UNCLASSIFIED

AD NUMBER

AD822949

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative and Operational Use; Sep
1967. Other requests shall be referred to
the Air Force Materials Laboratory, Attn:
MATF-Manufacturing Technology Division,
Wright-Patterson AFB, OH 45433.

AUTHORITY

USAFSC, per ltr dtd 26 May 1972

THIS PAGE IS UNCLASSIFIED




-

AFR3.~
Velume

&
¥
o)

A
G\
@D
=
=

N

TR-67-305

DEVELOPMENT OF JOINING PROCESSES
FOR TITANIUM FO!ILS

C. E. Smeier
K. . Maiik
A. N Hammer
W. A. Compton -
Soiar Division of Intamnational Harvestar Company

SN TECHNICAL REPORT AFML-TR-67.305

Sepremider 1967
f

|

This deonment . esbiect o spacial sapori contrals and aach tearamitisl to
foreign roveraments or foreis: nationsls may de mads oaly «H* L rior spproval
of the Maruiscturing Techaclegy Div'sios, BATY, Alr Poree Materials Labora-
tory, Wright-Detterson Alr Force Base, Ukio m:s

Air Force Materisls Laboratory
Research and Techaclogy Division
Air Force Systems Command
Wright-Patterson Aic Foroe Buse, Chio D D C
PP P
NOV 2 9 196/

LEULS'UUE




NOTICE

When Government drawings, speciflcsations, or ciher data are used for any
purpose other than {n connection with a definitely related Government procurement
cperation, the United States Governmer* ..ereby incurs no responzibility nor any
obligation whatsoever: and the fact that iiie Governmei may bave formulated,
furnighed, or in any way supplied the gaid drawings, specifications, or other data, is
not to be regsrded by implicaticr or otherwise 25 in any manner iicensing the holder
or any other person or corparation, or conveying any rights or permission to manu-
facturs, use, oy sell any paterted invention thst v ~v in any way L~ related thereto.

Conisu of this report should not be returned unless return is required by
f Beciu ™ty congider utdanss, contracivad obligations, o1 otice on a specific document.

DR T LS S




T AT S Y

A, ML-TR-67-205

Voiame |

o A bt | £ v

pRTeL T

DEVELOPMENT OF IOINING PROCESSES
FOR TITANIUM FOILS

C. E. Smeitzer
R. K. Mziik
A.N. Hammer
W, A. Compton

Solar Division of internationa! Harvester Company

TECHNICAL REPGRT AFML-TR-67-305

Sepsember 1967

This document is suhject to npecial expart controie and each transmitial to
f~reign governments or forelgn hationsls muy he made only with prior appravel
of the Manufacturing Techuology Division, MATF, Alr Force Materials Labora-
tery, Wright-Paterson Alr Force Base, Ohto 45432

Air Foroe Materials I.abox;atory
Research and Tec! nology Division
Air Force Sys:-ms Command

Wright-Patterson Air Force Base, Chio




4

¥

L g

FOREWORD

This {inal technical report covers all work performed under Contract
AF33{6153~-2137 from 1 August 1965 to 31 May 1967. The manuscript w2z released by
e authors on 10 August 1967 for publication as a» FML Technical Report. For con-
venience, the report was published in two volumes. Volume I covers the ceven Tasks

of Phase I, Volume IT covers the five Tasks of Phase II.

This coniract with the Solar Division of International Harvester Company was
initiated under Manufacturing Methods Project No. §-315, "Development of Joining
Processes for Titanium Foils". It was accomplished initially unaer the technical
direciion of Mr. T.L. Carmpbell of the Manufacturing Technology Division, Advanced
Fabrication Techniques Branch (MATF), Wright-Patterson Air Force Base, Ohio.
Technical direciion was later transferred to Mr. Frederick R. Miller of the same
branch.

The program was initially organized at Solar by Mr. W. A. Compton,
Agsistant Direcior of Research who acted as Project Director throughout the program.
Mr. C.E. Smelizer, Researci: Staff Engineer, acted as the Principal Investigator for
the program and srincipal author of the final report.

Thig ;Sroject has been accomplished as pa.it of the Air Force Manufacturing
Methods Program, the primury chjeciive of which is to develop, on a timely basis,
manufacturing procusses, techniques snd equipment for use in economical production
of USAF materials and components,

This technicel report has been reviewed and is approved.
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x;.rm.t‘acturing Toechnology Division
Air Fore~q Materials Isboratory
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g ' ABSTRACT

An investigation was conducted of special joining processcs and ‘~chniques
for titanium alloy foils 7nd thin-wall tubing in the thickness irange of 2 to 10 mils.
(Foil alloys were Ti-6Al-4V (ELD, Ti-5A1-2.58n (ELD, and Ti-8Al-1Mo-1V. Tube
alloy was Ti-3A1-2.5V), Process development was concentrated upon rew Ti-Zr
braze systems, designed to circumvent problems of foil corrosion, erosion, and beta-
embrittlement characteristics of preexisting braze P'nys recommended for titanium,
A limited number of diffusion bonding experiments {80 were carried out which in-
dicated only marginai adaptability to thin-wali tube structures.

: Phase ] of the program was concerned principally with the development,

fo evaluation, and selection of braze alloys mest suitable for titanium toil joining. Over
100 ternary, quaternary, and quinary braze alloy modifications of the basic systems
Ti-Zr-Be and "#-Zr-Ni~-Be were evaluated in '" ‘oint and lap-joint tests through the
required service range of -320 to 1000 I'. Emphasis was placed on assessing brazing
performance, brazement structural analysis, joint atrengih, bend tough-.:ss, braze-
line peel resistance, strain accommodation -apability, stress ruptu.e, and fatigue
strength« of candidate allcy brazements. The influenc: on strength and stability of
100-hour simulated service exposure in salt-gpray (20t ¥, as well ag static exposure
for 100 hours at the maximum service tempera’ .e (1000 F, both in air and 1n high
vacuum) were determined. Hot-8salt corrosion tests were programmed (1000 F).
Fust-braze heat treatments were developed to provide braze structures of improved

toughnese and reliability. Safe maximum process parameters (time and temperature)
were established for each program foil ailoy.

Upon completion of Phase I studies, the four best braze alloys of the group
that successfully passed all test phases were selected for application in Phase T1.

Minimum
. Flow
oy Temperature Density
) Designation Nominal Composition (Wt %) (F) (gm/cc)
RM8 Ti-43.02r-12. ONi-2. 0Be 1470 5.46
RMi12 Ti-45.0Zr~8.0Ni-2, 0Be. 1660 5.33
cs217 Ti-(47.2-47,5)Zr-(5. 0-5. 6)Be 1620 to 1640 4,83
C8217C Ti-45.12r-4. 8Be-5. 0Al 1700 4.67
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The cbjective of Phase II «» the progr: m was tu demonstrate th~ applicability
of the braze joining processes developed in Phase I to high performance, titanium foil
structures. Honevcomb panels, 1" te-and-fiu ne:t exchanger medules, ond the matrix
of 2 tulic-anu-shell type heat exchanger were selcected ag test structures, P.eliminary
efforts were conducted using subscale modules of each foil structure to develop re-
Lrired anmnanant mansfz-farine  fixturing, and brazing techniques. Mechanical and
pressure tests of subscale structures enabled final selection of the titanium bruze

alloy and technique for each structure type.

The full-scale heat exchanger modules, both plate-and-fin and tube-and-
header types, were subjected to similar test programs which included cyclic pres-
surization, proof pressurization, steadv-state flow, thermal shock, resonant frequency
vibration, and pressure burst. Both types of structu.es were shown to have useful

engineering properties over the temperature range -320 to 840 F.

The feasibility of brazing large scale titanium honeycomb panels with the
developed alloys was established. Honeycomb panels were tested in tension, bending,
compreseion, and shear, over the teraperature range of -320 tc 800 F, before and
after 100 hours exposure .v 800 F air, and thermal shock regiines betwec:. 320 and
800 F. Subscale specimens demonstrated room temperature screngths in tension

over 130, G0O psi (core stress) ard in shear of 40, 000 psi.

Advanced methods were developed for the production of high~purity braze
alloy powders used in Phase Il work. Special techuiyues included ievitation melting
of braze alloy ingots and subsequent crushing of the ingot to powder at cryogenic

temperatures.

This abstract is subject tn special export controls and each transmittal to
foretign governments or foreign nationsls may be made only with prior approval of the
Manufacturing Technology ivision, MATF, Afr Force Materials Laborator,, Wright-
Patterson Air Force Base, Ohio 45433.
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SECTION 1

INTRODUCTION

Thin foils of titanium alloys. which ofic~ significant design advantages ia
density, strength-to-weight, and modulus-tc-weight from crvogenic temperature to
1000 F. are ecoming available ir increasing quantities from American producers.
Commercial alloys such as Ti-5A1-2.58n, Ti-""Al-1V, and Ti-8Al-1Mo-1V are poten-
tiaily useful in 2- through 10-mil foil forms as materials fiom which to make critical
high~-performance aerospace s.ructures (e.g.. iubc-and-shell as well as plate-and-
fin heat exchangers, honevcomb and corrugated sandwich panels;. In addition to
strength and modulus considerations, titanium allovs provide unique ~ombinations of
corrosion resisiance. oxidation resistance, notch toughness, and structural swability
over the temperature range of -400 to 1000 F.  Hence, titanium foil structures
theoreticolly lend themselves weil to heat transfer svstems involving crvogenic

fu-ls, oxidizers. and air {ractioning equipment.

Unfortunately, these titanium foil allovs have not received as much attention
as they have deserved during the past ten vears becsuse of fabrication and joining dif-
ficulties and cor:. Todav. the lack of suitable joinirg techmques remain the greatest
single deterrent io their more general use. Advanced aerospace vehcles currently
under consideration by the USAF requi. ¢ extensive efforts in fabrication techuques to
develop joining and forming methods for titanium <3
menis are necessary in high-performance neat trarsisr o, stems and heneycomb type
structures where 2- tarough 10-mil fotls are emploved 1o raaximum advintage.

forls. I opartcalar, advance-

The intricacy and complexity of the large numbers of joints roequired in the
lightweight {oil structures under consideration restrict joining techniques to brazing
and solid state diffusion bowding. Honeycombd panels. for example, must be {abyicsund
by brazide or diffunion boxding to obtain highest structural efficiency and reliabilily.
The hest transier systems being considered are normally composed of many thousands
of thin-walled tuhes and channels, making brazing or diffusion bonding the only prac-
tical procasses to consfder.




The braze alle; s and procesaes heretofore developed for joining titanium are
not considered satisfactory for joining titanium foils, principaily because of erosion
nud corrosion effects. The need to braze at a relatively low temperature below the
foil's beta-transus) has led to the selection primarily of silver-base braze alloys.
The ater.acial formation of brittle Ti-Ag intermetallic upon the titanium substrate
and crevice corrosion have prcven serious disadvantages, thus the need .o coneider
approaches that may avoid tne.¢ problems. The Ti-Be and Ti-Zr-Be base braze
alloyr= vecently developed ct Solar have shown promise of solving these problems and
were investigated further in the subiect program, B




SECTION I

PROGRAM SCOPE AND OBJECTIVES

The overall purpose and objective of this program has been to develop and
cstablish improved processes to join titanium alloy foils and thin-walil tuc.ng by
brazing and diffusion bonding, wiuch would, ir turn, provide stable, corrosion-
resistant jointg suitable for operation in the temperature range of -400 to 1000 F.

The subject program was designed to accomplish these objectives in two
phases. Phase I was concerned with the development of titanium-base and titaniwum-
zirconium-base braze alloys and diffusion bonding technigues for titanium alloy foils
(<= 0.010 inch thick). Phase T was concerned with the demonstration and application
of the developed joining methods to high-performance structures. Honeycomb panels,
corrugated heat exchanger panels, and tube-and-shell heai exchanger matrices we. .
the structural shapes chosen to be fabricated and tested with boundary test conditions
which simulate b’ vh~perfcrmance ¢ erospace applications.

Phase 1 work was further divided into seven consecutive tasks, Tasks I
through IV were concerned with the logical selection and screening of materials and
over 100 braze alloy modifications with potential for titznium foil joining.

Special test procedures to evaluate the relative merits of different braze
systems were developed. They included:
o Braze Screening Tests. To appraise braze flow and filleting behavior

on foils, measure erosion characteristics with different brazec cycles.
and determine brazement microstructure and microhardness,

¢« Corrosion Tests. To detect susceptibility of specific foil brazements
to general or crevice corrosion in long-term, aalt-spray environment.

¢ Mechanical Tests. To measure, in foil configurations, the braze tensile
and shear strengths; peel resistance and strain accommodation of braze-
ments under a variety of test conditions and prior thermal histories.

« Thermal Stability Tests. To detect possible degradation of brazement
siructure eud/or mechanical properties during simulated service
~egimes in both vacuum and air.
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The number of candidate braze materials was reduced to eight at the end of Task IV
on the basis of room temperature test data comparisons.

Tasks V and VI were designed to provide a much broader evaluation of the re-
maining eight candidate braze materiais. The test regimes covered the range of
probable operating temperatures {(-320 to 900 F) and included:

o Statistical survey of T-joint and lap-joint strength data (-320 to 900 F)
as a measure of design strength reliability.

» Effects of long-term, salt-spray exposure (100 hours, 200 F) on lap-
joint strength (-320 to 800 ¥).

e Effect ~f thermal aging (100 hours, 1000 F in both air and high vacuum
environment) on lap-joint strength (-320 to 800 F).

s Stress-rupture tests of lap-joint specimens (~ 100 hours, 1000 F) both
in oxidizing, jet-fuel exhaust gas and in molten hot salt (NaClj.

¢ Tension-tensic fatigue tests of lap-joint specimens (SA/ sM = 1.0) at
room temperature.

At the conciusion of Task VI, the number of braze alloy candidates was
narrowed te four for final evaluation in fabricatich sand testing of Phase II structures.

The feasihility of self-diffusion bonding tube-to~-header joints was investigated
‘n Task VII, with chief process criteria of:

o Jcint Quality (joints metallurgicaliy sound and leak-tight)
¢ Joint Reproducibility (high probabiiity of constant quality)

e Equally Competitive Process (braze process versus diffusion bonding
process)

The charter of Phase Il was to construct and test a prescribed number of
full-scale foil structures using a single recommended braze alloy and/or joining
process for each of the three structure types. The structure types .nd quantities of
each are listed in Table I.

Subscale mcdules of each structure type were initially fabricated, bonded,
and tested to yicld information on the relative merits o: the remaining braze alloys
and joining techniques thereby enabling the ultimate selection of an optimaum joining
process for each full-scale structure. The detailed format of the fulli-scale test
program is shown in Tables II, III, and IV along with the kinds of data generated for

~ analysis.

e




TABLE I
PHASE 11 STRUCTURES

Task Structure-Type

Design and Dimexnsional
Requirements

Number of
Modules to
be Constructed
{(Minimum)j

T Muliilayer, corrugated,
sandwich structure

11 Honeycomb core
sandwich structure

m Tube-to~-header matrix

Six-inch cube, external.
Corrugation pitch and Jeight,
0.050 to 0.100 inch. Foil
ma.2rials in the thickness
range of 0.002 to 0.006
inch. Simple cross flow or
counter-cross flow design.

Panel size: 0.375 to 0.500
inch thick by 12 inches
square. Core cell size:

0. 25~inch square cell,

0. 002 inch thick core ribbon
Face sheet thickness:

0.010 inch.

Number of tubes in module:

50 to 100. Tubing dimensions:
0.125-inch OD by 0. 002 to

0. 006 inch wall thickness by
12 inches long. Header thick-
ness: 0. 015 to 0. 030 inch.
Tube spacing in the headers
to be on a pitch to tube diam-

eter ratio of 1. 07 longitudinally

and 1. 25 transverse direction,

2

Structure

Corrugated Sandwich

Honeycomb Sandwich

Tube-and--Header Matrix

}Key tests of the three types of foil structure were as follows:

Test Program

Pressure cycling
Pressure burst

.al shock
va ition

Flatwise tension and compression
Edgewise compression
Panel (beam) flexure

Block shear

Thermal cvcling and aging effecta

on above tests

Vibration
Pressure cycling
Proof pressure
Thermal shock
Steady-state flow




TABLE II
PROPOSED EVALUATION TESTS FOR HEAT EXCHANGERS

Tast -
Test Temperature Number of | Specimen Size
Number Type of Test (F) Spacimens* {Inches) Puspose
-1 Pressure cycling -320 2 2x2x2 To verily the capability
- {Up w 30 cycles of p of the brazed structure

P=1 1 1509 of expected | 280 2 2x2x2 | ¢ withatand typical

P-2 service pressure) RT 2 2x2x2 eyclic pressure

fluctuation over the

p-3 500 2 2x2x2 range of operating

P-3 1090 2 2x2x2 temperatures.

Pod Preasure burst RYT 1 2x2x2 To verify the desiened

strength of the braz

I 1 Exéxe structure and to

' determine the safe

‘ limits of internal

! pressurization,

| P-5 | Thermal shock -320 to 1060 2 (1) 6x8x6 To affirm the ability of

‘ {100 cycies) and the brazed structure to

‘ steady state flow withstand ssvere

thermal gradient - tharmsal gradients and

strains during transient
and steady dow
conditions,

P-8 vibration (with and. ] RT Q) 6x6x86 Teo confirm resonant
without internal frequencies of moduie
pressurization) design experimentally

and to determine kind
and degree of vibration

damage resulting from:
vibration in the 50 to
2000 cps frequency

. PAlg:., i

'Ton- shall bs sequenced such that one fuli-scale uaft will be amoud to all tests.
mwmen destruction not anticipated .




TABLE 1

PROPOSED EVALUATION TESTS FOR BRAZED HONEYCOMB STRUCTURES

Test
Test Temperature Number of Specimen 8ize
Number Typo of Test (1] Specimens (Inchas) P epose
A=t Fisiwise Tension and/or -0 3 ixl {a) Tensile and comprossive strongths
Compression ~100 3 1x1 of core/face shoet joint versus
RT 3 1x1 test temperature,
m : ; x : () Fallure mode vorsus tempersture.
1000 ] Ix1
H-2 Edgewige Compression RT 3 Ix4 (a) Compressive «dg. nading versus
(longitudinal) Sumpreseive strain.
RT ] Ix4
(transversc)
) Facing modulus of elasticity.
{c) Conditions of onset of huckling and
catastrophic panel fai':1rc,
) Effective clastic }imit of pancis in
edge loading.
H-3 Pavel Fiexure (2-point, rr 3 Ix8 3) Midspan dellection versus loed,
1/3-span loading) augi:mul) (®) Core skoar modulus.
(trangverss) {c) Effective panel facing strength in
flexure.
H-4 Block Bhear (30 degree (Gongitwiinal) )
deflection) 329 3 (As<drazed) ixt () Shear load versus core deflection
+3 {After 100 hr (oughness rating).
Aging :£00-1000F)
BT 3 (As-brased) ixl @) Effect of tast temperature on pansl
+3 (2ftexr 300 hr, toughness and failure mode.
Aging:500-1000F)
300 3 (As-druzed) 1x1 ) Effact of simulated service aging
*3 (Aftar 100 hr upom panst tough=~ss and fallure
. Aglag500-1660TF) mode. ’
500 3 {As-brazed) 1x1
+3 (After 100 hr
Agiag :300-1008F)
1900 3 {As-brased) ixl
3 (After 100 by
. Agiug :5890-1800F)
M- Tharmal Cycling Tosts
et
‘ » oy’
thermml cytiing of panele
tetweon -SINF
1600F; 10 oyeles)
_{z) Flatwise Tenalon -3¢ 3 XS] As before
R : KT 3 ixl
: 00 | 1xt
L 1000 : .
) Bigewise RT s 14 " As bifore
T 3 3a

@) Passl Plaaurs

A-ubu'




Tasks IV and V of Phase II were concerned with post braze heat treating and
high purity braze alloy production, respectively. .

TABLE IV
PROPOSED EVALUATION TESTS FOR TUBE AND HEADER HEAT EXCHANGERS

Test
Test Temperature Number of
Number | Type of Test N Specimens Spectmen Size Purpose

T-1 Vibration RT 1 {(Normal Full -Size To determine fundamental
to tube Module resonant frequency and
axis (1) vibration to'eraace of the
t (Paraliel braaed structires.
to tube
axis) (1)

T-2 Pressure cy- -320 1and 1 (1) Subscale and To verify the capability
cycling (up Full -8ize of the brazed structurcs
to 200 pres- Module to withatand typicel
sure cycles RT land 1 (1) Subacale and cy~lic pressure fluc-
at esch test Full-8ige tuations over the range
temperature) Module of operating tempers-

500 1and 1(1) Subscale and ture.
Full-8ize
Module
1000 1and 1 (1) Subecsle and
Full-Size
Module

T-3 Pressure RT 21 Full-8ize Conducted on modules
tont (Up to Moduls before and after vibration
150% of ex- 2 Subecale to assess the ability of
pected sar- Mosigle brased structure to with-

stand high interoal pres-~
wire,




SECTION IlI

PHASE 1 - DEVELOPMENT OF JOINING METHODS FOR TITANIUM ALLOY FOIL

As discu=s2d in Section II, Ph~es [ was divided into seven individual tasks.
These tasks are discussed in this section.

3.1 TASKI- SELECIION OF MATERIALS

The primary intent of foil alloy selection was to match desired metallurgical
properties and degree of fabricability for each candidate foil alloy against specific,
usually controlling material requirements of each of the three different foil structures
to be bonded in Phase II. Candidate titanium foil alloys were restricted to those com-
mercial sheet and foil alloys in general usage throughout the aeroaspace industry. and
commonly available as foil in the required 2- through 10-mil range of thickness,

~ (This stipulation was helr advisable to ensure maximum utilization and adaptability for

industry of the bonding methods devel. Jed.) Foil alloys considered were Ti-6Al-4V
(AMS-49067), Ti-5A1-2.58n (AMS-4909), and Ti-8A1-1Mo-1V (AMS-49168). The only high-
strength, thin-wall tubing alloy commercially availabl. was Ti-3Al-2.5V (0. 125-in¢h
OD by 0.002 to 0.006-inch wall thickneas). To ensure starting foil matertals with the
lowest available levels of interatitial element eontamin:nts (carbon, oxygen. and ‘
nitrogen) and a mintmum amount of surface eouumtmtion. extra low interstitial (EL!)

grader were pmcumd wherever lpplicable (Hard hyﬁra of svrface contamination o k.

are often detrimental to. formability and restrict Joining procesaes ) The Ti-sAIAV} -
and Ti-5A1-2. iSn azk:yn were available in ELI ;radn (AMBS- 4907 and AMS-4909.
respactivaly), md were nmdexcluﬂnly in Phase I and in much of Phase ! work.

| 3.1, z Alksyw ior c‘ummmd &Mch !Stmm

The corvagnted sxndwich ﬁtrmu tor nworcmsaw bnt»mmr
appheatlou wery required {0 opersis over a wide range of temperatures and different
ﬁuhlmmdiafrwa ~424 Fupto 1000 ¥ mﬂr ‘l‘h foil materials h.xdmhevcidabhto

o ftdlim:a mt»bm nwmb!v of ther {uib iwm to mweory conponerie, suchas
- indet and outmmn ducty und hesder vainforcoments. A ther critioal requirement m ‘
N ~mllcm coki icw»m ms, ﬁrm 1) pm*mt wwmm mmnno - to «Han foﬂs and




TABLE V
SELZCTED PROPERTIES OF ANNEALED ALLOYS

Ansesled Alloy

TH-SAL-1M0-1V

TI-GAL-4V BLI

Ti-8A1-2, S6a

T1-5A1-2. e ELI

Tt-3A)-2.85V

f’w Tensile Propertics ot
Room Tempereture
Risstic Moduine (10% pei)
Ultimate Scrength (kai)
Yield Srangth (kat)
Slongation (7)
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Therefore, for non-cryogenic applications, the non-ELI grade could have a strength
advantage, although it would be more difficult to form. The ELI grade was preferred
for formabiiity in this situation inasmuch as foil strength was not a controliing factor.

The Ti-5A1-2.58n 18 an alpha-type alloy with a high aluminum content that
stakilizes the alpha  hase and shifts the beta transus into the 1900 F range. Tinis a
reutral elemcni having appreciable solubility in both alpha and beta phases of titanjum,
but adds considerably to the strength without changing the ductility. The 2lloy is not
heat treatable: therefore, annealing ts achieved in the 1325 to 1550 F range, followed
by slow cooling. Stress relief annealing is in the 1000 to 1200 F range, followed by
slow cooling.

The high beta transus of the Ti-5A1-2.58n alloy also has a fav ;raple attribute
as it allows brazing without danger of beta embrittlement in the range of 1600 to 1750 F,
where most applicable oraze systems for titanium are processed. The high heta
iransus and single-phase character of Ti-5Al-2. 5Sn also promote structural stahility
of this alloy in the proposed range of operating temperatures (-425 F to 1000 F).

3.1.2 Alloys focr Honeycomb Sandwich Structures

heams made of
horeycomb saadwich panels are highest possible foil st~ength and modulus values over
th.» normai range of operating temperatures (RT to 1000 F}. High creep and rupture
strengihs become Linportant for long-term structural stability above sbout 500 F. The
high strength and Mgh modulus criteia are most : ital for the face sheet alloy (10-mil
maximum thickness), permitting the honey omb core to be m-de of & weaker, more
workaile alloy {2 to 4-mil thickness). Both fotl allove thus serve to enhance streugth/
welg™t and modulus/weight retios. Cold formability of fa e sheet foils and hoceycomb
core ribbon is not a critical regquirement inasmuch a» i - plastic dtfom’at_ion:ef_ foils 18
nscessary to make efther thefsce sheet or core conponents (i.e., for raquired fiat,
closed-face panels with 0.25 inch square, unit cell dimension). Weldsbility (8o
 minor importance for initial bondizg of core node jolnts becsuse ihe weld-Lucked

node Joints are ukimately supplanted by larger and strooger braze joints.

The paramount requirements for high-atrength, high-risss::

=
ol
=5
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In view of the above emphasis upon highest poasible strength and modulus
values, the following alloys were selected:

Component First Choice Baclap
Face Sheet Ti-8A1-1Mo-1V Ti~6Al-4V (ELD
Honeycomb Core  Ti-6A1-4V (ELI) Commercially Pure Ti (A-70)

For highest strength values, both the Ti-6A1-4V and Ti-8Al-1Mo-1V alloys
require rather complex heat treatments above 1500 F (Tuble VI). Quite probably such
kigh-temperature heat treatment of foil structures following brazirg or diffusion boad-
ing would be inadvisable because of the extreme dangers of warpage and progressive
foil contamination. Conscquently, candidate foil alloys were compared in the fully
annealed condition; and as shown in Table V, the Ti-8Al-1Mo-1V alloy still retains a
strength and modulus advantage.

Ti-8Al-1Mo-1V Face Sheets

The Ti-8Al-1Mo~1V alloy was selected for the honeycomb face sheets on the
basis of high strength and modulus, good elevated temperature properties to 1000 F,

high toughness, ability to withatand the brarzing cycle, and, as reported in Reference 2, .
has an alpha-rich microstructure. Bacause of the weakly stabilized beta phase, the
alloy is not considered heat traatabie in the strengthening sense: the good strength and ~

high creep resistance at room and elevated temperature are obtained matnly through
solid sohation alloying. particularly in the alpha phase matrix as mantfested by the ,
8 percent akuminum sddition. The weaker bets phase stabilization is attained by the
mmmwmaﬂﬁm mmu:nmtemperamllIMF S

, The ‘n-!A}-iBo»lVanoy developa its best combination of properties in the
trtplumhdemﬁtim anseal o 1450 ¥ for & hours, soluticn treat in the alpha-
mmmaamn alr cool, stabiltze at 1100 to 1400 ¥, followed by air cool
(Ref. 3). mhﬂMﬂmhMrmrﬁmﬁ‘waﬁnthﬁam:p-

On the debit side, o0 n*muz_mw alloy has a Mstory of experiencing
serious stress corrosion probiems (Bef. 4 throngh 7). b addition, It was recognised

‘MMWMummmMcmumhmmmmbﬂ | -

n&qmuummwmmdmw alpha~




Ti-6Al-4V Core

Because a material less strong than the face sheet material was suitable, the
more readily availzble Ti-6A1-4V (Ref. 8) was selected for the 0. 002-inch thick core
material on the ba. s of its attractive annealed strength (Table V). good corrosion
resistance, and adequate formability and weldability. For the eame reasons, this
alloy was sefected as 1 backup for the Ti-8Al-1Mo-1V face sheet material.

Ti-6Al-4V ig a heat treatable, alpha-beta alloy. The zluminum addition
stabilizes the alpha phase, increases the beta transus cf the alloy to 1820 F. and
significantly increases the elevated temperature strength level of the allov (when
compared with Ti-5A1-2.55n at 600 F - Table V.)

3.1.3 Alloys for Tube-and-Header Structires

The Ti-3A1-2.5V alloy (Ref. 9) was the only high-strength titanium alloy
sommercially available in thin-wali tube form (Tables V and VI). The Ti-CAl-4V
allov wes selecied aa 3 metallurgically compatible header material.

The Ti-3A1-2.5V is an alpha-beta type alloy, stabilize bv the aluminum
addition. The low aluminum conten: places the Leta transus 1 17.5 - 25 degreses F.
a situation wideh should permit brazing snd diffusion bonding up to the 1650 to 1700 ¥
range. The alloy is also repo ted to be weldable ‘Ref. 9).

The T1-3A1-2. 5V alloy is structurally stable and doesz not rospond {0 hardening
by hes! tresment. N, ess relfef and annealing treatmenis are vsually accomplished
at 300 ¥ for ne hour followed by slow cooling.

3.1.4 Procurement of Foil and Tubing Materizia

Procurement of Phase | Material

The alloys procured for Phase | are listed in Table Vu. The foil thicknesses
selocted are represestative of current practices for the pex of foil siructures used
on this program (Rel. 1. through 12). The 0, 002-inch foil thicknesres of ihe honeyoomb
core {Ti-8Al-4V) and beat exchanger corrygation (Ti-5A1-2. 58n) were chesen
a# the minimum avaiishle 224 usable without excessive complications to the program.
The Ti-8Ak-1Mo-1V ailoy was used onl ' the 0. 010-inch thickness as thinner
material was considerac developmental at t.me of srdering.




TASLE VI
HEAT TREATMENTS AND BETA TRANSUS TEMPERATURES OF PROGRAM ALLOYS

Beta
Trensus
Temperature -
Alloy (F} Heat Trazetment ConGitions Heat Trestment Objective
Ti-841-1Mo -1V 1800 Annesl: 1450 F, 8 hr, FC Simplest treatment; optimum ductilicy . .
end impact resistance; good tensile N
strongth and structural siability, ’
Ti-8Al-1Mo0-1V 1s0¢ Triplex Annealed: 1460 F, Beat cambination of enginesring pro- .
8 hy, FC + 1850 ¥, & min, perties including optimum creep
A" + 1375 F, 156 min, AC rigturs strergth to 1000 F, snd exvel-
lent nstch toughness,
T1-6A14V 1829 Solution Treatment: 1550 Unstable antil aged. Afer sging, best *
to 1750 F, 5 min to 1 hr, combinetion of enginuering properiisas
WQags, 900t0 1000 F, including optimum levels of tensile ~
4t0 § by, AC snd creep rupture strengths, geod
inipact reaistance and notch toughnass.
Ti-6A1-4y E1L] 1820 Anneai: 1300 to 1550 F, Maximum toughnes« {o 425 F.
1to 8 hr, 8C to 3050 F, AC :
Ti-5.\1-2.58n ELI 1810 Angeal: 1325 to 1550 F, Cptbmum propert.es, non-hest treat- i
10 min to 4 hr, AC abls alloy with gocd weldability.
Ti-8Al-2,6V 1718 Amnegl: 1300 F, 1 hr, AC Optimum properties, solution treat- .
ment and sging not recommer-ad, "
Readily formad ilpha/beta slioy,
AC = Air cooled o T
FC = Furaece cooled
3C - Slow ~o0l
wW@Q = Water quench
Eli= Extra low interstitiai contaminanis =
b v
As there were long lead times for the rerolled material (< 0.010-inch), , g s
0.006 inch thick T#-5A1-2.55n and 0., 010-inch thick Ti~-6A41-4V weve procured from -
material suppliers for interim uee on Phase I studies. Although these materials Hkely

did differ som >wkat iu strengih propertics from the verolied foils, they were deemed \
suitable for initial braze evaluation studies untii the rerolled foils were received,

Rerolled alloy folls were readily availabls from only cne supplier, Rodney
Metals, Inc., in widths up to 12 inches with delivery t!mes rangiy_ from 12 to 16
weeks, An alternate foil supplier, Hamilton Watchk Co., agreed to reroll two of the
foil alloys for inte.im use (Tzble VII), but would not accept further orders until -
adaitional experience was gaired.




TABLE Vil
TOIL MATERIALS FOR PHASE |

iy b

hage ! Price/ )
: Thickneas | IDxlivery Pourd } o ) R
Albs {laches} Date {ooilar) § Applicsiion . )  Bupplier

f

- 1 . ) . . U
T1-8A1-1Mo-1V 9.010 10-1-65 54.00 Homeycomi Face b Radpar Meials, Ibe.
(AM18-4916; _t “Reets “f S

Ti-6Al -4V 0,01t 16-1-65 9,25 Altsrsiato Honeycomb R!?dney Metais; kw
{AMB49L1} Face Feass ) : -

Ti-8AI4V ¢. 063 %=18-00 128,28 donsyeuml, Cure ) Rodney Metils, a.s,.
{AMS-4914) 11-23-65 o © I Hamilton Watch Co.
(Canceiieds: - )
Ti-6Al-4V .6 10-1-65 i Tube and Header T TMCA f»

{ARi8~49811; Haagers

“Ti-3AL-2.5V ya0t | 10-31-68 Tube and Header Superior Tube Cs,
) | 16-1-85 Tubes T

i0-31-63
3-15-66

Ti-341-2.58n FLI 10-1-65 2, Corragated Structure §| Rodiey Matads, Inc.
tANME_4909) . Separators e

Ti-34:~2.58n ELI . 00z 2-10-66 3. Cormugated Struchure Rudney Metals, ne.
(AJS-420% - Corrugations }iamunm Wazch Co.
- - . iCam.e)!led)

Mg, 125 OD Tubes fwall thickness indicated)

2 >
ff‘)l’ricu foot

The Ti-3A1-2,5V was the only titanium alloy available in thin-wall tube form,
~and Supevior Tube Co, was-the only supplier. The 0.031-inch thick tube was to be
employéd for tensile testing of the tube/header joints; the thinner wall tubes wure
expected to fzil in the tuces ruther then at the joint undor tensile loading, hence the
need for the thicker-walled tubmg to force failuru through the joints.

.= Theo 010-inch thick Ti-6AL4V alloy was ordered as a ready aiternate to the
“Ti-8Al-1Mo-1V alloy fm honeycomb face sheets beca Bo t1.e '1‘1'8Al—1Mo_1V alloy
_ hed expétienced serious stresa oortoaxm. prcblems which might precluds its eventual
use on the program (Eaf 4 through 7.

- The extra Iow interstitlal (ELI) grade of ths Ti~6Al-4V (AMS—&W’I) would

. \.ha'*g been pmferame tc the standard grade oridered; howevar the sxtra time required
to procure the ELI grade material for Phase I effoxt could not be tolerated because
of t'ght sckheduling. - BLI grades were used exclusively in Phase It work.

[




The. prices shown in Table V}I are those quoted in June 1965 and are given as
L 2 gxxida to the reiative coats of the materials. ‘These prices are dependent on the
~“overall demand for the materials and the Bize of the orders, which affec? the type of

faatim' dsing the rerclling and am.saling (*paratione, and the relative setup cost for
" each foil order. An exempie of the effect demend has on the cost of materials is the

titmz;;xm compo;itg pice index for sheet, strip, bar, and bilict, Thi. index was
- $15.25 per poundin 2965. In 1963, after the use of titanium was well established, it
was 38, 50 per pound (Rei. 13 and 14).

