. Tigure 20 shows the described joint
sewder/Carbope
into the joint with a hypodermic syringe and No. 18 needle. A small brush
dampened in deionized water was used to wash the nickel paste into the
openings until they were sealed. A fillet of braze alloy paste cver the

preplaced nickel completed the exit end tube-to-bedy joint preparation.

(V) Gaps under the exit ring were first shimmed with solid nickel shims,
followed by adding a special wide-gap brazing filler materiail until all
void areas were filled. The wide-gap brazing material was prepared by
- combining 60 percent 82Au-18Ni, 17 percent 90Ag-10Fd, and 17 percent pure

nickel and wvas used in dry powder form,




st BB RN,

om0

Figure 20. Braze Test Specimen,

Seal is Expected

Arrow locates Space Above Triangular
Filler That Must Be Filled With Nickel Powder If a Draze
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(U) All joints partially or completely brozed during the first cycle were
realloyed witlh second-cycle alloy whether thcy appeared sealed or not to

preclude the possibility of lcaving small pinhole veids unrepaired. Tube-
to complete the alloy preparation for the second braze cycle.

(U) A special stop-off mixturc consisting of Ca0 powder mixed inio R-1
Binder was extruded into the exit end ef each tube using a hypodermic syringe

in an cffort to prevent braze plugging of tubes.

(U) Tooling rings, wedges, and clemps werv installed on the asscmbly.
Pressure bags were not required for the sccond braze cycle. Nickel foil
drip labs were attlached to the lower paris of the assembly in accordance
with the written brazing procedure to prevent excess alley from collecting
and plugging tubes. Thermocouples were attached, and the asscmbly was

positioned on the retlort base wilh ihic exit end down for brazing.

(U)_ Second Braze Cycle, DPostbraze examination revealed that:

1. Two small {ube-tic-tube joinis were umnbonded about- 1/2 inch in

length. 1In general, tube-to-tnbe joints appeared satisfactory.

“2. " The exit ring-to-tube joint appeared sealed except for an 18-inch-
long area where there appeared to have been ring movement that
disturbed the braze joint fillets, Local hand brazing would be

required to repair the jointi.

A ¢ 13 T - S _ 2 - Y
2 T Joiul was sovund.

g

(U) Braze discrepancies remaining in joints were considered repairable by
manual processes, thus completing furnace braze requirements on the above

essembly.

Brazing, Inner Wall Assembly Unit No. 1

(U) Assembly Preparation. Tube-to-body fit was evaluated after final

machining of the body contour by holding finisk formwed tubes against the
73
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body and observing the fit, Tube-to-bedy spacing vwas satisfactory except
for the last 1 inch of the exit end on the straighl scction of the body
where a 0.010-inch gap was ecvident between the body and tubes, Corrective
measures were taken by building up the discrepani area with 0.010--inch-thick

nickel plating.

(U) Assembly preparation began with the application of stop-off to thread-
¢d holes and other surfaces on the body where braze alloy flow was prohibited.
The attachment of braze alloy wire and shcet to the body was performed and
was folloved by stacking of tubes to obtain a tighi tulbe-to-tube and tube-
to--body fit. Afier replacing tubcs which were too short, bent, ecte., 3642

tubes werc ultimately counted in the assembly stack,

(U) The injector and exit end rings were prepared by atiaching alloy wire

and foil to alloy grooves and braze surfaces, respectively. The rings were

assembled 1o the tubes and secured in place, No problems were encountered

during alloy preparaticn, Installation of triangular nickel fillers and the .
application of nickel powder paste, braze allcy paste, and nickel drip tabs

vere performed as indicated on the sketch in Fig., 21,

(U) When alloying was complete, the lower pressure bug tooling vas in-
gtalled and adjusted for concentricity and elevation. The No. 2 bag was
set and pressurized aud determined as satisfactory. The upper bag tooling
was lowered vniv the assembly and bolied ite ihe lower bag assembly. The
upper bag rings were spaced concentrically with the assembly and from 0.130
to (.160 inch bYetween the surface of the Refrasil on the bags and the tubes.

(U) Pressure bag Wo. 2 was deemed a key bag in maintaining tube-~-to-body
fit and was designed to operate from a separate purge line that was inde-.
pendent of the other baps. To ensure that encugh pressure would be exerted
by No. 2 bag, its pressure requirewent was increased over the other bags
for the heating and pari of the cooling cycle. TFigure 22 shows the pres-
surizing<;equence and pressure requirements for the brazing cycle. Figure

23 shows the locatien of the bags and purge lines for the first braze‘cycle.
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002 IRCH BRAZE ALLOY
WIRE {RBOIFO 061}

013 00 MING
SRAZE ALLOY FAIED

NI POWDER FILLET
020 INCH TRIANGuULAR O
NICKEL FILLERS iNSFRTED R

1,4 INCH DISTANCE

vitw e
BYAZE ALLOY

BOXFIL28 AL

062 INCH DIA BRAZF ALLDY
WIKE {§80170.082)—=
.

174 INCH MINIMUM

- 030 INCH TRIARGULAR
NICKEL FILLERS SPQT.WEIDED

T0 800DY
BRAZE AlIOY
)Hu;r

BRAZI ALLOY fulfl-

030 INCH TRIZNGULAR NICnhEL
FILLERS SPOT WELDED TO RING

NI POWDER FILLET

<
3

00J 90 RING——

1/4 INCW wiD{ RAND Of
GREEN STOP OFF ARQUND RING

DRIP 1AB 2 INUHES LONG

abanntnd 1

RES(STANCE SPOT WELD NICKEL DRIP TABS—

Figure 21. Location of Nickel Filler Metal and 90Ag-10Pd Braze Alloy
Application for the First Braze Cycle. Also, Tube-to-Tube
Joints were Alloyed Full Length of the Assembly. DBraze

Position was as Shown Above. Braze Wire was Installed in
All Body Alloy Grooves
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: Figure 23. Location of Pressure Bags and Purge Lines for the First Braze
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PRESSURE BAG MANJFOLD SYSTEM
BAG CONNECTIONS:

BAGS NO. | AND 3 TOQ PURGE LINE NO. |
B4G N0, 2 TO PURGE LINE NJ, 2
BAGS NO, &4 AND € TO PURGE LINE %0, 3
BAGS MO, 5 AND 7 TO PURGE LINE NO. &

PRESSURE BAG ATMOSPHERE

e
ey BORFILIIAL
1

AUXTLIARY PURGE LINE,
4 PLACES, 90 DEGREES
APART

Cycle on the Inner Wall Assembly
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(U) Thermocouples were ¢ “tached to the asscubly and tooling and the part )

e kb e Yal

waa lowered onio the relori base. The pressure bag iooling was bolted to

the base wilh insulating brackets connecting ihe bolts te the retort base .
to prevent excessive thermal cipansicn of the bolts from base burnesr heat

and resultant increase of pressure bag-to-tube spacing, Counterveight

tooling and pressurc bag lines were installed and all bags were pressurized

tc delermine:

PP RUPREPIIN

1. 1If ihe bags were holding the tubes against the body

2, 1f there were any leaks in the bag system

(U) Figurc 24 shows the inner wnll assembly in brazing position on the 1
retort base,

i

1

(U) The retort, plumbing lines, and ducts were weld sealed and verified ;
by evacuating the retort as described previously for the cuter wall assembly, i
]

V(U) First Braze Cycle, Furnace braze data are listed in Table 10, Figure 25 . i {

shows the time-temperature curve resuliing from the firgt braze cycle. Time-- :
temperature dato from all assembly thermocouples were entered on FORTRAN sheets - 1
and plotted by {he comp-‘er for analysis of the bruze cycle. Helium gas was
used as the retort atmosphere during the coeling cycle on this run te take

" advantage of an increased cooling rate expected with thke low-density gas.

(U) Poswuraze examination of the braze assemblv vevealed the following: !

bl e et

}. Light brown oxidation spots vere noted on the tubes from some of
the pressure bag bleed holes, as had been noticed on the first

outer wall assembly.

2, Approximately 80 percent of the tube-fo-tube joinis appeared to

be filieted with braze alloy; most of the unfilleted joints were

- ";'...'_a'

on the exit end,

(This page is Unclassified)
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TABLY 10

INNER WALL FORNACE IHAZE DATA

Data

Tnner Wall Unit Neo 1,
First Braze Cycle

Time In/Date

Time Out/Date

Total Time

Assembly Levelness, in
Asgembly Levelness, out

Room Temperature Evacuation
300 to 500 Microns, time

Braze Position

Pressure Bag Pressure
Requirements
Temperature Differcntial

Requirements
Atmosphere Hequirement:

Argon, Minimum Flowrate
Hydrogen, Minimuz Flowrate
Helium, Flowrate

Auxiliary Purge Line, Feur
Places b
Braze Alloy

Braze Temperature

N
1

2:35 AM/23 ¥ebruary 1907

7:45 PM/26 February 1967

89 hours, 10 minutes

0.120 inch from level¥

0.075 tnch from level y i’;i'='
R

4 minutes, 190 seconds =

Injector end down

See Fig. 22

See Tig. 23

. 1409 CFH heating cycle

1609 CHI above 1400 F
54 to 1400 CFH during cooling from
sue B i

1 v

25 to 30 CIU

RBO170-CA? (90Ag-10Pd)

2010 F *0° F, sd-miwute nold

*The retort base has movable
ness neasurement to be wmore

plates which causes the initial level-

out-of-level than after brazing.
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the ring and appesred to be scaled.

%, Tube..to-ring and tube-lo-bedy joinis at the exii end were unscaled,

(U) Second-Cycle Ireparation. Shinming of tube-to-tube gaps was performed

in the same manner as for the outer wall No. 1 assembly excepi that 90Ag-10Pd

braze alloy shims were used for 2 inches forward to ¢ inchkes aft of the throat.

(U) Nickel powder paste was washed into visible voids wherever they were

fournd. The tube-to-hody joint at the exit end had a continuous nickel fillet
applied around the joint. Gaps under the exii ring were shimmed with nickel : .
shims; this was followed by addition of { :e special wide-gap brazing filler

material previously mentioned on outer wall No. 1.