The 0. 006~inch thick Ti~5A1-2, 55 and the 0, 010-inch thick Ti-8Al-1Mo-1V
 alley feﬂs from Rodrey iMetal~ contained distortion imperfections (Fig. 1 and 2).
:;thhwgﬁ the materiai was usable for the smali specimens of the Phase i program,

- _fabricausm of actual structures in Phase II would undoubtedly be difficult. According
fo: the supplier, the ﬁnperfections in the form of dimples and corrug:tions are typical

- of the éhabe problems encountered in the processing of very hard-to-work alloys in

short strip lengths. These distortion problems were expected to be minimized when
_the raw material for rerolling became available in coil form rather than in the
(small-order) sheet form of the Phage I materials. This proved fo be the case, as

no such problems were encountered in filling the larger urders for Phase I materials.

1t developed ultimately that Hamilton Watch Company was unabie to complete
the processing of the 0.002-inch thick Ti-8Al-4V and Ti-5Al-2.5Sn auoys; they, there-
fore, recommended that the order with them be terminsted. Although the order was
cencelled, personnel at Hamilton indicated continuing interest in developing titanium-
alioy foil roliing capability.

 Procurement of Phase II Materials

During the latter half of Phase I work, when it became evident that promising
braze systems were available for titanium foil structures, procursment orders were
placed (with sponsor approval) for sufficient foil materials to accomplish Phase II
objecﬁvéa.




FOIL MATERIALS FOR PHASE II - RODNEY METALS INC,

TABLE VI

- D o T
( Approxima.e Tots}
AMS Thickneas | Width Totad Weight Cont Cout
Specification Material {in.) {ia.) ) Appltcation (i I ) $)
4816 Ti-8Al-1Mo-1V 0.0t0 12 40 Honeycomb fase shewsts 10 600, 08 ot 600
4207 Ti-6A-4V ELI 6.019 12 40 Backup honeycomi fare 10 806. 00 lat 600
sheeis
907 Ti-8A1-4V ELI 9,002 2 480 Homeycomb core 7 . 145.75/b 1620
4907 Ti-8Al -4V ELI 0.002 3 650 Backup matsrizl for heat 20 144.25/1b 2390
exchanger corrugstiong
4809 Ti-5A1-2. 580 ELI 0.008 8 325 Heat exchanger separators 30 74, 00/1% 2220
1909 Ti-541-2. 580 ELI 6.002 8 650 Heat exchanger corrugations 20 145.50/1b 2910
Total 10,240
A
1. Random lengthe st lsast 3§ feet long
16-week delivery conditional on fabricability ot 0. 002-tnch material and availability of ELI grades.

Inquiries were sent to the following manufacturers for titanium alloy foils in
the quantities required for Phase II of the program.

e Du Pont Metal Products Division -
Hamilton Watch Company

» Reactive Metal:, Inc.

¢ Rodney Metals, Inc.

o Techalloy, Inc.

¢ Titanium Metals Corporation of America

» Wah Chang Corporati@;vz. B

The only manufasturer to respond aﬂ!ﬁnatively was Ro iney Metale, Inc. A typical
delivery time of 16 weeks, und a total estimated cost of $10, 240 was quoted. The
detailed cost figures are shown in Table VIII.

3.1.5 Baseline Tesats of Program Foil and Tube Alloys

Mechanical tests to gage tensile strength and toughness levels of 1s-received
(mill-annealed) program folls were conducted to provide baseline information for later
test comparisons with actual bonded foils and also foile subjected to thermal cyclee
aimuhﬁng bond processing. A description of the program foils teated is shown in
Table IX. Testing included unnotched tensile tests of program foils and tubing '
Hquid Nz or air eLvironment through the temperature range o* -320 to 800 F (Table X)
and in both the parailel and transverse rolling directions. The deaigns of the notched




TARLE IX
PROPERTIES AND ANALYSES OF TITANIUM ALLOY FOILS - RODNEY

METALS INC,
Alloy Ti-5A1-2,88n ELI T1-6Al -4V R’-w—am-
Size 0,003 inch x 6 inch 0.010 inch x 6 inch 0.010 inch x
6 inch
Specification AMS¢909 AMB4911A Mil-T~
9046D
Type 11
Composition
F
Mochanical Properties | ;o iniingl | Transverse | Longitudinal | Trasverse | Lonzitudinal
(Annealed)
Ultimate Tesile Strength | 117,800 pel | 119,500 psi | 151,000 pat | 149,850 pst | 152,000 psi
Yield Strength, 0.2% Offset | 107,000 pai | 108,500 pai | 128,500 psi | 135,750 pst | 139,000 psi
Elongation, 2 inch 13.1% 13.3% 9.6% 7.8% 11.3%
Bend Test Passed Pasaed Passed Passad Passad
Rockwell Ho-iress c33 c34 cs1
Ladle Analyels Heat Number D4203 Hest Number D841 ““‘m’ﬁ'{“"'
Al 0% 6.0% 7.8%
Mo - - 1.09
Sn 2.4% -- -
v - 4.1% 0.9%
o 0.06% 0,12% 0.075
H 0.010% 0,008% to 0.010% 0,011%
N 0.011% 0.014% 0,014
Fe 9.14% 0.08% 0,065
c 0.022%, 0.025% 0.0236
Mn 0,010% - —
T4 Balance Baiance Balance

and unnotched tensile specimens are shown in Figure 3. The notched tensile test was
employed to determine the relative notch-toughness level of foils, employing the ratios
of notched ultimate strength to unnotched ultimate strength, and notched ultimate to
yield strength as indicators. The higher the ratios (especially desirable above 1. 0),

the greater a material's relative resistance to notch or crack propagation and the
higher its notch toughmess rating.

Tenstile testing of sheets and foils containing notches or other stress raisers
has merited wide discussion in recent literature (Ref. 15 through 40), and was recom-

mended for toughness testing by the ASTM Committee on Fracture Testing of High

18
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Strength Sheet Materials (Ref. 18 and 19). The method has been subjected to consider-
able stress analyses which can aid in interpreting the results (Ref. 41 and 20). Since
the notch tensile testing method appeared to be adaptable to the testing of foils in the
0. 010-inch thick range (Ref. 21 and 22), it was adopted for the brazing program.
(preliminary work with bend testing of foils proved insensitive and inadequate for
gaging differences in foil toughness. )

Some investigators favor specimens with sharper no!ches which give high
stress concentrations (Ref. 25); however, at the highe1 stress concentrations, the
measured toughness values tend to be less dependent upon the stress concentration
factor itself (Ref. 26) and more sensitive tc the actual toughness characteristics of
the material. Although the fatigue crack is reported to be one of the best stress
concentrators, some investigators favor the machined notch or sheared notch (as
adopted here) with a radius ies3 than 0. ¢01-inch because of cost considerations and
better uniformity of notches.

The shesred notch was selected as the method whi. 1 would give the highest
stress concentration without excessive complications. It was reasoned that machined
notches would be easier to fabricate, but they would p:-oduce a relatively low stress
concentration factor in the foil sized specimens, even with tip radii in the 0. 001-inch
range. The low stress concentration factor would ca.'se a loss in toughness test
sensitivities.

The edge-sheared notch produced with a precision shear, was selected
rather than a central-sheared notch (Fig. 4) as the lateral deformation and buckling
problems of the central notch configuration are accentusted in foil materials. The
ratio of notch depth to specimen width of 0,1875 (edge notch) fell within the limits
suggested by the ASTM Fracture Toughneas Committee (Ref. 18).

The specimen width to thickness ratio varied between 25 and 125 for the foil

thicknesses used in the brazing program. It was suggested by the ASTM Committee
that the width to thickness ratio be kept below 45 as lateral warping and buckling
might occur, especially with pin-loaded specimens. However, if the thinner specimens
had besn made narrower to comply, the effective notch stress concentration would
have been raduce, seriously affecting the teat sensitivity. Therefore, the specimen
configuration was maintained as shown in Figure 3 for all foil thickness +s tested.




TABLE XI
. AVERAGE TENSILE STRENGTH RESULTS FOR AS-RECEIVED TITANIUM
ALLOY FOILS
) . Parallel
(P Noich | Notch
Transverse Ulttmate | S0 AYE | ToAw
(T)  |Tempera-| Yield | Ulttmate| " | Yield | CUltimate
7o Rolling | ture |Strength | Stresgth Stresgth | Streagth
Material Direction | (¥) (ped (psf) | (pet x 10°5| Ratio Ratlo
¢ T1-5Al-%. 580 ELI T 75 110,000 | 119,000 5.8 1.47 1.3
{0.0063 Inch Thick) P 15 |111,000 | 119,000 | 16.3 1.51 1.38
T -320 | 171,000 | 177,000 1.16 113
. P -320 | 173,000 | 180,000 1.16 1.12
T 800 $3,000 | 73,000 1.49 1.27
P 800 58,000 | 72,000 1.60 1.29
Ti-6A1-4V T 7 | 135,000 | 149,000 15.8 1.01 0.91
{0.0095 Inch Thick) P 75 | 129,000 | 180,000 | 14.7 1.19 1.08
T -3%0 | 217,000 | 223,000 0.89 0.68
P -320 | 212,000 | 237,000 0.68 0.86
T 800 | 107,000 | 109,000 1.25 1.3
. P 800 | 100,000 | 118,000 1.18 1.04 |
T1-8Al-1M0-1V T 6 | 142,000 | 157,000 | 17.6 0.98 0.87
. {0-0100 Inch Thick) p 5 |140,000 | 163,000 | 16.2 1.08 0.90
T -320 | 207,000 | 217,000 0.68 0.68
I -330 | 319,000 | 231,000 0.88 0.62
T 900 | 105,000 | 114,000 1.33 .28
P 900 | 106,000 | 118,000 1.30 1.08

Tensile test data related to foils in the as-received (mill-annaaled) condition
are listed in Table XI and plotted in Figure 5. In general, the actual values of foil
strength and the variation with test temperature follow very closely the published data
(Table XII) for thicker foils and sheet atock of the same alloys. As shown in Figure 5,
foil tenstle strengths increased roughly two- to three-fold from 800 to 900 F down to
~320 F, along with decreasing notch/smooth strength ratios. These trends were
anticipsted from published data on annealed sheet stock. The Ti-5A1-2.58n alloy ex-
hibited the best notch toughness hehaviur, wapeviaily al -33¢ 7.

Notch/smooth strength ratios considerably less than unity were obtained for
. the two strongest alloys (Ti-8Al-1Mo-1V and Ti-6Al-4V) at ~320 F and occasionally




TABLE XII

EFFECT OF FOIL THICKNESS ON MECHANICAL PROPERTIES OF TITANIUM
ALLOY FOILS (Ref. 42) .

Tensile Yield
Gage | Btrength | Strength | Elongsation *
Grade {in.) (psi) (psi) (B
! c120av 0.002 | 152,000 | 125,000 10
T1-6Al-4v 0.004 | 148,000 |- 125,000 i0
0.006 | 148,000 | 125,000 10 ‘
0.008 | 145,000 | 125,000 10
0.010 | 142,000 | 125,000 10 .
A55 0.002 | 82,000 85,000 18
pommercially 0.004 | 80,000 62,000 20
0.006 | 78,000 | 80,030 22
0.008 | 78,000 60,000 24
0.010 | 77,000 59,000 26
A0 0.002 | 99,000 75000 | 18 .
pommerclally 0.005 | 95,000 74,000 20 |
0.008 | 3,000 74,000 23 -
i 0.010 | 90,000 | 74,000 25

at room temperatur~. It was felt that the practical significance of this trend tcward
increasing notch sensitivity with decreasing test tempersture would be uvealed in
Phase II foll component testing.

Some minor variations ln strength and notch toughness were recordud ‘with
differences in tast direction {l.e., transverse versus parallal orientation to mllmz
direction). However, elastic modulli (RT) definitely were greater in the tnnn-em
direction in all cases due to anisotropy effects. Poasible future advantages might be
taken of this directional behavior in compooent assembly for highest possible rigidity.




FIGURE 1.

DIMPLES AND WRINKLES IN
AS-RECEIVED Ti-5Al-2.58n
ALLOY FOIL

0.010 tnchas thick x § laches wide
Rodwey ietals Miii Order

FIGURE 2.

CORRUGA TIONS IN AS-RECEIVED
Ti-8Al-1Mo-1V ALLOY FOIL.
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TASK I - EFFECT OF SIMULATED BRAZE CYCLE EXPOSURE UPON FOIL

o

The original intent of Tasgk {1 was to det:rming the degree of degradation in

foil strength and foughness levels ca.  -d by the thermal ¢ 2ling assc-iated with

typical brazing and diffusion bonding pre-esses. In tnis way. it wag hoved that prac-

W aats b v

tical limits could he placed upon bond proces= time and temperature parameters to

eusure adeguate reienticn (75 to 86 percent) of original foil strength and toughnesse
levels for each foil alloy in the main bedy of 1he foil straeture. It was anticipated
that charis simjlar to the hypothetical one shown in Figure 6 ould be developed from
test data to indic:..¢ safe limits of bond-process temperi.ure and {ime. (Gradual
s=terioration ~f foil properties was expected during thermal cveling due to progres-
sive foil contamination from srocess environment, recrystall..ation, grain grovth

effecta, and beta ~mbri’ iont at temperatures ahove each foil alloy's beta transus. }

Earl~ work -as carrvied out to esi.blish sate process limits along these lines

s

of thought, Unactched tensi  specimens of 0, 006-inch Ti-5A1-2. 580 and 0. 010-inch
Ti-6A1-4V foils -cre subjected to «imulated vacuum braze cycles in the temperature

rarce of 7700 to 1900 F for times of 5 to 30 minutes. The minimal effects of these

B

. simmlated himn-temperatuve braze cycles {very near the beta-transus temperatures)

L-on vield strength and tensile strongth levels are shown in Figures 7 and 8. :

AVt the same time. it was learned in concurrent work evaluating candidate

braze systeiuis that the joint .!ructures and machanics! properties of program {oils

are vulrerable to much more severe and rapid degradation hy \he actior of the liguid
braze matcrials alone, These factors, including progressive erosion and dissolation
nf {:ils and beta~-embritilement of braze-affected foils, were observed to occur in the §
lower range of process temperatures (-~ 1600 tu 1700 F), becoming serious problems !
{or process times > 10 to 20 minutes, The threshold temperature of the undesirable :

. braze/foil reactions. several hundred degrees below the foil alloys' beta tran--1s

S T

temperatures, were well below the process temperatures which might reasonably be

expected to cause significant thermal degradation of foil propert.ies.
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In view of the praceding diascussion, it hecanie e ident (aat:

¢ Extensive study of tonding process time-temperaturs effects on {oils
would not be pertinent because of more ssricus limitstions on bonding
parameters imposed by the more prs ™ieing candidate braze materials
vhercseives fviz., tkrough f .1 erosion and chemical-atructural modifica-
tion of foilr).

o Curves of the effect of .igh process tempe .atures and extended process
time on the mecharical properties of program foils were ao longer of
primary .mportance to optimize eventual joining procasses,

Therefore, the test program for Task O was modified to the schedule shown in Table X.
The program was dec’gned tc complement {ae eveluation of the as-received mechanical

strength and toughi.ess properties of the pv gram: foils, and to ccmpare these properties
with the properties after simulatec® brarzing at probable safe maximum process tempera-

tures (sased on aforementioned braze evaluation studies).

Test specimens of all foil and tube alioys were mechanically tested at three
tomperatures, both before ~nd after a siinulated braze cycle. The braze-cycled foils
were teated in tension (notched a.d unnotched) in directicn {ranasverse to the direction
of rolling (Fig. 2}. Testing teraperatures were -320 F, ambient temperature, and an
elevated temperature lisied in Table X, The procedure for tensile testing tubes was
similar io that used for testing foils, but witi. loading only in the direction of the axis
and withclt notches (Fig. 9).

The braze cycles were simulated by heating tensile test specimens in a cold-
wall vacrmim furnace (1.6 x 10"5 Torr) at a rate of 1060 degrees F/minute from 1000 F
to the braze temperature, hoiding 20 minutes, then cooling at a rate of 50 degrees F/
minuie to 1000 . The simulated braze temperatures chosen for teat were approxi-
mately 5. degrees F below the beta transus temperatures for each program alloy foil
or tube. These simulated braze temperatures were:

Program Alloy Simulated Brazing Temperature (F)
Ti-5A1-2,58n (0. 006 in.) 1850
Ti~6Al-4V (0. 010 in.) 1775
Ti-8Al-1Mo-1V (0. 010 in.) 1850

Ti-3A1-2.5V (0,002 in. wall)

Ti-3A1-2.5V (0. 006 in. wall) 1675
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TABLE XIII

TENSILE TEST DATA TOR TITANIUM ALLOY FOILS FOLLOWING SIMULATED
BRAZE CYCLES

Notch | Notch

To Avg i To Avg
Stmulsted Test Yield |{Ultimaie| Elaatlc Yield |Ultimate

Braze Temp. | Strength | Strength | Modulus gy, 00 | Sprength

Material 83) (F) (psi) (psh Kpelx 2076)| Ratio | Ratio
Ti~5A1-2.58a ELI 1856 75 109,000 | 118,000 16.4 1.54 1.41
1850 600 . 170,000 ;
1850 500 | 19,000 | ey
Ti-6A1~4V 1775 5 122,000 | 134,000] 16.¢ 16
(0. 0099 Inch Thick) 1775 ~320 207,003 ¢.85 |
1775 800 106,000 1.09
Ti-8Al-1Mo-1V 1850 5 134,000 | 135,000] 18.0 1.28 1.23
{0-9120 Inck “Thick) 1853 -320 229,000 0.79
1850 900 91,000 1.18

|

All values are for specimons cut transverae to rolling direction

The tensile test results are summarized in Table XIII and graphicaily com-
pared with test data for program foils in the as-received (mill-annealed) condition in
Figures 106, 11, and 12, All room and elevated temperature tests were conducted in
air atmosphere.

The results for the Ti-5A1-2.5S8n alloy show very little change in strength
properties or notch sensitivity due to the simulated braze cycle, as anticipated for this
alloy. One exception is the -320 F strength, which was increased from an average
177,000 psi to 199, 000 psi (Fig. 12). Both the Ti-6A1-4V ond the Ti-8Al-1Mo-1V
heat treatable ailoys experienced minor decre. se in streugth and uotch sensitivity of
room temperature following the simulated braze cycle. These changes were expected
due to the effective annealing of the ulloys at the simulated braze temperatures. Also,
poth th.. 1'i-6Al-4V and Ti-8Al-1Mo-1V showed improvement in elastic medulus »t
room temperature following the simulated braze cvele (Fig. 10). A possible explana-
tion for modulus increase in the transverse direction might be the more pronounced
o -phase texturing due to annealing effects at the braze temperalure, hence iniensified
anisotropy. As-received foils all have exhibited higher elastic modulii in the trans-
verse test direction.
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TABLE XIV
PROPERTIES AND ANALYSIS OF Ti-3Al-2,5v TITANIUM ALLOY TUBING

Alloy Ti-3A1-%.8V Ti-3Al-3.5V
Farm Seamslesc Tubing Seamlass Tubing
Sixe 0.138 120k 0. D. z 0.003 inck wall 8.128 fach 0.1, x 0.008 Inch wall
Ulttmate Toaslle Srength 93,300 pai 94,700 pat
83,800 pat
Eloagation, 2 inch 14% 12%
6%
Chemical Apalynis " Heat Number 30025 Heat Numbsr 20095
Al 2.1% 3.1%
j v 2.5% 2.5%
* e, 0.11% ¢.11%
H, 16 ppm 18 ppm
N, 0.01% 0.01%
¢ 0.05% 0.05%
T1 Balanos Balance |

The decrease in strength and notch ser«itivity following braze cycling of the
Ti~6A1-4V alloy extended to -320 F. At 800 F, strength and notch sensitivity re-
mained essentially unchanrged. No change in strength was noted for the Ti-8Al-1Mo~1V
slloy at -320 F but a slight gain in notch toughness was effecied by the braze cycle.

At 900 F, average foil strength dropped from 114, 000 psi to 91, 000, although notch
sensitivity did not change.

It should be noted that the modest improvements in foil notch toughness at
room and cryogenic temperatures due to the braze thermal cycles more than compen-
sates for the rather minor losses in foil strength. In general, it can be concluded
that the braze cycles tested, representing safe maximum process limits, do not
significantly impalc foil strengths or notch toughness levels in braze unaffected
zones.

Tensiie tests were performed on Ti-3A1-2, 5V titanium alloy tubes obtained
from Superior i'ube Company (Table X). The objectives of the tests were to deter~
mine the baseline strength of the tubes and the change in strength caused by tne safe
maximum braze time-temperature cycles. The chemical compositions and tensiie
strengths of the Ti-3Al-2,5V tubing, as certiiied by ‘he supplier, are given in Table XIV.
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The average cross-sectional {load carrying) areas of the tubes were cal-
culated from precision weight and length measuremoents using a density value of
0.162 pound/cubic inch as given in Reference 43.

The tubes when subjected to a simulated braze cycle, were heated at a
controlled rate of 100 degrees F/minute to a temperature of 1675 F, held at this tem-
perature for 20 minutes, cooled at a rate of 50 degr-»f ¥ ainute to 1000 F, and then
furnace cooled to rcom temperature. The cycies were performed in a cold wall
vacuum furnace with typical vacuums of 5 x 10"6 Torr,

The tubes were gripped with Swagelock stainless steel tube fittings as shown
in Figure 9. Snlid end plugs (also shown in Figure 8) wefe inserted into the tubes in
the region of the fittings to prevent the fittings from collapsing the tubes. During
loading, the tendency of the tubes to reduce in diameter caused the plugs to carry
some of the end load, thereby assuring that all ultimate tube failures would occur near
the center of the tube test section,

The ultimate strengths were determined at three test temperatures: -320 F,
room temperature, and 600 F: and the resuits are shown in Table XV and in Figure 13.
All failures occurred in the center section of the tube specimens. Also shown in

Figure 13 for comparison are typical tube strength data obtained from DMIC Memo-
randum 171 [Ref. 43).

At room temperature, the as-received 0, 006~inch thick tubes were 26 percent
stronger than the 0.002-inch thick tubes. At -320 F, the strength differential amounted
to 11.0 percent; at 600 F, 52 percent; indicating significantly greater recovery re-
sponse to mill-anuealing by the more heavily worked 0. 002-inzh thick wall tubing.

The 0.002~-inch thick tube strength at room temperature was closest to the typical
value given in DMIC Memorandum 171 (Ref. 43).

The simulated brazing cycles had only a small effect on the ultir:ate strengths
of the tubes, as was expected with this non-heat treatable alloy. The strengths of the
0. 002-inch thick tubes were improved slightly by the simulated braze cycle, compared
to o slight decrease in strength for the 0. 006-inch thick tubes.




ULTIMATE STRENGTHS OF Ti-3Ai-2.5V ALLOY TUENG

TABLE XV

Condition
As Rec'd
(R) Average
Simulated Wwall Teat Ultimate Ultiniate
Specimen Braze Thickness Temp, Strength Strength
No. (S) {Inches) {F) (pst) {pei)
T-1 R 0.0017 75 92, 000
T-2 R 0.0017 78 9z, 000 92, 009
T=-3 R 0.0017 75 32, 0600
T-10 R 0.0017 =329 158, 000
T-11 R 0,0017 -320 179, 000 170, 000
T-12 R 0.¢"'7 -320 173, 000
T~16 R 0.0017 600 49, 000
T-17 R 0.0017 600 63, 000 48, 600
T-18 R 9.0017 600 46, 000
T=7 8 0.0018 75 98, 000
T-8 S 6.0017 5 95, 000 96, 000
T-8 ] 0,0017 7% 85, 060
T-13 s 0.0018 ~320 180, 000
T-14 ] 0,907 =320 182, 000 182, 000
T~15 3 0, 0017 =820 182, 000
T-19 S 0.0017 600 52, 000
T-20 S 0,0016 €00 30, 000 £2, 000
T-21 8 0.0017 600 55, 000
T4 R 0,0057 i 120, 900
T=5 R 0.0057 §:) 114, 090 116, 000
T-6 R 0.0057 % 113, 000
T-27 R 0, 0058 -320 188, 000
T-28 R 0, 0057 ~320 188, 090 188, 000
T-29 R 6. 0056 -320 187, 000
T-33 R 0. 0057 600 73, 000
T-34 R 0. 00568 600 74, COG 73, 000
T-35 R 0. 0057 600 73, 000
T-24 8 0. 0057 5 108, 000
T-25 ] 0, 0057 75 110, 000 1089, 000
T-26 8 0.00&6 76 107, 600
T-30 S 0. 0057 ~1120 184, 000
T-31 8 0. 0057 =320 185, 000 185, 000
T-32 S 0.0056 -320 187, 000
T-36 8 0,0056 600 66, 00¢
T-37 S 0. 00567 600 67,000 86, 0UU
T-38 8 0.0056 800 66, 000

Superior Tube Company - No, § Temper
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PLUGS FOR CENTER OF TUBES ARE SHOWN NEXT TO THE GRIPS
FIGURE 9. TUBE SPECIMEN AND END FITTINGS FOR TENSLE TESTING
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TASK I - SELECTION OF CANDIDATE BONDING AND BRAZYE ALLOY SYSTEMS

Ideally, every titanium-foil structure "should be mae integrally from a single-

Heee of foil (or other metal shape) thereby eliminating the need for artifically prc-
et joinrts,  Howover, since this concept is still beyond the state of the art for such
Cnodlex aerospace siructures as thin foil heat exchangers and honeycomb panels, it
‘oo ceessary for joining mcthods to he developed which can tie together the required
“0i' components in such o manner as to approximate an integral struecture. The study
s ju'nt structural requirernents, therefore, is reallv the logical 3tudy and evaluation
o7 pernussible compromises made in component strength, stability, toughness, and
¢orrogion-resistance for the sole purpose of permanently honding un assembiage of
fedilp inte a single unit. The proper balance of comproinises prodv ves the optimum
fabricated structure. In general, the categories of joint strength, toughness, dimen-
gional and metallurgical stability, corrcsion resistance, and weight penalties are of
prime importance te titaniurm foil structures.

@G €

.5.1 Corrosion Resistunce of Joints

Severe corrosive attack of titanium alloys by aerosol or fused salt media
containivng halide salts or dissolved halogens is undoubtedly the most serious problein
threatening the general application of brazed titanium foil structures. Little is knowvn
of the corrosion mechanism exccot that it is essentially galvanic by nature. However,
wractical experience has shown that dissimilar metal joints, especially those brazed
with the currently popular silver-base alloys, are particularly susceptible to crevice-
typs: corrosion (RT t~ 200 F), Silver-brazed titanium T-joints commonly fail cata-
strophically after 10 to 15 hours exposure to 200 F salt spray (unstressed condition)
and, as shown in Figure 14, crevice-corrosion failure normally occurs along the
Ti/TiAg interface. This degree of joint deterioration would be intolerable in both the
neat exchanger and honeycomb structuree. Rather, the joints must remain sound and

leal~tight for cxiended perivds of operation. This structural requirement is of ex-
tremie importance.

$.3.2 Joint Strength and Toughness

The nominal design atresses impored upon joints in typicai fofl heat ex-
changers (through internal pressurization or pressure differentials) and honeycomb
panels (chiefly through flexure) are quite low. However, very high transient stresses
of indeterminate magnitude can be sxperienced in localized joint regiuns due to severe
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el gradients and/ oy werodynamie shock loads encountered in normal service.
“heetiect of sueh transiont stresses can be intensified by virtue of the natural stress
concentrations imposed by the typical (angular) joint geometries and their intrinsic
rigidity (Fig. 25 and 16), and by internal stress concentration due to micrceracks
formed at moderate stress levels in relatively hard, high-modulus, secondary phases
of filler materials (e.g.. the TiAg phase encountered with silver-base braze alloys
or heryllides in Ti-7r-Be braze alioys).

Consequentiy, it becomes imperative that joint matrices achieve a proper
Latance between streagth and toughness. High strength, approaching that of the parent
foil, {3 desirable to rzsist permaneni joint deformation and resultant component dis-
tortion during periods of high transient stress and also to better combat thermal
fatigue failure. A good matrix toughness rating is equzlly desirable to minimize the
likelihood of stress concentration cracking and premature joint failure. Solar's
concern with joint sirength and toughness was reflected in the choice of the test speci-
men types to screen candidate bonaing systems; the T-joint tensile test specimer
{Fig. 17) and the doubic-lap joint peel test specimen (Fig. 18). Both tests measure
relotive joint strength und toughness under conditions simulating tke stress Celds
and natural geometric stress concentration found in foil structures.

3.3.3 Dimensiconal and Metallurgical Stability

Honeycomb panels and heat exchanger structures zre required to have pre~
cisely controlled external dimensions. Therefore, it follows that suitable joining
methode must be perfectly adaptable to the exact fit-ups and carefully tailored ddmen-
siors of a precision assembly. Tc avoid pregressive thermal distortion and joint-
misinatch ir the making of thousands of interconnected and interrelated joints, it
hecomes advisable to nccomplish all of the joints simultaneously.  This is feasible on
= large scale only through brazing and, in certain instances, diftusion bonding. Even
these joining techniques may contribute to dimensional instability if process heating
and cooling rates cannot be made uniform throughout the foil structure. As a result
of this situation, dimensional control can rezdily be lost through non-simultaneous \
joining and by thermal distortion or warpage of the erratically joined integral structure.
Excesasive liquid braze erosion of fuil faying surfaces can also create problems of
dimensional stability by consuming variable amounts of foil length, thereby disrupting
or weakening joirit areas and changing critical component dimensions.
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Metallurgical instability is a different problem which arises from undesirabie
foil stiuctural changes occuring during heat treatment associated with the joining
procese or due to fvil/braze {(or foil/irterleaf) interaction. A good example of metal-
lurgical instability derived from process heat treatment is beta embrittlement of foils,
related to beta-phase grain gre tu and second-phase dissolution and subsequent re-
precipitation effects in the all-beta field (e.g., » 185C F for Ti~-6Al-4V fcil or »> 1800 ¥
for Ti-8Al-1Mo-1V, and Ti-5Ai-2.58n foils). The braze cycle simulation work pre-
viously described was designed to characterize this preblem. Foil {ngtability arising
from foil/braze interaction may be evidenced by regions of high hardness and em-
brittiement in the braze-affected foil resuiting from undesirablc beta transformation
products on cooling {e.g.. omega, alpha-prime, or e~uanrium alpha phase extensively
hardened by interstitial »' .ment absorption). The Ti-8Al-1Mo-1V alloy is also suscep-
tibie to an alpha~crdering phenomenon, particularly intense when contaminatrd with
alpha-stabilizing interstitials picked up during joining, leu.ing to losses of strength
and ductility and increased susceptibility to eall corrosion. It follows, therefore, that

the joining process itself must not act to induce instability of either l:ind.
3.3.4 Weight and Process Considerations

The task of making toil joints incurs a penalty in the form of braze alloy
weight or interleal material weight (diffusion bonding). The single possible exception
is meli.diffusicn bonding which appears feasible only for tube-to-header joints,
characteristically posse.'sing large, well-supported faying areas. (Honeycomb core-
to-face shuet joints, as weil as plate-to-fin Joints do not adapt well to diffusicn bond-
ing parameters of high stress-temperature because of the extraine flexibility and low
buckling resistance of thase structures. )

Typical weight penaltiee rauge from 0.5 to 1.0 percent of total siructure
weight for diffusion honding or in-situ brazing, and up to as much as 3. 0to 5.0 nercent
of total weight for conventicnal » .. der of f~{l-type braze loading. The objective in all
cases 18 1o provide 100 percent bonding of all faying surfacrs with the formation of the
smeollest useful fillet {i.e,, minimal fillet brazing). The overly large fillet in foil
joints is usually superfluous from a desig: standpoint, yet contributes most to braze
weight.
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In-situ brazing r-ruires the best fit-ups (as precise as for 4iffr<ion bonding)

hut definite advantages accrue in weight saving. Ideally, the in-situ braze proces3
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j.rat hridgc the rit-up gap with minimal flow and filleting. Examples could include
Ni-¥ eutectic braze a1'nva plated (Fanigen plating piocess) upon faying surfaces

{G. 0001 inch thick) or very fine powders of friavle braze alloys slurry-coated upon %
faying surfaces (0.0001 inch thick). Add ional processing advantages of in-situ .o

brazing are:

e Heating rate of the brazing temperature is not usually cricital inasmuch .
as only short-path braze flow and negligible filleting are required. This
situation eases the normally difficult process and equipment require~
ment for rapid heating, and thereby minimizes the likelihood for thermal
distortion. (The in-gitu process guide lire is most applicable to plate-
and-fin heat exchanger technology where he~iing rates are naturally and
unavoidably slow, and faying surface fit-ups have to be near perfect
regardless of brazing ter inme

e Further weight savings can be achieved in the case of honeycomb brazing
inasmuch as node flow can be avoided entirely through minimal braze -
loading. Normally, diffusion bonded or resistance welded node joints
require no further reinforcement by brazing.
Conventional braze loading consists simp  of placing braze alloy powder or
wire immediately @ lacent wo the joint faying surfaces. Normal liquid flow and fillet-

ing carries the braze material into the joint area. Obvious advantages of conventional

z
;
¥
%
g

braze loading are:

¢ High nrecision fit-ups are not mandatory, although usually desirable to
minimize distortion,

o Loading technique is relatively simple and inexpensive, contrusted with
the in-situ loading technique,

» Conventional nondestructive inspection methods can be used to ensure
quality. ’

A less obvious, but very real, advantage of conventional loading is that the large
fillets produccd help to lower applied stress levels (buttressing effect) and reduce °
stress concentrations in braze joints. For example, in a honeycomh panel, both
corc-face sheet joluts and node joints would be benefitted by the heavier flow. This
advantags can be beneficial to brazement reliability, especially in braze systems
charscterized by potentially embriitling interfacial compound formation (e.g., the
'11Ag intermetallic in silver-base systems) or random occurrence of massive inter-
metallic phases (e.p., titanium beryllides in the TiBe syetem).
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The weight problem and associated bond process problems of variably
"previse fit-ups, heating-rate sensitivity, and braze loading technigues (with their
individual advantages and disadvantages) had to be considered in selecting the most
p.~mising bonding systems for study. A distinct advantage resides with the more
versatile braze alloys which can operate well in either in-s8{tu or conventional hraze
situations, and are relatively ingensitive to normal (design-imposed) variatiors in
heating vate, braze loading, and degree of fit-up. Such versatility permits wider
tolerances for process parameters, a larger measure of bond process coutrol, and
more reliable {-il joints. Varying the braze load also permiis some contro! over the
weight penalty. Additional advantages in weight reduction accrue to the less dease
braze alloys, such as the newer varinties of Ti- or Zr-base, as contrasted with these
of Ag~ or Pd-base. The relative dencities of these elements are: )

Density

Element (gm/cc)
T 1.51 :
“r 6. 49
Ag 10, 49 {
Pu 12.02 i

~ -~ -

Vewew nm,uyolc Ui TUIL Diuel: W Froblems

The currently available braze systems used to join titsnium suffer from the

fact that they were not devised sp=cifically for the unique metallurgical problems of 3
titanium alloys. For example, braze alloys based upon the two eutectics in the Ti-Ni §
binary system, T{-66Ni (2040 F) and Ti-25Nf (1725 F), have been evaluated by industry

(Ref. 44). The high titanium levels ensure good sélf-fluxing abtility and fludity. The - ;
principal problem with the high-nickel variety {a rapid and severe erosion of the ’

Glawn alluy fciie »79 Ah T AL~ ‘- the tendency of the liquic Lraze to dmaolvc 101l

to more closely approach thermodynamic equilibrium. This tendency Lae heen observed | g
to be aggravated at brazing temperatures > 1750 F for simila. nonequilibrivm 3ystem~s.
The lower temperature T{-28Ni eutectic hraze alloy shows much reduced erosion
tendency because the liquid braze can coexist under quasi~equilibrium conditions with
the terminal titanium solid solution at or just above the eutectic temperawura (1750 to
1775 F). However, upon uraze solidification, the preponderant shase in volume per-
cent is the brittle intermetallic szm, which creats a pocr engineering structure. .
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To minimize brittle intermetallice and erosion problems, most investigators
have resnrted to silver-base braze alloys witi doubtful success (Ref. 45 and 46). Typi-
cal silver-base braze alloys used in production brazing of titanium are Ag-5A1-0, 2Mn
(1650 F), Ag-2Li (1400 F), Ag-108n (1700 F), and Ag-28Cu~0.2Li (1500 F). In high
vacuum or gettered argon atmosphere, these silver-base alloys flow well on titanjum
surfaces without flux. The rapid formation of the semi-ductile intermetallic, TiAg,
at the braze/substrate interface acts as a physical barrier to titanium evosion. The
TiAg phase has quite good adhesion, but a lower coefficient of expansion than vither
braze or foil. Consequently, on cooling, cleavage cracks frequently form within the
interface region. 4n even more serious problem has been crevice corrosion crucking
in marine atmosphere and industrial ervironments (requiring several weeks or months
to be evidenced at ambient temperature). Crevice corrnsion cracking along the
Ti/TiAg interface takes place in silver alloy brazen.ents (frequently in an insidious
manner) that are difficult to detect without handling the parts. The interface corrosion
can be accelerated by salt spray testing (5%NaCl, 200 F), requiring 10 to 15 hours
of s, 1y cxpesure, Apparerntly, the problem arises from a strong swface electro-
motive force potential generated between the Ti1Ay,/Ag or TiAg/Ti couples (Fig. 14

Another rietailurgical problem tu consider in titanium foil brazing is that of . ﬁ
preventing beta embrittlement. Prolonged heating above the beta trar~us tempera-
tures V) of most commercial titanium alloys gives rige to a .matrix structural change ;
termed "bel - embrittiement”, characterized by low ductiiity and low notch toughness

levels, The coarse-grained Widmanstatten structures generated sre somewhat
harder and constderably iess ductile than the former equilibrium or hea: treated

| strictures, They are ¢r 1 by a combination of beta grain growth, absorption and
redistribution of interstitiai element contaminants, and formation of ronequilibrium
hets teangdtion profuet |z eoolng. 2 ocvention is the hest remedy for beta esnhrittle-
ngimt. Thetafore. it is Imperative that titaniuw foil brazing be conducted well below
each foil alloy's bee?fa traneus temperature and that the effective beta v’tranmzs of hraze -
affected foil not te lowered siguificantly ;‘b_y proxressive absorption of beta-~stabilizing
elements from the braze; e.g., by zfrcontum, nickel, or sii or). |

1. Approximate beta transus temperatures;  Ti~8Al-1Mo-1V 1906 F
| S © 74-5A1-2.58n 1800 F
CTi-6Al-2V 1850 F
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It should be emphavized that the four principal metailurgieal probleme con- ;
sisting of crevice corrosion, liquid-mewal erosion, beta embrittlement, and urndesir- ]
ause Intermetallic compound formation are valid for titanium joining per se, but are
greatly magnified for the condition of joining foila. This is true hecause of the en-
Lurged faying surface (i.e., reaction surtface) to bulk volums ratios for foils: making
foil inints much less able te accommodate the adverse effects ¥ corrosion, erosion,

. contaminztion, and unfavorable structural changes thon similar joints in heavier shect

and plote.
3.3.6 Proposed Approuach to Problem Soliions

rhe ratiorale supporting the developiment of imvoroved brave systems for
titunivm alioys was directed primarily at colving the two most serious problems of
joint corrcsion and erosion. To combat corresion, it was reascned that the braze
material and the titanium foils should have surface electromotive force potertials as
closely matched as nossible. This situation weuld reduce the likelihood of dissimilar
metal couples developing electromotive forces of sufficient magnitude to drive poten-
il "ty corrosive reactions, Consequently. to minimize the surface electromative

force Jdifferences between braze microcc,isti.uents and titanium foil members, it wi

decided {in pre-contract work at Solar) to select bruze »lov bases that are chemicatly
similar to the foils thems 'ves, This, of course, narrowed the candidate elemental

bases to titanium  circonium, and possibly hdnium,.  The staadard exidation-; oduc., on

P JUTT T

potentials of candidate braze bases are shewn in Table XVI.

To counteract erosion, it was felt that the iiquid braze meta! should be in
thermodynamic phase equilibriun. {or st least approximate ec:;;aﬁbrium) with the solid
titanlum~base {oil alloy. To accomplish thds end. and also to lower the base alley
braze temperature to decelerate the rale of any ’iqui(i golid intemctim it ae decizied
to evaluate eutectic braze a\*atems of Ti-Be, ar-Bo, and Ti~ ZeeBa. Theze st slemE

:
:

were chosen using the oriterta of melting pomt df*pressicm !he matehed oxidation~

‘ reduction potentials, and the likelihood of forming vewyaubie nquid svaﬁms whimr
. " can coexist in a state of actual or sussi~-thermodynamic equilibrivm with folls. :he

. condidate elements consideved are included in Tubles XV Tend XVIL  E_ryilium proved
7 tobea nearly tdeal melting poist de;;meaant for these bases, The first eutoctics

- . formed with be_‘z'_gmum for the titanfurn, Zirconfum, <nd Ti-Zr bases - 7,4 to ;

P - 8.0 weight percent bervium (Ref. 47 and 45 - provided superior brazing charac-
SR ' tv:‘riatjc_s on ioila at process Lempératures 2000 F. The standard au‘rfmié\eﬁw(rommivs
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CABLE XV

STANDALD ONIDATE N - BEDUCTION POTENTIATS 08 O ANIHDA T BRAVD e
| Most Common Voltage |
; Valencer )
S - !
+4 -
Ti = T + Ze ! 1,43
+4. ~
T{ = TI "+ 4e +1,80
i [l
+ -
Zv = Zr 4+ e +1,53
. o 1
e - iv-}e P, |
- - - ]
i Be - Be + 2¢ +i.85 :
e - . :
Al = Al T+ 3e +1.66 |
N = Ni <26 +0,25
= -
Ca = Cu *Zle 0.34
4.
Ag = Ag * e 0. 80
++ - s :
K =P +Ze 1
+ -
Au = Au + ¢ ~1.68

force of elemental beryviliwn indicated » suftability for dffusion alleving with both the
foil alloys and the titanium or titzsder-zirconium ferndnal solld solutions of the heave

{with which the Hquid cutectis braze allovs approach thermod,namic equilibrium.

Not only are ti.e berylliv= golubilities low (= 1.0 percent! in the corresponding termu-
nal scifd solutions of the soiid braze 1o evsure minimal changes in chemicval activityy.

Lut bervilium Is only z weak f-phase stabilizer (minimizing the probability of beta

idma 0 s

transus emperature recdiiction in braze-affected foil). The effect of the more potent
beta staldlzer, zirconiem, in bruze-affected {oil was determines to he minor so R
long as braze ternpe ratures are maintained <1700 F.  The solid euteciic structures

b g €

themselves conaist of approximaiely 35 volume pevcent TiBe, and.or Zrfe, arranged
o fir-iree dﬁ»‘?&ii}:é”f patterna within a conti-viouzr matrix ph:r-.sé of the :itmm:m, ziceoni-
urm, oF Ti-2r terminal solid solution (Fig. 19). It was subzequently shown in prior
work zf Solar that the eutectic braze structures characterized by continuous, pre-

" pondesant (85 volume perceat) mairices, and an ubsence of interfactal beryilide Time

eisure 1 yood messure ¢ hrize ioughrness., The beryvllides themselves demonstrated

:
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TABLE XVII

CANDIDATE ALLOYING ELEMENTS FOR PRODUCING TITANITM -~ AND
ZIRCOKITTM-BASE BRAZE ALLOYS ‘ -

) "'w‘ll‘, gatsl. /‘

Ve pheeen b W WY LA JXRNADS. 415

Alloying | Melting Polnt Depressi... .. MOximom: Degrossion o
Eiemers |  (dogree Fper 1%) | (B} [& Alloying Elessasnt) Redarks
Titanium-Baze
T Aluminam 12.0 488 38 @ stabilizer -

. BaryDium a35.n 14453 " 5.8 -t B atahilizer
Cobalt 46.7 1280 ¥ i f stabilizer
Chromium 12,7 594 47 £ stabilizes

: Copper 1.3 1214 42 ¢ stehilizer
Tron 36.1 1153 82 § cstablitver
Germauium 87 4 , 1483 22 HMiid o dtabilizer
Mangasese 28.1 | el 42.5 @ stabiltzer
Nickel 45.3 1378 28.% B gtabilizer
Silicon 82.7 762 8.5 Mild p stabllizser
Silver 8.1 558 69 § atabilizer {solubie to q)
Tir 5.8 208 35 Mild a stabilizer
Zirconjum’ 4.0 s 200 C by § stabiiizer

. Zirconium -Base

Aluminur, 2.7 802 . o stahilizer
Berylium 285.0 1568 5.5 Wsak £ stebilizer
Cobalt 1010 1568 15.8 Wenk Sstahilizer
Chromium 55.1 992 1 Weak g sisbilizer
Copper 7.1 1641 20 - stabilizer
Iron 103.0 1644 18 | p stabilizer
Germanium 73.7 568 7.7 M(ld o stabtlizer
Manga.ese 57.3 1289 1 § stabilizer
Nickel 9.4 1604 S X p stabilizer

. £.Ucon 149,5 434 2.9 Mild ¢ stabilizer
Slver 36.4 1082 12 § stabilizer

' Tin a stabiliver
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tc be corrosion-resis.ant in the eutectic mix, presun:ably because of theii chemical
inertness ov matched electromotiva forces. Brarements of ail eutectic alloys with-

stood 100 kours of salt-spray exposure (5%Natl. 200 F) without apparent structural

change in prior work at Solar {(Fig. 20).

Erosion probiems were stiil spparent with the binary titanium- and zirconjum-
base alloys in initizl brazirg experiments, For sxample, the Ti-5.6Be eutectic alloy
gave evidence of progressive foil erosion at the minimum brazing temperature of
2600 F (Fig. 21). Althoegh 2600 F iz only 50 degrees ¥ greater " °n the apparent

B
£
2

eutectic temperature {a measuve of thermodynamic imbalance), tne reaction kinetics
are sufficiently rapid at this high process temperature to severely erode and struc-
turally medify the 19-mil Ti~-5A1-2. 58n folls within 5 to 25 minutes at temperature.
In zddition, the braze-sifected foils suffered complete beta embrittlement at the
. 2009 F process temperature. The lower melting Zr-8. 0Be cutectic alloy exhibited a
: diffe;\ém kind of erosion proliem with folls. In just 30 seconds of braze process time
at the eutectic temperature of 1810 ¥, the titanium alloy foils underwent severe liquid
metal erosion (Fig. 22}, In this case, the underlying cause provesd to be related to

S A

the liquidus-temperature mintmum accurring in the Ti-Zr binary at 56 weight percent
Zr (Ref, 473, Experiments at Solar with Ti-Zr-De ternary alloys (with varying Ti/Zr
ratios but conatant 5. 6 percen’ Be levei) revealed that the minimum in the liquidus
temperature (1625 F} for the ternary alloys also occurs at a T1/%r raﬁ’e of 1.0,

. Hence, liquid zirconium~rich braze alloy and solid titanium~rich foil’ ure tao far re-
moved {rom thermodynamic equilibrium at 1&10 F, and cannot coexist wivchout ixdtially
strong interaction and modification {foi} erosion). ) L

Reflection upon the methods avaiicble to control erosion led to an e»ertuah
solution. -There are five general methods for cantrolling erosion: ‘ ; -

1. Keep temperature and time to the absolute minimums required !or
brazing.

2. Use low melting braze " ys to reduce rates of liquid metal atfack.;
3. Use a minimum quantity of braze alloy. ;

4. Form continuous interfacial compouml with slow nif%mon rate av the
interface. : :

‘5. Use a braze alloy that spproaches t,hermodynamix: equihbrium with bam
~ metal substrate.
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The use of rapid process cycles {Method 1) can be cengidered in special cases,
but was unaccentaule as a complete solution for the "'heat- shieid"”’ {7e of structure
required in thia program.  Pedustiol oI the inalting point of ihe Draze aitoy (Method 2)

does ~~duce the erosive rate of atiack. However, the strongih versus temperature & i

curve for a braze alloy is generally related to the mealting point 8o that 2 braze alloy
meiting at 1250 F (braze flow temperature may be 1350 F} cannot be expected {0 have
much strengih at 100¢ F. Therefore, this approach offered a very limited scliution ‘
to the problem. (However, the high 2000 F flow temperature of the Ti-Be eutectic

oy

represents the other extreme and was equally unsuitable, )

A

The use of a minimum quantity of braze alloy (Method 3} 15 required by other
factors. inclpding:

o Minimum weight structire
s Efficiency of heat exchanger structure
e Control of braze alley flow (e.g., ncde fiow in heneyeomb sandwich)

Therefore, Method 3 could not be considered an independent varizble to contrel erosion,
because the quantity of braze alloy was already controlled for these cther reasons.

Method 4 (formation of a componnd at the Interface) i8 used in many practical
cases. The formation of TiAg at the titanium-gilver braze alloy interface hae already
been discussed. The problem with this type of approach i8 to find compeunds with a
modicum of ductility. For this reason, it does not represent a versatile approach.

Method 5 has been used by Sclar in the development of nonerosive alloys for
brazing refractory metals and titanfurn. The ideal situation {s to braze a sclid soli-

L] (]
.-;;;mwwwmmmmwwmmm.,m,;ma ey MR

tion alloy (foil o1 sheet) with a eutectic braze alloy composed of the same or closely

A,

related solid sclution plus another component or components in thermodynaniie

equilibrium. The trouble with the Zr-Be eutectic is that Zr, although chemically
® sim'lar to T4, does not provide the required thermodynamic equilibrium vetweeon - - o ¥

liquid and solid phases, a -

- s ot

- These early motrdlurgical studies at Solar led to the obvious sclution to hoth
: . problems occurring with the tinary Ti-Be and Zr-Be braze alloys. The problem of &
' eroaion due to thermodynamic imbalance of chemical sﬁecﬁea (Ze/Ti ratios) was ’ & |
. solved by employing the halanced ternary eutectiv alloy, Ti-47.2Zr-5.6Be. (The

absence of the foil erosion tendency 18 shown in Figure 2¢ ) In addition, the
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prohiem of minor thermodynamic imbalanze eaused Sy the typical ferpersiuve dif-
xex*s_a::uo’ Selween sctual extectic temperature and minimum flow temoeraturc
(roxmally ~ 50 degrses F) was alleviated by emploving the same ternary sutectic

alloy. At the quite low minimum ,i:‘i'azing temperatuve of 1650 F, the reaction rate

“of liquid/solid was shown o be appreciably siower thun at 2000 F, sc that rapid foil

ercsion ceased to be a problem. Metaliographic examination indicated that neither
erosion nor beta smbrittlement of program alley foils sccurred to any appreciable
aegrea at 1586 to 1700 F fer process times up to 25 minuies (Fig. 24). On the

sirength of these promiging struciural and behavioral charecieristica, the ternary
Ti~-Zr~Be sutectic alloy was chosen 28 the principal b o for further alloy studies aimed
at optimizing foil joini.ig capabilifies,
3.2.7 Selection of Rraze Systepws for Foil Joining Studies

Teo obtain the proper background information from which to select the candidate

braze alloys with best potential for the subject pregram, s comprehensive literature

aurvey was made of all published titanium brazing e:perionce to date (Ref, 49 through

92),

'I'hvs survey revealed tha' published information on titanium brazement
strength, toughness, COX’I‘GblOD resis..-ame, and genoral metallurgy was quite sketchy
and frequently vagune for .nost braze systems; indicating that very little concerted
effort has been méde tc develop *itanium brazing alloys using scund metallurgical
éppmac‘hes. Thus, the. b;‘azé alloys reported by manufacturers of titanium-braze
structure usua!ly mpresemed existing brazv ~lloys not specificaily de?ﬁ,igned for
joining titantume, but apoarently suitable oa & cut-and-try basis., The silver-base
‘nmii,r of braze alloys talls into this category. Reported attempts at developing braze
slloys specitically for (and metallurgically compatible with) titanium had been carried

out normally as laboramxy eff@rts, with little application or service ¢xperience yet
ava‘lable '

The three prohuble excepticma which warranted aitention in this program are

desr'ribad in the tollnwimr paragraphs.,

Paliad lum-ﬁonmming Bra'ze Alboy :

* For braring titanium to stainless sicel, a new alloy (Ref. 79) containing
81.1 pslladium, 14.3 sllver, and 4.6 silicon in percent by weight had been developed
under a NASA contract. The homegenaovs solid was reported inert to niéric acid
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attack. The ultimate fensile strength of the joint wns armmfnraceh 75,0 06 ani. The
alioy was reported to form a metallurgical bond, with alloy {ats eriasial nesstration of
0, 0015 inch into the titanium subst raie and 0. (07 inch into the sials xZ z#¢ ates), The
alloy reportedly exhibited excelient fiow characteristivs al a brazing gsna;.wfata?e‘\i.n

the range of 1395 to 1450 F.

This palladium- base altoy provided novel a;'zpmm'b to a s;ow-ten perature ,
braze alley for titanium. ilowever. .. was decided to eliminste thio alloy as a canﬁdn@
because of: '

* The wide diftervence in sarface eleciromative pote ,.ntiala frr Pd (»O 43 volts)
and Ti (+1, 62 volis)

» The high densities of both Fd and Ag
e The high intermetallic content

Nickel-Phosphorous Braze Allovs (Kanigen Process)

Nickel-base braze ailoys containing phosphorous (Ref. 81) have been developed
for use in the nuclear efiergy industiry where the présence of boron {even ir small
quantities) cannot be tolerated. This type of alloy does noi erode stainless steel and,
théréfore, has found acceptance for joinring thin gage material. i dees, however,

- tend to be brittle. Most of the alloys are available as powder: an exception is the

Ni-P eutectic alloy which can be applied by the Kanigen electroless plating technique.

- A suitable filler metal for producing scund, corrosion-resistant joints in
zirconium alloy tubing operating in high-pressure, high-teinperature {~ 6§80 F) water
was reported to be Ni-7 to 10P {Ref. 49). Because of the metallurgival similarity of
titanium and zii-cbnium, it was dec:led to screen Ni-10¥ plated by the Kanigen electro-

~less process on titanium foils for poasible in-uitu braze application. A typical use
of an in-situ process is the joining of flat plate and corrugated fin components of thin

foll heat exchangers,

wamum and Tiianium-‘?iv'com am Base Alloys

The prcmxs!ng characteristics of Ti- and Ti-Zr-base braze allove, cmploying
heryllium ss the mujor melting point depressant were discussed previously., These
eutéctic bases wera selected for farther study and develnpment with the hope of
evulving 1 sudtable braze matertal for foll jeining,
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Hars were drawn for minor chemical modification o‘f tne msxc 11-5 6Be

and Ti-47. 2?:‘»-5 6Be eutectic alloys, with the primary owjactives of

. anering the flow temperature of the T, -bare alioy from ~ 2000 F to
~1600-1700 F, to minimize foil erosion tendency for Ti-RAl-1Mu1V,
Ti-5A1-4V, and Ti-5A1-2,58n foits. (Modifiers incinded Ai, Co, Cr,
Fe, Cu, Ni, Ge, Mn, Si, Ag, and 8n,) e

) wwe ing the flow temperature of the Ti-Zr basz alloy from 1625 to
1400 ¢r 1500 F; principally to permit safe brazing «f the Ti-3A1-2.5V -
tube alloy below its beta transus (1715 F) and to enahle safe, long-
termn brazing pericds for all the program foil alioys. A secondary _
objective was to reduce the beryllide ontent of the basic braze structure
by partial or toial substitution of other melting pcint Jepressants for Be.
{(Mcdifiere incladed Ni, Mn, Sn, Fe, Cu, Pd, Si, Ge, Ag, and Al.)

The selection of alloying additives and the quantities of ndditives used were
based upon the atated objectives of lowering the effoctive melting points of the braze
alloys some 200 to 400 F. The candidate alloying elements and their relative potentials

for melting point depression in binary alloy systems (both Ti- and Zr-bases) are
listed in Taule XVII,




Braze Alloy: Ag~5Al-0.2Mn
_ Braze Temperature: 1790 F
Eichant: Kroll's
Wagnification: 60X

Note the thin TiAg film

-

. A Braze Alloy: Ag-5Al-9,2Mn
Braze Temperature: 1790 F
Eizhant: Kroll's
Magnivication: 600
Crevice corrcsion destroved the

foil/br. e interface loint after a
36-hour exposure to salt spray

FIGURE 14. TYPICAL Ti-6Al-4V FOIL T OINT BRAZEMENTS MADE ~ITH
SILVER-BASE BRAZE ALLOY ’
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FIGURE 15, TYPICAL HONEYCOMB CORE-TO-FACE SHEET JOINTS
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FIGURE 16. TYPI!CAL CORRUGATED FIN-TO-PLATE SHEET JOINTS
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FIGURE 17. T-JOINT SPECIMEN USED FOR BRAZE EVALUATION
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FIGURE 18. DOUBLE-LAP JOINT SPECIMEN USED FOR BRAZE EVALUATION
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Etchant- Kroll's
Magnification: 100X

[
FIGURE 19.

TYPICAL EUTECTIC _
STRUCTURE IN AN ARC- §
MELT!.D INGOT OF '
Ti-47. 2Zr-5.6Be ALLOY

i




Alloy: Ti-b.6Be
Etchant: Kroll's

Magnification: 60X

Absence of corrosive attack

Alloy:  Ti-6Ni-5, e
Fichant: Kroll's
Magnification: 60X

Absence of corrosive attack

Aoy Ti-2 RAl-0 -Be
Fichand- Xroll's
Magnification. 50N

Absence of corrosive attack

FIGURFE 20, BKRAZED T-JOINTS OF Ti-6A1-4V FOILS AFTER A 96~-HOUH SALT
SPRAY EXPOSURE (Sheet 1 of 2)
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Alioy: Ti-6A1-4V-5, 6Be
Etchant: Kroll's
Magnification: 60X

Absence of corrosive attack

FIGURE 20, BRAZED T-JOINTS OF Ti-6A1-4V FOILS AFTER A 96-HOUR SALT
SPKRAY EXPOSURE (Sheet 2 of 2)
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Ti-5.6De
1 Minute
2000 F .

Braze Ailay:
Braze Time:
Braze Temperature:
Kroll's
166X

Etchant:
Magnification:

RTINS, KRR AR, o Sl i

Ti-5.6Be
5 M

Braze Tempersiure:
Etchant:
Magnification:

Braze Alloy:

Braze Time: ites
2000 ¥

Kroli‘s

100X

Jem et AR S a7 03

Braze Alloy:  Ti-5, 5Be
Micutes

2000 ¥

Biure Time: 25
Braze Temperature:
Kroil's

100X

Ftohant:

MagniZication:

PROGRESSIVE DISSOLUTION AND EROSION QF Ti-5A1-2,58n FOIL
T-JOINTS WI'TH INCREASING BRAZE TIME
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Caarave Silaye de-6.08e
Bease Time- 30 Seconds
Graze Tewperatare. 1816 F
- Ftchunt-  Kroll's
Magnification: 60X
Note foil erosion.  This alloy
oroved unaccepiable for foil
brazing.
FIGURE 22,
TYPICAL Ti-6A}-4V FOIL T-JOINT
BRAZED WITH Zr-6,0Be EUTECTIC
ALLCY
Braze Alloy: Ti-47.32v-5.608e
Braze Time: 5 Minutes
v . Braze Tempersiure: 1830 F
Tichant: Kroll’g

£

. Magnification: 8UX

) Hote absence of foi) eresion through
g adoption of thermodynomic and
metaihirgical principies in braze
alluy Sesign.

FIGURE 23, |
TYPICAL Ti~-§A-¢V FOIL T-JOINT
BRAZED WITH Ti-47, 22r-5. 6Be
EUTECTIC ALLOY

2

1
R4
<
v

62

PwTR

et e P b e ¢




2

sjﬂ E?’ 8

0
s

s
=
'_S“X
s
£

3

3

2%
2

. Braze Alloy: Ti-47.2Zr-5.8Be
Braze Time: 1 Minute ?i‘
Braze Temperature: 1700 F :“55
Eizhani: Kroil'e £
Magnification: 100X %
Braze Alloy: Ti-47.2Zr-58.6Be
Braze Time: J Minute
Braze Temperature: 1700 F
‘ Etchant: Kroli's
Magnification: 100X
Braze Alloy: Ti-47.2Zr-5.6Be
Braze Time: 25 Minutes f
Braze Temperature: 1700 F ;
Etchant: Kroll's
_ Magnification: 100X

FIGURE 24, EFFECT GT INCAE* SING BRAZE TIME ON Ti-5A1-2.58n FOIL T-JOINTS
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3.4 TASK IV - DEVELOPMENT AND OPTIMIZATION OF BRAZE ALLOY SYSTEMS

It was the intent of this portion of the program fo develop ahd modify existing
braze alley systems o fil the special requirements of titanium foil brazing. To this
end, a series of subtasks was programred to zid in the comparative evaluation of
braze alloys. These subtasks included:

¢ The formulation of candidate braze compositions.

¢ The melting and comminuiion of cendidate braze alloys preparatory to
brazing tests,

¢ Brazing tests upon titenium fofls te a~sess brarzing eharacteristics and
relative applivabidﬁes of candidate braze alloys to titanium foil joining.

e Salt spray corrosion tests of elloy brazements.

+ Mechanical tests at reom femperatuwve to appraise relative strength and
toughness levels of candidate alloy brazements.

» Metallographic structural examication of candidate alicy brazements,
before and after cc  osion and mechanical tests, to detect zones of
potential weakness, This information (in total} was then used t> re-
wrodify braze coraposition, braze cycle, and heat treatment to further
optimize each biaze alloy system.

The ultimate objective of this braze alloy study was the establiskment of an

d\iﬁtimtimbraze system for each ¢f the foil structure types to be svaluated in Phase 1I

{viz. , m”rugated sandwich structure, noneycomb sandwich structure, and tube~to~
header matrix structure).

3.4.1 Experimental and Test Procecdures

Testingj‘ormat

The test program of Phase I was divided into two consecutive * 3ks (Teaks IV
and V). Task IV was concerned primarily with the (corapositional) optimization of braze
alloy eystems to maximize corrosion and erosion resistance and to obtain the best
combination of brazing characteristics and processing flexibility along with joint tough-
neas and strength properties, Adaptability to aii program alloy foils was streueém
Eighteen of the most brazeable alloys, screeued by foil brazing performance and
microsiructvre from over 100 chemical mogifications of the basic Ti~Be end Ti-Zr-Be

N ST P )

1. Ti-8Al-4V, ELI (AMS-4907)3-10 mil foils
Ti-5A1-2, 58, ELI (AMBS-4800)3-10 1ail foils
Ti-3A-1Mo~1V (AMB-4918)10 mil foil
T1-3A1-3, 5V tubing (0,125 inch CX by 0.00G inch wall thickness)




hraze alloys were“ceméwativeiy tested in an evaluation program invelving simple
T-joint (Fig. 25 and 2€) and lap~joint brazements (Fig. 27). The T-joint confizura~
tion was chosen to simulate the eritical core/face sheet joints of honeycomb paneis,
Lap-joint s;.\ecimens,_eﬁeétiveiy simulated other {mportant foil joints, typified by node
jointa in honeycomb 'core and corrugated fin-to-plaie jdi.nts in heat exchangers.

T-joirt tersile ahd bend tasts and lap-joint shear teste were conducted prin-
cipally at room tempemture. hoth in the ar-brazed condition and after 100to 238 hours V
exposure to sali spray (200 ¥, 5 percent NaCl). Special tests were also conducted to
gage braze-line peel resistance; using the double lap-joint specimen shown in Figare 28
and to measure the strain-accommodation anility of thin films of braze alloy upon a
thicker substrate of stressed alloy foil (Fig. 29). This lafter test was important to
evaluate braze adaptability to thin foil structures where local and general surface
strains can be quife high as a result of comhinations of flexure and vibration and
pronounced tiiermal differentials. At the conclusion of Task IV, the list of 18 candidate
alloys was reduced to six for further evaluation in Task V.

Braze Alley Producticn

Button ingots of 5.0 or 10. 0 grams of each candidate braze ailoy were argon
arc-melted in the water-cooled copper crucible shown in Figures 30 2xd 31. Elemental
meliing stock used to prevaic alley charges were drawn initially from sources of
commercial purity. However, the advantage of using higher purity meit stock was
revealed eariy in ihe program. As shown in Table XVII. significantly iower levels
~of interstitial clement contamiiants were obt~ined using electrolytic titanium and
electrolytic zirconium i combination with ingot sheet beryllium. An a result, the
highwiﬁﬁﬂty heats permittad rellably lower brase temperatures, improved and more
con;isﬁem brazing characterirtice, as well as lower hraze matrix liardness levels.

- Unmelted braze restdues were vix ally eliminated.

Al caéd!data’ braze 5\110}’! were prepared in either 5~ or 10-gram malt
charges {ustally wgrm charm) Alloying elements for every hest were first g
_wdglndsapmtéiytothemrmmﬁmpm then totaled; secondly, each heat | * F

chirge was weighed 18 & unit to obiain 2 check upon total charge weight. For each - f
heat, thetmlchsm waight uscampamdtobuttmingotwow sfter melting to y
detact posnsitle weight gain or loss attributible to the melting practice, The heat wus o |

‘ cmlidemd ac«ptablc it tba m:«lght chzmp m culoulated to be s{*) 0.005-gram for




TABLE XVIII

INFLUENCE OF MELT STOCK PURITY ON INTERSTITIAL
"~ CONTAMINENT LEVELS

[ e R —
) Total Oxvgen
. Hext NWomingl. Concentration
T Componition Titanlum Zirconium Berryllfum (ppm -wt;
C8i-1 Ti=8.5Be Commerecial Commercisl
Purity (ASS wire) _ Purity (QMV) 2200
81.23 Ti-5.6%6 Commsraial High Purity
Purity (A55 wire) Ingot Sheet (1) 1430
. Cs1-24 Ti~5.88e High Purity High Purity
Eleotrolytlc Titantum (2 Ingot Sheet (1) 260
C813-1 Ti-47,.2Z7-5.6B4 Commercial Comm.ercial Commercial 2200
. Purity (A55 wire) Purity Purity (QMV) |
CS13-3 | Ti=47.2Z7-5.8Pe Commerciai Commercial High Purity |
Purity (AS5 wire) Purity Ingot Sheet (1} 1430
CS13-4 | Ti~47,2Zr-8.8Be High Purity Commercial High Purity
Electrolytic Titanfum (2 Ingot Sheet (U 850
CS13-5 | Ti41.8Zr-5.6Be High Purtty High Purtty . |  High Purity
Electrolytic Titantum (3 Klectrolytic (¥ | Ingot Sneet(V 200
2irzonfum .
1. High Puritv Berylitum Ingot Sheet (Type 1, S-2) (Barvlltum Corp., Reading, Pa.)
. Typical Interstitial Levels (ppm-wl
C 0
. 400.0 100.0
1. Migh Purity Flactrolytic Titantum (Donated by the U,8. Bureau of Mines, Reno Metallurgy Ressarch Center,
Bovider City, Nevsda.)
Interatitial Levels (ppm~wt); Lot Analysts
¢ 0 N
0.0 Mo 20
s mmmmmmcmwu..m ore.) .
| inhevstitia) Levels (ppm-wg; Lot Aoalysia i
i
< 0 N !
1.0 M0 BT .

* S-gram heats or (1) 0. om-mm for IO-mmhuto Thue figures correspond to &
mmnmmww ghtchmouo.lpcreut. mmnmcmmwm ’
much smatler, usually (%) 0.901 to 0. m-grm Sewtautomatic pmialm hnlncu

ammmmnmsamm-‘!m ~

mm-mmrwﬂamed Vycor:!m melt-chamber mmx!-

mxyummvuau-m MMtMiwrcmiblchrm :

lnatcww 31). Bmtormmumchrumm&ubymmmwhmh,v
'mmmmm;wmmwmmxmu The




tungsten electrode was controlled manually through a sliding O-ring seal in the top cf
the chamber. Power for the arc was provided by a low-voltage, dc, welding unit
(selenium-rectified, portable).

In & typical melting operation, the heat charge was positicned in the crucible
cavity together with a premelted 5-gram button of pure titanium. High-purity titanium-
gettered argon was allowed to fiow through the chamber for about 30 minutes to es-
tablish a suitable protective environment for melting. To check the purity of the
resultant argon atmosphere and to getter any residual gaseous contaminants in the
chamber, the pure titanium button waa first remelted and held molten for about 1 minute.
It the surface of the solidified button remained bright metallic after cooling to approxi-
mately 500 F, the atmosphere was assumed to be sufficiently clean for melting the
charge. (The interstitial element contaminant level of the atmosphere at this point
can be asaufned <10,0 ppm.)

The heat charge was then arc-melted three separate times, the solid button
being turned over hetween each melting operation. After cooling to room tempera-
ture, the bution ingot was remnoved from thie chamber and weighed to he nearest
milligram to detect possible weight change.

All braze slloy buttens used in Phase I work were made in the manner de-
scribed. Braze alloy bitton ingots ure.’ to supply braze powdera for Phase Il work

(particularly full-scale component brazing) were further refined by levitation meiting
procedures prior to crushing,

Buiton ingots were prepared for brazing by méchmical crushing and seive
grading of resultant powdera to sizes suitable for use (e.g., -24/+35 mesh for con-
- ventional bruzing or -100/+200 mesh for in-situ brazing). .. study of bra:e particle
vize effects (Ti-Zr-Be base] showed that normal ingot comminution procedures cause
a mechanical segregation of the beryllium-rich beryilides to the finer particle frac-
tions (Table XIX). The fine mesh sizes, adaptable to in-situ brazing of foils (e.g. .
-100/+309 or ~200/+400 mesh), were found to be strongly hypereutactic with respect
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TABLE XIX
. VARIATION OF WEIGHT PERCENT BERYLLIUM IN
CS13-5 BRAZE ALLOY
. Weight Percent Beryllium in CS13-5
Mesh Size Arc Melted Homogenized( )
+12 4,90 5.80
-12/+24 5.30 6.20
* -24/+35 5.55 6.135
-37/+48 5.70 6.40
- -48/+100 6.50 6.45
-100/+200 6.60 6.50
-200/+400 8.00 6.30
-400 (fines) 13.40 —
1, At 1450 ¥ for 40 hours.

. ‘to beryllium, resulting in severe foil erosion at usuai brazing temperatures. To

counteract mechanical segregation, two different solutions were determined to be
* effective: ’

« Hydriding c. button ingots in dry hydrogen (1300 F) prior to crushing to
render 21l braze components equally susceptible to fragmentation upon
ingot crushing, followed by & vacuum dehydriding treatment of braze
pov .r# (1400 F) prior to braring. This procedure worked well where
BN 4 fine powders were desired (-200 mesh). Hydﬂdln( wis not :
adophed as standard prwothrv.

._Tberma! uxnuunx treatment of lncou priartoeommtmuan souto
spheroidize and break up the pattern of beryllide der Yrities and
_render them less susceptible to consolidation in the finea. Mgot
axnealing trestments were adopted as standard procedure for all-
S - ~ candidste braze alloys because of the uniform beryllium levels obtaived
. : : in all powder fractions (Tuble XIX). The C8 series alloys were vacuum .
' S . :meﬂuxuorformhmn.mluﬂunhnwu'
.mmmmuxmrmum

'.‘anuhmh"rm , o - ‘_
mgm‘__ A1l candidate brase alloys were firat screensd through &
ttmph r‘mmmmmmmmmbrmnmnfmm
mmamm-mmmr—mmnwmum
snnmus. muuumwmmunmww ‘




effectively screen candidate braze £,stems and their many possible variations in

composition, braze cycle, and braze particle size. The braze production and screen- .
ing tests not only ylelded useful information related to brazing characteristics (e.g.,
minimum melt and fiow temperatures, wettability, braze fluicity and filleting be- .

havior, and erosion tendency), but they also gave a good indication of the braze

alloys' ability to be arc-melted, its relative toughness (gaged in t.rms of resistance

to comminution procedure), ond its microstructural components in the braze condition.