(U) All joints were alloyed with second-cycle alloy paste repardless of

whether they appeared sealed or not. Tube-to-tube joints were alloyed from

the exit end ring to the injector ead ring. The Ca0 and R-1 Binder stop-off
material was inserted into the exit end of all tubes as a deterrcnt against -

braze alloy tube plugging, . :

(U) The assembly was thermocoupled and placed on the retort base exit end
down for brazing. DPressure bag tooling was mot required for the second
braze cycle. Counterweights were used on the exit ring to overcome tension

on the ring joint from the weight of the ring.

(U) Second Braze Cycle. Postbraze examination of the assembly revealed

ti.e following:

1. A bluish-gray discoloration was noted on one side of the assembly ?
adjacent to the thermocouple inlet tunnel, indicating atmospheric ,ﬂ

contaminatien.

2. All bruze joint fillets showed acceptable alloy flow and appearance

including those in the area of the discoloration. |
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(U) Discussion of Results, Examination of the retort after the braze cycle

failed to show any rupture or cracks which would cause the discoloration on
the assembly, It is known that a small amount of air enters the retort
through the thermocouple inlet—funnel, but this had not been a problem im
the past. During the brazing cycle, the flow of argon and helium atmosphere
into the retorl was reduced to a minimum of 350 cu ft/hr for about one-half
the run time to reduce overall gas usage during the cycle, The reduced flow
was believed responsible for sllowing minimal leakage from the thermocouple
tunnel to contaminate the side wall of the assembly. Incrcased atmosphere
flowrates prior to and subsequent to the present cycle have not shown a

poor atuosphere condition.

(U) A 5-psi helium leak check disclosed some small pinhole-type leaks that

could be repaired locally, thus completing furnace brazing on this unit.

Brazing, Outer Wall Unit }o, 2

(U) Assembly Preparation. Assembly description for the most part will be

of those things that differed from outer wall unit No. 1. An additional
alloy greove was added o the body i/4 inch in from the exit end tube con-
tact surface, After installing wire in the body alloy grooves, the grooves
were filled with braze alloy paste to provide additional a&lley to the tube
and body joints, Stacking of tubes was performed to form a tight stack and

good body contact with 3640 tubes ultimately assemnled to the body.

(U) The assembly of end rings, triangular nickel fillers, and nickel

powvder and alloy was performed as in unit No. 1. Only one problem was en-
countered during assembly. Straps holding down the injector ring were some-
how loosened after alloying was nearly complete, and the ring was raised
about 0.100 inch above the tubes in one lecation. Considerable effort was

spent in repositioning the ring (and nickel fillers) before it was acceptable.

(U) After alloying was complete the pressure bag tooling was installed in

pesition, The bags were functionally tested and considered satisfactory.
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Thermoconpling and furnace installation followed and {the retort top was set
over the part and weld sealed to the base. Before the run started, the bags
were pressurized at 40 psi. All functioned except the No. 2 bag which didn't
show any pressure from the return line., 'The system outside the retort was
rechecked and nething was found to be vwreng, so the retort was cuil open and
the top removed for examination. It was discovered that the line leading to
the No. 2 bag was pinched by the retort top when it was lowered onto the
base. The problem was corrected and the furnace cycle was started and

completed without further incident,

(U) First Braze Cycle. Postbraze cxamination of the assembly revealed
that:

1. Tube-to-tube joints were satisfactory. Some gaps were noted aft
of thke throat. Two gaps were measured at 0,010 inch wide and
were the largest seen in the assembly. About 10 percent cf the
joints were unbonded aft of the throat. Less thau 1 percent

were unhonded forvard of the throat,
2. Appearance of the chamber showed good atmosphere.
3. Presaure bag function appeared to be satisfactory.
4, Injector end ring and body fillets were sound.

5. Exit end ring and body fillets were incomplete.

(U) Second Cycle Preparation. All gaps were shimmed with pure nickel and

90Ag-10Yd braze alloy shims as performed on outer wall No. 1 except that
nickel powder was used around 90Ag-10Pd alloy shims instead of 90Ag-10Pd
powder. The wide gap brazing material was used where possible under the

exit ring. Nickel powder paste was used at exit ring aud body fillets and
wherever visible voids were found. All braze joints were ailoyed with second-
cycle ailoy paste even through most of them appeared to be sealed after the
first cycle. The Ca0 and R-1 Binder stop-off material were inserted into

the exit end of all tubes, and the chamber was ready for brazing in the

exit end down position,
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(U) Second Braze Cycle. Tostibraze examination of the essembly revealed

cxcelleut-appearing braze joinis, and no voids were visible,

Brazing, Tnner Waull Unit No. 2

(U) Assembly Preparation. A 0.010-inch discrepancy existed on the exit

end of the body (as occurred on unit No. 1) and had to be built up with
nickel plating.

(U) Braze wire and alloy paste were applied to all bedy alloy gronves be-
fore braze foil was attached. A toial of 3637 tubes were counted in the

assembly after stacking was complete.

(U) Injector and exit end rings were inatalled and triangular nickel fillers,
nickel powder, aand brazec alloy paste were applied to the assembly as indicated

for unit No. 1.

(U) lower and upper pressure bag tooling was installed and pesitioned.
There was one small bag leak, but it was considered too small to affect
pressure bag operation. Thermoccuple and furnace installation was per-

formed as for inner wall unit No. 1.

{U) First Braze Cycle. VPostbraze examination of the braze assembly revealed
that:

1. There were fewer tube-to-tube gaps than on the previous inner wall

unit,

2. Injector end ring and body joints appeared to be satisfactory.
Exit end joints lacked complete fillets.

3. Overall brazing etmosphere appeared to be good except for the

usual brown spots coinciding with pressure bag bleed holes.
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(U) Sccond-Cyele Preparation, Shimming of tube-to-tube gaps was performed

in the same manner as for inoner watl unit No. 1 excepi ihait mickel powder
was used around 90\g-10rd shims instead of GUAR-10¥1d alley powder. HNickel
povder was washed into visible voids ai ri.g nnd body joints. The wide-gap
brazing matlerial was inserted where possible under the exit ring. Braze
alloy paste was applied to 2ll joints regardicss of their previcus Lraze
bond appearance. Tube slop-off materinl vwas inserted inf{o all exit cnd

tubes, and the unit was ready for breswing.

(V) Sccond Braze Cycie. Examinaticn of the assembly revealed several

tube-to-tube veids that would be hand braze vepaired., Genecral overall
braze quality showedan acceptable brazc vperation. Figures 26 and 27

show the assembly on the furnace braze {ollowing the second braze cycle,

Tubular Combustor Repairs

(U} Because of the complexity and fragility of the tubes on the thrust
chamber assemblies, a small amount of damage occurred during processing.
With the magnitude of sealing required’ between tube-to-tube joints and
tabe-to-manifeld joints, a certain amount of manual repairing was required
afler ibe furnace brazing operation. Also, a speradic problew of the small-
diameter tubing being restricted by braze alloy was encountered. Most of
the repairs were highly =specialized, requiring unique techniques and highly
skilled personnel. The repairs required and performed are listed briefly

in the fyvllowing paragraphs.

(U) Cuter Combusior No. 1.

(U) Tubz Crown Niepairs. Two tube crown pim holes 3/4 inch down-
stream from the throat were inadvertently made by arcing with an eleclro-
plating stylus. Repair was made using @ plasma-arc torch with 90Ag-102d

braze alloy. TFiguré 28 shows & typical plasma-are repair on a tube crown.
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: (") Tube-To-Tube Repairs. Stylus electroplating was utilized on

19 lcaks, epplying a nickel flash first and followed by silver plating
and burpishing. Figure 29 shows typical plating repair areas on a

conhustor,

(V) Tubo-To-Exit Ring. An 8-inch-long leaking

%

area on the hot gas

wall side of the ring was sealed by torch brazing wiih 50Au-254g-22Cu--3%r

alloy.

{U) Ioner Combastor No. 1.

(V) Tube-To-Tube Repairs. Approximately 150 leaks were repaired by

stylus silver plating the narrow leaks (approximately 0.007 or less) and
torch bhrazing thonse that were wider using 82Au-18Ni in the throat ares aund

50Au-25Ag-22Cu~37n in the remainder of the contour.

. ' (U) Tube Crown Hole Near Throat. A small hole made by arcing with

- the platiug stylus was sealed by TIG brazing with 82iu~18Ni.

(U) Outer Combnstor No. 2,

(U) Tube-To-Tube Repairs. Approximately 12 leaks on the hot-gas wall

were stylus silver plated. Tube-to-iube leaks wnder the ex*t ring ai the
~axtreme endé of the tubes occurred intermittently throughout the circuvmicrence
ot the combuster and were repaired by TIG brazing with 50Au-25Ag-22C0-34n

riloy.

(V) Taner Combustor No. 2.

(V) Tube-To-Tube Repairs, Three leaks under the exit ring at the

. extrems end 5% the tubes were TIG braze repaired with HAn-254g-22Cw-3un

alloy. There were no leaks on the het.gas wall contour,

.
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Figure 28, Silver-Palladium Brazed Tube Crown Pepair
on Type 3417 Stainless-Steel Tube (50X)

Figure 29, Repair of Tube-to-Tube Leakage by Stylus
Plating With Silver
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Nondesiructive Testing of Tube-to-Body Braze Joints

%"’u‘ e

(U) An investigstion to evaluate and detiermine whether thermochromistic
pigments could be utilized as a thermographic nondestructive test technique
for tube-to~baclup structurc braze bond integrily wis performed. The pro-
cedure utilizes & product called "Detecto-Temp,” a temperature-indicating

paint

(U) The principal approach used was to spray the pigment on the tube crowns,
then 1o apply static heating with quariz radiant heat lamps for a specified

iime. When the radiant heat was introduced upon the {ube crowns, the thermal
tranafer characteristics were observed the the thermochromistiic pigment color

chonge.

(U) The initial investigations were performed on various pieces of test
samples which duplicatedé actua! chamber configurations. These samples
consisted of smelli-dimmeter type 347 stainless-steel tubes with nominal

wall thicknesses betweea ¢.008 and 0.0i1 inch brazed {0 & massive stainless-
steel baclkup structure. Figure 30 illustrates the results achieved in the
detection of brawe disbonds after the application of the pigment and test-
ing with thke radiant heat lamps, Based upon the results of metallurgical

examinatinns of the void areas to determine the validity of the findings

"by thermegraphic technique, & detailed procedure was written for inspection

purposes.