(Salt spray corrosion tests also were conducted using the T-joint brazements produced.) .
Consequently, the T-joint braze screening test was deemed a valuable tool for quickly
eliminating the candidate braze alloys with little promis2 as well as {n providing an
introduction to those braze sysiems which did possess potential for foil joining.

The preparation of foil T-joint specimens for braze screening was a simple,
though delicate, operation. Wafers (0.5-inch square) of 0. 006~inch thick program
alloy foils were cut using precision shears, Two such wafers were then assembled,
as in Figures 35 and 36, to form a T-joint. TlLe two sections were held together by
the use of 0.5-mil titanium foil straps, tack welded to the 0, 006-inch foils. A nearly
constant fitup or gap width of 0,50~ to 0, 75-mil was typical between faying surfaces
of the foil T-joint. Before assembling, the foil wafers were cleaned in an aqueous
solution of 15 percent HNO, - 2 percent HF acids (room temperature) followed by
distilled water and acetone rinsee. This claaning procedure was standard for all foil
specimens. ’

Preparstion of the T-joint specimens (Fig. 28) adaptable to tensile touting
was carried out in & similar manner. The upper foil member was precision .: sared
to size and positionsd against the flat, faying surface of the heavier bottom memoer
(1/8-inch thick sheet stock of the desiced program alloy) to form & T-joint. Again,
the foil member was held sermanent)s in place for brazing by the use of 0. 5-mi}
titanium foll straps, tuck welded to toth top and bottom members of the specimen.
Soecimen Brase Procedury. All specimen braxing was carried out using th laborstory
brasing furnece shown in Pigure 37 and 38, The furnave chamber was encloeed in
clear, heavy-wall Vycor glass tublag 80 that the braze specimen could be viewed at

all times during beating, braxing, and cooling cycles. The hot zone of the furnace *
consisted of a wholly eaclosed, mmeywwmmb
1.0 1noh ID by 3.0 tachee high by 1/16-inch wall) which provided radiant hesting to :

the brazs specimen tnside. (The susceptor was bested inductively through coils
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external to the Vycor tube.} The top cap of the susceptor contaiizd a ha-e for viewing
the performance of the candidate braze material upon the specimen. T here was

also a hole in the side of the susceptor for measuring specimen témr:erstum,cap— N

tinuously using a microoptical pyrometer. Pyrometer readings w«re‘ Calibraﬁedi initié.l}y_

against therinocoupies attached to dummy specimers. The braze specimen rested ‘
upon a bed of low-mass columbium alloy honeycowmb, nhi& raised the wcdma;ﬁ t:-
midheight of the susceptor healer. ‘ )

The furnace was rigged to permit brazing ir either high-vacuﬁni'énvircn-
ment or an atmosphere of titanium-gettered argon., A 4-inch dxameter vacuum dif- 4
fusion pump rapidly pumped the Vycor chamber to a vacuum of 1.oxga™* Tarr or
better for brazing studies. Almosat all pmnmlnary br azing studies were cnuducted
ir high vecuum because it is freer of potential interstitial ¢ on;mimﬂ'ts (e.g, the bes*“' |
argon atmosphere contains ~ 1, 0 te 2.0 ppm interstiual ciement ‘contsminants
whereas a vacuum of 1.0 x 107 Torr has unly ~ 107 -2 ppin contaminants uasad upon |
equivalent volumes). However, brarzing environments of argon and vacuum frequemly'
were employed interchangeably with no significant difterences in braze behavior or
results.

In a typical brazing run, the fofl T-joint specimen was ;xmitianed irs‘s*dr the

columbium suacentm' at an angle to permit grﬁvtty feeding of the liquid brase inm Lhe <

joint capiliary. Normally, the candidate braze wus loaded un only one side of aw
joint to gain a better appraisal of braze fluidity. A tynical braze load was ?t D to

6.0 milligrame of -12 /.24 or -24/435 mesb powder for both Ti-Be and Ti-Zr-Be = '*’

system modxﬁcu.am. The braze Mclu were ioaded in the conventional mer

adjacent to the joint surfaces using polybutene organic biuder, After establishment , .. o

of an acceptsble vacuum, the specimen was beated gradually to - 800 to 1000 F to’
slowly drive off the binder without scattering the brasze lozd, Onoe (his was accon-
plished, the specimen was heated rapidly to within 200 Fof !he awuspabod brazs

te “perature. then held 1.0 to 3.0 minutes tnr hmpema:re oqlnn:mon prior to )
beating ¢t a cuntrclled rate to discover the i indmum brizing temperature (0. §. . :
10 degrees F/mimuste to 300 degrece F/mizute typicall,, 100 F/min, ). After the

brase waz seen to flow ndbrmubrm)omt tumecimmtbsnmhdmnm :

at & rapid rate {~ 1000 degroes F/minte) or more slowly a! & preselected, .con: roiles

rate. Misizwum braging murmm weore {nvariably nhcaab mmzmu m

degree of brase/foll lmncmm




i i s - : R R

Similar procedures were employed to “raze all test specimens for Phase I
work.

Evaluation of Braze Alloy Performance and Structure. Evaluation of candidate braze .
perfcrmance began during each braze run when the degrees of braze fluidity, filleting

behavior, and residue formation were noted visually (through the Vycor tube), in

addition to the apparent melting temperature and minimum actual flow temperature.

The variation in the aforementioned brazing characteristics (fluidiiy, filleting, residue) .
with systematic increase ‘n brazing temperature also was determined visuaily. After

brazing, everyi specimen was examined with 2 10X magrifying lens to search for signs

of surface mfoaify. craéldng, foi! er ssion (undercut fillets), variable size fillets,

and residue. ‘(he next step was .e.allographic examination of random sections cut

through test brazefxiént;. Tho. »ugh metallographic studies and microhardness surveys

helped to reveal not only the microatructural components of the braze and braze-

affected foils, but the _haracter of braze residues, foil erosion, p-imary solidifica-

tion structures and segregaivion products in the braze. Occasionally, undesiruble
transformation produ. . in the foil were detected as well as regions of high hardness y
or marked hardness gradievts which might prove embrittling.

3.4.2 Test Fquipment and Procedures (Tesks IV and V)

, T-joint tensile tests, double-lap peel tests. strain accommodation tests, and
lap-sheur tests at room t{emperature and above were executed with & Hounsfield
 Tensometer {Fig. 39). Tests in the range of 300 to 800 F were carried cut in argon
 atmosphers. Crvogenic tempontum' tosts were conducted witn a Riehle Universal
Testing Mavkine (Fic  40), employing test environments of dry ice and acetone {(~100¥)
o étA Hquid nitregen (-220 F), A moderate strain rate of approximately 0.01 mit "1 vas
- amployed overail, Berd tests of foil T-Joint apecimens were carried out manually by
. exerting pressurc upon the vertical foil member, cne-half inch above the joint, and B
bending the vertical foil alowly fn an arc of 90 degrees, Cracking. if it occurred, N B
‘was detected both audibly and metallographically. |

Bal* spray conditioning of *elected specimens prior to test was carried out

< ib sccordance with ASTM-B1117 using a § percent NaCl aqueocus solution at a chamber °
_ tempersiure of 200 F. Stress rupture tests and hot-salt corrosios tesis were con-

. wmupmm duad-weight loaded in & closed chamber. Hesting *
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and test environments were provided by the oxidizing exhaust gases of a JP-4 bvrner
rig. Special foll enclcrures were affixed to the hot salt specimens to maintain mclten
salt within the joint areas. Fatigue excitation of lap-joint specimens (RTj . .8 pro-
vided by 2 Materials Testing Systems (MTS) Fatigue Tester, Model 901. 23"

3.4.3 Initial Brazc dereoning Tests

The Ti-Be and Ti-Zr-Be Sys.ems (CS Series)

The basic Ti-5.6Be eutectic alloy was modified chemically for study with the
hope of reducing tne minimum flow temperature {~ 2090 to 2050 F) t¢c a mc*  faverable
ievel (21850 F) as indicated advisable by data 1. :m the braze-cycle simulation work.

It war felt that the braze temperature reduction would not only benefit retention of
foil properties. but would minimize the likelihood of foil erosion du.ing extendea
process cycles. Additionally, should third-eiement alloying produce the desired
reduction in flow temperature. it might be feasibic to partialiy substitute the third
element {..r berylhium, theret: decreasing the borvllide content of the braze alloy.

The third elements selected for allcying studies are those listed in Tabie XVI1
and XX. With respect to their binary constitution diagramse with titanjum, many of these
elements accomplish appreciable melting point depression without the asscciated pro-
ductior of a titanium intermetallic phase during solidification, unlike bervilium (e.g.,
aluminum, cobalt, chromium, iron, copper, nickel, germanium, nanganese, silver,
and zirconium). Silicon and tin are :Ye two ex~eptions. Therefore, it szemed likely
at the outset that sigrificant reduction in grose intermetallic content should resul
from this study (especiaily beryliide content) if desired melting and flow point de-
pressions were achieved,

Three levels of third-eler~nt additions were programmed. On the basis of
the quuimg»témperamra depression noted fou *he titanium binaries, the smalleat
third-element addition was calculated t~ decreass the ternary alloy liquidua
100 degroea F (~ 1850 F); the next level, 200 degrecs F (~ 1850 F); and the largest
addition, 300 degrecs F (~ 1750 F). The possible influence of beryllium and complex
beryllide formation tendencics were diszcounted in the first consiteration. Modifics-

tions of the Ti-5.6Be hraze alloy sclected for braze screening test a-e listed in
Table XX.




TABL:. XX

' 'CANDIDATE TERNARY PWRAZE ALLOYS OF THE Ti-X-Be SYSTEM

! , Beass Aoy c‘mmkm ‘ R ) S
N \ e Amictpatad Maiting Higtiind MInGYam
- Sy Polrt Deppassins - ... Sxevs Temperabirs
Ttaatum Perrsllom | X o s 9
{1 Bedsnos ; B - 0 (bioacy hesd 2083
& Titsntum " Berylitwm - A oo i
Balzce 5.8 8.3 100 | 1850
Balancs 5.8 [ 16.8 300 1850
Balance 5.8 Yoo4,9 ane ! 1750 !
(3 Tieentum Berylitrm Cobait
Baicaoe 9.6 %14 100 18655
Bslance 5.8 4,58 200 1856 i
Balance 5.8 8,42 300 1780
{4 Titanfure Beryilhum Chromium
#lanco 5.6 " 100 i 1950
Balance 8.8 15.6 30 R 1568
Balsice 5.8 3.7 &0 §- 1706
{5) Titantum Beryiltum Teos I
Balance 5.8 $.77 100 1980
Balance 8.8 .84 200 1880
Balance -} 6.8 . 8.31 300 : 1756
(& Tiamtum | Berylitum Copper ' : -
Balenoe 5.8 5.99 100 1650
Balusice 5.6 .58 200 188G
Belance | 5.6 9.57 20 T80
(% Titanfum { Barylliam Hickel
Balance ' 5.8 3 2.0% 100 L B
Balance i . 4.14 %00 is&
- Balmnee i 8.8 8.81 R0 18
(&) Ttants : Becyliim Ourmenbus
Botence 5.8 1.48 1 e L
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! ¥ . : ~ e it
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Falenow 8.8 4,63 304 | " 1880
Balsnze 5.8 13,9 o 3480
1 {105 Tamnsem Boryiitem | Sl ; .
i , : ’ : : i :
i Bslame B ] 1.3 [ 100 1880 -
L e 3.8 i B42 0 1830
o Salance - - M i .88 300 1180
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Si Sdessr ] L. 544 B B 1
Cp o Dalames B4 .3 F At
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TABLE XXI
: C;"‘-.ND!I)A TE TERNARY BRAZE ALLOYS OF THE
"~ TioZr-Be SYNTEM

Braze A%Iﬁ;s Cozaporition <

(wt B Anticipated Meltirg | Anticipated Minimum
e 7] Point Depreasion Braze Temperature

Titunium Zireonium | Rerylibum (F) (F)

Balance 0 | > B8 8 {(binary base} : 2050

Balance 9.5 ‘ £.8 86 *984

Balance 18,9 . b.8 172 1878

Balance 28.4 .6 258 1792

Bslance . 37.9 5.6 344 1708

Balance 47.2 5.6 | 40 1620 -

o ‘ - (based upon prior wark)_‘
Balance 61.4 5.8 Unsanown Unknown

Special attention was given to studying zirconium &8 a {eTnary alloyﬁrg::’. agent;
Because zircomum has a potent effect in depressing the flow temperuture of the
Ti-5. 6Be Lase without incurring problems of crevice corrosion (due to its chemiesl E
similarity to titanium}, it was planned to cvaluate systematic additions of zirconium ,
to the basic Ti-5.8Be alloy. All precontract work had been carried out using the -
Ti-47.2Zr-5. 6Be alloy, which corresponds to the Ti/Zr ratic (50/59) showinz a
minimum melting point in the Ti-Zr biaary. Therefore, the interval between zaro -
percent and 47.% percent zirconium was divided into five equal segents ¢neluding 5 Eﬁ
one additional segment beyond 47.2 percent), each corresponding to-a braze alloy L ! -
candidate (Table XXI). It was hoped that this preliminary ﬁnvastig;ation would lead
to an optimum cowposition in the Ti-Zr-Be ternary system, wim the beat comhire- -
tion of brazing characteristics, minimum flow temperature, and resistance to ’
corrosion and erosion phenomena. In all cases, the beryllium concentration was
fixed at 5.6 percent {nasmuch as prior work at Solar has ests%lished the eutectic
berylliam concentrations in both Ti-Be and Zr-Be binary systems at 5. 6 weight
percent, ‘
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- The ’I‘i~6r~m Siystem (KM Sex'iqr.

m M seﬁea ot alloys fdeveio}mi M&ial?y itsping Phase I work) was ’zwed
on & c«m“bination of three poﬁemfai aramwmms tha mtectics of Ti-%4. 5 atomie
fsercent Nt ant Zr-24.0 ztcmm parcene Ni, comhim wiﬁ: tﬁ@‘uﬁsrﬂm&m melting point
o existmg . 13—-50 weight percent Zr for thke Ti~ Zx‘ binary 5ystem These alloys were
b suggsstad by tke ﬁterature Burvey which reveuled prior work on "’i»Ni braze systems
Q‘ief 2. The basic RM1 alloy (Ti-ﬂ ﬁa!‘aasﬂ ONI wag ».m-m.,m.a .,..,a g{,.,.,.a to
p«'ssesa exaelhm\braz!“g characteristics on t*mnmm ﬁ&‘»}a ax 1555 ‘é‘; ’

In &gt*@ of the Jow braze temperaiure and nromming hrazeabmty -sf RMl it
was r&.ogiﬁz&d ot moaiﬂaatim; would be neceenary t6 timit the hﬁxvy varmatiﬁn of
Zr Ni and 'ii,,Ni intermetallic ccmpmmds and to impwva brageent tmhneus
Stru turs.l optimiz.z,z,on was a&:*mp‘.a& tm'ng’ﬁ wsrialion dr and N lev- '8, fourth
element addﬁians, and poaf‘braze hext i’reaimem The progmmmed chemical modi-
fications are itamized in. fable m o -

 Results of Bl'am Scmemt.g Studies

Ti-X~Be Svaems “She effects oi’ meh candidm., ahoying agnnt (zermed X' ) uaed to
make up * the temm braze aI)av, TieX-5. 8 Be, are discusseé ae;:arately for each
ailoying element evalvated. Aluminum additions (m ths range 8.3 to 24,9 ner cent
alwminum) and tin additions {in the range 17,0 to 34 ¢ perce.gt in) had en adverse
effect upon oraze wetting and fh:idity. Le., uo braze mnm formation was ‘evident
for trial braze temperatures up to 2050 F QT!-SAI-Q, 58n foils), i the case of
aluminum, the problem was believed caused Ly traneient Al 04 or TIAL formation
at the braze/foil interface which etfectiwiy blocked the hraze wetﬂng mechamsm
Apparently the wetting problem was restricied to the highor aluminun concentratmns,
inasmuch as a Ti-2, 3A1-5. 6Be alloy had exhibited excellent bragzing characieristics
with Ti-6A1-4V foils in prior work ¢ Solar (brase tempersiure - 195¢ ¥y, Therefore,
any conospt to stabilize «-Ti {n future titanivm oy Ti- Zr-braze alloys by smail to
modesate additions of aluminum need not he abesdoned. The difficulty coused by tin
additions was not tdentified, but zfei'y probubly it woe velated to ths high vapor pres-
. sure of tin & anticipeted braze tempersiuves. (IMe also cuuld bave been the problem
“with germanium, whish, as shown 1 Tables XX sud XX1I, exiuldted s disappointing’
sinall and constaut effect upon meliting point depression. Rapid evolution of an alloying
~ agent can havo a disruptive offect upon any candidate’s brase periormance.

" ;




TABLE XXII
RM SERIES ALLOYS BASED ON Ti-Zr-Ni AND Ti~-Ni EUTECTICS
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) Of the remaining candidate alloylr~ -~ aly copper (9.57 percent copper)
and manganees (5. 66 percent maungsnese) were ss...n capable of depressing the flow

temperature to, or below the maximum permiesible braze temperature of 1850 F.

The Ti~9.67Cu-5. 8Bo alloy demonstrated good hrazing characteristics at 1800 F but,

- an shown ip Figure 41, left a moderate unmelted residue indicating the beryllium level

required some adjustment. The Ti-8.68Mrn-3.6Be alloy brazed well at 1853 F on
Ti-5Al-Z. 58 foils, but also laft & moderats residue (Fig. 42). Only slight erosive
tendencier wore noted for either alloy. Botk of *hes: sandidate allcy brasements
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RM SERIES ALLOYS BASED ON Ti~Zr-Ni AND Ti-Ni EUTECTICS
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TABLE XXIII

RESULTS OF BRAZE STUDIES ON THE TERNARY BRAZF. ALLOY Ti-X-Be
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TABLE XX1IV
RESULTS OF BRAZE STUDIES ON THE TERNARY BRAZE ALLOY Ti-Zr-Be .
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minor additions of manganese or cepper to further depress flow temperatures. The
same reasoning held true for the alloying agents, silicon, iron, cobalt, end nickel.

In the systems, Ti-X-Be, minor additions of these elements brought about marked
reductions in flow temperatures (although not cf sufficient magnitude to be interesting
in the Ti-X-Be system itself). For example, just 4.28 percent cobsalt reduced the
flow temperature 130 degrees F; 2. 76 percent iron reduced the flcw tempeiature

160 degrees F; 4.14 percent nickel reduced the flow temperature 150 degreee F; and
only 1.21 percent silicon reduced the flow toemperature 170 degrees F. Such reductions
would be most desirable for Ti-Zr-Be braze alioys which themselves already poscens
nomiunally acceptable flow temperatures in the range of 1600 to 1700 F. Consequently,
the effects of controlled alloying with the elements corver, manganese, silicon, iron,
cobalt, and nickel were studied on the most promnieing alioys of the Ti-Zr-Be systam.

The Ti-Zr-Be System. Progressive sdditions of zirconium to the Ti-Zr-5.6Be

ternary (starting at zero percent zirconium) rusulted in a systematic decrease in

braze flow temperature from 2050 F to a minimum of 1620 F at 47,2 percent

zirconium (Tables XXJ, XOIV, and Fig. 44). The minimum in flow temperature

occurs at the same Ti/Zr ratio (30.0/50.0 weight percent) as that which produces

the miaimum liquidus temperature in the Ti-2Zr binary system. Since the first

eutectics in both the Ti-Be and Zr-Be systems occur at 5. 6 percent beryllivm

(Solar determination), the minimum at Ti-47.3Zr-5.6Be was not surprising. Typical -
brase structures for all six sirconium lavels are shown in Figure 45. All candidete
brazements passed a 73-bour salt-spray corrosion test without apparent structural




An apparent anomaly in the mode of liquidus depression was vbserved in the
first run of tests at the 5.5 percent zirconium and 18.9 percent zirconium levels
(Fig. 44). At 9.5 percent zirconium, the depression was approximately 140 degrees F
lo. er than expected; at 13.9 percent zirconivuin, about 40 degrees F. Initially, it was
suspected that another iow-beryllium eutectic or minimum in the Ti-Zr-Be system
was being evidenced, possibly occurring at a mgh Ti/Zr ratio. Such a eutectic or
other low-melting phenomenon might have proven desirable as a braze alloy base by
inhibiting the erosion and corrosion iendencies (ik.e. , the inhibition of both is favored
by high Ti/Zr ratios at equivalent braze temperatures). Unfortunately, the anomalously
low braze témperatures could not be reproduced in second and third attempts to con-
firm first run data. The most logical explanation was that random Zr segregeation in
the. buiton ingote Caused the sporadic low melting behavior.

The most important result of thia screening study, however, was that the
Ti-47.2Zr-5.6Be breze appeared to be the most promising base for further study and
optimization. The flow temperature was the lowest recorded at the 5.6 percent
beryllium level (1629 F): consequently, foil erosion was minimal. The alloy exhibited
excellent brazing characteristica in a high-vacuum enviconment and in argon., Par-
ticulariy attractive were its outstanding fluidity in capillaries and ita amooth filleting

~behavior. Both were ~onsisient in any one specimen and reproducible from specimen
to specimen. in spite of its high { .di*y characteristic, [t showed no inclination
towards deleterious ""super-fluidity’” or "aweating’” as do most silver-base alloys.
Finally. the crevice corrosion resistanse of 11-47. 2Zr-5. 6Be brazements in salt
spreyv tests sppeared equivalent to ti.e best titanium-base brazements svaluated to
date (Fig. 45F).

Because the Ti-47,2Zr-5, 6Be looked £o promising as e candidste braze
material, additional studies (other than the standard braze ccreening tests) were felt
warranted to better enge its potartial for foli yoining, This work took the form of:

o Mechanical teats, as-boazed and with poébbrue heat treatn.ont, to more

completely appraise brazement M, toughnoss and affects of
~ooreosion.

o Additinnal feil brusing M structure stadies to determine the critical
clemnite of brase alloy preparsi.on and safe iimits of braze cycling.

This additions} sdy resulted to the hgh-purity compositions, Cx13-4 and CS13-5,
both nominally Ti-47. 37z-5. 68 fiuble XVIL). As s final systswm modification, the
T/ Zx ratio was vaviod sisuitanecusiy wits reductior in berylitem concentration in

Y
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TABLE XXV
MODIFICATIONS OF THE BASIC CS13-5 BRAZE ALLOY

Compoaiticn !
High Purity ;
High
“‘e:;ns%cu Solidus Mintmum Flow i
Braxe Alloy Tempersture | Temporature Filet Unmelted |
Designation T Zr | Be ) F) Flutdity | Formatior | Raaiue |
‘ =
101 Balance | 5.0 5.6 1980 1830 G F N
102 Balanes | 10.0] 5.6, 1880 189¢ G G L
j 108 Balance | 150 6.6, 1780 1790 F F M
201 Balar se | 45.0 | 5.6 1840 1640 G G N
202 Balance | 47, | 5.6 1638 1625 G G N
203 Balance | 50.0 | 5.6 1620 1630 G G N
204 Balance | 47.5 | 5.8 1840 1845 G e} N
208 Balanoce | 47.7 | 5.8 1650 1850 G G N
208 Balance | 46.0 | 8.0 1630 1830 G G N
207 Balanoe | 50.0 | £.0 1840 1840 G G N
208 Balance | 46.0 | 4.0 1830 1640 G F Lo
200 Balance | 48.0 | 4.0 1618 1830 G P Lo
210 | Balanoe | 50.0 | 4.0 1630 i G . ! r |
211 Balance | 48.3 | 3.8 1626 | 1688 G F L
3 H Balanoe | 42.5 | 3.0 1833 1680 G ¥ T
213 Balasoe | 47.0 | 3.0 1630 | 1es0 G F L
j 214 Balssee | 45,0 | 3.0 1420 1654 G F ) S
I 218 | Balamos | 45.3° 8.0 163¢ 1620 G G M
[ Balance | 45.5 | 4.5 1838 1880 G G M
Pom Balance [47.8 | 8.0 1640 1840 G G S
28 | Balasce [47.8 | 4.8 80 | a5 G G N
s _ - - : e
; F - Fair
i G - Good
| L - large
i M - Moderate :
N - Noe -
! ¥ - Poor

the hope of lo'orhu the bcrymdl couteut to the lowest tevel Mthmt Ap;:rc::_bly

changing brase cmmﬂmca. The sbjective was to produce 3 tougher {hypoeatectic}

- braze alloy with eutectic braze charscteristics. The alloy modifications examined in -
the 'r-)om wmu tents are Hated in Table XXV. The 50T1/50Zr ratio ultimcte}y
mwm\madhnmmﬂshuhnr Ti, Zr retios resulted in
‘more pruncunced erosion teadmey whils highet T1/Zr ratios resuited (n higher braze
temperatares sl ummelted restdue. T'  wtimum berylliwe level, bowever, proved to

g2
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be only 5.0 percent beryllium, which favored significantly less beryllide formation.
(This hypoeutectic alloy modification was lebeled CS217.) Beryllium levels below
5. 0 percent created proble-us of braze sluggishness and heavy unmelted residue be-
cause of their very hypoeutectic nature. The two best C§ alloys, CS13-5, (eutectic
and Jow interstitial content) and CS217 (hypoeutectic), were chosen for optimization
through fourth element additions and heat traatment. |

. The Ti-Zr-X-Be Systom (CS Series). Previous work had established the ontimum
beryllium conce:.‘ration (5. 0 percent) and Ti/Zr ratio {50/50 weight percent) for braze
ailoys of the Ti-Zr-Be ternary system. The resultant alioy (labeled CS217, an
obvious derivation of CS13-5; brazed well at 1640 F with minimal fofl erosion and
negligible alteration of foil structure and hardneas (Fig. 46). The chief ccacerns at
this point over braze structures in general for the C8 series alloys were:

e Ar occasional tendency to form massive beryllide particles (R¢ 65 to 70)
in the as-brazed coondition.

; » A moderately hard eutectic structure (~Rg¢ 50 to 5F) which const!tuted

. the bulk of the braze volume.
; .
| ¢ A tendency to form retained p or partially transformed £ ' ridges” on
. faying surfaces upon prolorged holding ( > § minutes) at the br ze tem-
perature (~R, 35 t0 40 with Ti-5A1-2. 58n fo'lsi. The primary beta
formation ncy was relaiable tc foll aasimilation of the beia

stabilizers, zirconium and beryilium, from ths braze. An example of
the surface buildup of beta is shown in Figure 45C and F.

- Nune of these structural characteristics we re definitely known to tmpair
ornze.nent strength, toughness, or stability. The concern was that they might well |
influence braze proverties or stability. A more favorable braze structure doubtless
would be devold of massive bery!’de: would posses a softer eutectie (~Rg 35 to 45)
comprised of fully ¢f.e., equiibrium) t. sasformed titaniur matrix erclosing spheroi-
dizad, uniformly distributed beryllides: and would possess interlocking bridges of
primary solids (fully trasisformed bets at R, 30 to 35). All of these desirable alterc-
tions tn braze structure might be scoomplished by o * or more of the followirg:

' » Controlled minor alloying additiona (substitute partially for beryllium
- » as & melting point depresssnt).

e Controlled brasze cycle fcontrolled braze solidification).

o Heat treatment post brazing (primarily to acMeve cquilibrium products
of § transformation).
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TAGLE XXVI
MOIFIED CS217 SERIES BRAZE ALLOYS
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Work was concentrated upon minor alloying additions, based largely upon the
enzouraging results of similar additions to the Ti-5. 6Be binary alloy.
pated that che alloy acdditions weuld (in general) tend to lower the braze flow tempera-

it was antici-

However, it was felt that as long as the braze

temperatures of C5217 modifications remained <1700 F, no problems of excessive
foll er«zion or beta embrittlement (foil) would be experienced. The ac '
controiiad additions of silver, aluminum, iron, nickel, cobait, silicon, germanium,
couper, and manganese upori braze charactevisticz and braze structure are listed in
Table XXVI. The method of alloying consisted of adding a given weig’ht-percent of a
fourth element (silver, silicon, nickel. etc.) to the CS217 base 80 that the Ti/Zr

ratie remained constant {50/50), but the beryliium level was reduced by the amournt

of ik

enly aluminum and silicon sxhibited promise.

o

e fourth element addition (4.4 to 4.9 percent beryllium).

effects ot_‘

On the nonberyilide formers (silver, alnmlnum,‘ silicon, and gqtman‘ium),

Best Available Copy

In T-joint braze tests with C5217C



TABLE XXVII

STRENGTH AND STRAIN ACCOMMODATION TESTING OF C8217 SERIE™
BRAZE ALLOYS AT ROOM TEMPERATURE

. Threshold {oll stress and sirain ; e:-]
Jrvess in ofl somponent | o0l VTS S8 ity e
in T- joint teets. (Ti-S8Al-4V) Minimum Strain !
Alloy Foil Area = 0.5 x 10 x 10-3 aq in. Stress (kei) {micro in. ;"in.‘) J
cs217 105,000, 93,000 T 103 6438 l
: CE217A : - 10% Ag 108, 090, 40, 000 104 68172
C8217C : -~ 5% ¢ 142,000, 137,000 132 8.50
CS217E : + 5T N 105, 000, 49, 000 120 7500
) CSZ.7F - + 5% Cu 137, 006, 74, 09 95 5800
CS217G - + 2% 8 139, 0001, 139, 000! 98 6100
CS21TH : + 1. 2% Ge 81,000, 90, 000 103 6400
C82171 : + 9.6% Cu 52,000, 48,000 81 5000
Ti-6Al-4V foil (0. 006 in.) 135, 000, 157,000 ~100 ~ 6700
(Yield Stres:. {(Vield Stress) ‘-J
1. Parent metal faiiures,

(5 percent aluminum) aud CS217G (2 percent silicon) alloys, very good brazing
characte) stics were -videat at the somewhat elevated flow temperatures of 1700 and
1380 F, resvectively (Fig. 47 and 48). The aluminum-containing alloy (€5217) she ved
no massive beryllide formation, but neither braze alloy e . ~ic structure revealed
any sofiening trend (Table XXVD. The imp-roant adva.ta.es y1forded oy thele two
alioyvs ultiicotely lay in the areas of high a:e_sd repraducible brazoment sirength
{T-joint tensile) and, in t&< case of C8Z1TC (Tuble XXVID), good sirsin accommodation
fapered foil teneile anecimen covered with thin surface film of braze). In duplicate
T-joint tensile testr on CS2I7C. T-joint failures occurred in the braze, bul verv iwar
the fracture sirength of ine TI-6AI-4V foila. In similar testa upon CER17G, faflure did
cccu‘v.-»i‘zz»ﬁw foil membera at high stroes levels (133,000 pai foi: siress). ®rain ac-
» comuredation tests also revealed that cracks did not develo: in thin surface braze filma
{C8217¢7) untii a foli strain higher than that equivalent to the foil vield strain was de-
veleped, h

RS W AR,

Thoee test values showed a marked improven.ant over thome for the CSZ17 hane,
and helped to indlcste the CS217C braze iroafication an the most promising braze
. candidate to this point, T-joint strecgth values for CST17G (2 percent silicon) were
equally promising in s5.ite ~f the massive beryliides in the braze structure and lower
strals sccommod=tion values.




Of the beryllide formers, copper, nickel, and cobalt additives appeared io h&?c'
good potential {Table XXVI). Brazing charactoristics were uniformiy good to excelient,
and lower braze temperatures were pogsible, e.g., 1520 F with C82171 (3.6 percarb: | .
copper); 1600 F with CS217E (5 percent nickel); and 1620 T with CSZITF (5 peraent
cobalt). As shown in Figures 49, 50, and 51, alloys showed & terdency tu form sinali,
uniformly dispersed beryllides, with negligible massive beryllide formation. The

copper-containing alloy (Co.2171) appeared especially good in this structural aspect, L

which may account for its Ligh level of toughness ss gaged by its resistance to ingot
crushing. However, the T-jnint tensile strength of 82171 proved much inferior to

the CSZ17 base (1able XXVII). The nickel- and cobalt-containing braze alloys ylelded
erratic strength data with low strengtn levels, Strain accommeodation tests on those
modifications showed that the nickel-containing alloy (CS217E) was tne only one capabie
of being strained above the yield strain of the substrate foil.

.. was decided at this point to select the following CS #=ri~s alloys for more
thorough evaluation in Task IV of Phase I:

Alloy Basis for Selection

8217, FEutectic (CS13-5) Baseline for comparison
nd C8217

C8217C and CS217G Highest str~ngth, goud to moderate strain
accommodation (respectively)

C8217E Moderate strength, good strain accommeda-
tion

CS217F Excellent braze characteristics, moderate
strength and strain accommodation

Cc82177 Excellent braze characteristics and braze

structure, good toughness level indicated,
falr strength and strain accommodation

The Ti-Zr-Ni System (RM Series). Modification of the basic RM1 alloy was under-

taken to obtain greater tcughness and to evaluate and improve corrosion resistance.

The details of this initial inveatigution for the variations of the RM saries (RM1 to

RM21) are included in Table XXII. The modifiers were manganese, copper, tin, .
berylliam (w! ‘ch form ewectics with titantium, zircomium, and nickel), and palladium

(which forms a continuons solid solution witi nickel with s minimum melting point at .

N
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TABLE XXVIII
EFFECT OF ADDITICR OF 16 PERCENT SILVER ON R SERIES ALLOYS

, Sirain Accomnoditicn Tosts
. (Ti-5A1-2. 58n Tapsred Foil, T-Joint Tensile Teat
. . 5,308 sach Thicks - (0. 910 inoh thick
3 . 5 I AR X S - - .
P Foll dtreas at | Foll Strain it Ti-8AL-4V foiis}
i : Flow | hitla) Brare |- inbisl Brase Foll 8trese at Component
- RM ' &lioy Point Cracking Cracking Failure
Humber Compnsition (¥} (e} (riero In, /in,) (ki)
: T-4iZr-18Nt | 1858 | 9.5, 05.6 | 58&C, 5875 81 85
25 BM1 + 10%Ag 1520 28.5 6160 - -
4 Ti-43Zx-14N1 2180 m e ——m —— -
3% KM + 10%Ag 1740 1 80,7 | 8678 4 81 58
‘ 12 “Ti-Zr-8Ni-2Be 1870 80,7, 108.¢ 8940, 6750 - ) i1¢ 58
; 33 PMiE « 10%Ag { 153y 1i0. 0 3860 : 78 61
§ ) ~

60 waight percent pallstium). For varfous r@aam,g @aﬁi&d in Table XXI1, manganese,
copper, Hn, and palladium additions did not improve braze characteristics. Principal
problems were: '

¢ Coniinuocus, inmrm-atnmc layor foniiation at braze/foil interface
¢ Excessive srosion

o Low peel teet values & 100 1b/in.)

o Poor flow < 2750 F and heavy unmelted residues

Beryllium was found to depress the melt and flow temperatures considerably and
allowed the selection of three possible alloys for second step evaluation studies,
Three alloys were found satisfactory from evaluation of flow characteristics, foil
erosion, microstructure, and corrosion resistance (examined metallographically
after 114 hours in salt spray). Thess alloys are:

o RM1: Ti-41Z¢-18Ni (flow point - 1650 F)
e RM8: Ti-43Zr~12Ni-2.0Be (flow point - 170 F)
o RMI12: Ti-45Zr-8Ni-2.0Be (flow point - 1650 F)

A The microstructures (after 114 hours salt spray exposurs) of titanium foil
T-jointe brazed with the above alloys are shown in Figures 52, 53, and 54.

These RM alioys not only possessed very good brazing characteristice with
titanium foils (similar to the CS reries of Ti-Zr-Be alloys), but also illustrated the
potentiul for providing significantly lower brazing temperatures (<1600 F) with leas
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beryllium content. As the next step, saveral other alloying agents (silicon, germanium,

liver, and alumimum! as "vell as more nickel and/or beryllium content were evaluated.
with the intent of Zinding even lower melting braze compositions. The detalls of

this investigation are also included in Table XX, . From the {low-temperature stand-
point, the following a:loys appaared intereating, thongh extremely brittie:

Compeosition (wt %) ™ emgﬁture

Designation Titantum Zirconium Nickel X __ (F) _ _Remarks

RM22 37.5 37.5  %1.0  (4.0Be) 1580 Very brittle
ingot

RM24 (84% RM1) + (4Be+281) 1550 Very brittle
ingot

RM25 2.0 42.0 12,0  (4.0Be) 1500 Brittle ingot

RM34 (85% RM22) + (15% Ag) 1550 Brittle ingot

Howevcr, on the combined bases of brazing characteristics, apnarent toughness in
ingot comminution, and favorabls joint microstructure (minimal erosion and low
intermetallic contert), the followisg RM modifications with silver showed considerably
more promise,

Flow
Temperature
Designation Composition (F)
RM28 (Fig. 55) 90% RM1 + 10% Ag 1620
RM32 90% RM4 + 10% Ag 1720
nM33 90% RM12 + 10% Ag 1580

Ag shown in Table XXVIII, the preliminary test results on the above alloys ndicated
fair to gocd strain accommodation levels with only fair braze joint sirengths in T-joint
tensile tests,

A good posaibility existed that improvements in braze toughness strength,
and stability wonld resuit from lowerizg the zirconium content of the RM alloys making

L 4
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them essentially titanium-based. This was reasonsble in light of the following inflvences
attributabic to zirconium:

¢ Zirconium tends to stabilize the 8 phase and may promote undeairsblie p
transformation products in RM seriea matrices and braze-affected foils.

¢ Zirconium iends to restrict the soiid solubility of nickel in the terminal
solid solution, which acts to increase the (Ti, Zr)zNi intermetallic
concentration.
One or both of the above tendencies might explain the uniformly easier comminution

(as a measure of relative toughness) of RM alloys versus the CS ceries alloys.

Therefore, a group of RM alloys with just 20 percent zirconium wes formu-
lated with the hope of obtaining improved stability snd toughneas {RM39 to RM46). In
comminution, marked improvement in ingot tougiiness was obeerved; however, higher
beryllium levels were required to maintain braze tampevatures <1700 F. The RM40
(Fig. 56), RM42, and RM44 alloys displayed best brazing characterisiics. Two alloys
with no zirconium (RM23 ami RM26 - Fig. 57) also appeared interesting from the
toughness standpoint and wers includsd in the grou~ for further study.

Om the basis of initial screening tests, the following RM-series alloys were
chosen for more thorough evaluation in Task IV of Phase I; ”

Alloy Tams of Selection
RM1 Baseline

{ Good biazing characteristics and structure,
fKM8 corrneion resistance, and low flow temperatures
RM12 {470 ami 1650 F, respectively). Moderate strength

snd atrain accomr odation,

RM28 Superior brazing characteristice <1720 F with the
RM32 - 18% Ag addition. Moderate strength and strain
RM33 accommodation levels. Good toughness leveia.
RM23
RM268 Best toughnes= gaged by resistance to comminu-
RM40 tion, due to reduced Zr contents. Good brazing
RM42 Charaocteristics <1700 F.
RM44

Ni-10P Platicg (In-Situ Braze Candidate). To screen Ni-10P, several flat and cor-
rugated pieces of 0. 006-inch, Ti-5A1-2.53n foil were Kanigen plated on both sides.
The plan was to simulate in-situ brazing of a plate-and-fin heat exchanger gection.




One seriee was plated to 8. 675 mil and the other to 0.750 mil, with the assumption

that some influence of thickneas couls’ be measured. F'rst trial brazing temperature

of 1825 F for thirty minutes in vacuum was selected to correspond with the most
guccesstul previous experience (Ref. 93}. Ae shown in Figure 58A and B, the
mierostruciure of the brazed srea nud the braze affected center foil was composed of the
beta-embrittled (¢ +p) Widmanstatten-type structure while the areas adjacent were
anly affecte. next to the plating. The normal o structure away from the Ni-10P

layer was very clear, indicating that the Kanigen plating can be detrimental as a

braze material in lowering the effective beta transus.

Results from salt spray exposure of one hundred hours on th= joints were
sufficient to show definite corrosion efiects and substantial degradation in joint
strength and peel resistance (based upon manual bend and peel tests). Evidently,
sufficient quantities of nickel and/or phosphorus diffused into tiie previously ail-alpha
foils during brazing (1825 F, 0.5 hour) to lower the beta transus from 1900 to<1825 F,
resuiting in a coarse Widmanstatten precipitate of acicular alpha within untransformed
beta upon cooling. Such structures are normally associated with beta embrittlement
phenomensa. To minimize Ni/Ti/P interdiffusion, lower braze temperatures and
shorter braze times were investigated. A braze cycle of 1725 F for 5 minutes ap-
purently left the beta trangus >1725 F, but did produce & 1, 2-mil thick Iayer of hara
intermetellic phase (TizNi) adjacent to the braze, leaving just 3.0 mils of unaltered
foil (Fig. 58C;. Braze flow and fillet formation also proved marginal at 1725 F due
to the proximity to the Ni-P eutectic temperature (1700 F).

Subsequent brazing tests conducted at intermediats temperaiure (1750, 1775,
and 1800 F) revealed a logical transition in the foil structures. Foil brazed at 1750 F
for 5 minutes exhibited a 1.2-mil thick layer of a coarse Widraanatatten pattern
(acicular « and untransformed ) adjacent to the braze alloy coating (Fig., 59A). At
1775 F (5 minutes), the Widmanstatten structure increased to 1. 8 mils thick (Fig. 59B).
At 1800 F, the entire Ti-5A1-2, 58n foil was comprised of the coarse Widmanatatten
structure and significant grain growth was observed (Fig. 59C).

Becauso the Ni-10P coating strongly promoted a beta-embrittlement condition
at the lowest possible braze temperature, and because foil brazements were found to
be susceptible to salt corrosion, it did not appear that the Ni-P system had suffictent
merit for titanium foil joining. Therefere, no further investigation waa programmed.

e i g o et o .




Summary of Braze Scre¢ening Results

Work began with braze screening tests on some 40 candidate braze alloys
using foil T-joint snecimens to assess minimum flow temperatures and brazing
characteristica. By selective third-element alloying of the Ti-5.6Be eutectic base with
minor additions of aluminum, cobalt, chromium, iron, germanium, manganese,
copper, nickel, silicor, silver, and tin, attempts were made to reducc the~2000 to
2050 F binary eutectic braze temperature to <1750 F. The main objectives were to
minimize the high-temperature foil erosion tendency and to favor retention of foil
properties by brazing below the foil alloys' beta transus temperature. Generally,
excellent brazing characteristics were obtained, but the lowest braze temperature
recorded was 1800 F {with 9. 57 percent copper). Fortunately, the Ti-Zr-Be eutectic
braze system was found to provide considerably lower starting flow temperatures
¢~1620 to 1650 F for Ti-47.2Zr-5.6Be) and the third element additions which had
thown most promise with the Ti~-Be eutectic, were evaluated further (as fourth
element additions) with the Ti-Zr-Be eutectic (aluminum, copper, cobalt, nickel,
manganese, and silicon). Aithough lower flow temperatures were not achieved,
=everal of these quaternary alloys (CS series) developed superior strength and tough-
ness properties in foil brazements. Because they brazed well at intermediate tem-
peratures (1650 to 1700 F), foil erosion was minimal and retention of foil properties
excelient,

In the final acreening study, the largest number of candidate braze alloys
were evaluated for applicability to foil joinine: 28 more ternary and quaternary alloys
based upon the Ti-Zr-Be entectic (CS series), and 46 more quaternary and quinary
alloys based upon Ti-Zr-Ni, Ti-Zr-Ni-Be, and Ti-Ni-Be eutectics (RM series). The
RM series substituted nickel in combination with other melting point depressants for
heryllium to reduce the total beryllide content and to obtain braze temperatures <1600 F.
(Beryllium concentration was varied trom 0. 0 to 5. 0 weight percent.)

An investigation was made also of thin Wi~10P coatings (plated on program
alloy foils by the Kanigen electroless process) for possible in-situ braze application
(minimal flow brazing). Trial, short-time brazing runs with simulated plate-and-{in
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structures were carried out successfully in the range of 1750 to 1825 F, but two
serious problems were encountered:

e A brittle, Widmanstatten structure was developed in braze-affected
foils at all braze temperatures because of the strong influence of
nickel and phosphorus lowering the foil alloy's beta transus tempera-
tures.

* Salt-spruy exposure of 100 hours ~aused visitle joint corrosion and
substantial degradation in joint strength and peel resistance.

Because of the unpromising screening results, Ni-10P was dismissed as a candidate
braze material,

3.4.4 Advanced Braze Optimization Studies

Work was concentrated on studying, in depth, those candidate braze alloys
which evidenced most promise in previous screening teats.

Referenced screening of broze characteristics and braze structures reduced
the number of useable compositional modifications to the 18 candidate braze alloys
listed in Table XXVIX. The braze alloys were divided into two categories:

o The CS series, dependent upon beryllium (4.5 to 5.8%) as the principal
melting point depressant.

¢ The RM series, using both nickel (7.2 to 12.0%) and typically reduced
beryllium (0.0 to 5.0%) as major -nelting point depressants.

Tae intent of the RM series was to subatitute nickel partiaily for beryllium as a melt-
ing point depressant to reduce the total beryllids content. In general, the beryllide
content was decreased in the RM series, but the total volums percent of iniermetallics
remained approximately tke same as the CS series (due to 'nzm and Zrzm formation).

T-Joint Corrosion Tests

Smull T-joint brazements of Ti-5Al-2.58n foll, 0.006-inch thick were ex-
posed to 100 hours of salt spray environment, then bent manually 80 degrees and
exainined visually and metallographically, The candidate braze alloys RM1, RM23,
RM26, RM23, RM32, RM44, CR17E, and C8217F showed a slight tendenoy toward
braze (not joint interface) cracking on bending before the sslt spray test; aad =s
shown in Figure 60 through 64, the salt spray environment did not sggravats this
tendency. Omnly RM40 and CS217] appeared somewhat mors prons t{o in~braze crack-
ing fcliowing salt spray exposure and, as shown in Figures 65 through 68, there was
no evidence of interface corrosion. '
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TABLE XXVIX
“ BRAZE ALLOYS EVALUATED IN TASK [V
Mindmuin
” Braze Nominal Composition (wt %) Flow
Alloy Alloy | Temperstire
No. | Designation| Ti | 2zr | M | Be | A1 ! co| @ | cu| Ag (F)
1 | cs3-5 Bal | 47.2] - | 5.60 1620
2 | csar® Bal | 41.5| — | 5.00 1640
. 3 | cs217c® | Bal | 45,1} —~ | 4.75( 8.0 1700
< | Ce1TE Bal | #5.1| 8.0 | 4.75 1600
] 5 | caarr pal | 45,1| - | 47| — | 6.0 1620
6 | Cs217G Bal | 46.6| — | 4.90| — | - | 2.0 1680
1 | csn Bal | 42.9| — [ 480 — | —| — | 9.8 1820
8 | rms® Bal | 43.6113.0 | 3.00 1470
o | rvaz® | Bal | 45,0 8.0 | 2.00 1660
10 | rma Bal | 41,0180 | -- 1650
11 RM3S Bal | 40.5| 7.2 | 1.80| — | = | - | --110.0 1880
12 RM32 Bal | 38,7{18.6 | - | — | = | — | - ]10.0 1720
. 18 | rRm28 Bal | 36,9163 — | — | =] = | --|10.0 1620
14 | RM23 Bal | - |17.2 | .00 1100
15 RM26 Bal | — |16.9 | 3,90 — | — | 2.0 1660
* 18 RM40 Bal | 20.0) 8.0 | 5.00 1700
17 RM42 Bal | 20,0 )12.0 | 4.00 1700
18 RM44 Bl | 18,0 7.2 | 4.80) — | ~ | « | --l10,0] 1700
1. Deasity = 4,83 gm/ec 3. Density = 5.46 gm/co
2. Denaity » 4,87 gm/co 4. Depsity = 5,33 gm/ce

The romundar ofthectzxdlmbrmalloyn exh!h!todmcnnuw tendency
'eitkerbefomoruerultapuymoma and as shown in Figures 69 through 73,

’ there was no evidence of interfacy (crevice-type) corrosion or general corrosion on
' any candidate brazement.
’ _ T-Jotnt Streogth Tosts

T-joint tenadlo tests were carried out on candidte moy brazements in both
thm as~-brazed Mﬂm nnd after loahmra apom to sslt spray (0.010-inch thick
Ti-6Al-4V fofls). Mnsaruck as % great inajority of faflures occurred in the braze
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TABLE XXX

RESULTS OF ROOM TEMPERATURE T-JOINT TENSILE TESTS | .
Braze Foil Stress at Failure - T-Jeint Tensile Specimens (ksi) ! .
Alloy As-Brazed Condition After 100 Hours Salt Spray
CS13-5 147.8, 47.0 60.0, 47.0 ,
CS217 154.51(Pm), 145.6, 106.3, 93.2 118.5, 49.2 .
Cs217C 141.1, 136.8, 112.0, 111.5 129.0, 87.8
CS217E 105.8, 82.0, 49.8, 41.0 40,5, 40.0 .
CS217F 136.8, 83,0, 73.9, 63.0 117.5, 100.0
cs217¢ | 138.9'1(pM), 138.9(PM), 129.0, 60.0 | 148.0, 100.5, 125.2¢Y
C82171 60.5, 60.5, 51.5, 49.3 41,0, 40.3
RMS 119.0, 83 0, 74.0, 70.0, 62.0 £2.0, 41.0
RMi2 118.0, 108.0, 62,0, 60.0 94,0, 56.0
RM1 82.0, 76.0, 64.0, 40.0 92.3, 76.0
RM32 80.0, 61,0, 40.0, 30.0 15.0 .
RM28 40.0, 30.0 58..., 36.0
RM23 74.0, 60.0, 30.0, 25.0 77.0, 86.0 .
RM26 108.0, 47.0 | 78.0
RM40 112.0, 195.3, 80.0 SR 87.8, 37.0
RM42 7.0, 62.0, 27.0, 40.0 95.5, 37.0
RM44 130.0, 30.0 44.8, 25.0
Ag-5A1 | 56.0, 28.0 R | -
1. Same T-joint specimen expmad in salt for 100 hcuu then reteated
PM - specimen fn.led tn fotl oomponent ' .

metal, a relative assessment of brue strergth and ms!stance to corroaton sﬂ‘ects

 was possible. The results of the T-jolnt tenatle tests are tabulatad tn Table XXX
and the flow characteristics and mechanical properties of the candidate braze moyn
are summarized in Tuble XXXI. The CB series of braze alloys showed the highest | L
strength potential (Fig. 74). Maxmum ss-brazed strangths in the range of 105 to e
155 ki (foil stross) were quite common. However, the variation of strergth for a. - _
given slloy braxement was seen to be. grm also; in many cases the mtninmm ltrcmln ) .
were oniy 50 peccent or iess of the maximum values fe.g., C813-5, CSTITE, CS217F,
and C8217G). The wide scatter of strength values very likely reflects the marginal
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uotch toughress of the high-beryllium C8 series. In this regard, the candidates
CS21'iC with 5 purcent aluminum and CS217G with 2 percent ailicon sppeared most

promising, using the double criteria of highest streagth lcvels and most consistent
strengths. This obscrvation was valid both aa-brazed and after salt spray. The
braze alloy CS217I also gave conaistont strongth values, quite possibvie due to its
naturally épheroidized as-brazed structure. Strength values of CS2171 were the
lowest of the CS series, however. '

" With the limited number of test results, it was difficult to assess the effect
of salt spray environment on )oint strength of the CS series br.:ze alloys. However,
for the CS series as a whole, the very general observation could be made that the
minimum strengths following salt spray are the highest (> 85, 000 psi) for the candidates
C8217C, C8217F, and CS217G. However, the wide scatter of as-brazed strangth
values for the CS217F and CS217G alloys, with values as low as 60, 000 to 63, 000 psi,
reduced the importance cf the preceding chservation. For cases where data scatter
were not appreciable, no definite strength degradation was observed (single exception:
CS82171). Hence, the corrosion effect tentatively was assumed negligible to minor.
The big problem again appeared to be marginal notch toughness of (he braxe materials,
leading to widespread scatter of strength values.

The same geneoral obeervations regarding the broad scatter of strength dats
and vagueness of a corrosion effect beld true for the RM series of braze alloys. The
braze slloys RM8, RM12, and RM40 sho~ed most promise on the basis of c:m_isistently »
providing minimum braze strengths z 60, 000 pei (as-brazed condition}. This criterion
ensured an as-brazed strength superior to that afforded by Ag-5Al alloy. In general,
the better RM series alloys exhibited lower potential for T-joint tensile strength than
the better C8 suries alloys. Surprisingly, the high toughness RM seriea alloys con-
taining lower zirconium content (¢.g., RM40, 42, 44) and no zircenjum (e.g.. RM23,
26) exhibited just as much scatter in strength data ss the less tough, high-zirconium
bheats. The problem likely stemmad from the higher beryllium (and beryllide) levels
required to maintain flow temperatures <1700 F.

95/96




- YT WETRNCL ) K I W0 e e P ;..s!., S
WANRES Op YOI | UORULISS UNSSIN O WHPTEING WSS W IS 9 * G WS e SN
v say el Gep, |ots van seg pech Kiss | UivT pue Aep pacl) Kses | KT s sy puall Lok | W WTE PEN Aey JeRr) | N YIS PUD s Seng “PITN POV marg pOOD L B e,
1Y . LT3 ot LYY on " WD vy
“ ¥ v v | ] 3 E Puguns ) » sesmaeny
! : . -
i Ty vl Y - M-I AL oy We-2208-% e -e Y- ©y-wE sk PPPT-1E §L- M WAL | DUR- 0 W12y aeis | VemmAee) pan gy oveg
W8 Y B R L] [ [ el s e
PICS.
; ey "
‘&4 (82 1] [N (X1 [N ] ABEYS (I WIEL, ST
REPAIPS i NS L I T L T ] L S04 e et 11 Al (1P )
i W | e e Sy St
. ! } iy
(X1} [ e (X X ] IR ] - [ WY Jeey-04! s0QY
-~ 008 "0 IR X - -- sediny ponpenbions e
R Y CRX.) (R XN W Cee IX R
8"y o . NI NIRRT (R R I N 1L [ X KN ] Yoy s e | g gy - aay
[ ’ o " L] -~ " 10, - asdm
. RPNy S
. nan " o _
L. H vEEmem LY ] & m { : - [ LIE.Y Pod oy i
o . Iy mams  wivy |
a { v tayeng s
. L e oy | CWOYL® B T ol * MR gl - » o -
] WG Y O7] MNISAY YOI JOW ReY MBRARAY | CW(IN PR ey lIesY | WL PUR Mg MeISWN [ 0N WA VU AT BRSO | UNGY SO amp Smgenny WHORG TR SR LAY
T san oee o "~ ot ) somg wniy
3 : - ‘. ] Buans) o seTmaeg
bai s LI eI TY-2L " M-I 1L L8 L XTI oSy VP TN V- 288 -1 | Sumsedung v Lugp oo g
s ARDC ¢ R R oy 145080
.. ug
. e (") ’ L2 | -m NGNS THG WL SeNy
4 11TV SN ("WML ™
()9 (v et 19 e [ ] (. 0w P adad ) r g &y gy spves
1401 ‘W1 ‘LN (X I W (Y NN LN R K L8 N Ve WG Swp-at sy
2011 ‘0 et - - ooy e e [NIN'Y ] [ N L K
008 ‘9 681 [ K (i N 2511 ‘o emt X NN
a7 0t” i\ Dtalepet TN I e ‘T B 4] I et e g ey - oy
1 1) sonpey
STy ‘eem) Seyewng, sepel- 5
R R K
“un L] e e e [} WmpiEary Walag
”» s L ] (VR 2] . | “ny pumadupe.y
L RN sRny [CRX ] TR} (R E TN ] ”uw L]
Ay mngny spmaproy, |
« v y : v gay
* wapiaghaey % VR YIRS ARgRnAeeR | -oip Smanman v RO " SRR GagIan * Ay
WA SRy WAL Y ATHED N SRS ANNgy wmiImEs M PURVLANG Mg OueREe L2 % " 1 ] RGNS Sy RN g
[ YO0 PUR 2oyl POSr | IYT BN AOf peall KNS\ | IPIIT PAS A0Y MOTRRE | wpl WL P AME ete | ISGT AU Mng wISeNg [N PN ang SRR WY Yot pi 4N
"y on w1 Ty L] - W) sang amyy
v [ ] [ ] L] v v gy ™ sevmmuay
WE-SN T IR WAL [SOF dNLT-IEEY WIS | e NNy S ZRRY -l We-o0 L - ARET W, -3 sk 'Y IRE ML SRRt S Aegry PeRAg
oL &THD [ 3% ) [TY. = L ] [

"SAUTTIV AZVED ZLVAIANVD 40
SHILYAJNHA TVIINVHOIN ANV SOLLEIHALOVHVHD MO14

IXXX TTdVYL

»
w2

91/3




* . t4a N * ) A %
A - A 8 i 4o,
—— e e e
g - w )
-y ‘M
.* (rg v |
8oL R ) 0" e ! e pyy ey G e *
; N o ot M. i
L i f (1,09 e LTI LA LD ‘ o ey L gy BN
; L ey !
292 ‘4w 15 9TM [T 3 M7 (R T [ 2 2 R I ] VR Ao PV M‘
- - 01 s - L A M
047 ‘¢ 0% [ N ] . J
g65 o ofl [ 22 B2 ¢00 ‘eeef ekt LAE T 11 L3I 2 71 'y ne . ey oy v A - b2y
P sreay b
1 owawy ‘tons ooy w3 i
Cow s sameen |
agee [ Giee it L 2] vt L0 BIRPTIIIIAIY WY m
w .y ) !
T - . " . . SR T e Pty §
[ R08 2 ¢ P gts " - L 1ty LR ” . s o
: Dy oty woapiny, |
i
v v v v o bl ) ] L L VI
‘pRema nEp Apnesmpien prwaanp LT sa0n popLImy Lrmacy !
PR GAIRSTUL SOENOERLY) | - VBN TEE sajmwRy WREhed ~(AR PR SAlNOTE Spumod A
WLy O WHTIWELI 04 Sy ey o o ~won Cesthprag- g 0 . ! M
ONBOIN Of eI | MOTIRMRIOg  SOISISP Oy WL IO, WO DI W ‘ReNle o - T ¥1] S £ X " X¥ o]
Py oy poad K134 I WTYy pow any, paol 134 | TG pov woy poul Sea | e PR acy poad Ainp | M CWTID U Aey Pee; | O YETT N AN poey TS T ey ey SEIVUAL] POLTGIONS | i DY m
}
[-T8] (2134 ”»it o mit ey, " (7R LTI
v A3 v | ] L] o 3 T e 3w aiaeyey ey
— [P — v et eeres
LI T AT TG b WS- DIV IXOY-LL WR-SWC w008 Y 1L L L adt TR ELeE Pyoi-wen vl sgs oeotl [ IVHT-WRD KT-IR LM PGP, pow gy wEvY
REA AYEE Y IR € 8 fig 14 o [ o (2 [ s [ :
v |
N ey W
E - 17801 [ 391 ] [ ¥R i - Lamant g i L ieengg W'y
] qy¥18 ‘T oey ‘ota I ‘589 ‘se OTXL ‘it . e A i Rl A A
r wyse By T 4 Sppe
oy
[N [N ) T e e ‘o [ A 7] L B F e T
.- - o'se ‘St [ N - iy, povyabosony
[RIN X [ N ) 0709 "2 g0 #° ‘004 Emy s
o' 1% ‘¢ o8 L2 TAR B8 - | o0 9 gt A% ‘oo ‘e e L A ) 1M se vl Lo - 46y
roce o 2000 onee - LI (R X
o JeprrTemeey TERAY
~— TR Y ) . [} L]
(38 4 P ENOLY P [LE T ¥ o % tMeym -
. 5 mups woni vy
[ 2 > k4 ¥ : v Soweniy
- PPREIYAS ) I I,
‘vgroie of BOTENES O ‘e ey e o gt ) PO DY NS vy
WIS TS My WA M W 207 OWIRLY WY P mox) WP saY "IN PUR ANy WerTeomy oWy e Ay W) P aty SeVanY CPIUN] JEEIGIN S S
et el ] 0491 [ I3
. 3 L § L Ed
S
. Y MR- EK1- 2L SEL- WP-129-5L R MYT- ST M- AL ree-y
LR - T u.ﬂ.wmoﬂ. e TIKR 75
i
i
~ . , . ) (pwg sserywy
H [N L [T} » ™ [N7] [ ] ™ WG Yy Tam), sy Gy
* ‘ . P . i K B T K el 2
_ (i e [13 i AL 9 ‘968 Y '8 1Tt atidihad w g v r g W) R1g SgPg

vz v a




“ To gage the relative strain accowmnodalion capability of each candidate braze

§ Siiain Accommodztion Tests -

alloy, a very thin :aycr of braze alloy {« 8, Oﬁi‘»inch thick) wee agreaa and brazed

’ discontinuously =«long the centerline surfaces of tensile specimens of Ti-§A1-4V

(0. u10-inch thick) with tapered section. Each specimern was pulled in fension at

- § R - .
room temperature to a maimurs siyess of 145, 608 ;:“m:’&‘})‘ then easmined for cracks

o8, N A

1 and along the surface braze film. In many cases, no ¢races wers discernible and

. ine specimene were nulled to faflure and reavamined. The width of fofl at the last
‘ crack was measured with an 8T Ouiical Coinparsior and this Qgure wes the- related 3
. te the minimum strain and stress (in the titanium foil) s which ~racking sturted.
i These strain data are recorded in Tables XXX and XXX and tvpical transverse crack
% patterns in the braze are shown in Figures 75 and 76. Since brazements in service
; are not usually subjected to a foil streas ahove the 0,2 percent yield streneth
; {~ 135, 000 psi for Ti- *1-4V), braze alioys which fend to crack only at foil stress
;7 2130, 600 psi were ... sidered saiisfactory from strain accommodation considerations.
ii Those which crack at lower stresses and corresponding strains were screened out as
: marginal,
The marginal alloys are contained in the following list,
Minimum Foil Stress
For Braze Film Failure ;
Braze Alloy (ksi} :
R 97.3 n
RM28 72.0
RM32 120, 6
RM42 114.9 g
RM25 117.8 x
CS2171 125.2 !

Fortunately, all of the candidate braze alloys which exhibited best potostial
in the preceding corrosion and strength teste algo developed satisfactory strain ac-

- commodation values (viz. CS217, CS217C, CS217F. CS217G, RM8, RM1Z, and RM40).

1. otress corresponding to average 0.2 percent yleld strength of Ti-6A1-4V foil
(hraze-cycled condition®
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TAPLE XXX
STRAIN ACCOMMODATION TEST RESULTS

T’hicms in Spectmen For Start of Cracking
ol T Width et | Maximum | Misimum Misimum
Braze Braze Last Crack Load Stress Strain
allov | Foll Alloy (in.} {ib) (ks1) (micro in, /in.}
C813-5| 9.0 8.7 0.270 405 14,8 9650
C8217 §.5 1 9.6 0,294 410 145.0 9060
£8217C| 9.3 | 19,0 0.299 415 135.6 8475
CS8217E} 9.5 | 9.7 ¢.269 375 143.8 2600
C8217F! 9.3 | 10,0 0.2%4 380 132.5 8290
CS217G; 9.3 | 10,3 0.298 405 133.0 8320
c821v | &.1 9.4 0.334 4905 125.2 7828
RMS 8.1 10,3 0,289 385 129.5 8090
RrMi2 9.4 ] 10,0 0,283 420 148.1 9260
RM33 8.3 9.8 0.28% 420 147. 4 9260
RM23& 8.0 8.4 0.302 383 134.0 8380
RM26 8.4 | 10.0 9,385 430 117.8 7375
RM40 9.1 { 10.0 0.282 400 142, 0 8875
RM42 9.4 | 16,2 0.324 380 114.9 7190
RM44 9.4 9.8 0.319 408 133.1 £225
RM1 97.3 6080
RM32 120.86 7500
HM28 72,0 4500
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Double Lap-Joint Peel Tests

The lon-joint peel tests were conducted on specimens made of 0, 010-inch
thick Ti-6Al-4V alioy and the results are included in Tables XXXI and XXXIII.
Significantly lower values of load for peel failure were obtained when a poor fillet
was formed; otherwise, the data obtained are considered satisfactory for evaluation
of braze-line peel resistance (2 measure of toughneas) of the candidate braze alloys.

The Ag-5Al braze joint was found to require the highest average load
(1399 1b/in,) for peel-type failure, followed closely by CS217I (8.6 percent copper),
CS8217E, RM44, CS217C, and CS217F (with average values of 1043, 873, 860, 849 and
794 1b/in, respectively). The alloy CS217F wa~ quite interesting as it exhibited a
high tensile strength potential (up to 137, 000 psi) as determined by T-joint tensile
testing, as well as good strairn accommedation and insensitivity to vorrosion effects,
Curiously. it was occasioually prone to ini-braze cracking in manual bend tests.
Many of the RM series alloys (RM33, RM12, RM26, RM40, and RM44) possessed
about the same maximum prel values as the CS series alloys (except CS217F and
C82171). The promising braze alloys RM8, RM12, RM40, and CS217C, all showed
high and consistent T-joint strengths and also exhibited consistently good peel test
properties. The CS217G alioy was considered to have satisfaciory peel resistance,
inasmuch as the one poor test result was attributed to marginal filiet formation.

Luap Shear Strength Tests

The lap shear test consisted of brazing together two 0, 010~inch thick by
0. 5-inch wide foils (Ti-6Al-4V) with an average overlap of about 0, 030 inch, holding
at the flow point for 5 minutes, and then teating the resultant specimen in a tensometer
to obtain failure by shear through the braze joint. This test was conducted with an
idea of determining shear strength of the varicus braze alloys, but it was found that the
joint failure by shear occurred at about the same tensile load regardiess of the exact
overlap area (cxcept when the cverlap was > 0. 040 inch, the failure iavar:ably oc-
curred in the titanium foil). This lad to the ‘entative interpretaiion that failure by
shear always occurs by the start of 8 braze crack or other structural defect at a
certain foil stress (or strain) in the fillet area. The inference was that this threshold
sty ;8 is characteristic of the braze alloy and dowus not depend primarily on the
overlap area. However, when the overlaps exceed 9. 040 fach, faflure oceurs in the
titunium foil rather than the joint due to reduced sheur strain along the joint interfuce,
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TABLE XXX
DOUBLE LAP-JOINT PEEL TEST RESULTS

Pounds/ Inch 1‘
Alloy | piilure (hotust Data) Average Value )
CS§13-5 744, 468 606
08217 840, §50 €95
C8217C 860, 820 840 )
CS217E 985, 761 873
CS217F 1151, 436 794
C8217G 865, 457 661 )
C8Z17I 1166, 927 1043
RM1 872, 314 493
RMS 89¢, 690, 650 &T1
RM12 710, 690 700
RM23 927, 404 666
RM23 726, £70 498 )
RM26 838, 650 744
RM40 800, 703 765 .
RM42 645, 180 412
RM44 878, 833 860
A.g-sm-.zf«m 1560, 1220 1350 |

and correspondingly less susceptibility of the hraze v. notch-induced cracking. The
shear strength data obtained at overlap < 0. 040 inch are included in Tables X¥XI and
XXXV, The values for moist braze alloys are in good sgreentent, Thus, the lap shear

test data were considered reproducible in terma of the struss in the foil at incipient
shear failure. R

The candidate braze alloys CS217C (5 percent aluminum) and RM12 showed
the highest lap-shear strengths (related to foil stresses of 106,000 psi and 102, 000 psi, -
respectively). The corresponding average shear stresses based upon the lap- oint

area wers 39, 200 pst and 43, 200 pai, respectively. These are quite respectable values
f of shear strength .or titanjum foil brare joints und undoubtedly reflect both the influence
of intermetallic strergthening and the huitressing effect of the braze fillet at small




TABLE XXXIV
LAP-SHEAR TEST RESULTS

Aversge or Most
Mesn Exact Load st | Stress in Mear Exact Load st | Streas in | Represostative
. Overlap | Thickness . Shess Foll at Overisp | Thickness | Shesxr Foll st | Strese in Foll at
Width of Foll Fallure Shear Width of Foll Fallure Shear Shear
Alloy {mil) {mil) {tby (kat) fmdl) {miD ) (kni) {kal)
£S13-5 | 28.5 10.8 4950 .5 ZL5 10.6 4930 9.1 9.3
cs217 24,5 10.7 482.0 20,1 8.5 11.3 528.0 %.1 81.6
ceire | 28.0 103 549.0 | 108.6 41,0 0,8 639,0 [118.3(PM) 106.8
. cs217E | 22.0 1.1 449.¢ £1.0 19.0 10 4 432.0 4.5 87.8 |
cs217r | 80,0 1.8 40,0 .0 25.0 | 10.6 482.0 8.4 9.2 i
Ccs2116 | 41,0 10.5 505.9 96,4 21.5 10.8 506,60 95.3 95.8 ;
N csaanl | i5.6 10.7 515.0 9.1 15,0 0.4 470.0 80.5 93.3 |
RMs 6.0 11.8 347.2 61.5 27.0 10.6 382,0 74,1 67.8 i
RM12 20,5 10.4 5180 99.0 30.5 10.4 549.0 | 106.2 102.1 i
RMS33 20,5 10.45 358, 0 8.6 29.5 10.3 382.0 75.8 72.2
RM23 | 2¢ Y 10.4 357.6 | 49.4 33.5 11,1 | 36s.6 | €68 86.6
RM25 17,6 11.0 348.0 63.4 1.8 11.1 381.0 88,8 66.0
RM40 22.5 10.6 374.0 70.5 22.0 10.7 370.0 89,2 89,8
RM42 16.8 11.0 392.0 1.2 20.5 10.8 336.0 62.4 6.8
ryas | o4V 10.7 224.0 | 42.7 25.5 10.4 | 82,0 | 70.8 70.8
RMz2 28.5 10.8 328,0 81.9 31.5 10.8 310.0 59.6 80.7
¢ - Ag-SAl | 20.0 12.0 425.6 0.9 | 200 11.5 469.0 19.9 75.0
% 1. Marginal fillet formation,
overlaps, The other CS series alloys devzloped slightly lower foil stresses at saear

failure in the range of 87, 800 to 95, 800 psi, but substantially greater values than the
standard silver braze (75,000 psi) and the other RM series ailoys (60, 700 to 72, 200 psi).
The RM22 alloy, with the lowest observed flow temperature (1380 F), actually had the
lowest foil siress for failure by shear (60, 700 psi).

Selection of Most Promising Candidates

Viewing all of the candidate braze alloys and screening tests in perspective,
two alloys appeared outstanding on the combined bases of the highest and most consistent
. test values for all tests. They were CS217C and RM12. The following eight braze
alloys, also showing considerable promise, were transferred as candi lates for Task V

. testmg.
o 08217 ¢« EM8B
. e CS217C e RM12
i
P . CS217F « RM26
¢ CS217G + RM40
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3.4.5 Summary of Task IV - Braze Optimization Studies

Effect of Salt Spray Exposure Upon T-Joint Bend Toughness (RT) .