{U) S8ince the procedure has been in use for inspection, all components
test2d vere found to be acceptable in that no disbond areas exceeded the

dimensisnal limitations specified on the drawings.

(U) An example of the test results can be seen in Fig. 31 which shows

the changes that occur when testing an actual piece of hardware,
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Figure 30, Thermographic Test RNesults on Laborator
Sample
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250K SOLID-WALL CHAMBER, COPPER THHUAT WELD OVERLAY

(V) 1t was initially determined that the thrcat of the solid-wall ianer
.and ocuter bodies would necessarily have to possess better heat transfer

charucieristics than the 30LL stainless-stecl body material,
was devired and a survey, backed with preliminary expevimenial data, was
conducted relative to throat sttaclmwent wethode. In chronelogical =e¢

the evenls leadiug to the successful completion of the solid wall bodies
are prescnted.

(U) A prcliminary test program showed a rcusonable practicality in arc
welding a deposit of OFHC (or deoxidized) copper over a prior depesil of
Nickel €1 (te¢ prevent the common CRES/copper cracking). Work continued
on this cencept using larger samples and decxidized copper (aguiu, and
alvays, over Nickel 61). It wus delermined that deoxidized copper would
net meet the desired conductivity, 30 percent International Anncaled
Copper Standard (TACS) being the value obtained. Tecsts with OFHC copper

showed 8D percent IACS which was considered acceptable.

- (U) The inner body was the first unit to be welded using the following

praciice:

A Apply Nickel 61 tu the 304L using the gas metel arc welding
process (GMAW).

~&. Apply 70 percent copper-30 percent nickel (70€u-30Ni) to the
Ni 61 deposit using GMAW.

3. Apply several layers of OFHC copper to the 70Cu-30Ni deposit
using GMAW; then finish the QFRC dep e

FRC deposit using tlie gas tungstien

arc welding process (GTAW).

(U) 7The underlying deposits were such that defect propagation could not

be stopped in the upper deposits, and the inner body throat deposit was
declarzad unacceptable.

BONEIDENTIAL
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(U} The outer body wus welded in accordance with improved techniques.

Although this total deposit contzined some known quantitics of lack-of-

fueion end porosity, it was a significant improvement over the prior

effort. The outler body was accepted and finish machined.

. . . . . . .
(U) Another considcration affected the difference beiween the iwu depomits.

2!

The iuner body was an 0D overlay, the outer body was an ID overlay. Thus,

TR T A

shrinkage stresses (tension) in the former would tend te propagate prior

:1 flaws and/or generate new flaws in areas weakened by contaminants. Thke

E opposite would be true of the outer body.

? .

E (U) On the inner body, all but the lower portion of the original deposit
E to sound metal was removed and rebuilt to contour using the GTA process

; and Nickel 61 filler (approximately 15 percent IACS conductivity). This

' was performed successfully, Each pass was mechgnically hammer peened to
i prevent excessive shrinkage, the part being seriously distorted already.
Postweld analyses showed the part to be usable. It was finish machined

|
L and accepted,




FABRICATION OF 250K INJECTOLS

INJECTOR STRIPS, DEDURRING BAFFLES

RESTSp———
.
i
!
'
;
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(U) To furnish design flowrates, the drilled orifices in the injector

strips reguired deburving after drilling. An electrolytic deburring

- process was develeped and used to replace hand deburring. Experience

obtained with the process during the program shows that beth labor cost

and rejection rates werc greatly reduced over that for the hend deburring

method ond that processed injector strips met all engineering requirements.

Electroformed Injector Baffles

’ (U) A program was attempted to fabricale the 250K injector bhaffles by
electroforming copper on a stainless-steel core. Six vaffles were pro-

duced and run through braze cycles simulating the injector assembly

brazing process. The baflles blistered during the braze cycles and failed

in pressure testing. The program was discontinued.
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Baffle Brazing

(U) The componeni puris of the baffle assembly to be brazed werc the
stoinless-stecl liners in the hot-gas pussage and a copper closure plug

an the wanifold at the baffle tip. The stainless-steel liners in the
hot-gas passage are shown in Fig. 32 . To achieve braze joint relisbility
corsistent with the desipgn, it was necessary to braze and pressure tecst
the baffle units prier to assembly on the injector. The echeduled brazing
temperature for the injector was 1900 F, which weant the baffle asscmbly
braze joinis had to go through the temperature without loss of joint

integrity.

(U) The braze alloy selected for the baffle assembly was 62Cu-35Au-3Ni
with a braze temperature of 1920 F muximuw. The diffusion rate of this
braze alloy ivio the baffle materials was sufficient to increase the remelec

temperature 2t a safe level for precessing through a second braze cycle ut

1900 ¥ as a part ui the injector asseuwbly,
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A. lMot-gas Passage at base of baffle showiiig stoinless
: steel liner b
B. Hot-gus pussage at side of baffle showing stainless
steel liner
C. Fuel cooling channels
Figure 32. Completed and Sectioned Baffle Assemblies
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(U) Ten baffle asscmblies were brazed during e single furnace cycle. A
braze fixture was produced that would accept the 10 units aud introduce &
purge gas ihrough the cooling hannels on each buffle. The purge gas vas

used to dispel all air that could be trapped in the passage. Figure 33

describes the baffle position and purge gas systew on the furnace tooling.

FUEL-COOLING CHANNEL

HOT-GAS PASSAGE
/A

"\

P N
A

|
=
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77
7
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e
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BRAZE FIXTURE

Figure 33, Section Through Broze Fixture and Two Baffles
Showing Gas Purge System (Arrows Indicate
Direction of Gas Flow)
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} - BRAZING OF IKJECTORS

ilv

Assembly and Braziug Process

5

{U) The joint gap tolevances (maximum of ©.09% inch) necded on all the

[

vertical braze joints between the body and the strips and baffles re-

PR

gnired cluse control of the machine operations and inspection methods.

The mwachiued sreas in the body to receive ithe strips and baffles were
broached to achicve repeated close dimensions. An EDM operation followed
the breaching to produce a passage from the sivips to the oxidizer and fucel
manifolds. Figure 34  shows an injector segmenti with the breacning opera-
tion complete prior to the LD operation. Figure 35 shows an injector
segment with the broaching and EDM operation complete. The EDM gperation
deformed the bLody lands oul of o verticai planc. The lands were straighi-

ened and the original dimensions reinstated by the use of a siving tocl. !

(U) Laboratory tests were conducted prior to assembly and brazing the

. injectors. These tesis were conducted to establesh a method of retaiming
the strips in position during the braze cycle and the amount and foxwm of :
braze alloy to be used tor each joint. Figure 3% illustrales ihe first )
type of braze sample usecd. The bedy segueal was first used as a test piece -é
¢ establish dimensional integrity from the broaching operavion. The ;
brouched strip and baffle sockets are showr i1 this illustiration., VFigere

35 illustrates a body segment, used for brazing tests, with both the

broaching and YDM eperatious completed.

(U) The brazing tests conducted in the labor..ory confirmed that the ' e

foliowing requirements p.oocuced consistent braze joinlws:

1. The strips and baf{les staked in pesition using 1wo sities on

each land ¢  tioned 1/5 jnch frow each »nd (Fig. 34) '

£. Breze alloy shect 0.002 inch thick piuced in the horizontal

Joint surfaces of the strips and baffles ' ) N

o
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z A - Sirips
’ B~ Sirip Seat
C ~ Baftle Scat
'
&
_ Figure 34. Broached Strip and Baffle Seat epn Injector Segment .
A - Passage from
strip scat
B - Pasgage from
bafile scat
g
B
¥ Figure 35. Passagce Yrem Sirip and Baffle Seat to
: Manifold by ths EDM Method
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3. Brazc alloy sheet 0.001 end 0.002 inch thick placed in the
vertical joiuts between the lLody lands and sirips; the twe
thickness of alloy shcet were necessary te center the sirip
in the body sockeot

4. Brazc alloy wire placed on top of each body land and at the

ends of the strips

(V) Asscubly of the cowponent parts pricr to furnace bhrazing was
conducted in the white room., KEach strip was dimensionally checked prior
to assembly, using & precision gage. As the sirips were placed in the
mating &rea of {ic injecter bedy, 0.001 and/or 0.002 inch braze alloy
sheet was placed in the vertical joirnts as neceded to equalize the gap
widths. The sirips were scated firmly and staked in position. Figure
36 shows the preplacced braze alloy rectengular wire and alloy pastic used
on top of the heody lands between stripes and baffles. Figure 37 shows
the nickel troughs used to hold preplaccd braze ailoy a. the ends of the
strips and baffles and the arca of preplaced rectangular braze alloy wire
in the sirip grooves., The braze alloy used was (62Cu-35Au-3Ni) with a
solidus temperature of 1832 ¥ and a liquidus temprrature of 1880 F.

Total quantily of braze alloy used averaged 61 iroy ounces,

(1) The furnace braze cperation was conducted in the same furnace as the
thrust chambers. Fificen thermocouples were used on each injector assembly.
The thermocouples were located at 120 degree intervals around the injector
diameter and at thick and thin sections to maintain predetermined tem-
perature gradients to minimize thermal stresses in the body section ihat

e i
P e . .
initiate dimensignal d

-

=ty

PO | mr
cond raciures. 1hegrwo-—

couples were &lso adjacent to the braze joint to contirm the temperature

vange in this arca for required braze alloy flow.

(U) Figure 33 shows an injecior assembly with some of the thermocouples
atteched. Figure 39 shows the injector retort on the furnace hicarth

with the purge gas lines, therwocouple duct, and vacuum duci attached.
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A - Preplaced braze
alloy rectangular
wire

B - Preplaced braze
alloy paste be-
tween strips

{; — Preplaced braze
alloy paste at
baffle

Ty | IR ORI AN KON LI ¢

P Sl

Figure 36, Braze Allcy Plucewent Between Hirips
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() The injector assembly was supported on the retort base by two
dvep I-beam section rings sufficient to suppert and maintain the in-

Jjeelor acsembly in a level flat plane during the heat cycle.