Because of the overriding imporiance of corrosion resistance, 0.006-inch
foil (Ti-5A1-2.58n) T-joint brazements of the candidate alloys were subjected initially
to salt-spray cenditiening (5% NaCl, 200 F, 100 hours). Brarze joints made of RM1,
RM23, RM26, RM28, RM32, RM44, CS217E, and CS217F exhibited tendencies toward
braze cracking during bend toughness tests prior to salt spray. The salt spray con-
ditioning did not aggravate these tendencies. Only RM4¢ and CS2171 brazements
appeared more prone to in-braze crac. ‘g following salt-spray exposure. The re-
mainder of the candidate braze alloys:

+ CB13-5

s CS217

o CS217C

¢ CS217G

e RM8

o RMi2 .
» RMy3

« RM42 .

showed no cracking tendency in the bend toughness testing (i.e., neither as-brazed nor
after salt spray exposure). Of equal significance, no metallographic evidence of
braze/foll interface corrosion (crevice-type) or general brz e corrosion was observod
within any of the candidate alloy brazements.

In contrast, T-joints braze with Ag-10Sn and Ag-5A1-0.2Mn (Faseline
specimens) fell apart on removal {2, the salt spray cabinet following exposure
times as .ihort as 15 hours.

Effect of Salt Spray Exposure Upon T-doint Strength (RT)

Tensile tests of braze T-joints at room temperature (both as-brazed and

TR

after 100 hours salt spray exposure) developed promising resuits for mest corrosion-
resistant braze candidates. The highest strengths (range of ~ 50 to 150 ksi) were
generated consistently by CS13-5, 8217, CS217C, CS217F, €8217G, RMs, RMiz2,
RMZ6, and RM40. Data scatler in thir range. both before and after salt spray, was,
in many cases, widespread due to the marginal notch toughness of the as-brazed

O B i

structures and the natural geometric stress raisers inhevent in the T-juint specimen
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design. Specimens failed predominantly within the braze. In spite of these factors,
the better candidate braze alloys exhibited more than double the average T-joint
strengih of the baseline silver-base braze specimens (as-brazed condition). After
salt-spray conditioning, the silver-brazed specimens were ao badly corroded that

testing was impossible,

Single Lap-Joint Tensile Tests (RT)

The 2t to 4t overlap, lap~joint specimens also produced interesiing sirength
data at room temperature. It was found that cverlaps exceeding 4t {i.e., ~0.040 inch)
invariably resulted in base-metal foil failur. At controlled overlaps, in the range
2t to 4t, specimen failure occurred by tensile shear through the braze. However, it
was found that braze fracture was initiated at a near constant foil stress value
(regardless ~¢ ,verlap area) rather than at a constant shear stress value. The inference
drawn was that fracture initiates at a limiting strzss in ihe braze fillet or braze af-
fected foi) immediately adjacent to the joint, triggering subsequsnt notch-indvced shear
failure through the braze joint interface. Hence, lap shear test data were recorded in
terms of foil stress at specimen failure.

The candidate braze alloys CS217C and RM12 deveioped the highest average
lap-shear strengths (viz., 39,200 and 43, 200 psi, respectively, related to foil
stresses of 106, 000 and 102,000 psi respectivelv). These levzls of she ar strength
were considered adequate for titanium foil brazements, and undoubtedi reflect hoth
the influence of braze intermetallic strenciiuening and the buttressing effec of the
braze fillets at small overlaps. The baseline silver braze strength was 75, 000 psi
(foil stress).

Peel Resistance and Strain Accommodation Tests

Speciual screening tests to appraise the interface peel resistance and strain
accommodation capability of ~andidate braze alloys showed the good applicability of
titanjum-~zirconium base systems. In the double-lap loint peel tests, the soft, tough
silver-base braze alloy and two CS series alloys with naturally spheroidized beryllides
(as-brazed) exhibited the highest potentials of puel resistance (viz., Ag-5A1-0.2Mn
with an average failure load of 1390 pounds/inch of braze line: and C8217F and CS2171
with maximum failure loads of 1151 pounds/inch and 1160 pounds./inch, respectively).
Hrwavar, the following alloys with (previously determined) superior corrosion resie-

tance, sirength and bend toughness yielded good average values of peel resistance of

e A
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650 pounds/inch or greater, many with better reproducibility: viz., CS8217 CS8217C,
RM8, RM46 and RM12. Th%e CB8217C alloy with an average peel resistance level of
840 pounds/inch gave the best performance of this latter group.

The strain accommodation test wag unique. ir thai it was developed specifically
to detrrmine whether or not braze alloys with a high proportion of high-modulus second
phase ca - wit stand strains equivaient to the yield strains of the substrate foils. A
thin veneer (< 0. 001-inch thick) f each candidate alloy was brazed discontinuously
along the centerline surface of ihe 10-mil, Ti-6Al-4V f{oil tensile specimens of vary-
ing (tapered) width. The foil and braze-interface straine on subsequent tensile loading
then were in ersely proportional to the gpecimen width, so that the minimum actual
stiain at which b: aze or braze/foil interface cracking occurred could be determined
through microscopis examination. The best strain accommodation was provided by
those braze alloys which cracked only ot the highest levels of strain.

¥Fortunately, almost all the beiter braze alloy candidates in previous tests
shewed capabulities of accommodating total strain: higher than that corresponding to
the 9, 2 percent v «id strain for the base foils {i,e., approximately 8, 4060 micro
i /in. st 135, 000 psi). Assuming g predominantly elastic stress/strain relation,
the better candidate ..iloys for strain accommodatior are listed beicw:

Minimur: Strain at
Incipient Braze Cracking

Allry Designation fmicro in. /in.}
C813-5 9650
M2 9260
C82:7 Q060
KM40 8875
cENTC 8475
C8231% ¢ 8320
Cem17y 5290
RM& 8090

Over:’l Pertormance in Screening Tests

Two csadidate bra.e alloys (CSz17C and RM12) consistently warranied
supericr ratings cn all screening tests of Task (V. The braze alloys, C8217, CS217F,
C8217G, as well as RM8, RM26, and RM40 also displayed good te superior ratings on
most screening tests and, wgether with #M12 and CS217C, wes ¢ 8elected for more
advinced testing in Task V,
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0,096 TO 0,016

/L CAND'DATE BRAZE

0.006 TO G.010

ALL DIMENSIONS (N INCHES

FIGURE 25. " YPICAL 7-JOIN . SBPECIMEN FOR METALLOG! APHY a. D
-END TZSTS

0.500 T\/ 0.¢10

ALL DIMENSIONS IN . _HES
\\

\{ ‘\0.125

FIGURE 26, TYPICAL T-JOINT SPECIMEN FOR TINSILE TES; S

OVerLAF w 0,020 TO 0,04C INCH
AN

bl
0.5 INCK
1
le—1 s incHES —d

MATERIAL: Pregram alioy foils; 0.010~inch thick

FIGURE 27, TYPICAL LAP-JOINT SDECIMEN FOR SHEAR TESTS
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CANDICATR
RRAZE

| %
ALL DIMENSIONS IN INCHES
{ / 0,006 TO 0. 010

-

FIGURE 28. TYPICAL DOUBLE LAP-JOINT SPECIMEN FOR PEEL TESTS

N
g

BRAZE ALLOY SPREAD DISCONTINU DUSLY ALONG CENTER LINE

0.75 INCH —o= i 1.0 INCH 4 1.25 INCHES
0.5 INCH 00 00000000C000000QG00 0.25 INCH
3.0 INCH

FOIL MATERIAL: TI-6Al-4V (0.015 inch)

FIGURE 29. TYPICAL STRAIN ACCOMMODATION SPECIMEN
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"
.
Titanium -bhase hrasc allovs prepored
for preliminary brave sereening tests.
a The hraze alloy "heat” bulton is
crushed ic provide a smail sample {or

flow test,

XL ; _
%i:“ ,,QF"33(§§:>) 237 : :?%.,» FIGURE 33.

TITANIU-BASE BRAZE ALLOY
MEI.TS

TJeisina Pracesses Fon
Tivamives Foine

Titanium foil T-ioints used for braze
aliey screening tests, Characteristics
which are identified include wetting,
flow, filleting behavior, structural
compatibility and substirate metal
erosion.

by AF A3(615) 3137
FIGURE 34, . Joiminag Procrssss Fonr

Tivar. sm Fous
TITANIUM FOIL T-JOINT

SPECIMENS FOR BRAZE
. ALLOY SCREENING TESTS
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Note the ] P itanium ford used to

uoid assembiy an place dvoing braze run,

Magmification.  3X

FIGURE 4o,

T-JOINT SPECIMEN BEFORE
BRAZE

nw

Magnification:  SA

FIGURE 386,

T-JOINT SPECIMEN AFTER
BRAZE

/

FIGURE 37. LABORATORY BRAZING FURNACE
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FIGURE 38.

SCHEMATIC DIAGRAM OF THE LABORATORY BRAZING FURNACE
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TENSILE TEST EQUIPMENT
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Braze Alloy:  Ti-9.57Cu-45.6Rc
Braze Temperature: 1RGO J
Ftchant: Kroli's

Magnification: 100X

SGURE 41,

TYPICAL Ti-hAl 2,58n UL
T-JOINT BRAZEL IN VACUTM
WITi Ti-8, 57Cu-5. 6Be ALLOY

Dirace ALy Ti-8,(5Mn-5. 6Be
Braze Temperaiure: 1850 F

Etchant: Kroil's

Magnification: X

Figure 42,

TYPICAL Ti-5A1-2,58n FFOII,
T-JOINT BRAZED IN VACUIIM
WITH Ti-8. 66Mn-5. 6Be ALLOY

Braze Alloy:  Ag-5A1-0.2Mn

Bruze Temperaiure: 1700 F

Sait Spray Exposure: 72 Hours
Magnification:  2.5X

Extersive crevice corrosion resuited
in complete soparation .. the foil
components, Corrosion was concen-

trated along the interface between the
braze and the bhotiom foil surface.

FIGURE 43.

TYPICAL Ti-5A1-2.58n FOIL
T-JOINT BRAZED IN VACUUM
WITH Ag-5A1-0.2Mn ALLOY
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FIGURE 44,

10 -0 30 10 30 60 0
WEIGHT PERCENT OF ZIRCONTUM IN THE Ti=Zr=i,¢8c BRAZE ALLOY

MELTIN: TEMPERATURE VERSUS WEIGHT PERCENT ZIRCONIUM
INTi-47,27%r-5,0Bs BRAZE ALLOY
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e Nl e EN
Brace Pomncraiine . Doan g
St Seeny Fapes ares 7Y oo

Frohants ivprollts

Moagnitienmtion: 100 X

B

Braze Allov: Ti-) o/ 5. 6D
Broace Temperae o fale v
Ratt Spray Faposure: 72 Hours
Ftehant: rol'te

Magntfic.dion: o X

[

Braze Alloy: Ti- 18,9725 6t
traze Tenperature: 1340 F
Salt Spray Fxposure: 72 Hours
Etchant: Kroll's
Marmficatlon: 109X

Section Through Residue

FIGURE 45, TYPICAL Ti-DAl-2,568n FOIL T-JOINTS BRAZED IN VACUUM
WITH CANDIDATE BRAZE ALLOYS (Sheet 1 of )
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2%
Oreaze Allev: T IR 0GR
Braze Temperature: <o,

Saic Spri. Exposure: 72 Hours

Ftehant: Kroll's

Magnification: Too X

F.

Beaze attay: Fi=i7.970-5 6Be
Bivcee Temperafure: tosu v
Salt sovay Fxposure: 2 Hours
itehant: Kroll's
Moagmafeation: (00N

Section Through Residue

oo Allen HE TN T S S P

Bievses Tomporatine oo |
salb cnray foxposure U0 Hone
Frebant  Krnfts

RTRI R R A S YRR BTN

Seviieny Dl gt B st

FIGURE 16, TYPICAL Ti-dAl-2.5.  FOIL T=JOINTS BRAZED IN VACUUM
WITH CANDIDATE BRAZE ALLOYS (Sheet 2 of 3)




.
'
f
Brare Attowe Tiond 4y oo e
Brnse Toeanerabite 165000
: sidi Spray bavosure s T2 Hues
Frochant: Hrell's
Moagnatico arinn Tan X
3
sehiteons AN heasemonts D8 threaph 00 esposedd 70 haurs ain saly spray
post hencing, Nocc et b cor posgon otfeets
FIGURE 5. TYPICAT Ti-CAl 7,08 FOIL T-JOYNTS BRAZED IN VACUTUM
WITE CANDIDATE BRRAZFE ALLO:S (Sheet 3 of 3)
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Braze Alloy: CS 217G (2% Si)
Braze s'emperrture: 168C F
Etchant: Kroil's
Magnification: 100 X

FIGURE 48,

BRAZE SCREENING TEST WITH
CS217G BRAZE ALLOY

Braze alloy: CS 217C (5% Al
Braze Temperature: 1700 F

Etchant: Kroll's
Magnification: 100X

FIGURE 47.

BRAZE SCREENING TEST WITH
C8217C BRAZE ALLOY




Hraze Allove (S 2171 (060 Cu) *
Braze Temperature: 1020 F

Fitchont: Kruoli's

Magnification: 108 X

FIGURE 49.

BRAZE SCREENING TEST WITH
CS217f BRAZE ALLOY

Braze Allov: T8 217E (5% Nit
Braze Temperaturce: 1600 ¥
Etchant: Kroll's

Magnification: 100 X

CIGURE 50,
BRAZ % SCREENING TEST WITH
CS217E BRAZE ALLOY
Braze Alloy: C3S 217E (5% Coj
caze Temperatuce: 1620 F
Eichant: Kroll's
Magnification: 100X
FIGURE 51, ’

BRAZE SCREENING TEST WITH
CS217F BRAZE ALLOY




proze Alley: BM T (T -4 Y r-1 SNy
Braze Temperature: 16390 F

Salt Spray Exposuire: 11 Hours
Etchant: Kroll's

Muagmification: 1060 XN

No apparent covrosion.

PIGURE 52,

BRAZE SCREENING TEST WITH
RM1 BRAZE ALLGY

Braze Allov: RM ~ {Ti-427r-12Ni-2Be)
Beace Temperature: 4570 F

Satt Spray Exposure: i1 Hours
Etehant: Kroll's

Mar=ideation: 100X

Noy apparent corrosinn:

Screening braze joint with RM 8 alloy
{(Ti-437r-12Ni-23¢) after 114 hours
in salt spray

TFIGURE 53.
BRA7ZE SCREENING TEST WITH
RM8 BRAZE ALLOY

Braze Alloy: BRM 12 (Ti~45%7r-8, 6Ni-2. 0l3e)
Braze Temperature: 1650 F

Salt Spray Exposure: 114 Hours

Ftehani: Kroil's

Magnificadon: 100 X

FIGURE 54.

BRAZE SCREENING TEST WITH
RM12 BRAZE ALLQY
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Braze Alloy: BM 28 (Ti-43Zr-18Ni-10AZ}
Braze Temperature: 1€20 F

Etchant: Kroil's

Magatficstion: 100X

FIGURE 55,

BRAZE SCREENING TEST WITH
RM25 BRAZE LLLOY

Braze Alloy: RM 40 (Ti-20Zr-8Ni-5Be)
Braze Temperature: 1700 F

Etchant: Kroll's

Magnification: 100X

FIGURE 56,

BRAZE SCREENING TEST WITH
RM40 BRAZE ALLOY

Braze Alloy: RM 26 (Ti-16. 9Ni-3. 9Be-2. 0Si)
T raze Temperature: 1660 F

Fichant: Kroll's

Magnification: 250 X

pimg e O

) %M‘
3
%i* FIGURE 57,
&
¥ BRAZE SCREENING TEST WITH
E RM26 BRAZE ALLOY
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A,

Center foil only was plsted on both sides with
G.665 mil Ni-10P, Test sample was heated
for 30 minutes at 1325 F. Nowe the completely
transformed structure in the center feil and
the partiallv transformed siructure in the
braze affected arca.

- Magnification: 100 X
=
B.
. Brazing was accomplished at 1825 F for 30
minutes in vacuum of less than 1 x 10~4Torr.
Note the duplex structure near the braze joint
and the single phase structure in the
‘ adjacent area.
Magnification: 250 X
C.
. Drazed joini with §.083 mil Ni-i0k coating on
cenlur foil only; brazed in vacuum at 17256 F
for 5 minutes. Note the formationof a 1.2 mil
intermetallic compound izver with nd wpparen:
e transformation of the structurs.
Magnification: 250 X
% -

3
:
i

FIGURE 58. BRAZE SCREENING TEST WITH 0., 075-MIL, Ni-10P PLATED SPEC{MEN
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Untransformed foil (o)
(3.6 mils thick}
17, 6 minutes

Widmanstatten structure
(o +8){1.2 mils thick)

N!-P braze coating
(0, 15 mils thick)

-

Untraraformed foll (a)
(2.4 mils thick)
1775 F, 5 minutes

Widmanstatten structure
(a+8) (1.8 mils thick)

Foll completely transformed
Widmanstatten structure

(o + 8 ) (6 mily thick)

1800 ¥, 5 rainutes

Magnification: 250X

FIGURE 59, BRAZE SCREENING TEST WITH 0.15-MIL, Ni-10P PLATED SPECIMEN
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Braze and Braze Atfectea
Foil Cracked
Magnitication: 100 X
FIGURE 61,
T-JOINT BEND TEST, BRAZED
WITH RM23 ALLOY

Praze Cracked
Magnification: 100 X

FIGURE €0,

T-JOINT BEND TEST, BRAZED
WITH RM44 ALLOY

Smail Braze Cracks
Magnification: 100 X

FIGURE 62,

T-JOINT BEND TEST, BRAZED
WITH RM26 ALLOY
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Braze Cracked

Magnification: 100 X

FIGURE 63.

T-JOINT BEND TEST, BRAZED
AR s Eeanse W1 11 CS217E ALLOY

Small Braze Cracks

Magnification: 100 X

FIGURE 64, .

T-JOINT BEND TEST, BRAZED
WITH CS217F ALLOY

No Crack
Magnification: 100X

CIGURE 65,

I'=JOINT BEND TUEST, BRAYED
WITH RM40 ALLOY
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No Crack
Magniftcation: 100 X

WITH CS2171 ALLOY 0 Ao e

FIGURE 7.
T-JOINT BEND TEST, BRAZED

Brazc Cracked
Magnification: 100 X

FIGURE bb,
T-JOINT BEND TEST, BRAZED
WITH RM40 ALLOY; After

100-Hour Salt Spray Exposure

Nrace Cricked

Mugmification: 100 X

FIGURE 68,

T-JOINT BEND TEST, BRAZED
WITH CS217T ALLOY; Aftes

100 Hour Salt Soray Exposure
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o ey

No {Urack

Magnification: 100 X

FIGURE 69.

T-JOINT BEND TEST, BRAZED
WITH CS8217 ALLOY

v Ceack

Muagnification: 100 X

FIGURE 70,

T-JOINT BEND TEST, BRAZED
WITH CS217 ALLOY,; After
100-Hour Salt Spray Exposure

No Crack

Magnification: 100 X

FIGURE T1.

T-JOINT BEND TEST, BRAZED
WITH RM% ALLOY, After
100-Hour Salt Sprv Fxposure




No Crack
Magmification: 100X

FIGURE 72.

T-JOINT BEND TEST, BRAZED
WITH CS217C ALLOY; After
100-Hour Salt Spray Exposure

No Crack
Magmification: 100 X

FIGURE 73.

T-JOINT BENDR TEST, BRAZED
WITH CS217G ALLOY; After
100-Hour Salt spray Exposure
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PrI

Magnification: 68X Magniftcatton: 40X

FIGURE 75. STRAIN :CCOMMODATION T«LT, BRAZED WITH RM8 ALLOY
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Magnification: 10X iagnification: 40X

- FIGURE 76, STRAIN ACCOMMODATION TEST, BRAZED WITH €S217 AL1LOY
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3.5 TASK V - EVALUATION OF PRAZE SYSTEMS

On the basis of excellent {oil brazing characteristice and performance in
gpecial brazement strength. toughness, strais accommodation and salt-corrosgion
tests, the eight braze a Eoyé listed in Table XXXV were selected for further evalua-
tior and study.

TABLE XXXV
ALLOYS SELECTTD FOR STUDY AND “VALUATION IN TASK V

i T Minimum
Rraze Alloy Naominal Composition (wt §) Terr?;:;:mre
Designation Ti Zr Be Ni o Al Co Si ("N

8217 Ralance | 37.5 5,30 - - - - 1649
€8217¢ | Balance |45.1 | 495 --| 50| - | -- 1700
CS217F | Balance [45.1 | 475 ) - - | s.0] - 1620
€S217G | Balance 146,68 | 4.80 ] -~ | -= | - | 2.0 1680
RM8 Bulance }43.0 | 2.00 112,06 -- | -- | - 1470
RM12 Balance 145.0 | 2,601 8.0] - | — | -- 1660
RM26 Balatce | -~ | 2.9¢}16.8] -- | -- ! 2.0 1660
RM40 Balance ] 20.0 3,00 8.8) -~ - - 1700

Of these eirht alloys, pricr serzening tesis at room temperature showed
two braze alloys (CS217C and RM12) to Le out “tanding from an overall viewpoint
(highest and most consistent test resulls in all tests).

Task V of Phase I was designed to provide a much broader evaluation of the
eight best candiduie braze allovs screened from Task IV. Al program alloy foils
Were employed. Lap-joint shear tests were conducted (-320 to 800 F) upon cardidate
alloy brazements iritially in the as-brazed condition and following thermal aging periods
of 100 hours at 100¢ ¥ in high vicuum (1.0 x 10-5 Torr). The objective was to de-
termine thermal stability effects upon structure and degree of strength retention of
candidate alloy brazements. A statistical survey was made of both T--joint and lap-
joint strengths (room temperature) to measure the joint strength reproducibility
iy degree of data scatter) of the marginally tough brazements; especially ss influ-
enced by post-braze heat treatments devised t improve toushnees and strength re-
producibility. Subsequently, lap shear tests werw corducted over the broad tempera-
ture range of -320 F to 800 F or 900 F on both th. as-brazed specimens and specimens
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given the best post-braze heat treatment determined above. These tests provided base~
line design strength data., Additional stability tests were programmed to evaiuate the
effects of salt sprav exposure (140 hours, 200 F) on lzp-joint strengths over the test
temperature range of -320 F to 800 F or 300 F. A eimilar test regime evaluated the
effects of air oxidaion {100 hours, 1000 ¥, static air). The air oxidation data were
compared directly with the previcusly mentioned thermal stability data. The advantages
of post-braze thermal treatment became very evident by this stage so0 that post-braze
heat treatr..nt became a significant variable in developing these test data. Task V
testing was concluded with special lap-joint tests to:

e Gage relative susceptibility of candidate alloy biazements vo hot salt

stress corrosion (encrusted NaCl in oxidizing atmosphere at 1000 F,
constant foil stress levels of 1¢, 000 and 20, 000 psi).

» Measure comparative stress-rupture lives of candidate brazements in
an oxidizing atmosphere at 1000 F. The 30,000 psi foil siress level
employed was selected to yield a minimum 100-hour rupture life
(Ti~5A1-2, 58n foils). Self-diffusion bonded specimens were employed
for baseline data.

¢ Gain information on the relative abilities of candidate alicy brazements

to withstand cyclic loading. A series of tension-tension fatigue tests
was conducted at room temperature using a sine-wave excitation with
frequency of 70 cps and & fixed alternaling stress/mean stress ratio of
1.0. Tests were carried out to the range of 105 to 105 cycles. All
lap-joint fatigue specimens were made of 0, 010-inch Ti-5A1-2.58n frils,
with a controlled 0. 020- to 0. 040-inch overlap, a8 in all previous lap
shear specimens. Self-diffusion bonded specimens were also tested to
develop baseline fatigue data.

At the conclusion of this study, the field of candidate braze alloys was nar-

rowed to the four best for final evaluation in fabrication and testing of Phase 1T

structures.
3.5.1 Thermal Stability Testing

The objective of the thermal stability testing was to determine the effects of
pro'~uged service or aging time at the maximum anticipated service tempersture
(1000 F) on brazement strength and structure. Thermal stability tests were conducted
on the eight candidate braze alloys (Ti-6A1-4V foils). Lap shear test specimens of
each braze alloy were exposed at 1000 F for 190 hours in high vacuum (1.0 x 10'5 Torr)
prior to lap shear testing at -320 F, room temperature, and 800 F. (Tests were con-
ducted at 800 F in argon atmosphere to eliminate possible contamination effects.) Test
results were augmen.cd by metallographic examinaiion and micrchardness determinations
on small Ti-5A]-2. 58n and Ti-6A1-4V foil T-joints, which were aged similarly.
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TABLE XXXVI
THERMAL STABILITY TEST RESULTS, LAP-SHEAR TESTS

Af-Prared (ksih

After Aging at 1000 F for 109 Neurn in Vacuum k)

6 x 19" %m Hy)

Braze Alloy Al itoom ‘Ai Room
Compoel P 6 At UGS ¥ At 326 F Tampersture At 80O F Ar -320 F
ot 108.4, 100,0, 9.5, 86.4 1.5, 824 1138, ¥7.8 100.9, 98,1 195,313,710
TH47. 57r-5Ba #9.2
Avarsge 012 8.3 8.4 108.3 .0 19,0
cselic 104.7, 86.6 98,8, 83,1 1.0, g2 s, e300 90,4, 78,3 122 6N, 131,50
Ti-48, ; Z2-4, Y5Re-5A
Aversge 5.8 #5.0 18t 8.5 .3 1o
cRNTF 8.2, 92.0 78,8, 6.8 4.2, 163.¢ 89,1, 95,9 2.2, 81.¢ wrstt s
TI-45. 1 2¢~4. T5Be>5C0
Average 3.5 72.0 1038 8.0 7.9 117.8
csIe 103.5, #1.7 a7.4, 82.8 1.6 e 1653, 1009 6.7, 83.2 1.0 12,0
Ti-48, 6254, 30Ba -281
Averagy 100.5 #s.1 112.3 103, ¢ 90,0 .8
! RMS 86.8, 37.4 83.1, 83,1 1e.” 4.6 69.4, 56,0 #8.5, 74.8 1e.s™ 02,4
| Ti-3zr-12t-: e
. Avarage 85.0 8,7 105.2 2.9 0n.s 109.6
RM12 o< 8.8 1.4, 82,8 16,9, 113.5 85.5. 12.4 70.4, 69,9 113.0, 90,7
Ti-AUZr-8N1-2Be
Average 0.0 1.8 118 2 7.0 70,6 101.3
aMze 78.1, 8.2 1.8, 32.4 109.5, 61.8 91.3, 8.0 T0.8, 81.2 18.3, 46,2
Ti-18,9N1-3, 9Be
Aversgs 63,7 8.9 76.8 8.4 5.8 62.2
RMa0 18.1, 56.5 41,0, 48,4 35.8, 55.4 84.0, 67.0 7.0, 62.8 73.1, 4.8
Ti-20Zr-ENi-5Be
Aversgs 8.8 : 6.8 34.8 76.5 .3 8.8

1. %poifles failere ocourred i brate-affested foil rathor tham the joint, @ =l other tnatances, fatlure ogoured in joint.

‘The lap shear specimens of Ti-3Al-4V were composed of 0. 010~inch thick

foils approximately 0. 5-inch wide and with a typical overlap of about 0. 020-inch.

The braze schedule consisted of vacuum brazing twelve such specimens for each of

the eight candidate braze alloye and testing as follows:

s« Two specimens tested as-brazed at room temperature

e Two specimens iesied as-brazed at 800 F in argon
e Two specimens tested as-brazed at -320 F in liquid nitrogen

Six specimens were aged at 1000 F for 100 hours in vacuum (1,0 x 10~
and then tested as follows:

¢ Two specimens tested at room temperature

e Two specimens tested at 800 F in argon

e Two specimens tested at -320 F in liquid nitrogen
Lap Shear Test Results

8 Torr)

The data from lap shear testing (Table XXXVI; rigures 77 and 78) indicated
that no aignificant degradaiion in average strength (-32¢ F. room temperature, and
800 F) developed as the result of the 1000 F vacuum aging treatment for the following
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braze alloys: (8217, CS217¢, CS217¥, and CS217G. The single exceplion wag a
15 percent reduction in stvength for the C8217G alloy at ~-320 #. In fact, vacuum
aging appeared ic have improved strength of the C8217 alloy, particularly at-320 F
{an averags incraase of ~ 30 percent) as shown in Figure 77. Maximum strength
levels for the S zeries alloys were most frequently observed at the lowest test
temperatere (-320 F}.

The M series allovs reacted somewhat differently fo 1000 F vacuum agirg
(Table XXXVI and Figure 78). Except for 8 curious drop in room temyerature
strength post aging {~ 35 percent}, the RMS8 alloy showed no change in strength at
-320 and 800 F resulting from sging, Vacuum aging produced directly the opposite
effect on the strength of RMi2 alioy. Average room tocmperature strength of BM12
did not change, but joint strengths at -320 and 800 Fdropped 11 percent and 26 per-
cent respectively, after 1000 F aging., Braze strength levels for RM8 and RM12 (i.e.,
tk sse unaffected by aging) compared favorably with corresponding levels of the
CS sevies alloys. In conirast, the remaining two RM alloys (RM26 auu RM40) vielded
appreciably lower strength values with generally greater scatter in aata for both the
as-brazed and the vacuum-aged conditiong. I nce, RM26 and RM40, which were
included to evaluate effects of the reduced zirconium content, wers screened out at
this point. It has been huped that the lowered zivcon!.  content would benefit hraze
toughness and stability in the RM series through reduction of the intermetailic content
and through an increased tenione: o form equilibrium beta tfansfurmation products
on cooling from the braze process.

In summation, the CS8217, CS217C, and CS217F braze allovs exhibited hest
overall strength retention after 100 F aging. The 8ix candidate braze alloys. CS217,
C8217C. CS217F, CB5217G, as well as RMS and RM12, wera recommended for further
study in Task V because of their generally satisfactory performance in thermal
stabiiity testing.

Metallography and Microhardness Studies

Small T-joints of Ti-5A1-2, 5V and Ti-6Ai-4V foils (0. 006~inch thick) were
brazed in srgon by holding at minimum flow temperutures for 5 mimitse. They were
then aged st 1600 F for 100 bovrs in vacuum. Minimal foll eroaion waa fowsd as
anticipated from previous tasts. Microstructures of brazed joints after 1600 F aging
exhibited more uniforn: distribuiion of intermetallios fiue to thermal diffusion aad
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i & TABLE XXXVI :
o MICROHARDNESS D' TERMINATION OF BRAZE ALLOYS, THERMAL
‘ STABILITY TESTS
E § | Hardness After Aging At 1000 F 3
. . Hardress As Brazed (Rc) For 100 Hours (Rc) |
" Braze Alloy | Braze Matrix Internuatmiii«c:J Braze Matrix Intermetallics
i
] CS217 51.0 to 52,0 71.0 52,0 to 53.0 69.0 D
£ DZ to 34.0 to 39.0 !
¥ CS217C | 52.0 to 56,0 -- 53.0 to 56,0 - .
s § - DZ 44,0 .
CS217F | 46.0 to 51,0 68.0 54.0 66.0 i
E 3 DZ to 43,0
i | CS217G | 51.0 1o 53.0 66.0 49.0to 53,0 .-
DZ to 33.0
. RMS 53,0 - 15.0 to 56.0 60,0
B DZ to 38.0
B RM12 60.0 to 62.0 .- 44,0 to 60.0 -
DZ 38.0
4 - ‘ 3
| RM26 - - 56,0 to 57.0 -— .
: DZ 31.0
; i
RM40 47.0 - DZ to 37,0 64.0 to 3,0 * £
] DY aignifies braze/foll diffusion zons,
g 3 homogenization effects. Coalescence and spheroidization of intrrmetallic particles
3 were apparcnt for all aged brazes, especially for the CS217 and CS217F alloys shown
in Figures 79 and 80. No significant hardness changes in the CS series bruze
{ ]
structures were observed after aging at 1000 F for 100 hours (Table XXXVI). A
moderate voftening of the braze matrix was noted for the RM8 and RM12 allovs
* resulting from 1000 F vacuum aging. | |
) 3.5.2 Reliability Tests
g . | The objective of reliability testing was to obtain a statistical measure of
strength data reproducibility for the six remaining candidate braze alloys.
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TABLE XXXVIII
RELIABILITY TESTING OF BRAZE ALLOYS, LAP-SHEAR SPECIMENS

-
As-Brazed As Cyclie Annealed for 4 Hours'!)
Average Aversge increase
Foll Foil in Average |
Stress a2 | Number Randard | Stress at | Namber Randard | Foll Srosy
Foll Fallure | of Dats | Standard | Deviation | Failure | of Data | Standard | Deviatton; ut Falluve(®)
Braze Alloy | (10 mil thick) [ ) Points | Deviation %) (kat) Points | Deviation ") (1]
i
1
[of. ) &4 SAl 4V 95.5 8 6.9 7.2 102.8 & 12,8 12,3 ki i
SAl1-2,86n 108.8 |4 5.0 4.6 129,1 5 18,1 12,8 18.9
BAl-1Mo-1V | 106.8 5 6.3 8.9 — - - - ’
ceNC SAisY 101.7 ] 10.3 8.8 119.8 ] 10.4 8.8 11.2 |
SAl-2, 88 104.0 3 8.3 8.0 120.2 ] 8.7 7.3 15.6 {
8Al-1Mo-1V 108.3 5 13.8 12.8 -- - - -- - !
C82171F BAl 4V 9.8 7 8.3 6.8 113.1 ] 4.1 a.8 15.¢ i
8A1-2.58a 9”5 4 3.7 3.7 118.9 4 i0.8 | [ 17.5 |
SAl-1Mo-1V $8.2 5 4.4 4.3 w—- - - - l - :
C3201G onl -4V 100.9 [ 3.2 o2 1068.0 5 12.2 11.8 5.1 |
SAl-Z.58n 110.8 4 5.5 5.2 118,85 4 18,4 14,2 4.5
8Ai-1Mo-1V 3.9 5 18.8 1.8 - - -- -- - ‘
RM8 LIVE 85.1 7 s .8 7.1 « 3.9 3.7 -- ’
SAL-2. 68n 84,9 5 6.8 7.9 08.7 3 10.8 18.3 -
) 8Al-iMo-1V M7 5 4.2 4.4 —-- - -- -- --
RM12 I AL 4V 100, 0 4 8.6 6.6 8.0 4 7.8 8.¢ -
1 8A1-2.88n .3 4 4.8 4.9 75.8 4 4.08 ¢85 .-
| 8Al-1Mo iV 100.3 5 1.0 1.0 .- - -- - 1 -- i
| Total Number 5{ Data Polnt: " 8
i i - I i
1. Cyclic Amnesling Treatment: For (5 Series Braze Alioys For RM8 and RM12
1580 F - 10 mim:tes 1460 F - 10 minutes
1360 F - 10 mimmtes 1200 F - 10 minuies
Repeat for 4 hours Repeat for 4 hours

2. Due to Cyelic Annealing !

Reliability tests were conducted using brazed lap snear specimene cf the
candidate braze alloys in the as-brazed condition and after experimental cyclic
annealing treatment. The six brare alloys evaluated were CS217, CS217C. C8217F,
C8217G, RMS and RM12. Lap shear specimens of Ti-6A1-4V and Ti-%Al-2.58n foil=
{both 0. 010-inch thick) were used with a typical overlap of 0. 020-inch. Testing was
conducted at room temperature. Ten data points for foil stress values at shear
failure (five from the Ti-6A1-4V specimens and five from the Ti-5Al1-2. 58n specimens)
were obtained for each braze alloy in both the as-brazed condition and after cyclic
annealing. This amounted to 20 data points for each braze alloy or a grand total of
120 data points. Later, the TI-8A1-1Mo- V foll brazements in the as-brased condition
were tested to bring the grand total to 150 data points. Statistical variance in foil
stress values st hraze failure was calculated (Table XXXVIID and found to be within
reasonable limits for the as-brazed condition {{. 6., standard deviation expressed in
percent of the average strength <10 percvent). The only brazements which exceeded
the 10 percent figure (as-brazed condition) were the combination CS317C/8Al 1Mce-1V
(12.5 percent) and C5217G/8A1-1Mo-1V (19,8 percent). The statistical reliability or
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reproducibility of joint shear strength was, for most braze/{nil combinations, con-

sidered satisfactorv. The data sbtained were referred to as baseline daia for all

subsequert zubtasks of Task V.

A preliminary investigation of cyclic annealing was carried out on the same
six braze alloys by Iz » shear testing. The CS serie.; alloys first were cyclic annealed
in vacuum between 1550 and 1300 F for four hours. Improvement in mean foil stress
values due to cyclic annealing was appreciable for the CS series, and included 7.7 to
18.5 percent with CS217, 11.2 to 15.6 percent with CS217C (5 percent Al), and 15.6
to 17.5 percent with CS217F (5 percent Co). The RM® and RM12 allovs were cvelie
annealed in vacuum between 1200 and 1400 F for four hours, but mean strength values
dropped. Unfortuuately, the primary objective of cyclic annealing (to improve braze
strength reproducibility) was not aclieved in most cases. The data contained in
Table XXXVIII show that in 8 out of 12 instances data scatter and percent standard
deviation actually increased because of ihe specific cyclic anneal used. In just one
instance, however, the same cyclic anneal not only reduced percent standard devia-
tion significantly (6.5 to 3. 6 percent), but served also to increase average hrazement
strength by 15. 6 percent (viz. 1i~-6A1-4V/CS8217F). The inference drawn was that a
sperific foil/braze combinat’ : requires a specitic cyclic annealing treatment tailored
to mee. desired property objectives. It was decided, therefore, teo explore and
evaluate a wide variety ot pousible cyclic annealing treatments, to define suitable ones
empirically. The six vacuum cyclic anneals evaluated with Ti-5A1-2. 55n foils and
C8217C braze alloy, employing T-joint tensile and lap shear tests are listed in
‘Table XXXIX.

As always, the main objective of cyclic annealing was to improve reliability
and reproducibility of braze strength through braze structure alteration ¢i.e.. by
spherotdization of eutectic and pro-eutectic bervllides and stabilization of the titanium-
zirconium terminal solid soiutions).

Very promising results were obtained with cyclic anneal ""F* (Table XXXDO)
for lap-shear and 7'-joint test configurations and was, therefore, used throughout the
program. This cycle produced an iacrease in average room temperature strength of

about 12 percent for bruz: ° . sheur joints and about a 42 percent wacrease for
T-joints. R also redh - the values of standard deviation by 36 n~reent (lap-shear)
and 56 percent (T- n v ~evious work, appreciably greatar scattsr in the foil
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TABLE XXXIX
EFFECTS OF CYCLIC ANNEALING ON CS217C ALLOY

Lap Shear Tests T-Joint Tensile Tosts
Standard | Standard Standard| Standard
l Average |Deviation| Deviation | Average |Deviation] Deviation

Cycle Stress (o) (%) Stress (o) A

As Brozed 104.0 | 8.3 8.0 106.2 | 11.5 | 10.8

1560 F-10 min | 120.2 8.7 7.3 - e ——— ————
A Lo N emin

4 hours
B 1550 F-2 hrs 110.7 5.9 5.3 104.5 25.4 24.4

1300 ¥-2 bra

1560 F-10 min | 113.4 8.8 %.1 119.5 19.6 16.3
C 1300 F-10 min

1 hour

1560 F-10min | 111.4 8.8 8.0 109.4 13.4 12.3
D 10600 F-10 min

1 hour

1550 P-10 min | 102.8 4.5 4.3 105.6 10.3 8.7
E 1300 ¥F-10 min "

8 aours

18%0 F-10min ] 118.6 5.7 4.8 129.7 8.1 4.7
¥ 1450 F-10 min ~ :

1 hour

stress values for lpemmen failure had been observed with 'l‘-jolnu than with lap-

shear joints. Howevsr, fanowing cyclic anneal "P’ tha nu\du-d deviations for both

Joint types were found to be nearty oquivalent (viz.,
This relation indicated a marked imprmm in join mwhneu and reltability. The
average foll strees valuss at failure for both ha-m and T-joint tests were high

(> mwm:mmmwd~ns 000 pei) and roughly the same. This
swnmd that: -

. mwwmmwmr-mmuyumwn.
mlﬁmtdlmm:..~wmmmv!whmmwhuud .

condition ..

3 ~ 7700 micro inoh/inch after cyclic anmesl “IF*).

4.7 percent versus 4. ® percent).

As

indioated {n Tables XXXI, XXXII, and XL, proper cyclic amnsaling pro-
uuumhwmwmmmy
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TABLE XL
FOIL STRAIN FOR FAILURE OF CS8217C BRAZ™ AL.LOY

Average foll strain for failure
,. (micro in./in.) |
Lap Shear Test T-joint Tenzile Test Average

As brazed with

Cs217C 6500 6625 6560
Cyclic Annealed

15850F 10 min !

145GF 10 min 7300 8100 7700

Reyeat 1 hour '

¢ The marginallv tough braze alley CS217C (as-brazed condition) is
capable of producing very tough and strong titanium foil brazements
with proper cyclic annealing treatment (post-braze).
The fact that cyclic anneal "F" required only one hour of heat treaiment or
furnace time wos important from considerations of production feasibility and minimiza-
tion of interstitial conimiminants.

Metallographic examinat'on (optical microscopy) of cyclic annealed braze
structurea revealed extensive sphervidizaii-n of both eutsctic and vrimary beryilides,
the :pmreni reason behind the improvements in braze strength and reliability (Fig. 81
and 82). Subsequent examinstion using high magnificaticn vlectron microscopy (Fig. £3)
confirmed the indicated spheroidization of beryllides. The peat example of the re-
markable change in braze structure afforded by cyclic anncaling is that of the i.raze
alloy CS13-" (CS217 sutectic) shown in Figures 84 and 85. (CS13-5 is closely related,
botk chemically and structurally, to CR217 and C821; 7.3 Tbe elu¢tron micrographs
{Fig. 84) reveal the finely spaced, lamellar sutectic sir.cture of the as-brazed con-
ditica, Cyclic annealing completely altered the eutectic si;ucture, trunsforming the
beryllide lamellse or plates int~ finely dispersed spheroids as well as partially
spheroidizing massive primary bervllides (Fig. 85). Such a structure change logically
sbould prove beneficial to brase toughness, reliability, and notch ineensitivity.
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In addition, the structures of the braze-affected zones for the cyclic annealed
CS217C brazements were shown to differ, depending upon the program foil alloy used.
For Ti-5A1-2.55n foils, the structure apparently consists of a very fine dispersion of
spheroidal alpha phase in a matrix of metastable beta (Fig. 86, 87, and 88). .For
Ti-6Al-4V foils, the resuitant structure is the Widmanstatten or martensitic type
(Fig. 89 and 90). Both braze-affected structures were characterized by rather high
hardness levels (RC 39.0 to 44.0). indicative of undesirable beta transformation
products (Fig. 86 and 89). A recommended supplemental study aimed at ebizining
stable equilibrium structures in beth the braze and braze-affected zcnet of braze-
ments vvas directed to the sponsor at this juncture. In eseence, the approved study
was set up to obtain stronger. touguer, and metallurgically more stable braze
structures through determination of optimum post-braze thermal treatments, employ-
ing both cyclic annealing and isothermal aging.

3.5.3 Tensile Tests of Brazeme. *:

The objective of extensive tensile testing of candidate ailov brazements was
to determine:
¢ The variation of foil stress for fatlure of lap-shear braze specimens with

temperature in the range of -320 to 800 F ({Ti-8Al-4V and Ti-5A1-2. 350
{oils)

s The relative acatter of lap-shear strength levels at spec'fic test tempera-
tures in the as-brazed condition
Lap-shexr specimens  Ti-3A1-2.58n, Ti-8Al-4V, and Ti-8Al-1Mo-1V
(aach 0. 010-Inch thick) were used with the six candidate alloys. T2sting was done in
the temperature range of -320 to 300 F as follows:

* At -320 F in iiquid nitrogen

¢ At -10¢ F in mothyl alcohol and dry ice

s Elevated temnpersature testing at 300, 500, and v00 F iu an armm

atmosphere
Four daia points were obtained at each of the test temperstures for each

braze alloy. The sctual and averuge foll stresa values at joint faijure are plotted in
Figures #1 and 92 for each test temperaturs. The plotied results of testing candidate
brasze alloys using lap-shear specimens of Ti-5Ai-2.58n foil and also uniaxiai tensile
data for the Ti-3Al-2.58n foil itself is shown in Figure °1. snd Figurs % siowa the
. 'blnited results of testing candidate Lrazo alloys using lap-shear specimens of
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TABLE XLI
AVERAGE STRENGTH OF BRAZE ALLOYS/Ti-5A!-2.58n FOIL

Average "oil Stres: (for fallure in lap shear tests} in kal at Various

Braze 1 Test Ter pera’tures o
Alloy ~320F -100F 15F 3°F | 500F |  BQQF
B 5 B | B s 8 | B B | o
CcS21 | 99.4 | 46.5 | 95.6 | 108.6 | 103.8 | 84.3 | 74.6 | 72.6 } 52.8
'~ csarre . 87.4 5 72.6 | 85.4 | 104.0 | 107.1 | 81.4 | 81.6 |72.0 ' 804
’ CS217F | 83.3 | 87.3 |81.4 | 99.5| 92.. | 79.4  64.3 | 65.7 ‘ 68.6
- CS2170 98.9 | 80.3 |96.2 110.5 | 1e° ~ | 81.4 | 72.6 |67.5 675
: ! !
| RM8 9.0 | a1 | 78.4 84.3 1 7.1 66.3 1619 |59.0 | 86.4
RM12 99.1 | 105.1 190.8 | 94.8 | 90.6 |91.1 |75.9 |68.% | 78.8

|
|

Ti-5A1-2.58n | 180.0 - %- 119.0 - - - 1201 -
|

! foll
) I SR 8 ! E
B - As Brazed

S - After 100 houra salt spray expogure

s e e e e

R

Ti~8A1-4V foil and also uniaxial tensile data for the Ti-6A!-+V itsell. Baseline data
for Ag-5A1-0.2Mr braze specimens are presented in Figure 33 for commrl_m& .
purposes. ‘

The average foil strees values (for fatlure in lap shear ieutaf,at, differen . ‘
test nperaturss are tabulated in Table XLI {for specimens of Ti-5Ak-2.58n foil) =
and Table XLI (for specimens of Ti-8Al-4V foil). o ‘ -

Over the doscending temperature range of 800 F to room tempez:a!ure{ all

braze specimen sfrengthe generally increased systematically with decreasing tempera-

ture; from about 80 to 70 ksi (Ti-5Al1-2.58n) or 80 to 30 ksi (Ti-6A1-1V) 2t 800 F o
zbout 85 to 110 ki both foil alioys) at room tercperature. Thia pattern of increas-
ing strength with decreasing lemperature parallels reasonably well with :m exiibited -
by both base alloy fotls in uniaxial tensile tests over the same temperature range. -




TABLE XL1
AVERAGE STRENGTH OF BRAZE ALLOYS/Ti-8A1-4V FOIL

Average Foll Stress (for fatlure in lap shear tosts) in ksl at Various
Breze Test Temperatures

1

Alloy ~320F -100F 15F 300F : 50CF _BOOF
B

B S B B B )

7]
=

"CSZ?."? 102.0 , 1¢7.8 | 11l.6 95.5 § 77.8 | 96.02 | 77.5 | 92.6 | 7.0 v

CB8217C © | 112.0 59.0 94.9 | 107.7 | 87.1] 98.7 ; 93.5 87.2 | 76.7

i CS217F 97.4 | 91.6 93.4 87.8 | 84.4 ] 87.0 | 85.3 77.8 | 17.2

C8217G 108.1 79.9 77.6 | 106.%9 | 79.4 | 82.4 | 87.3 7.6 | 72.3
RMS 119.& 5.8 83.2 85.1 ! 68.3  83.6 | 77.9 86.7 | 71.4

RM1i2 106.98 78.8 54.8 | 100.0 | 94.2 | 83.4 | 80.4 | 87.7 | 78.5

Ti-6A-4V ! 207.0 - - 134.C - - - 106.0 ~ °

B - As Buiazed
-~ After 100 hours sait ~r.y exposuro

Twe noteworthy exceptions to the stated strengtr levels ware (hserved.

First, C8217C brazements made with Ti-6A1-4V foils proved strongest at 800 F

(~- 87 ksi) while maintaining the hest overall profile of strength over the range of
room temperature to 806 F. Second RMS with the lowest braze temperatuve (1470 F)
exhibited the lowest strength profile sver the same temperature range, daveloping
Shuy ~B5 kst at room temperzture. The Ti-6Al-4V foil specimens brazed with
Ag-5Al~0. ZMn yielded strength leveis comparable tc the better Ti-Zr vuse braze
~zlloys; nowever, the braze foil comb.aation Ag-5A1- . 2Mn/Ti-541-2. 58:1 produced
decie‘edly inferi: strengths (Fig. 23).

With but one exceptiun, all brave/foil combinations underwent what sppeared
1o be scme form of ductile-brittle transition phenomencn between room temperature
. & =100 ¥ (betwees ~100 and ~320 F for C8217/Ti-6Al-4V), Thie situation was




~videnced by 2 definite drop or stabilization in epecimen strength with decreasing
temperature in the cryogenic temperature range but of varying degree, depending
upon both the braze alloy and the foil base alloy. Maximuin strength losses (usually
between room temperature and -100 F} of 15 to 20 ksi were common with the CS series
alloye on Ti~5A1-2. 55 foile, but this loss was reduced to 5 to 10 ksi on Ti-6A1-4V
foils (the single exception being CS217C with a maximum 22 kai strength drep). The
RM series alloys exhibited considerably less tendency toward strength reduction

{~3-5 ksi losses with Ti~5Ai~2.58n foils); in fact, RM8 with Ti-6A1-4V foils expe-
rienced progressively increased joint streagth below room te:nperature, as did the
base meial icils themselves in uniaxial teste. On the other hand, the RMI12 alicy with
Ti-8A1-4V foils dropped 10 ksi in joint strength between room temperature and -100 F.

Fiom the viewpoint of minimizing ductile-britile iransition behavior in the
as-brazed condition, the following braze alloys appeared most desirable:

¢ Ti-5Al1-2,55n foils: RM8, RMi2
¢ Ti-6Al-4V foils: RM8, CS217F, CS217C, RM12 -

At -320 F, lap-;vint specimens brazed with any of the candidate braze alloye
failed at a foil stress about nalf the uniaxial tensile strength of the base metal foil at
~320 F (for specimens of both Ti-5A1-2.58n and Ti-6A1-4V foils). In addition, the
scatter in foil stress values at -100 or -320 F was higher than at room temperature
for all six candidate braze alioys. Research efforts, therefore, were directed to-
ward increasing the strength and reliability cf brazed joints at cryogenic temperatures
principally through continued cyclic annealing experiments.

The exact cause of the strength reductions and greater data scaiter at
cryogenic temperatures was not clear, but it was felt that a possible contributory
cause might be the hp-ahear specimen geometry itself. This was studied by testing
self-diffusion bonded, lap-shear specimens (ne interleaf or braze). Specimens bonded
with a thermal cycle simulating a typical braze cycle (1650 ¥, 5 min, 5000 psi) showed
no signs of ductile-brittle transition and, furthermors, failed at high ioil siress levels
nearly identical to those obtained in unfaxial tensile tests (Figs. 92, 93, and 94). This
evidence virtually acquitted the geometry factor as a primary cause of braze strength
reduciion and scatte. at crvogenic temperatures.

A more probable cause was structural instability of the braze alloy mstrices
snd/or braze-affected base metal which conceivably could produce undeairable beta
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transformation products upon holding at cryogenic temperatures. It was felt that this

could explain why strength reduction was usually most pronounced at -160 ¥, and why .
strength recovery was frequently noted at -320 F {e.g., through quench suppressgion
of beta phuse transformationj. It was hoped that post-braze heat treatment, such as .

cyclic annealing and/ox isothcrm~? aging, would minimize or eliminate the problem
by providing a stable structure.

3.5.4 Cvciic Annealing St ‘dies

The objective of this study was to determine whether or not cyclic annealing
can reduce or eliminate the following adverse effects noted in tensile testing of the
as-brazed condition:

¢ Ductiie-brittle transitioa behavior in the cryogenic temperature range

o More scatter in the foil stress to produce breaze failure at cryogenic
temperatures than at room temperature

In addition, the po‘ential for cyclic annealing to increasc the strength of brazements
at various test temperatures was investigated.

Only the CS series braze alloys were evaluated in cyclic annealing studies.

This was done for the following reasons:
o To thie point, no satisfactory cyclic anneal had been obtained for RM8
and RM12 braze alloye. (The effect of an isothermal (1200 F) stress-

relief anneal on tensile properties of RM series brazements was
investigated in this phase, however.)

¢ Ductile~brittle behavior in the cryogenic temperature range was
generally more proncunced for CS series braze alloyse than for RM3
and RM12,
The Ti-5Al-2.5Sn, Ti-SAl-1Mo-1V, and Ti-6Al-4V foils (0. 010-inch thick)

were used in the cyclic annealing study. Cyclic anneal "¥" (Table XXXIX) was
employed. Thie empirically derived cyclic anneal "F" v as ound to benefit strength,
reliability, and toughness properties for C8217C/Ti-5A1-2, 58n lap-zhear brazements *
in prior tests ai room temperature.

Lap-joint shear specimens of Ti-6Al-4V, Ti-8Al-1Mo-1V, an¢ Ti-5Al-2.58n

foils, cach about 0, 010-inch thick and 0. 5-inch wide were used. Typical overlap was ¢
0.20 inch. Lap-shear testing of Ti-6A1-4V and Ti-5A1-2, 581 brazements (cyclic
annealed) was carried out at room temperature, -320 F in liquid nitxog.a, ~100 F in -
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TABLE XLII
AVERAGE STRENGTH OF CS SERIES WRAZE ALLOYS/Ti-8A1-4V FOIL

] ovdition Average Poll Strese {for fhiture 1n jag whonr tonta} In isi 3t Variouo Teut Temperetures
’ Az Cyetic EoY3 100 ¥ WY o8 ¥
Praze S u rraied Amenied X — 0
Alloy » c Berc L DegradntionlV | BorC ] 8 | Degragavn!™ ] norc [ 8 | Degradatent? | Borc | s | Segradeuos
oSty * X w0 | 1 Nare Hie § - = 8. 1 1 [ vie | Mo 8.3
Pri cemt, X 911 | nze Nomo wee | 1384 Houe we.e | 9.0 TN 8.5 | #8.3 23
Chasge 0 Mo | s .- 49 | - - ‘114 | - YR
1
3 T 5 V.o 5.0 47.4 M |- e et | owa 21.6 LEN BN 2.4
N Pn'untl X . 8.4 8.0 WY1 | 149 Nowe 101.3 | w0 8.0 5.5 | w18 Nese
Muze 12 R - e | - - 0 | e 206 | e iy
CRUF x 1.4 (I ] 8.0 e - - 975 | .4 [E X RENE Nose
vae-t( X 109.5 3.0 L] a5 91.4 Neos #3.3 | 2.1 Nawe 4.9 713 Nome
Changs 19 A2 | Negtive - Brap RN Jpost it ar ]l an - PRI
CANT x 1084 .9 .. 7.6 - 100.9 | 9.4 LX) ™6 | 13 7.6
Pereent X 9.8 .2 [ X} 8.4 1 ¥0.0 None e | w67 Nogw L IRE.X] Nawe
Change D S0 | e - “10.0 - -2 ) s - A8 | e won
B As-Brazed
€ As Cyelic d: 1850 ¥ utas/ 1450 F - 10 minutes -- Repast | hour
£ After 100 ioury exposurs to salt spray at 85 <,
1| Porosst doradetion doe to sult speay exvposre.
. Change due 10 cyvelic ng { * denotes imp! and - denotes degradation).

methyl alcchol plus dr» ice, and at 800 F in argon. Cycliz annealed Ti-8Al-1Mo-1V
brazements were tested at -320 F, -100 F, room temperature, 300, 500, 800, and
90C F in argon. The Ti-8Al-1Mc~1V brazements in the as-brazed condition also were
tested at rvom temperature to generate baseline strength data. Other Ti-8Al-1Mc-1V
brazements made with RMS and RM12 braze alloys were tested over the same -320 to
900 F temiperature range to determine the possible benefits of an iscthermal stress-
relief anneal (1200 F, 0.5 hour, high~vacuum environment). Two to four data points
were obtained at each test temperature.

Metaliographic examination of al! foil T-joints of every braze/foil combina-
tion was c.. “.cted in the following conditiona:

o Condition 1 - As-brased at the minimum flow «...  cature for § minutes
s Condition 2 - As-cyclic anealed (post-brazing)

Ti-6Al~-4V and Ti-5A1-2, 58n Foil Brazemento

Actual and aversge fo!l stress values (Ti-8A1-4V and Ti-8Al-2. 58a foils)
for lap shear failure of the four C8 series biraze alloyas (C8217, CS217C, CEII’IF
 and C8217G) mmemiwsunwmmpwmnmﬂ%mdu.

(These curves may be compered directly with Figure 91 and 92 for the as-braged
“condition.) The average foil stress values for falure of the fourwdldntc brase
myaummumpmmumammmmxmmxm These .
mmmmmmmmmmmwm.nmwmmem e
]‘mnmmmw S |




R | . TABLE XLWV
. AVERAGE STRENGTH OF C§ SERIES BRAZE ALLOYS/Ti-5A1-2.5 Sn FOIL

Averags Poll Stewos {for Bllats in lop choat tesis) (n kst 8t Variows Test Tompnraures
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The average Ti-8Al-1Mo-1V foil stress vaiues for failure of brazed lap
joints in the cyclic annealed condition at vaiious test temperatures (-320 to 800 F)
‘are listed in Table XLV ulong with the xroom temperature test results for candidate
alioy/Ti-8Al-1Mo-1V brazements in the as-brazed condition. Degradation in strength
of RM8 and RM12 brazements was cliserved at room temperature due to 1200 F stress
relief treatment. Therefore, study of post-braze treatment for RM seriea alloys
was suspanded, and the strength of RM8 and RM12 brazements was evaluated in the
as-prazed condition over the ertire temperature range of -320 to 8900 F. These
values are included in Table XLV. The foil stress values at brazement failure versus
test temperature for the CS series brazements are shown in Figure 97; Figure 98
shows t.he RM series.

The eingl: cyciic annez] evaluated definitely improved the cryogemc braze
strm:gm pettarm br most C8 series alloys. First, no trace of cryogenic ductile-
_britﬁe transition behavlor (i.e., as evidenced iy an anomalou drop in strength ith
. dccreumc tuttampenbws) was obsarved for the tonowmg combinstions: C8217G/.

- Ti=6Al-4V, 0823 m/'n»eAMv and cmve/n—-s.u—z. 580. Second, the samne cyclic
~ annesai lnwered the observed ehmm/brsmc transition tumperature range from bo-
~ tween room mmrmm/-wo F (as-brazed condmon) to -100/-320 F on the




TABLE XLV
LAP-SHEAR TE.: RESULTS, Ti-8Al-1Mo-1V BRAZEMENTS

Foll Stress in kel at Failure {n Lap Shear Tests at Test Tempersture (F)
15 F
As As Cyclic | Perceat

Brase Alloy 320F ! -100F | Brased | Annealed | Inorease(l) | 300 F | 500F |800F | 900 F
cs217 152.0 | 147.1 ] 108.6 127.5 18,6 121.1 J10s.0 | se.7 ! 91,8
C8217C 116,0 $9.3 | 108,38 12,2 3.6 107.9 | 108.1 | %69 | 88,7
C8217F 126.6 | 113.9 | 98.2 127.3 30.8 105.3 {106,2 | 98.8 | 92.4
CS217G 116.3 | 1086 | 93,9 111,8 18.8 97.0 | 01.5 | 8.8} e'.1
RMS (as brazed) 106.9 93.4 | 94,7 — — —- 90.6 | 100,2 [ 91.,
RMB (as stress
relisved) 65.2 81.0 | 75.8 - - 82.1 ] 75.5 | 16.1 | 79.5
Percent docrmam 19.5 13.3 20.0 cme .- —— 32.% .0 13.3
RM12 (as brased) 111,0 98.4 | 100.8 —— — _— 90.5 | 98.9 | 98,0
RM12 (aa stress - o4
relieved) 95.0 84.5 | 2.8 - - 1.3 | 87.¢ | 82,8, 381
Percent decrease® | 14.¢ 2.0 | 17.5 - - —- 3.4 | 165 | 108

1. Increase in aversge foil stress due to cyclic smnealing.
2, Dwcreass dus to stress relief.

C8217, 217C, 217F and 217G: As cyolic aznmaled
1580 F, 10 minmutes
1450 ¥, 10 minutes
Repeat 1 bour

RMS8 and RM12; As brassed and ap stress
relisved (12300 ¥, 30 mixites)

C8217/Ti~5A1-2. 68n brazement. Data scatter at cryogernic temparatures was re-
duced by cyclic annealing for ceriuin foil/braze combinations (notably CS2175/
Ti-6A1-4V, CB217F/Ti-6A1-4V, 78217C/Ti-6A1-4V, apd C8217G/Ti-5A1-2.58m,

but the remaining four combinations still exhibited considerable scatter. In the
category }of"brue strength improvement, cyclic annealing provided significant
improvements in strength (typically 10 percent increases) in 12 cases out of s possible
KV (foil/buge/mt temperature combinstican), while causing a significant decrease in
strength (>10 pervent reduction) in ouly six cases. The brase alloys C8217, CB217C,
snd CS217F bonefitted the most from cyohc annealing, upocially on ’1‘!-54\1-2 58,
‘tolla The following uhnhuon ﬂbum tho potat

R mwmmmmwcnncmwng

Aloy  -30F  -10F Temperature 800 F
Ccmrr 160 ms  se W
-~ csmrc 8.1 - 23 om0 1.8

ety 81 4.3 100 138

B e S ~ o MR S I I e L svame e J



As shown in Tables XLII and XLIV, and Figures 25 and 96, a given cyclic
annealing treatment definitely can induce different effects upon different braze/foil
combinations. The inference again was strong that eacn foil/braze combination of
interest has its very own optimum cyclic anneal which must be tailored to it through
study and experimentation.

Ti-8Al-iMo-1V Foil Prazements

The percent improvement in average foil stress values at room temperature
for the CS series alloys/Ti-8A1-1Mo-1V brazements due to cyclic annealing is shown
in Table XLV and {8 summarized as follows: .

¢ CS217 = 18.6 percent improvement

e CS217C = 3.6 percent improvement

e CS217F = 30. 6 percent improvement (maximum response)
e C8217G = 18. 8 percent improvement

Thus, the CS217F alloy exhibited the maximum increase in room tempera-~

tv-e strength due to cyclic annealing and as shown in Figure 99, the alloy also showed .
the maximum tendency for beryllide spheroidization due to cycl’c annealing., It
seemed reasonable to assume the two observations were related. .

Stress relief treatment (1200 F for 30 minutes) of the RM8 and RM12 braze-
ments resulted in varying degrees of degradation of strength over the temperature
range -320 to 900 F {Fig. 98). The percent decreas: in average foil stress for
failure of the RM8 and RM12 alloys at various test temperatures due to stross nlief
is given in Table XLV. This decrease varied betwaan 13 and 33 pcrcent for RMS nmd
an 2and 17.5 parcent for mnz. “The mtad stress relief treatment was thus
demmmul to hoth RMS and mz brarement atrnutbn '

ln mul bnu strength lncmued with decreasing test torapersture (the
axpoctotl Mﬂ) for the cyclic amealsd CR series brasements. Minor dips in hrne
-, IM for ca217c, C&l?!’, and CH8217G between room tampersture and -320 F
- were mwd 42 evidence of a .:m active mcﬁh/bﬂula transition phenomenon

. nmmmummwmymmwcmmm It wao. felt e

that & better mﬂmﬂhuydetermmed) muemuqmmwmu

TN Yt e
I

mmmmw Lmprove stebility, utw and toughness of s s ‘
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TABLE XLVI

SUMMARY OF CYCLIC ANNEALING EFFECTS ON CS SERIES
BRAZE ALLOY/FOIL COMBINATIOIS

[ BRAZE ALLOY,/FOiL A LLOY COMBINATION

i C8217 C8217C Ccs217¥% C8217G
Effect 6-4 | 8-1-1] 5-2.5 | 6-4 [8-1-1]65-2.8) 6-4}8-1-1} 5-2,8] 6-4 }8-1-1} 5-2.8
Eliminated
Ductile/Brittle
Transition No Yes | No Yos | No o No No No Yes | No Yes
Behavior
{Cryogenic Temperatures)
Reduced
Ductile/Brittls No Tes | Yes Yes | No No No No Yes Yes | No Tes
Transition
Temperaiure
Reduoed
Data Scatter No Neo No Yes | Mo No Yos { No No Yes } No Yes
Cryagenic Temperatares) .
Improved Yes! Yes | Yes Yes | No Yes | No Yes Yes Yes | Yes 0
Brageu.cui RT RT -330F ;-160F) -100F RT ~330F § -100F] RT
3 ~-100F RT -1007
{210 perownt) RT G RT (o}

00F

Nate: O dencics siguificant streagth reduction st certain temparetures.

these brazemencs ¢t cryogenic temperatures.

Fortunately, the Ti~-RAl-1Mo-1V

brazernents made with the CS217 alloy responded very well to the particular cyclic
anneal wsed, yielding the highest average braze strengths recurded in the program
for any lap-shear Dragzement over the tumperatirze range of -320 to 900 F. No
ductile/brittle behavior wae observed with C8217 after cyclic mne;lmg

woth KM series alioys aiso yielded iazarelttnx strength levels in the as-brazed
condition, but sirongth wrinuonn with test temperatures were quite anomalous
{indicating some forew of st.m_cxuul {nstability).
mst-bnm heat treutment would be capable of eliminating the snomalies.

&mm&q of Cycle Ammlmgﬁﬂectu

Aguin, it ia probsbie tuat proper

A wumnary of the cyclic aonesling effrots on the CS toriu ll!nyllfoﬂ Luill=
bination are shown in Table X1.V1.

A 5 5. Environments] Stabiiily Tests

The uhieetmz o the evvir curments! ¢landlity tests was to determine relative

" o m

~ salt in exoets-oxygen, terbine axhaaet gases (1000 ¥).

_scpaitivities of the cantiduta alioy brmzements to pmnums re " -mv- service eaviron-
ments mch as sRit-waisr Apray (208 1, &z aridation (1000 F), and morusted hot

mmmmam




in the literature on the hazardous nature of these euvironments (Ref. 94 through 101).
The effects of each onvironment on.braze stability are discussed individually in
succeeding paragraphs.

Salt Spray Corrosion Tests

G, TR

Lap-shear specimens of Ti-5A1-2.5S8n and Ti-6Al1-4V foila (both 0.010-inch
thick) in the as-brazed condition were exposed to salt spray at 200 F for 100 hours
(NaCl = 5.0 wt ). After the salt spray exposure, the specimens were cleaned and
tested at -320 F {in liquid nitrogen), room temperature, and at 809 F (in argon). Foil
stress vaiues for braze or foil failure in lap-shear tests after exposure to salt spray
were ccn.pared with foil stress values obtained in the as-brazed condition. A second
group of lap-shear specimens was cyclic annealed (cyclic anneal "F”) in vacuum prior
to salt spray exposure.

Foil streas values for failure at various test temperatures (-320, 75, and
800 F) in the aa-brazed condition and after exposure to salt spray are plotted in
Figure 100 (for specimens of Ti-541-2, 58n foil) ard in Figure 101 (for specimens of
Ti-6Al1-4V foil). The average foil stress values are included in Tables XLI and XLH.
Comparuble data for cyclic annealed specimens are plotted in Figures 95 and 96 and
¢cmpiied in Tables X1LIIT and XLIV.

Resuits of As-ﬂrimd Teats

* With as-trazed specimens made of Ti- SAl-2. 580 ioils, all ﬁie candidate

uraze alloys except C8217 wore found to be insensitive to salt spray corrosion in the
. tempersture range of =320 to 800 ¥, - The le? alloy experienced the fonmﬁng de-
: gradatioc in nvem foll #*ress values -

- =320 F - about 52 percent
75 F - negligihle
800 F - about 27 percent

nwwmmbmzmmmm@mmmummm
umtmmewWMmhnmmmm.dem
was found. anmmmbhmummmnmdthepmmmd ‘
structural inostability of the ns-brased conditivn leading to ductiie/Arittle transition
phenomens. The ductile/brittle transition bahavior ¢. srved for CS217 and the other

' C8 serier mmmmMMummmmmw
N mwwmmmmumm ' '
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The scatter in foil stress values at -320, 75, and 800 F after 100 hours sait
spray exposure frequently was higher than in the as-brazed condition. This was true
for all the candidate braze alloys excert RM12. For the RM12 alloy, the scatter in
foil stress values was appreciably lower, and about the same both before and Lfter
exposure to salt spray.

With as-brazed lap-shear specimens made of Ti-6A1-4V feil, he least de-
gradation in average fc!l streos values following salt spray exposure was vbserved
with the CS217, CS217F, and RMi2 braze alloys. However, all braze allcys and
especially the CS217C, C82i7G. and RMS8 braze alloys underwent considerable
deterioration in strength (15 to 50 percent) following salt spray exu. “ure (Fig. 101).
‘The degradation in strength was, in general, maximum at -320 F, although the Cs217
alloy was a notable exception. Again, greater scatter in foil stress values at “ailure
was observed after exposure to salt spray than in the as-brazed condition. No
metallographic evidence of corrosion was found in any specimen.

At thie point, there were atrong indications that structural instability of braze
affected base metal folls precluded obtaining mearninygf:l corrosion data in the as-

brazed condition.- The structural i{nstubility appeared to be aggravated by the thermal
regime of salt spray conditioning, especially for Ti-6Al1-4V brazements. The »in"—' S

_dicators wers:

s Metallographic examination had not produced any evidence of salt
corrosion for any Ti-Zr base braze alloy or foil brazement,

.. Ducttle-brittle transition pher-mena hud becn observed in the as-brazed
condition far all candidat: braze allove, Rrase-affect~d foil {roquently
was the locus of failure. : B

« Presumed "er;mc!ou vftects” on braze strengwn were errailc and not
in evidence for every 'est temparaturs cr braze/foll combination, as

wmldbeaxpected o , . PR

Con&quenﬂg. befcrs significant stability teats could be made to gage true corrosion -

cffects, 1t was felt thst structura! {nstability fa foil brasements first must be eliminated.. - c

-Tbuufor;; cyche-umlaf brezementa were tested next.

Results of Cyﬂlic \nnemr! Tests

The most {1~portant and apparently most applicable advantage of cychc
mung cs series braenients was brought out in this test phase (Tables XL snd
XLIV). i was in the abtlity of eyelo annealing to virtuslly eliminate susceptibility

M)

XL,

8




‘to braze strengta degradaticn fo‘.iowim 200 F salt apray exposure, S‘trength logses

~-as high a8 15 to 50 percent werc 2ot uncome on in many foil/braze combinations
(8s-brazed condition) following exbosure to salt spray. The single cyclic anneal
evaluated completely changed this picture, so that in saly two instances (braze/foil/
tagt temperaiure combirations) out of a possible 3% did the strength loss exceed
"IG porcent folicwing sait gpray exposure. (The greatsat actual loss of these two waa
25 percent after exelie s&mneshn&s still an lmpmvenw:m ov o7 the experienve of the
as-key azed. condvtio'ﬁ i in fact, in ?'i mstancex; ) signjiicaﬂt rhange in braze strcngth
wig recorded (strength lose, 5 percent or. less). in all instances, braze strength of ¢
eyelie’ amtxea.*ed specimens !l:‘dnwmg 160 hours.of sal% ﬁ-‘a?m BXPOSITG WS mesasured
at “U 600 28i ox h;gher ~320 to 75 Flest temperaturee‘ and the RM awwn hraze-
: mevm ao& vesponawﬁ io the cvriic anneal smployed, still -sxhibited st:eagths

ZI0, 000 psi zrmm’mg salt Spray e:apeww in the s-Yrazed condition q«sze w5 800 F).
';}\a rsmallag*aphic ew&enne af g\'zneral cormaica or crevice corrosion was ?basarved

an am ::f the bmzamenm in xhiﬂ test §hmae

. mr Oy if?@i‘lion T&sis

L&z‘« shear t:;at mecimg*ﬁ i, 910-ingh M : o\*ermp ¢ ﬂZQﬂi ahi -mﬁ bmn
 foil T-joints o metaihg*msh:n were used for ﬂ\e a.r cx,,&aim testa, Tl";e,_ lap-shear
'~7}s~pe\v:xnaem wagre gnm*@d aa fei;m'n ‘ : | R
B Six candidaie hmze ai!mm’ i-é;{i»?;,S-ﬁin'bﬁ:szemema’ {éﬁ%&:&:&

ccoaditicr) ' o o
o r’# Evr candidate hraze ﬁlkvyn ?1«*::\:-—&&‘“ h?aai*menis fza«-:ﬁazed sondition)
L iji‘c ’m« CS aeTles a;iuys/"rim 5442, 58 cytiic smea’&?ﬁ ' brazements.