(U) The average furnace braze heal cycle was extended through 38 hours
from the first vacuum evacualion cof the rctori of 300-microns lg until
the part temperature cooled to 300 F. An average vacuum pressure ef 195
to 050 wicrons lg was wainteined in ihe retort from ambient temperature
until the part reached 300 F. The retort was e¢vacuated when the part
temperature had cooled below 300 F. This action was taken to gain in-
formation on the megnitude of leak that mighi Le initiated in the retort
as a rcsult of the heat cycle. ‘'[weniy-eight inches of Hg was the lowest
pressure level in the retori that could be achieved. This indicated some

leeks had boen developed in the retort.

{U) Avgon und hydrogen gas were used to purge the oxidizer manifold, fuel
manifold, und the retort above a part temperature of 300 F. Argon gan

was used below 1400 F on fhc heating and cooling cycle with hydrogen used
from 1400 F through the braze temperature of 1990 to 1920 F and cooling

to 1400 F. The average volume of purge gases used was 35,00 cu ft hy-

drogen and 90,G0C cu fi argon.

Injector Pressure Testing Method

(U) A method was develeped to seal the propellant orifices so that the

braze joints cf the injector strips could be leak tested at pressures up

o 609 psi. A styreme mineral wax Llend material (Plasti-wax 8969) with

o 590V omelting point was proved satisfaciory for sealing the propellant

orifices in injectors wnen applied to clean injector surfaces preheated

" \dp a winimum of 295 ¥, After leak {esling the fuel and oxidizer sides of the

injectors, the resin-vax material was dissolved by repeated flushings

witiz hot irichlovoethylene.
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FABRICATION 0i° 2,5K SEGMENTS

(C) NICKEL 200 TUBE-WALL FABRICATION

(€) Nickel 200 Tube Processing

{C) liaw Moterinl. Haw tubing to be used in the fabrication of the Nickel
200 tudbes for thc 2.5K scgment was purchaeed. The small 0,156-inch 0D hy
0.010-inch wall, seamless tubes, were procurred. Routine metaliurgicel
examination performed during the receiving inspection of the material

showed that it met all specificaiion requirements.

{c) Tapering. It is a well kpnown fact that Nickel 200 has a high affin-
ity for sulfur when exposed to elevated temperatures while in the pre-
sence of compounds and materials containing the element. The resultant
intergranular attack renders the material unfit for use in thrust chanm-
ber tube applications. Therefore, prior to the beginning of tapering,
all materials which were scheduled to be used in the tapering, preforming,
final forming, and packaging of the tubes were screened for compatibility
with Nickel 200, Such materials as tapering lubricant, oil used to fill
the tabes during final forming, marking materials, EDM dialective oil,
snd packaging materials were checked. The test consisted of heating
Nickel 200 tube specimens to 1300 F %25 F for 10 minutes in air, while

in contact with the materials being checked for compatibility, Metallo-
graphic examination was then performed on the tube specimens to determi;e
the presence of intergranular attack. Only materiale that passed the

test were gllowed to be usad.

{C) Prior to beginning the production tapering of the Nickel 200 tubes,

a pilot run was made to establish optimum tapering parsmeters. Results
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of these tests (Table 11) determined by wetallurgical evaluatior showed

that the tubes could be tapered in once pass. The productlion tapering was

-acromplishcd withovt incident. The excellent tlaperability of Nickel 200

allowed for tlie manufacture of two stiraight tapered tubes from onc blank.
Tapering porameter measuring devices installed on the machine afforded

excellent reproducibility.

(u) Metallurgical evalunticns were conducted on tapered tubes subsequent
to anmnealing. Hesults arc shown in Table 11. It should be noted that

the tupered tubes prodvced werce of excellent quality,

{C) Outside diameter surface laps were fowid on & nuwbexr of the tapered
tubes evaluated. This discrepancy is one which is quite commonly found
on tapered tubes with the working characterisiics of Nickel 200. 1In no

case did the laps exceed 0.001 inch.

(U) Preanneal cleaning of the tapered tubes was accomplished by vaper-
degreasing including flushing of the tube ID with hot trichle sethelene
followed by ultrasonic cleaning. The lalter clcaning operation was per~
formed with the tubes immersed in a Freon TF bath and clcaned at a fre-
quency of 20 1o 25 Ke for 5 minutes at room temperature. The tubes were
then rinsed in hot {120 F) deionized water with the ID of tlhe tubes being

flushed during this operation.

(U) Annealing was carried out at 1500 F 25 F in o continusus tuhe

annealing furnace in o dry hydrogen atmosphere.

{U) Preforming and Final Forming. Prefcrming of the anncaled straight

tapered tubes was accomplished without difficulty. The final forming of
the tubes was accomplished in a contour cavity book die. Because no in-
ternal pressure was used to assist in forming the tube io final configura-
tion, amnealing of the preformed tubes was required. Cleaning of the

preformed tubes was done in ithe same manner as the straight tapered tubes.
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(U) Annealing was carried out atl an ouiside heat treating facilily using

a batch-type furnace and a d-y hydrogen atmosphiere. The iubes were snnealed

in the horizontal position at 1500 F 125 for 5 minutes.

(U) After book die forming, a randem mawple of finish formed tubes were

metallurgically evaluated. Some concavity in the straight side walls of

"3

BELE Paaert7 il T

the 1ubes in the untapered portivns @t the cowbustion zone and exit crd

s

-

of the tubes was noted. This condition is one which cceurs quite frequently
in book die forming and it can be alleviated by applying sufficient internal
pressure to allow for l- to O-pexrcent plastic deformation during forming.

To accomplish this, the die cavily alse must be changed to allow for the
strain, and the tapered tubes designcd se that final cenfiguration will

meet engineering drawing requirements for stacking height. However, the
concavity would not interfere with design parometers or the brazing opera-

tion, and the tubes werc uwsed without rework.

{(U) Figure 40 shows the location of the metallographic speeimens removed
from the finish formed tubes, and Table 12 showa the resalts of the
evaluationa performed. VFigure 41 depicts the conditiens obscrved. No
eviderce of intergranular attack was found during any of the metallurgical

evaluations performed.

(C}) Subseguent {o the book die forming operations, the fimish formed
tubes were fluorescent penectrant inspected using a penetrant solution,
ewulsifier, and developer that were compatible with Nickel 200. Fipal
cleaning of the tubes preparatory for shipment to the white room for

assembly of the segment was done in the same manner as cleaning prior

to annealing.

Assembly and Brazing Fabrication

(U) Assembiy and brozing of the nickel tubular thrast chamber segment was
-

accomplished using 50Au-50Cu material at a brazce temperature of 1800 ¥ ié),

Figure i}lustrates the assembly, with one copper side plate removed

prior te welding the throat support beeams in place.
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{(Fig. 40;. Specimen ciehsd witl 50-30 © Note voncavity in side walls and

niivio seanait . U et pas thickening on the crovn R0 degrees
Crevin. LA » Yrou bei—ess crown (B). Specimen

erched with 70-39 )0 Loje-acetic
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Photouicrograph shoving conditions observed on bei-gas erown of vro3s seciien 4.

Arvow peints So fap on 00 of tuhe on hot-gan crown,

Richel 200, ©.9% Segment Tubes
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Figgure 42,0 2.5K Nickel Tubular Thrust Chamber Segoent Varing s erbiy,

Ttems noted. (&) refrasil covered throar piug, amd (B} 500-
50Cu braze aliny foil
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() The osacubly wag rendiovea o1 e lrak tocatienn and ol ather brove

Joints with the 508p-S0vy § ler material and o accomd vurnnoe Lraze
+19
-1l
gecomd furnace brase eyele revealed chat all tube-to-nanifold feaks had

cvele wos poriormed at 1790 F . The helium lesk check folloving fhe

: heoy while {he chumber fvaked gewevally in the theeatl area.  The

YT NI
Saiin,

remaining tube-to-tube lesks in the combusgiion zens were sealed by astylus
8ilver pleviog. Water flow tesling of ecach nickel contours (ube revealed
ithal nuae were plugged with hraze alloy or otler foreigu material. Tigure

i 43 illustrates the nickel sepment after braze tobvication,

i (¢) Subsequent to hraze fabricstion, a tube discrenancy on the 2.3k

pickel-tuned segment wus investigated.  The no.en diserenaney was caasced

i Ly the aceidentel application ef a mani-grinder. which locally rewmuvied
b

: three tube crowns to varying depths.  Repair was accomplished by siviug
i

gilver plating followed by soldering (sm60 solder, GOSn-UPh) a nickel
gaddle patch over the plating for repoir for reinforcement pucjposes,

Figure %% jllusirates the tube discrepancy rvepair on the uichel regmoent.

- Atfer accomplishing 1he repair of 1he tube discrepuncy, hrage alloy dotis

n N . g0

= were appiied {9 ID tuke crowns to funstien as temperature indicators

z :

iy « . . . RN Y LA

E':f during hot firing of the thrust chamaber scgment (Vig. 45 ). ot
e

22

O O Y A RN

It
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Figwre 45, 205K Nichel Tubular Thrust Chanber Sepmenc Betore Addition !
of Bachup Stractuwres Ttems noted:  (A) noszele end manitoje
assembly welded 1o after braze Fabiication, and {B) injector
cud manitold assembly welded 1o after braze fabrication
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Electron Beam Weldipg of Manifold Closures

(C) Beth the nickel and copper Lube segnents incorporated a thrust chamber
munifold closure. The opening, secaled by the manifeld clusure, provided
access for biase ulloy placementi. The type 347 stuiuless sinel <loswe
was rectangular, approximately 1 inch wide by 3 iuches loug, with a 12—

J

inch-deep joint.

(U) The c¢losures werc electron besm welded in place after esscatially all
brazing was complete. The high-voltage equipment was employced in view of
"line-of-sight" alignment which was required because of ithe recessed con-
figuration of the closure joiat. Because ithe four-sided plug dictated that
four straight-line weclds be mude, "mesks™ were used for weld start and stop
points. "Masks" are blocks of cie sam mctal os the part and serve to
"1if{" the beam from the joiwt al predetermined locations. The welding

of all closures was successful.,

Bending of Backup Structure to Tubes

{C) Procedures were develuped fer the noastructural bonding of the backup
gtructure to the Nickel 200 and OFHC copper tube bundles of 2.5K segments.
The moterials used included giass mat, a standard epoxy resin, aud a room

temperature curing amine catalyst.

121
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(U} After musking of approximate boly holes, flow passages, ete., a {iber-
rlass mat was cut to proper size using a card board template shaped to
dimensions of the contoured backup. Proper mat thickness was developed
during dry fitup operations. A irial assembly was made {o determine the
guantity of resin required per side. The plass mat, as determined above,
was placed against the tube bundle and impregnated using a measuvrod quon-
tity of urcatalyzed epoxy (ELpon 828) resin. The backup structure was posi-

et v d e S S T TR | -~ YY1
{o the tube bundle ond o gquantity of resin rveguived to f111 wll

[l

lone

[4

gaps belween the hacknp and thrust chumber assembly was Jdelermined,  After
determining the quantity of mauterial to be used, uscatalyzed resin and mat
were removed from all surfaces using methyl ethyl ketoneo All surfaces

were dried with gaseous pitroger and o lini~free eloth.

(U) After determining the required quantities fer the final asscmbly, the
mit was positioned on the tube contows. The required guantity of resin,
as previously determined, was catalyzed using 8 perceont by weipght tetra-
ethyl triamine. The glass mat was thern impregnated with catalyzed resin
An additional 25 grams of excess resin were added % ensure on overfill.
Contoured backup plates were asscmbied to the wube bandle with proper
attachments. Ixcess resin wos removed and the siructure was cured lor a
minimum ef 12 hours at 8 wioimum vemperature oF 08 F before putting any

appreciable stress on the adhesive joind.

(U) All mosking tape and other devices used vo prevent the resin from
getiing into surrcunding arcas was vemoved affer cwe of adhesive. Final
machining operarions required after adhesive bonding were nct to be fol-
lowed by vapor degreasing. Only flushivg or wiping with cold selveut werc

appruved as posibonding c¢leaning methods.
(C) Extensive tube damage wus experienced on the nickel-iube seg-

ment during hot-firiug tests. Unigue repair methods wore applied success-

fully to thiws segment whiclhi was subsequently hot fired without incident.

l22
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OFHC COPPER TUBL-WALL FAB“ICATION

GFUC Copper Tube Procvessing

(V) Raw Matcrial. Small diometer, thin wall, seamless OFiiC copper tubing
(0.169—~inch 0D by 0.020-inch wall) procured to the requicements  of ASTM
B75 Type OF was used in the fabrication of the tubes. In addition te the
reguirements specified in the ASTM specification, an additicnal test to
check for the presence of oxygen in the material was conducted on a sample
quantity of raw tubing. This feat consisted of heating the tube material
in a dry hydrogen atmosplicre to 1823 F £23 F and holding at temperature
fer & hoeurs. upon completion of this tkermal treatment, longitudinal and
cross seclion melallographic samples were prepared and the microstrue ture
checked for gas=ing aud open arain boundaries which are indicative of
hydrogen embrittlewent causcd Ly excessive amounts of oxyvgen in the raw

maicrial.

(U} ALl raw tubing subjected to this tesi passed. Metallurgical evaluatiion
of specimens of tubing during routine receiving inspeection failed o dis-

close any injuriong defeets. The raw tubing was purchased from a vendor.

(U) Tapering. UTrior to tapering, the raw material was anncaled at
723 F *10 F in a 4ry nitrogen atmosphere utilizing Rocketdyne's continuous

tube anncaling furnace.

(U) The tapering of the tubes was carried out entirely with Rocketdyne's
manufacturing facility utilizing equipment developed by Rocketdyne specifi-

rall. far ¢
calliy Ior

+ +a-1
J v

(U) Prior to begimming production runs, development tests were conducted
which determined the optimum tapering parameters to be used on production
tubes. Metallurgical evaluations were conducted on all sample tubes to

determine wall thickness and defect level.
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{(U) The tapered tubes weee produced in one taperiug pass.  "lo-process"
metallurgicul evaluations were perfovmed on randem samplez alter tapering
und again after apncaiigr. Tabvle 13 shows resuits ol these evaloaations

.
along with those conducted during taperving parsme ter developaent,

() Preanne:l cleaning operaiions were perfomimed on raw tubing prior to
pretaper annecgl and subscquent te tapering niilizing ultrssoniv cleaning
technigques.  The tubes were immersed in a bath of Yreen TF and ejeancd

339 4

al o frequency of 20 teo 25 kiloeycles for 5 minutes al yoom temperiture.

(V) rreforming and Final Forming. Subsequent te the final anncaling of

the straight tapered tubes, preforming was accomplished. Finel forvmiug
waga accowmplished in a contoured cavity beok dic. Yecausc no interpal
pregsure was exeried on the tahe to assisi in forming to final configura-
tion, il was found necessary to snneal the preformed tubes. This ann al
wiag accomplished atl an outside supplier utilizing & batch-iype furnace.
The tubes were annealed in the horizonwal pesition in dry hydrogen atmos-
phere at 925 ¥ 2235 F for 5 minutes. Preanneal cleaning was accouplished

using the ultrasonic cleaning technigue previounsly Jdescribed.

(U} Aftcer book die forming, a random sample of finish formed ifubes were
subjected to metallurgicul evaluation. During ihis evaluation, it wus re-—-
veanled that a number of tubes had a flat spot on the hot-gas crown at the
throat region. This flat spot was a resultl of die mismateh which was cor-
rected early in the forming operation; however, a number of 1ubes were
rejected because of the condition. Figure 46 shows the locatian of metal-
lographic specimens removed from the finish formed tubes. Figure 47 shows
ithe rozolis of evalneations conducted on {inish formed tubes and depicts
conditions obscrved. In addition to the routine metallographic examination
cenducted ¢n sumpie tubes alie: lapering, tupering ﬁnd‘annua]ing, and finnl
foraing, the thermal ireptment test described previously was alezoe conducted
on a sccbtinn of each tube submitted for metallurgical evaluation. This
test was accomplished to increase ihe mesurance that ali tube material

was OFHC copper. None of the tubes tested in this manner showed any evi-

dence of hydrogen cembrittlement.
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Photomicvagraph of ¢zogs acctlion
conliguraticn ot cross zention B
N .
(Fig. 46 )
- hot-gas crown, specimen etched
with Anaconda reapent
Mag: 25N

b. Thotomacrograph ol cross acction con-—
fiwuration at cross section D (Vig. ho).
Note concavity in side walls and
. thickening of wall 1%20 degrees from
hot—was crown (1), Specimen etehed
with Anaconda reagent. Mag. 23N

¢. Thotomicrograph of hol-gas crown at cross scction B showing 0D surface
laps arrowsg. Speceimen etched with Anaconda reagent. Map: 150X

. Figure 47. Typicai Conditions Observed on Boek Die Formed OFHC Copper
Tubes for 2.5K Segment
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(U) Alter final formang . all {ubes were subjecied to fluvrescoent pene-

stk VB ot i S B i

F L B TR T R T B S 2T A N T e S MO L G R R T

trant ingpection (21~2) Lefor being cleaned and shipped to the agsembly . i
. . “
white rowm for stacking. :
3
k.
3
. s . 3
Agsemhly and Brose labricaiien :
3
4
. ] L4
()} Assembly and Lrazing of the copper tubular segment wayg secvplished i {
£ d
in accurdance with procedures utilized on the nicliel segmenis, UBeecaase ;
3
the copper tubes were alee trimecd too short, the same corrective action H
wag performed on the copper scepment as waz performed on the nickel seg- %
ment brazed., After the first furnace braze cyele, a 10 p:=i helium icak i

chech vovenled that the segment was not leak tight,  The assembly was re-
alloyed imtepgratiag pressure legi data and previous vepair data ohtained

from the furnacce cyeles of the 2.5K nieckel tubular segment.

AN o A AN

{I'}  After the second furnace braze cycle, a 10-psi helium lecal check re-
vealed the existeunce of only four leaks; three of these being tube-to-tube
leaks and the fourth Jcak being of the tube-to-manifold variety. During
the second furnace braze cycle, a 1/2-inch-square copper strain gape pad,
0.02C inch in thickness, was brazed to the 0D side of the copper tube
stack afv of the throal suppert team. The three tube~-to-tube leaks in

the combustion zone were sealed by stylus silver plating. The tube~to-
manifold leak on the outside of the chamber aegment was repoaired with

8860 £QQ-S-571) scelder. Water flow testing of each copper contour tube

revealed that monc were plugged with braze alloy or other foreign material,
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FABRICATION OF 2GK SKGMINTS

(£) NICKEL 200 TUBE-WALL FABR1CATION

(C) Nickel 200 Tube Processing

(C) Row Material. Thc raw (ubing purchased for usc in the fabricatiun
of the Nickel 200, 20K-segment coclant tubes was precocved from a vendor.
Routine metallurgical cvaluetion conducted as pari of ihe recciving in-
spection performed on the raw stock revealed that ik waltl thickness was
slighily higher than the maximum allowable for o 0.014-inch neminal waell.
The actual wall thickness of the lubing evaluated ranged from 0.0151 inch
minimum to 0.0156 inch meximum. lie moximum allowable wull thickness by
specification requirewent for 0.0}4-inch wall is 0.C154% inch, No injur-
ious defects were observed and no evidence of intergranular attach was

found.

(u) Tapering., Before the development of tapering parameters was started,
all materials which were to be uwsed during fabrication and which would
contact the tubing were checked for compatibility with Nickh. 1 200. The
materials, screened and periodically tested for compatibility, which were
used to fabricate the 2.5K Niclkel 200 segwrnt tubes were again used. How-
ever, to cnsure that new lets of material were of the same compatibility
level, testing was conducted prior to use, The eyuipment and basic tech-
niques ugsed in the tapering of Z.5K iubes were utilized in the fabrication
of the 20K tubes.

() Considerable development work wag nccessary because the engincering
requirement for yg1) thickness vn the 20K tubes vas more siringeni than

those for the 2,5 tubes. The task of dev?loping tapering paramcters to
achieve final wall thickness profile (Vig?fﬁl) was compounded by the fact

that the raw tube-wall thickness was above the 0.0l4-inch neminal value

129
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by al least 0.001 iuch. The successful tapering technigne of making two
tubes from one blamk and thus cutting munufactwring time to a minimun

was also employed in the tapering of the 20K tubes.

(v) Tapering paramcter developwent tubes were metallurgically evaluated
amd foumd to be of excellent guality. The experience gained during the
tapering of the 2.9k tubes helped immeasurably in advancing the state of
the art within Rocketdyne, Tigure 48 shows tube configuration and loca-
tion of metallopraphic specimeus,  Tab e 14 shows the results of this
evaluatian. Once the tapering paramcters were establishen and the results
of metallurgical evaluations showed that the process was repeatable in
producing high-gquality tubes, the planning for production runs was
instituted, Toble 15shows the in-process contrel] plan that was instituted.
ligure BY. shows the location of specimens removed during metallurgicai

evaluation,

(C) Results obtained during the topering of the tubes were e:cellent.
The resulis produced proved without doubt that with the proper weasuring
devices and enginceering analysis of the tapering process, paramcters can
be established that will produce tubes of exceptional qualitly and con-

sigtency.

(U) The tapercd tubes were mode in one pass using improved tapering dies.
The usc of these dies reduced the incidence of outside-diameter surface
laps to an insignificant quantity. The depth of laps that were obscrved
was 0.0005 inch. Table 16 shows the results obtained during in-process

control metallurgical evaluations.
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(c) TABL 14 )

RESULTS OF METALITRGICAL EVATUATIONS CONDUCTLED ON TAPPRED MICHY L 20l
TUBES (Hl“()UIU‘),\) DURING TAPERING PARAMETER DEVLLOPMENT

el b

(Figure 49 Shows Tacation of Cross=Sectlon ?"['('(-i;m-u\)

1 ’ o o 7
( Wall Thickoness, inches

spoecimen | Tube o Nesules Metallographic
Nu, No. Reqguired Max i | Minimuan Ob=crvat ion
: —

1
1 0.01757 maximum
L0127 mimum

— e ]

0.01°1 0.013Y Ne intergranular atfack

PO R G SR T
.
-
i
—
ot

-1 U.J1735 mayimun . S
L v &l:,; AN G 10 0,0 120 No interpranular atiack

m i mum

- ).( ) mirad H - S
c-1 1 ULOB3U mesamam | oy 1o 0115 | No intergranular af tack
U.0110 minioun

c-2 1 0.0130 maximum No dntergranular aitach;
. 0,011t 0.( ~ 5 ’
0.0110 miaimum vl s 0.00047~1nch-deep

out 2ide diancter lap

7 ma X 1mum —— - L.
- . 0.0157 0.0127 No intergranular attack
Y mltimuam

(l.Uj:_';) :Z‘;:lj::;:: t.0151 0,018 No intergranalar attack
A-l - i;gig:; :‘::;:3:: u.0142 0.01%1t No intergranular attack
-1 - 83:3:}) ::‘:l\;:::ﬁ: O.N1h7T 0.0140 No intergranular attack
¢-1 - 83}?8 l::l\l;?:ﬁ;: 0. 0117 0.0113 No intergranular attach
G- 2 :])3;;):)) lr::lll\\:::igi 0.0116 0.0116 | No intergranular attack
B2 2 88;3; g:'l';:::::;: 0.0151 0.0146 No interpranalar attack

0155 maximum o
) Lo 0.014h2 0.0137 No intergranular attack
0.0125 minimum 3 Hri 1 attack
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(c) Preforming., Previous cxpericnce during the prucessing of the 2.5k

segme. o, Nickel 200 tubes showed that o considerable number of hours werce .
expended in the cleoning ond handling of tubes between the tapering opera- !
tion and preforming. To reduce production flow time and the chances of g
tapered-tube domage resulting from handling, develepment work was accomp- ‘
lished to determine whether or not "as-taperced” tubes ceuld he preflormed

withiout the bepefit of o pesitiaper anncaling operation. ‘lvoling was de-

veloped which mede the preforming pessible. Metallurgical cvaluations

conducted on preformed tubes during the development phase of the program

ghowed thet! the tubes met enginecering drawing requirements. Table 17

shows results of this evaluation.

(F) Iinal Formiug. Subsequent to prelorming the as-t{apered tubes, clcan-

ing was accomplished in preparation for annealing by vapor degreasing and

ultrasonic cleaning using the same techniques that were used to clean the

2,5 segment tuhes. The post-preform anncal was done in a manner identical

with that perfeormed on the 2,5K segment Nickel 200 tubes uvtilizing the

same heat-treating source. Metallurgical evaluation conducted on a num- -
ber of tubes after anneal and pricr to final forming showed them to be

free from intergranulaxr attack. Table 18 shows the results of the eval- .

uation performed.

(C) The final forming opcration was dome utilizing a contour cavity book
die. Some concavity existed in the side walls of the tubes in the combus-
tion zone and exit unds of many of the tubes. This condition was exper-

ienced during final forming of the 2.5k Nickel 200 tubes also. The depth

of the concave depressions was 00,0008 to (G.0ul inch.

(U) Resultes of metallurgical evaluations performed on finished formed

tubes are tohulated in Table 19, Fipure 50 shows the areas on the formed
toie from whese metalloegiaohic specimens were removed for evaluation, and

Figure ghows typlcal observed cunditions.

[y
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(c) TABLE 17
TALLURGICAL EVALUATION CONUUCTID ON BLFOIBID NIChII, 200
TUBES (RLO0O0ICYX) FROM MANUFACTURING LOT 806Y
(FIGURE 50 SHOWS LOCATIONS OF SPECIMING)

Crosgs Sectivin Thickunrags

It ired? ¢ Resulls inches
Tube ( equived® and Results), inches Metnllographic

No. A B C D L Obgervations

1} 0.0137]0.0118] 0.01%22 | 0.0140 [ 0.0142 | Nu intergranular attack
2 0.0132{ 0.0113 | 0.0132 | 0.0142 {0.0137 | Nu intergranular attack
3 0.0142 1 0.0123] 0,042 | 0.0146 | 0.0157 No intergrannlar attack

4 0.0142 0.0120 ] 0.0137 | 0.0146 ] 0.0142 No intergranular attach

*Reauirements are as follows:

Column A 0.018% to 0,015
B 0.0110¢ to v.ul30
€ 0.0125 to 0.0155
D €.0325 to 0.0155
E 0.0125 to 0.0155
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a, Photon showing cross—section b. Photomacrograph showing cross-
configuration at throat (cross section scetiun confipuration in combus—
B, Fig. 50). N = hot-pas crown specimen tion zone {cross section D, Fig.
ctehed with 30-50 nivric—acetic reagent, 507. Note slight concavity gn
lett=side wall, Il = hot-pas crown.

Specimen etched with 50-50 nitric-
acelic reagent .

c. Photomicrograph showing typical microstructure and surface conditions
observed on all Nickel 200 tubes metallureically evaluated,

Figure 51. Typical Conditions Observed un Book-Die-Formed,
Nieckel 200, 20K Segmenti Tubes
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() Fluerescent-penetrant inspection vas performed on all fraished formed
tabes using pepetrant solutiovns, emulsificrs, and developes wiiich were

conpatible with Nickel 200 material.

{(U) linal cleaning of the tubes prior to shipping lo the assembly white
rovm was done by vapor-degreasing including Ilushing ol the suside diameter
with hot trichloreethelene followed by an ultrasounic cleaning at 20 to 25ke

for 5 mimutes at room temperature in a bath of Freon T1,

Baffle Seat Assewbly and Braziug

{) Turnace brazing of the subjecl assembly was accomplished with a 50—

25P0-23N1 braze alloy at a hrazing temperature of 2070 210 F.  Seleclion

of this brazing alloy vas hased apon the need for a wa‘erial that would

not remelt during subsequent brazing of the Inconel 718-Nickel 200 baffle

sevats inty the tube-wall assemblies. The furnace braze tooling concept

selected for use on the baffle seat was originally utilized in furnace .
brazing advanced-design thrust chamber scgment hardware. This. tooling

was designed to apply a uniformly distributed deadweight load of approxi- .

mately J psi on the baffle scat componenis during ithe brazing cycle.

(U) Discrepancies in the furiice braze tuoling were partially rvesponsible
for rejection of the first two units brazed. A dimeusional crror in tie
Lody loecating surface on the fixture base resulted in misalignment of
tube-to-bady and tube-to-closure plate braze joints, wvhich contributed

to leakage in these jouints. The excessive height of the baffle secat bolt
hole locator fixture pin prevented the fixture weight from fully contace-
ing the surface of the closure plate, vhich contributed to leakage in the
braze joint bLetween the closure plate and body. In addition, the fratuy-
ing of tubes at the exit end of the assembly proved to be inadequate,

and allowed lateral misalignment of tubes during bLrazing.
g 1 &

(U} The brazivg fixture was rewverked to correct the dimensional discrep-

ancies noced and to provide beiter access for alloying the tube-to-Lody
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Joiuts shown 1n Fig, 52, Provision was also made on the finxture for
applying a constant S5-psi loading on the tubes at the exil emd of the
assembly in an attenpt 1o madntain lateral tube alipgnment., Details of
the bracing fabrication of the 12 assemblies required for the prograw are

presented in Table 20,

(U) The first two units brazed were used subseguent to rejection for
eviiluaiion metilods for repair of post-furnace hraze ieakape, exii cud tube
misalignment, and tube deformatiou. Tests wers comlucted to deternine if
localized vepair of leakage could be accowplished utilizing the plasma ave
ad tluu[sicn/incx% gas processes with F0Au-25Pd-25Ni braze allos. The
lTarge mass difference between the nickel tulies amd Tnconel 718 body com-
ponents was found 1o be a significant restriction upon the ability to
achieve satisfactory revairs without subjecting the tubes to damage from
overheating. As a result, refurnace brazing was sclected as the melhod

for repairing braze joint leakage.

(U) Cold straightening was applied successfully %o the corrcetion of
exit eud tube misalignment.. The use of a hydraulic press and suilable
tooling resulted in satisfactory realignment of tules with no effect un

tube flow characteristics or tube-to-tube braze juints,

(U) A freeze-expausion formiug technique was developed to repair deformed
tubes on finished Laffle seat assemblies (Vig. 53). Water was placed in-
side the deformed tube and frozen by imusersiug the assembly in liquid
nitrogen. DIxpansion of the water upon freezing produced sufficieut force
to expand the tube and remove the concavity. A final forming ecperation
was used to correct the overcxpansion of the tube and restore the orig-

inal configuration.

Ind Plate Assembly and Drazing

(1) The four OFHC copper-type 347 stainless-steel end plate assemblies

required for the 20K program were furnace brazed with 62Cu-35Au-3Ni braze

BONFIDENTIAL
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Figure 53. View 5¥ Brazed Baffle Seot Assembly
Showing Outer Tube Deformatiou
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plate are shovn in Fig. 39 and machining for braze alloy preplacing is
indicated. IHydrostatic pressure testiug of all four units after first-
cyele brazing shoved no leakage. The nhoit-pas~side surface of the last
two units Lrazed vere buliged as a result of inadequate restraint of this
surface during pressuve testing., The bhulged areas vere satisfactorily
reworhed by hawd ferming 1o ensurve proper fit-up with mating compouents

in the choober braze assenhly.

Tube~binll Assembly and Brazing
a1

SRS ARV e

(V) The four required tube-wall assemblies were furnace Lrazed utilizing
the =awe fixturing concept that was applied ta hrazing the batfle scat
assemblies,  Some details of thns type of filturing are shown iu Fig. 55.
Twe furnace braszing cyveles were performed on cach tube wall in an attenpt
to obtaln a leaktight structure prior to brazing the tuhe walls in the
final chunber segment assembly. The first cycle required brazing with
90As-10Fd alloy at 1975 10 I, fvllewed by a second cycle at 18037 *i0 I
using #2Au-18N1 alloy. A 0.CG}0-inch-thick nickel Laclup sheet included
in the orviginal tube-wall design was to have beeu furnace brazed te the
injecter aud exit end mmifolds and to the celd-wall side of tubes in the
tuhe-wall assemblies. Difficulties were encountered in forming this
sheel to the tube-wall culer-moid line with sufficieni accuracy to meet
reqaired tube-to-backup shieet braze joint tolerances, As a vesult, the
hackap sheet was eliminated {rom the tube-wall asscubly, and appropriate

chinuges in fabrication procedures were established.

(V) The extent of leakage experienced and the repair methods applied

of the tube-wnll assemhlies is shown in Table 21,
A significant decrease i1n leakage at tube-to-injector end vmanife¢ld joiwnts
resiulted from chauges in assewbly and alloying procedures vhich were ini-

tiated on unit No. 3 tube wall. These included the following:
1, Application of nickel paste filler in additicn vo the trianpular

nickel filler wires at tube-to-manifold joints prior tn preplac-

ing the rirst cycle brarze alloy paste
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2. Assembly of tube-vwall components on the Liave fixture, tach
welding of the injector end manifeld compvnents, and removal of
the assembly from {he fixture in preparation for braze alloy

preplacement

3. Application of a Liraze alloy paste fillet at the tube-to-manifoid
Joints and all other braze joints, excluding tube-tu-tube type,
prior to replacing the asseumhly on the braze fixture (Fig. 56

and 57).

(U) Prior tu these changes, all filler material and braze alloy pastie
applications were made with the tube wall asscwbled on the hraze fixtuie,
which permitted no access to the tube-to-manil 1d joint area noted in

Fig. 56,

(1) Visnal examination of unit No. 1 tube wall following the first fur-
vace brazing operation showed thatl both cuthboeard tubes had been displaced
towvard the brazing fixture in the throat area, resulting in their lateral
misaligriwent with adjacent tubes, It was concluded that this coudition

wag caused by the inability of Hefrasil cloth placed betweeu the tube wall
and brazing fixture to follew the growth of the fixlure during furnace
brazing. This would result in the liefrasil cloth being shorter than the
braze fixture and tulie wall at or ucar che brazing tewperature, thus
elininating the support of the Hefrasil under the outboard tubes and allow-
ing them to move down toward the fixture (Fig. 58). Priov to performing
furnace brazing operations on unil No, 2, the bhrazing fixlure was modified
as shown io Fipg, 59, which eliwinated any further occurreuce of the problem

experienced with unit No. 1 tube wall.

(U) A Lole through the crown of one %ube was discevered duriug the pres-
sure testing of unit No. 2 tube wvall subsequent to cowmpletivu of ihe first
furnace brazing cycle. rxamivation of the hule at magnification revealed
no characteristics to indicate whai nay have created the discontinuity.
Laboratory brazing tests were conducted on the lwv of braze aliay paste
that was used on this unit in an attz2mpt te dotecmine if sowe countaminant

in the paste had caused the discontivuity. Test resulis were negative.
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Figure 54,
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Tuhe~Wall Assembly HIN00IUEX Following Assunbh orc the Brazing Fixture
Cold Side Up (Areas indicated by arrows (A) Lraze alloy pabte fillet
applied to tube-to-HLOOOI2IX manifold joints, comwmencing w*th unil Nu. 2;
(BS injector end manifold cavity (not shown in this ‘1r-v.) theoupgh which
internal hraze joints were alloyed; (© ) ports in exit end manifold
thirough which internal Lraze joinis were dll())t(l.‘)
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Shown in VFig. 50 (Areas

Hot-Gas Side of RLO0O0IUSX Tube Wall Assembly
(A) braze alloy paste fillet anplied at tube-

IFigure 57.
indicated by arrows:
to-exit end manifold joints, hot-gas side; (B) braze allvy paste

fillet applied at tube-to-exit end manifold jouints, cold-wall side;
(C) braze alloy paste fillet applied at trbe-10-RLOODI20X wanifold

joiuts; (D) fusion tack weld between RLOOGI20X and RLOOOI21X wani-

fold for fixturing purposes.) 153
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Braze joint leaks that existed in the tube-wall assemblies following
second~cycle brazing (Table 21) were manually repaired to ensure maximum
‘ntegrity of each tube wall prior to asseubly #nd brazing of chamber
assemblies. Lahoratory tests showed that the 82Au-18Ni braze allov applied
to tube-to-manifold leaks would not bhe affected by the subsequent chamber
assembly furnace brazing cycle. The same braze alloy was not to be used
for repairing the hole in the tube on unit No. 2 because of the potential
for remelting the alluy during subsequent furnace brazing of the chamber
asscubly, and therefore, the higher-temperature 90Ag-10Pd alloy was selected
for this application. An exception to the procedure for manual repair of
leaks following second cycle brazing was established with unit No. 2 tube
wall., A tube-to-tube leal adjacent to the batfle seat was repaired as a
part of the subscquent chamber assembly furnace brazing operation to

avoid pos:iblz stress cracking of the Inconel 718 Laffle seat components

associatec with manual brazing.

(U) Plugy:ed tubes were evident on unit No. 3 and 4 following first-cycle
brazing. The plugging was located at the exit end of both units, and was
a result of the hraze alloy flowing into the tube ends or the inadvertert
applicat.on of braze alloy paste in the tubes during preparations for
brazing. e absence of tube plugging on the preceding tube walls indi-

' prssible omission of the required braze stopoff application in the
enw: ! tubes that were plugged on unit No. 3 and 4. This condition was
correc;ed by sbrasive blasting the braze alloy plugs from inside the tubes.
This ' peration was accomplished with no evidence of tube damage, and sub-

sequent testing verified acceptable flow characteristics of these tubes.

Thr st Chamber Assewbly, Brazing and Repairs

(1) A 50Au-50Cu braze alloy was selected for furnace brazing the thrust
camber assembly based on laboratory evaluation tests conducted in con-
,unction with the faprication of 2.5K thrust chamher segment hardware.
Braze fixturing consisted of a flat nlate with means for locating and

fixing one end of the chamber assembly and applying a constant load
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(approximately 5 psi) normal to the copper end plate at the opposite end

of the assembly.

(€) Various braze joiat gaps were observed during assembly of the first
unit, the locations of which are noted in Table 22. Shims that were in-
serted at end plate-to-tube wall outer-tube joints moved out of position
during the furnace brazing cycle, causing leakage at these joints. Figure 60
shows this assembly following the furnace brazing cycle; shimmed areas

are indicated. The gaps that were evident in the shimmed braze joints de-
pictad in Fig. 61 after furnace brazing were attributed to the following

factors:

1. The thermal expansion difference between the type 347 stainless-
steel manifolds and the Nickel 200 tubes in the tube-wall
assemblies caused an increase in the tube-to-end plate braze

joint gap during the furnace cycle.

1]

Seizure during the furnace cycle of the pins in the mating holes
in the end plate (Fig. 60) at the end of the chamber on which

a constant fixture load war ~pplied resulted in additional gap-
ping at tube-to-end plate joints. This condition also caused
the formation of gaps in the exit end beam-to-end plate joints

as shown in Fig, 61.

(U) The tube-to-end plate braze joint gaps observed during the assemldy

of the first chamber were a result of the tube-wall width being undersize,
predominantly in the throat area. This condition was evident to the great-
est extent in tube-wall unit No. 2 and 3, which were assembled with one
lezs than the ncminal number of tubes. In addition, measurement of the
width of tubes assembled in tube-wall unit No. 4 showed the tubes to be
approximately 0.0005 inch narrower in the throat area than the balance of
the tube length. These two factors and possible restraint imposed on the
tubes by the fixture during tube-wall brazing appear to hav. contributed

to the undersize throat condition in the tube walls. Efforts to develop

BONEINENTIAL
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tvo medificalions reentisd in a significant improvemei:t in tnce
brazing of the secews chawber, as indicated by the absence of gaps

at the exit ewl heam~to-eud plate jointus,

(€} Botl chambers wshibited leakage follewing voreh brazing ot tube-to-

end plate joints which was repaived as deservibed in Table 23, The ipternal
tube~te-iijectoy ead cauifiold lesbage {leakage from masifold cavity to vent
perts in the woaifold) expericuced on wait No, 1 was avoided on unit Mo, &
Ly wmodifying vhe pressurce test procedures applied to the tube-wall ansem-
Llics. This permivnted deilectivon and correction of leakage in this avea

prior te a=scmbly aud Lrazing of the chamber.

Jlectron heom Weldine of Minifoald Cover Plates

(1) The design of the 20K thvust chanber incorporated a rectangular plate
(3041, stainiesu steel) slectron bYeam welded iuto a matching recess in the
upper ovpenivg above the tubes ou the thiyust chamber bady (347 stainless
steel)  The primaiy purpose of this cover was to provide a dam tu prevent
brazing alloy from runniug into and plugging the thrust chamber tubes dur-
ing attachment of the upper thrust chamber flange. The only problew eu-
ounntered was disvortion caused by unsqual mass on the sides of the joint.
The configuration was such that the cover provided firm lateral restraint,
causing the smaller outer edge tov bow inward. Although this eifect was
small, less than that which would have occurred wiih other weldiuy pro-
cesses, it wac still excessive. The bowing was disccrned during welding
of samples to establish the welding schedule, using low-voliage equipment.
By this= time ilie actual parrs had been machined beycud the poini where
extra mass could hive been Jeft on to compensate for the undesirable

differential,

(U) 1In an cffort to reduce the distortion, the joint thickness was reduced,
restraining tooling was applied, and a "back-step" weld pass sequence was
employed, Iven with these precautions, distortion was considered excessive.
A pusiwveid, prebraze, stress-relieving operation was required ilo bring the

garts back into proper dimensional conditions,
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Pigure 61. View of Area of Thrust Chauwber Indicated by Arrow (E) in Fig. 60,
Showing Gap Condition Afver Furnace Braviug. {Arcas indicaled by
arrows: (As OFHC copper shim inserted prior to braziug: (B) Lraze
Joint voids typical of all four coruers of chamber; (C) RLOGOT 19N
exit end beam-tu-end plate 3eint pap, this end of chamtor oniy.)



A e ST T

R T R et e T T e -
e AR RN . i e T B A e HAM A T NS 51y AR ST SR AR oo L =E

| CONFIDERTIAL |
I
; a suitahle methiod for restoring the regaized throat dimensien on hrazec
; tube walls were not waceersful. The procedures for assembiing unit Ne. 3
3 ’ tube vall, which was being asserblod when the tuhe-wall dimensionai probiem /
E was discovered, were moditicd ae 1ollows: ?
|
1. Refrasil cloth was applied to the fixtoere tube cvonisct surfice §
: with the weave of the cl.th coriecuted &t a h9-degrece angle with 3
respect to the euds of the fixture to achieve pgreater stretehiug ;
of the cloth during brazing, thus winimizingy tube restraine.
2. After susembly and Lefore fucnace brazsiug, the itnbes weve mechan- ' E
ically worked in the throav areca iu aun cifert to jecrease tube i
width. These wodificativng yesulted 1o a sigaificaat imprevepent :
l 7 . in the thruat dimensiou of uvnit Mo, 4 tube wall; 7 :
(€) A rsreh-brazing procédure was estahlished and applied to the yirsi A
chamber for sealing tube-tc-end plate braze joint veids. Teur Nickel 200 t
tuhes wore lrazed iute the corners of the chamber s a part of this pro- :
cedure to provide film conaling of the ihroat area adjacent io tlie end ,
plates, OFHU copper shims were fitled, where possible, inlo ihe tubs-iu-
end plates joints; the joints and adjacent areas were preheated to approxi- h
mately 400 F using quartz infrared lamp heaters prior to toreh brezing.
The 45A4g-15Cu-167n- 2584 (MIL-515395, type 7} braze ulloy wons used for
thix avplication, and subsequent visual examinatioq indirated satisefaclory
Praze flow and joint filleting. h ;
5 (U) The assenbly and brazing prucedures for the second chamber were sul- :
5 gequentiy modificd as follows: . o . . : 5
1 : ]
1. Shixming of tube-to-end plate braze joint gap: was eliminated :
prior to furnace brazing. ' a : z
: i
2. The pins ou the tube-wall exit e&nd manifolds were covered wiil "

Refrasil cloth, and ihe matiug heles in the end plates were hired

0.060 inch vversize to minimize possible pin seizure,

3. The braze fixture coastant lond applied to one end plate of dhe

assembly was inrressed from 5 to approximately 10 psi. The latber
163 L
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Bonding of Titanium Backup Structare to Tubes ¢
(€¢) DLvaluation tests were performed to develop the technigue necessary .

for the successful use of adhesives for the structural bonding of titanium
structure to the nickel tube bundle of the 20K sepmenis. These test series

inctuded the development of opiimum:

1, Metal eleaning and surface preparation procedures for nickel

ond titenium
Z. Frimer aystems for eoch adhesive-meial combination

3. Adhesives with hest combinations of mechanical properties over

the operaling temperature range
h. Applications and cure syvstems for use with the bhest adhesive

5. Praparavien of specifications for the use of the wost promising

adhiegive gystem

As & result of these evaluation tests, the adhesive bopding technique,
incluling detvrmination of the {hichness of adhesive reguired, metal prep-
¥ration, ond priming nrocesses, sclection of an adhesive, assembly proce-
dures, and curing schedules, was developed for bhonding 1he titanium backup

sirvucture to the 20K toroidal segment 1ube bundle.

(U} The thickuess of the repuired adhesive was determined wsing Veritilw
643 s'rips in a trial assewbiy. Figure 62 shows sirips of Verifilm applied

~en the tube bunale. {

{U) The adhesive used for the bounding operation was an epoxyv-niirile dacron
mat-auppested film. Tigure 63 shows the adhesive film applied to a ti-
tenium bachup structurv. This adhesive was used in conjunction with Bl- 38
primer. A standard evoxy resin (Epon 828) was used to fill the Jap heiveen : i
ihe backup stracture and thereud plates. In addition, an RTV silicon rub-
ber (RTV 560) was uied 63 a vibretion dumpening sgent in the cavity
between the hotiom oi the backup struciure and the outer portion of the )

exit menifold.

164
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(U) The hot firing tests were successfully completed even though sub-

) T NP W AT

-

. sequent analysis revealed minimal bond between the adhesive and tubes,

and good bond Between the adhesive and titanium backup structure.

(C) The lack of bond between the nickel tubes and the adhesive was a
primer failure csused by improper clcaning eof the nickel tubes. In

addition:

1. Backup plates were not completely bottoned during assembly,

resulting in reduced pressure on adhesive during curc. :

2. The location ¢f backup structure and baffle seats was not
positive enough to assurc that losds were applied to the ad-

hesive film during through boit torquing operations.

W

Because of the absence or loss of pressure on the adhesive
during cure, there was essentially zero bond strength in e

these areas.

)

105
GONFIDENTIAL

e A € T e AL L L WALt ¢ L £ AL 1 o




AR 4T R raw s e o

{*popuoa
uyo1yl ydneoaoy: e apravad o7 porngiIgeIp

01 B00RJdLF HIUMIOY JUSWIILSRIW

Jdon (E%oadu) a3} gatseypy pedtnday 10 SSow{s YL SnTwdets 03 SGuassy
19141 031 10Ta4 21pung oynl 943 01 pelrddy ¢rg wirjlavy jo sd1ayg pueinoun  *gg =xngtz

= )
= -
i ﬂ
= =
() )
r\.rb.nL LW (=11
= ==
wuhu LEE
7= =
= =
&= ==

iraac




(-\r1y ur E2nogns
se8S 8[1jey (g) PUB WITF sAlsaype A<v IMOLS SMOQIY) BTpung aqnl = 03 L[ qumassy
03 JoTad eanisuais dnyoeg mniuegv] ¥ o3 pot[ddy uasijed witd 9AIS8YPY [eanduq *¢g Quandiyg

R T s e e e e .

o ek At o i | i el



B bt Ly ok o

- pon

€ e gt st TR

PR

BOWFIRENTIAL

INJECTOR FABRICATTON

Baifle Assembly and Brazing

('} Four of the subject assemblics were furnace brazed using 02Ca-35Au-3Ni
braze atloy. The braze ichrieation history for these units is presented
in Table 24, The first two assemblica exbibited leakage at the type 347
stainless=steel sleeve=10=0MiC copper shel! Vraze joints (Fig. 6h), which
was scaled after subjeeting these units to a second fuvrnace cyele using
the  62Cu-35Au-3Ni braze alloy. Leakaze in these joiria were altributed
to excessive gap in the adjacent copper shell~-to=Incenal 715 Lody joint
(Fig. Oh), which resulted in hraze alloy starvation of the siceve-io-shell
joints. DPreparation of the (hird sand fourtl units was modificd to include
the preplacement of 0.002-inch-thivk braze alloy sheet in the sleeve-to-
ghicll joints, which eoliminated the starvation and subsequent leekage in

these joints.

Iinjector Assembly and Brazing

(U) The brave joint coufiguration hetween the injector strips and hody

on ithe 20K was similav to il configurations used on ihe 2.9k and 250K
injeetors. The Lody material was type 347 stainless steel and the strip
material was OFHC coppe- . The braze joint area on the strips were gold
plated, and nickel plate wae applied to the body. The plaling thickneas
on both parts waa 0.0002 to 0.0004 inchi. The braze alloy uscd was
02Cu=-3%Au-3; for the First braze cycle and 82Au-18Ni tor the second braze
cyele with a brazy femperature of 1900 to 1920 F and 1800 to 1825 F,
respectively. XNo laboratery tests were conducted before bLyazing this

unit because data had been accumulated frow previous experience in brazing

the 2.9K injectors.
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(U) The retort used for the No. 1 unit in this operation had been (on-
tanineted on the inside diameter suriace from a previous lLent cysle. This
condivion centaminated the atmosphere during the first biaze cyele, re-
sulting in some void arcas *» the braze jointa. The uniil received o sece- P
oid brase operation ul another NAN fecility. DBraze alloy for the sccond

cycle was 82Au-18N1 with a furuace temperaiuvve of 1800 to 1829 } in dry-
hydrogen gimosphere. A leak test witlh helium pas at 00 psi distlosed nn

lecakage.

(V) The first Lraze cyule on wnit No. 2 was performed at the same NAR
facility. DPrior to pressure testing. Plasti-wax was uwsed iv scal propel-

lant orifices (described previously for 250K injectar pmccesxzing). Fres-

sure testing with helium gos al 00 psi revealed onc wviuhole lenk at the ;
strip end. This leak was repaired by cutting = smullldvpfcusiﬂu at the 5
Jealkk area and fiiliug the depression by tungsteu inert pos braziyg wiih !
82Au-18Ni alloy. This unit did not require o aecn:\ farrvsce braze operatiom. | i

() 1The thermocouvle locatiovn during the braze cy:«le awt the assembly

positicn in the furmece is shown in Fig. €54 S
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