. St fﬁiﬁ:&ioﬁ onded Ti-SAl2. S5 awwﬁs m-wmuf

. Se{f«»{\ﬂhman mm TS«@A(-—%"’ @mwgm ‘aﬁ«m&{*w} "

\,‘I;?mdms of both Ti- %ALM% § T A Y lo-abexr apeci-

tens m accan, %th !.miwg m “**mnme* A 1650 1 5& ;:};1 g& ‘eeconds (gettered
- argm mum;ihere _ “i‘vpe xme N&m emm %ws il e uuck) and tungsten .

. 0. 0014 mh ihick) w«. re t,&*m aa m;:ﬂi’fzs to g:mmﬁt svxwtwix se!,e.’:lns (?tg 102) .

A&l hg«s?:ms" ; nd T-jo Bi tmtmm wele m"ii‘?c&ﬁ’d‘ ks at&w iy cxxi{htkm at

- 1000 ¥ fmr ;a{i« mura ina w *~~*,~3,r imme T am&m apua&,ar npacimm were

tested at - 320, ? auaqﬂm Ng}. non ¥ n‘m g;zm.tast a‘bm b m «izw ice), room tempera- .
tuyre md 800 '¢‘ mmn) ‘I" : *ml n’m: "maﬂ ivz iismm: @ «»ﬁ&ind bap- thur




specimens were compared with baseline data previously obtained. This comparison
revealed the degree of degradation in strength of brazements and of the base metal itaelf
due to 1900 F air oxidation. ™e foil stress values at failure of oxidized specimens
were also compared witn (ata obtained after 100 hours aging at 1000 F in high vacuum.
This comparison revealed ‘he effect of air oxidatinn alone on aged brazement strength.

Small foil 7'-joints were examined metallographically to determine the effects
T . of oxidation on braze and foil microstructure. Microhardness measurements were
also made on these specimens. Chemical analyses for oxygen content of Ti-5A1-2, 55n
and Ti-6Al-4V {oils {(as-received and after 100 hours oxidation at 1000 F) were con-
ducted to determire the extent of oxygen absorption.

Results of lap-shear tests on various specimens are tabulated in Tables XLVII
and XLVIIL. The streugth data are plotted in Figures 34, 103, 104, and 105, which also
describe the locatios of failure (joint or braze affected base metal foil). The average
foil stress values for faiiure at different test temperatures (-320 F, -100 F, room
temperature, and 800 F) are listed in Table XLVII for the following conditions:

¢ Six candidate braze alloyn/Ti-5A1-2. 58n *tazemante, - boly as-brazed
) coenditic: and after air oxidation (Fig. 1¢7)

» Three (S series alloys.  {-541-2, 58 braze.nents, in both cycliv annealed |
condition and after air ox‘dation (Fig. 104 7

» Delf-d'ffusion bu.ded Ti-5A1-2. 380 specimens. as bornded and after air
oxidaton {Fig. 94)

The average foll atress values at differeat test temperatures {(-333 F, ~10¢ F,
room temperatur=, und 8300 7) for the following ‘est conditions are in ‘luded in
Table XLVIN: _
+ Six cundidate braze ailoys/Ti-8A1-4V brazements in both ~s-brozed
- condition and after air oxidation (Fig. 105). 3
o Six candidate braze alloys/Ti-8Al-4V brazements sfter thermal agiry
. at 1000 F for 100 hours lo lugh vacuum (Fig. 105).
. » o Self-diffurion bondded T: 6Al-4V apecimens, as-bonded and after air -

cxidation (Mgz. 94). .
The results .! the microlardnoss determinations are included in Table XLIX.

» 157 | :
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TABLE XLVIQl

RESULTS OF LAP-SHEAR TESTS OF CANDIDATE ALLOY/
Ti-8Al~4V SELF-DIFFUSION BONDED SPECIMENS

~rerags Foll #iveas, kel, for Patlurs of Lap Shear Spucimsas &8 Variovs Teat Twaporatures
93¢ § Y 800 F
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Salf diffusion
bonded )
Ti-6A1-4Y 1700} 138,38 (o)

B - As-brened
i2) ~ Ap alr cxidized 1300 ¥ - 109 hours -5
(v) ~ After 1300 ¥ - 100 bours thermal wxpogure is high veomma (10 * torr)

1. Percent change due 10 air aidation omly ot 1000 F (disisramos belween brasomvent streagth aftar 1600 ¥ - 100 hours thermal
exposure i vaoan and after 100v F - L0 hours alr oxkistion). +deastes m krrsase and -dowotes & deorsase 1o brasement sivexgth,

2. Percet changs due o air oxidation st 1000 F - 100 hous, .

Results of Afr Oxidation Tests

As-Brazed Condition. The most obvious effect of the 1000 F air oxidation test was a

seal 20 to 30 percent reduction in average room temperature brazement strength,
the maximum strength lose .uost frequently occurring at room temperature for both
- CS and RM series brazements und both foil alloys. Strength losses at -520-and 800 F
were generally much less than 20 percent, the most notable exceptions being:

- ‘ Teet Temperature Strergth Loss
Brazement m (%)

C8217C/Ti-eAl-4V 800 21.5
RM8/Ti-8A1-4V 800 23.5
‘ -320 - 81.9
The braze/foil combination C8217/Ti-6Al-4V was the only one which exhibited no
significant changes in ltmngtlh at any test temperature due to 1000 ¥ oxidation,

u’ .




TABLE XLIX
MICROHARDNESS DETERMINATION OF CANDIDATE ALLOY BRAZEMENTS
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As shown in Figures 106 through 118, very hg&t external oxidation of most
braze alloys was chservad, Howaever, in fwo cgﬁes,_ the =ntire braze alioy matrix
appeared to be exidized internally (CS217/Ti-6A1-4V ar<i C8217F/Ti-5A1-2.580). All
T-joints brazed with CE217F were jound dinvsrtad and ;??om to crack after 1000 F
oxidation (Fig. 108) brazement cranks were alre abmrved in lap-nhear spevimens
brazed with CS217F. Brazements of CSZI?F had shown an unexplained tendency to-
ward accelerated oxidation at 1006 ¥, produsing volumiﬂrma exide products (approxi-
mately 10 to 15 times that Jbseived fov the other candidate braze alloya) Curiouaiy,
the effoct of 1000 F oxidation upon braze strength of 082171? was 1ot appreciahly dif-
ferent from the other candidate alloys.

mftusion ﬂondec. Specimens. Strength dagradatimn of self-diffusior bonded T4~5A1-2.58n
and Ti-6AL-4V specimens dus to air oxidation was most evident at cxryogenic tempera-
tureg; however, the decresse in strénéth' was much more pmgxounéed; for Ti-8Al-4V
specimens than for Ti-5A1-2, 53n sperimens. Aa tho rogult of air oxidation, self-
diffusion bendsd Ti-6A1-4V specimens showed evidence of ductile-brittle behavior in
the cryogenic temperature range (-160 and -320 ¥}, FEven 3o, the diffusion bondad

and oxidized specimens exhibited sppreciably greater joint strength than as-brazed

or brazed and oxidized spacimens through the temperature rangs, -320 F to room

160
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temperature. This indicated that structural instability of the braze materials, aggra-
vated by 1000 F oxidation effecta, were responsible for the lower strength of braze-
menta in this temperature range. | ‘

Isolated Effect of Air Oxidation. The isolated effect of 1000 F air oxidation on braze-~
ment strength was determined from the difference in brazement strengths after aging

at:
e 1000 F - 160 hours in high vacuum (~10~° Torr)
¢ 1000 F -~ 100 noura in static air environment.

The percent strength change due to air oxidation for candidate alloys/Ti-6A1-4V
brazements is included in Table XLVIIIL.

In general, the CS series alloy brazements were somewhat stronger in the
vacuum-~-aged condition as opposed to the oxidized condition (i.e., after thermal ex~
posure at 1000 F for 100 hours in vacuum). This condition was probably due to more
uniform transformation of metastable (but uncontaminatec raze matrix structures to
equilibrium structures during vacuum aging. Braze alloy RMS followed the same
trend as the CS series; however, RM12 reversed the trend, showing somewhat greater
strength reduction due to 1000 F vacuum aging at most test t-..peratures. The reason
for the varying effects of oxidation on candidate braze sirength could not be discerned
from the br~7e structures studied; however, the ~everally gocd retention of all candi-
dat> braze strengths following both types of aging conditions was gratifying.

Cyclic Annesling Effects. The CS series/ Ti-541-3. 58n braze nents were cyclic
annealed and oxidized a. 1000 F for 100 hours. and the results shown in Figures 111,
112, and 113. Cyclic annealed brazements of CS217 and CS217C exhibited some slight
degradation in strength dve to zir oxidation but, in most cases, significantly less than
for the as-brazed and oxidized condition (typically betweer 0 and 13 percent). In
addition, cyclic annealing increased initial braze strengths appreciably, so that even
after 1000 F oxidation, all CS217 an¢ CS217C brazements possessed strengths

290, 000 psi over the temperature range -320 F to room temperature., At 300 F,

- cyclic annealed and oxid'zed braze strength levels were essentially equivalent to the
original as-brazed strength levels.

Cyclic annealed CS217F/Ti-5A1-2.58n brazements exhibited maximum de-
gradation of strength (between 16.5 to 24. 8 percent at the various test temperatures).
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"'Lr‘-joint specimens brazed with CS217F and cyclic annealed were found distorted and
cracked after air oxidation, indicating no improvcment in oxidation resistance over -
the as-brazed condition,

Metallography Studies. Typical microstructures of candidate alloy brazements follow-
ing oxidation at 1000 F are shown in Figure 106 through 113. Brazed T-joints of
CSZ17F alloy (as-brazed and as-cyclic annealed) were found distorted and braze
cracked after air oxidation at 1000 F (Fig. 101 and 113).

Formation of a subsurface oxidation diffusion zone, about 0,75 mil thick, was
observed beneath the exposed foil surfaces of most oxidized brazements. This diffu-
sion zone was the resuit of prolonged exposure (100 hours) at 1000 F. Hardness of
this diffusion zo~e was about 40 to 42 RC contrasted with 34 tc 38 RC in the unoxi-
dized portions of the foils.

The beryllides, in general, were not oxidized; rather they were preserved
intact in the oxide films. However, cracking of some exposed beryllides because of
oxidation forces were observed in brazements of C8217G/Ti~6Al-4V (Fig. 109).

Microhardness Studies. Microhardness values for the following conditions of the braze
matrix and the braze/foil diffusion zone are shown in Table XLIX:

e As-brazed

e Brazed + 100 hours thermal aging in vacuum at 1000 F

o Brazed + oxidized at 1000 F for 100 hours in static air environment

e Cyclic annealed and then oxidized at 1000 F for 100 hours in static air

environment

No significant changes in braze matrix hardness (from the as-brazed condition) were
recorded due to 1000 F thermal treatment in air or in vacuum, or from cyclic anncal-
ing. Eutectic braze matrix hardness for all candidate braze alloys varied between RC
45 to 59, depending upon local variations in the hard, intermetallic phase content.

Chemical Analysis of Foils, Chemical analyses of the Ti~-5A1-2. 58n and Ti-6A1-4V

foils before and after 1000 F oxidation were determined as follows: .
Oxygen Content Oxygen Content -
As-Received After Air Oxidation
Foil Condition At 1000 ¥ for 100 Hours

(0. 010-in.) (wt %) wt %) v

1{~-6Al-2,.58n 0.076 0.112

Ti-6Al-4V . 0.074 0.105
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The analysis shows a: approximate 40 pe.veni increase iu .'.he”uxygen uuum due

air oxidation at 1000 F. This incresse in contaminant level was anticipated on the busis
of both internal and external oxidation, which was observed metallographically, and
corroborated by foil subsurface hardness increases. After oxidation, the Ti-5Al-2.58n
foils displayed irridescent films (mainly blue), whereas the Ti-6A1-4V foil surfaces
wer¢ dark gray.

Hot-8alt Corrosion Tests

To gage relative susceptibility of candidate alloy brazemenis to hot-salt
stress corrosion cracking, both brazed anc self-diffusion bonded lap-shear specimens
(Fig. 114) were sncrusted with salt (NaCl) and dead weight loaded '(10, 000 ana
20, 000 pai levels) in the stress rupture rig shown in Figures 115, 116, and 117. A
special forced convection furnace using simulated jet-engine exhaust gases (oxidizing)
was employed to directly heat the specimens (Fig. 116). Foil stress levels were
chosen to yleld minimum rupture times (salt-free air) of 5000 hours (10, 0600 psi) and
700 hours (20, 000 psi). Only the Ti-5A1-2. 58n foil brazements were tested and the
resuits are shown in Table L.

The most obvious result was that all foil brazements and even the zelf-
diffusion bonded (braze-free) foil specimens suffered premature foil rupture failures
as the resuit of hot-salt corrosion. By virtue of having somewhat longer rupture times,
the RM geries brazements appeared to be the most corrosion resistant, Using the
same reasoning, the silver-base brazements appeared least corrosion resistant to the
hot salt. However, ia consideration of the greatly reduced rupture lives of all speci-
mens (0. 25 to 10. 4 hours) and a probable log-time relation, it was concluded that all
candidate brazements (and the program foil alloy itself) are adversely affected by
hot salt to approximately the same degree.

Metallographic examination of failed specimens (Fig. 118 and 119) after
hot-salt testing revealed many transverse, intergranular, corrosion-induced cracks
in each specimen foil. Some cracks initiated at braze surfaces and propagated into
the adjacent foils, other cracks initiated in the foil materials. Neither diffusion bonded
nor brazed lap-joint regions (joint interfaces) were affected by corrosion. As shown
in Figure 120, the RM8 and RM12 braze materials were particularly resistant to hot-
salt cracking although adjacent foil materials did crack and fail prematurely.
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TABLE L

HOT-SALT CORROSION TEST DATA

Test Temperature:
Test Environment:
Programn Brazemert;

Braze Condition:

1000 F
Simulated jet-angine exhaust gasses (axidizing)

Lap-shear specimen of 0.010 inch Ti-5A1-2, 58n
folls (0,020 inch overlap by 0.5 inch width)

CS8 Series alloys

(Prior to Salt Cyclic amnealed
Encrustation) 1550 F, 10 minutes
1450 ¥, 10 minuies
Cycled 3 times
RM series alloys: As-brazed
Ag-base alloys: As-brazed
Foll Time to Failure
Braze Streas (min. Fallure
Alloy (psi) — Actual Values Average Location
Cc8217 20,000 18 - 30 23 Braze-affectad
foil
C8217C 20,000 35 35 Braze-affected
foll
CS217F 20,000 35 - 36 35 Brase-affected
foil
C8217G 20,000 15 15 Brasze-affected
fofl
RME 20,000 62 - 62 62 Braze-affectad
foll
RM12 20,000 63 - 63 83 Breaze-affectsd
’ foil
Diffusion bonded 20,000 83 - 126 89 Foil
lap joint (base~
line) (1650 F, 1
minute, 1200 pc!)
C8217 10,000 465 - 485 485 Brase-affected
foil
C8217C 10,000 255 355 Brase-affected
foll
C.217F 10,000 405 - 315 380 Brase-affected
fofl
RMS8 10,000 465 - 555 510 Poil
RM12 10,000 385 -~ 648 815 Foll
Diffusion bonoed 10_960 345 - 345 848 »oll
lap joint
Ag-8Al-3Mn 10,000 188 198 Brase-affected
foll
L.
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3.5.6 Stress-Rupture Tests of Brazements

To determine the effect of a constant, long-period service atress upon braze-
ment reliability, brazed lap-shear specimens of the six candidate alloys as well as
the self-diffusion bonded specin.ens were dead weight loaded tv produce 30, 060 psi
foil stress at 1000 F. Duplicate tests were conducted on each joint variety. The hot-
gas, stress-rupture rig shown in Figure 115 was used. The 30, 000 psi strese level
was chosen to yield a minimum 100-hour rupture life. All brazements were made
with 0, 010-inch thick Ti-5A1-2.58n foils, using a controlled overlap of 0. 020-inch,
The CS series braze specimens were cyclic annealed, the RM series brazements
were tested in the as-brazed condition,

All diffusion bonded s~ecimens remained intact to the 100-hour test point.

Three cyclic annealed brase alloys endurec 100 hours nf stress-rupture ex-
posure without fatling; they were:

e C8217
e CS217C
s C8217G

However, the following braze alloys recorded one or more rupture failures prior to
attaining 100 hours test time:

o CS8217F - One specimen failed at 11 hours and 20 minutes
o RMS - One specimen failed at 25 hours and 30 ininutes
¢ RM12 - Both specimens failed at 25 hours and 30 minutes

All rupture failures occurred through the braze joint by a shear mechanism. No
excessive sxternal oxidation or corrosion effects were noted, indicating the failures
of the above brazements were induced primarily by stress rupture. Typical braze
structures (post-rupture testing) are shown in Figures 121, 122, and 123.

The significantly iiaproved streas-rupture performance of the candidate
allnv brazements in & salt-free environment was very striking.

3.5.7 Fatigue Tests of Brazements

To gain information on the relative abilitles of candidate alloy brazements to
withstand cyclic losirg, a series of tension-tension {atigue tests were counducted on
lap-shear specimens (0. 920-inch overlap) at room temperaturs. The electronically

165




TAELE LI

FATIGUE STRENGTH OF CANDIDATE ALLOYS AND SELF-DIFFUSION
BONDED Ti-5Al-2,58n SPECIMENS

Favigue Rrengthv ket) Brazament
Maximum Jress at N, Tenslle
if SKrength
Fatigue Strength N s N R . st Room Hatio of 1ensile
Canciidate for Joint Failure' 10 10 10 10 Temperature | Srength 10 Fatigue
Braze Aoy &el) Cycles | Cycles ;| Cyclea | Cyclas (ksl) Sreagth, 10 Cycles
- o
SeM -diffusion bonded >64.3
Ti-5Al-2, 58 opecimens <789 31.5 210 | ~18.0 b 5180 128.4 3.42
87 6% 2 ki N 26.2 22.0 ] ~20.0 121.0 3.26
(o3 ¥{n) »37.7 37.0 25,0 9.0} <17.0 116.1 3
<49.9
CRITF ~52.8 3.8 23.8 20.0 | ~20.0 121.3 ' 386
RM3 ~32.8 .2 2%.0 17.0 § ~15.0 8.3 Z.08
RMI2 >49.8 1.5 18.8 | ~15.0 § s15.0 .7 3.4
i <81.D
i. N+ 10@
CS Sertes Allcys - Cyolic Amncaled
1530 F, 10 minuies
1450 ¥, 10 minutes
Repait one hour
RM Series Alloys - As-Braseu
t

controlled, hydraulically actusted, MTS fatigue testsr used is {lluatrated !n Figurea 124
and a fixed altemting stresa;mean stress ratic = 1/1 (i.e., minimum stress = zerv).
All lap-shear specimens were made of 0. OI‘Goinch thick 1‘;«51\1—2. §8n slloy foils.
Sel{-diffusion bonded apecimens were tested to provide beseline data. particulsriy
necessary in view of the unknoem (but largely reproducidble) geometric stross concen-
tration factor in each lap-shear specimen. Maximum fatigue tent'itma is plotted
againat fatigue cycles to failure in Figure 126 (aelf~diffusion bmdad conditior);

Figure 127 (CS217 and 8211C brazements); and Figure 128 (RMS and RM12 braze-
manta). A plot of tangue strength (10‘ cycles) versus average brazement mmle ‘
shear strenygth (lap~shear specimens) is shown in Figure 189. All fatigue strongth
data gonerated in this study is shown in Table L1.
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The fatigue strength levels obtained were gratifying in light of the geometric
stress concentration facior inheren{ in the specimen and the presumed marginal
toughness of the candidate braze alloys. As shown in the following tabulation, the
endurance limits (106 cycles) for the better braze alloys compared favorably with that
for the diffusion bonded joints (baseline). |

Endurance Limit (106 cycles)

Braze Alloy (ksi)
C8217 22.0
C8217F 20.0
C8217C 19.0
RMS 17.0
Diffusion bonded 18.0

A plot of fatigue' strength (104 cycles) versus average brazement tensile
strength (Fig. 129) indicates that all specimen types follow the 30 percent ratio line,
(i.e., %{% = 0,3C). This relation is considered a good one for effectively
notched specimens. (A 5C percent ratio is usually normal for smooth fatigue and
tensile specimena.) Such a consideration is valid inasmuch as all fatigue failures in

the 10't to 107 cycle range have occurred in the foii materials near the lap step.
3.5.8 Summary of Task V, Braze Systems Evaluation |

The preceding Task !V evaluation demonstrated the suitability of eight Ti-Zr
base braze alloys for titanium foil joining in terms of brazing characteristics, peei
resistance, joint strength, strain accommodation ability, and insensitivity to corro-
sive mediz, principally through mechanical tests at room tempemiure. Task V ex-
panded the evaiuation to inclwlde a range of test temperature simulating service (-320
to 1090 F) and different test regimea. (Two candidate braze alloys, RM26 and RM40,
were eliminated early in the task because of markedly lower strength levels than the
. remaining six: RMS, RM12, C8217, CS217C, CS217F, and CSL17G.)

» Lap-joint shear tests (and in some cases, T-joint tensile tests) were con-
- ducted after the foliowmg preconditi-='~> treatments, each simulating some adverse
aspoct of service exposure:

e As-brazed condition (baseline)

o Aging at 1000 F for 100 hours in vacuum or air enviroament
¢ 100 hours sait-spray exposure (200 F)
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&meimem (xf Ti‘M‘ 2.58n, TI-8A1-4V, and Ti-8A1-1Mo-1V fcils were prepared
: ;‘;’ami tested.” tome aelbm*’fusion bonded specimans were ‘ncluded to assess the in-
ﬁuenc@ of braze/foil intex‘eetion

Ihe ir luence of cycllc annealing post-hraze was ascessed in these test pro-
grams. In addition, cyclic annealed (as well as as-bruzed) lap-joint specimens were
subjected to three special tesia:

e Stress rupture tests in oxidizing environment at 1600 F (3¢, 000 psi ' ¢
foil stress).
o Stress rupture tests in oxidizing environment at 1000 F (10, 000 psi .
and 20, 000 pei foil siress levels); specimens encrusted with malt (NaCl).
5

¢ Tension-tension fatigue testz at room temperature to determine 107 to
108 cycle cndurance limits.

Reliability Studies

Statisticki variance in room temperature braze ‘étrengﬂ\ {lap-shear spacimens)
was calculated, using 10 data points per braze,/[oil combination {Tabtie LII}. Standard
deviations of nearly all braze s -ength populatinns were found to be within reascnable
limits for the as-brazed condition (i.e., standard deviation expresssid as 2 percent of
the averags =trc.. ;th, < 10 percent). !n practical terms, re'prod&s.ibil“" a¥ hraze
strength levels was considered satisfactory for &~ “.dustrial joining precess. - Promie-
- ing improvements in both lap-joint and T-joint braze strength mproduclbgim were
_obtained through cyclic annesling post-braze, although time permitted only one braze’
foil variety to be evaluated (CS217C, Ti~5A1-2.58n). The best combinations of average
braze jeint strength and strength reproducibility were afforded by cvclic anneal "F".
On the basts of these results, cyclic anneal "F" was incorporated as the preferred
post braze treatment in all subsequent testa.

Variaticn of Brazement Strength with Temperature

Over the descending temperature range (800 F t5 room tempersture), all
brazed lap-joint strengths normally increased systamaticslly with decreasir~ tempera- .
ture. Braze strengths generally increased from ~6{ to 70 kst (Ti-5A1-2. 58n) or ~ 80
to 90 kaf (T1-8AI-4V) at 800 F to ~ 95 to 100 kai (beah foil ~'loys) ai room temperature.
This rattern of increasing strength with decreasing tempersature parallels reasonably
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: TABLE LI
RELIABILITY TESTS ON CANDIDATE BRAZE ALLOYS/TITANIUM FOILS

As 3razed
' T
Avcrage } ‘
Foil {
Stress at | Standa rd
Foil Failure | Standard Deviation
Braze Alloy (19 mil thick) (ksi) | Deviation %)
C8217 Ti-6A1-4V 35,5 T 6.9 7.2
Ti-5A1-2.58n 108, 6 5.0 4.6
Ti-8Al-1Mo-~1V 106, 6 ; 8.3 5.9
cS217C T1-6A1 -4V 107.1 ! 10,8 9.6
Ti-0Ai-2.530 104, 0 2_ 8.3 8.0 !
| Ti-8Al-1Mo-1V 108.3 ! 13.6 125
i ; !
CS217F Ti-6Al4V - 97.8 | 6.3 6.5 !
Ti-5A1-2.58n 99.5 3.7 3.7
Ti-SAl-1Mo-1V 98.2 | 4.4 4.5
' i _
c8217y Ti-6Al-4V 100.9 | 3.2 3.2
| Ti-5A1-2.880 110.5 5.5 5.2
Ti-8Al-1Mo-1V - 93.8 ; 16.6 19.8
i f
}M8 Ti-6Al-4V 85.1 i 3.8 4.5
Ti-5Al-2, 58n B4. 3 § 6.6 7.9
Ti-8A1-1Mo-1V 94,7 4.2 4.4
RM12 Ti-6Al-4V L 16L.0 ! 6 6.6
Ti-5A1-:, 380 54.8 ' 4.6 @)
i Ti-8Al-1Mo-1V 100. 3 ; 7.0 T
L . B

well thai pattern displayed by all program alloy foila in uniaxiz! tensile teats and sell-
diffus;on bonded lap-joint tests, Below roois temperature, all braze/foil combinations
underwent & form of ductile-brittle transiiion (usually beiween room temperature and
-160 F) wherein strength decreased slightly ur became stabilized with decreasing
temperuture. Rrength .08ses never eyceeded 20 kai, but uniaxial loil tensii> spect-
mens and diffusion bonded lap joint specimens showed marked strength Increases in
the same cryogenic temperature range (RT to ~320 P,
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Structural instability of the braze  aterials and/rr braze-aifected foils waa
believed responsible for the mediocre showing ° lap-joirt braze strength at crvo-

genic temperatures(l) .

Taerefore, cyclic anncaled brazements were evaluaied. The
gingie cvelic cnneal employed {cyclic anneal "F'") definitely improved the cryogenic
strength patterns for half the braze/{oil combinatious, either eliminating the ductilc-
brit'le transition behavior altogether or lowering the tramitiqr_ temperature. A study
of these data, however, produced a strong inference that each braze/foil combination
of interest has ite own opti.ium cyclic amneal, which must be tai: ‘red to it experimen-

tallv ay the present stage of understanding,

The most interesting deve’~pment was that provided by the cyc:ic anneaied
3217/T:-8A1-1M»-1V combinat. which yielded the highest average braze strengths
racorded for lap-shear specimens over the entire *~mperature range of -320 to 900 F.
There was no ductile-brittle tran.iti  behavior.

Therm~! and Environmental Siability Tests

In general, candidate brazemerte withstood vacuum aging at 1060 F (100 houra)
with Ltile or no impairment - as-brazed strength properties. Principal exceptions
were KMB and RM12 Lrazameute which e:xperienced ~25 and 20 percent strength re-
ductions, respective.y, at roo - ‘emaperature, and ~ 20 percent reduction (RMS8) at
800 F (Ti-6Al-4V foils). There were no adverse changes in hraz~ microstructures
due *o aging. For Ti-5Al-C.55n foil joints, the usual effect of 1000 F air oxidation
(100 ot '8) was a 10 to 30 pc 'cent strength reduction at rcom temperature and
normally somewhat smallcr reductions at cryogenic and elevated temperatures, Oxida-
tion effects npon Ti-6Al-4V foil specimens were more random and unpredictable. All
candidate brazements suffered 1€ to 30 percent strength losses at a minimum of two
of the three test temperaturc . (-320 F, RT, 800 F). A notable exception was the
braze/foil combination, C8217/Ti-6A1-4V, which exhibited no significant changes in
strength due to 1000 [ air exposure. However, cyclic annealing "F" post-braze
{CS ser'es) in many cases not onlv reduced the degree of strength degradation due to
subseguent 1000 ¥ oxidation. but because cyclic annealing improved initial braze
strengths, all CS217 and CS217C lap-jo.. * brazements after 1000 F coxidation possessed

1. Au interesting analog was drawn with tensile test data for self-diffusion bonded
1., -joint specimens oxidized at 1000 F for 100 hours. Ductile/brittle traasitiun
vehavior was evidenced also for these braze-free specimens .n the room tempera-
ture in -10C F range.
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as high or higher strength levela than for the ns-brazed condition {(-320 to 80Q F).

Electron micrographs revealed the marked hanges in eutectic gtracture {lamellar
to ephercidized beryllides) effected by cyclic aanealing.

The C8217F braze alloy exhibited accelerated oxidation with voluminous
oxidation products at 1600 F (hoth as-brazed and cyclic annealed co. #itions). Hence,
CS217F was rated not sujtable for 1000 F service in air. Metallographic examinatio
of T- oint structures of the other candidate alloys shoved only minimal surface oxida-
tion films after 1000-hours expcsure.

8ait-Spray Cerrosion Tests

Most as-brazed Ti-5A1-2.58n specimens showed little effect of salt-spray
expogure on braze strength (-320 to 800 F). However, the combiration CS217/
Ti-5Al-2.58n and all candidate braze alloys with Ti-cAl-4V foils (as-brazed condition)
suffsred serious icsses in braze strength due to the 100-hour, salt-soray conditioning.
Greatest losses were recorded at -320 F. No visual or metallographic evidence of
general corrosion or crevice corrosion was found in the lap-joint specimens. There-
fore, it was assumed that the 100-hour, 200 F thermai cycle associated with the salt-
gpray conditioning served to aggrav-te the structural instability of the as-brazed

specimens, previously inferred from tensile iest daia at cryogenic temperatures.

T : most important bernefits of cvclic annealing CS series hrazements were
brought to light in this test . eries. It was demonstrated that cyclic annealing post-
braze virtually abolished susceptibility of CS series brazements to strength deteriora-
tions following salt-spray. The single cyclic anneal that 'vas evaluated (cyclic -nneal
"F"} completely altered this piciure, so that in only two braze/foil/test temperature
combinations of a possibie 32 did the strength loss exceed 10 percent following st~
spray exposure. Maximum strength loss due to salt-spray was 25 percent; still an
improveme:.t over the as-brazed condition. In 27 instances, no significant change in
braze strength following salt-spray exposure was recorded. In all instances, hraze
strengths of cyclic annealed specimens following 100-hour salt-spray exposure were
measured at 80 ksi or higher (-320 F to room temperature). Again, there was no
visual or metallographic evidence of corrosion.
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Hot-Salt Rupture Tests

To datermine relative susceptibility of candidate alloy brazements o hot-salt
stress corrosion cracking, both brazed and self-diffusion bonded lap-joint specimens
{Ti-5Al-2. 58n) were encrusted with salt (NaCl) and dead-weight loaded in an oxidizing
environment at 1000 F. Foil siress levels were chogen to yield minimum rupture
times ({in sali-free air) of 5000 hours (10, 000 psi) and 700 hours (20, 000 psi).

All brazed and diffusion honded (braze-free) sy cimens suffered premature
failures, due primarily to pronounced intergranuiar corresion and cracking of the
titanium alloy foils. Braze fillets of CS series alloyg occasionally were invoived in
the foil failure mechanism but, in general, the braze materials thoriseives (especially
RMSB and RM12) and ali joint interface regions appeared particularly reziztant to hot-
salt corrosion phenomena,

Stress Rupture Tests

Brazed as we2ll as self-diffusion bonded lap-joint apecimens (Ti-5Al1-2. 58n)
were strees rupture iested in an oxidizing environment at 1000 F. A constant foil
stress of 30, 000 psi was applied to produce a minimum expected rupture life of
100 hours. The following cyclic annealed braze alloys endured 100 hours of test time
(duplicate tests) without fziling:

» 8217
e C8217C
e C8S217G

The following braze alloys yielded one or more premature rupture failures through the
hraze, indicating somewhat inferior rupture strength levels at 1000 #:

e CS217F (11.5 hours)
¢ RM8 (22.5 hours)
e RMI12 (25. 5 hours)

The diffusion oonded specimens did not fail.

Fatigue Tests

Room temperature fatigue strength levels ohtained fur moet of the candidate
braze alloys were guite gratifying in view of the geometric sivess concentration
inherent in the lap-jcint specimen and the (presumed) marginal t 2gg of the
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braze alloys. Endurance limits (105 to 106 cycles) for the better braze allova com~
iy ed favorably with that for the diffusion bonded (braze-free) lap-joints as baseline:

Endurance Limit (106 cycles)

Braze Alloy (ksi)
C8217 22.0
C8Z17F 20,90
CR217C 19.0
RMS8 17.0
Mifiugion bonded 18.0

A plot of fatigue strength (104 cycles) versus average brazement fensile

strength illustrated that all brazed and diffusion bonded specimens follow the 30 per-
Fatigue Strength

’ Brazement Tensile Strength

sidered satisfactory for effectively notched specimens. A 5C to 60 percent ratio might

cent ratio line, i.e. = 0,30. This relation was con-

be considered normal for smooth fatigue and tensile specimens.
3.5.9 Celection of Braze Alloys for rhase 1T

Rigorous tests of over100 candidate braze alloys were conducted to determine
suitability for titanium alloy foil brazing in Phase [i. On the basis of foil brazing
characteristic3, corrosion and oxidution resistance, .nd brazement mechanical prop-
erties (tensile, rupture, and fatigue strengths: bend toughness: geel resistance; and
strain accommodation ability), the four braze alloys listed helow were selected as

uniformly good and reliable:

Composition Density
Designarinn vt Gy (gr/ce)
8217 Ti-47. 571r-5. 0Be 4. 83
CS217¢ Ti-45. 120r~+. 8Be-5. 0Al 4.67
RNS Ti-~13, 0Zr-12, ONi-2, 0Be D, 4H
RM12 Ti~45, 0Z2r~8, ONi~2, 0Be 5.33

These four alloys are Ti-.r or Ti-%r-Ni bage and offer significaut advantages in the
arcas of salt-corrosion resistance and strength over the silver-base braze alloys
commonly used for brazing titanium. Post-braze the.mal treai..nent was recommended

for the twn C8 series alloys.

Ultimate selection of a single br..e alloy for each foil structure type was
made followiag sudscale module braze tests (Phase I).
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4.6 TASK VI - EXPLORATORY EFFORTS TO OPTIMIZE BRAZE MATERIALS AND
TESTING METHODS

5.6.1 Effect of Melt Stock Purity (Ti, Zr, Be)

The principal concern with purity was the possibly deleterious effect to braze
alloys resulting from uncontrolled quantities of in’ rstitial element contaminants in-
advertently added through commarcial purity ir.elt sock. It is well documented that
small quantities of disscived oxygen, nitrogen, cor carbon in a-Ti (o1 §-Ti) cause
significant increases in hardness level (Fig. 130 and 131), frequently resultir< in
undesirable p-transformation products and impairment of matrix toughness. More-
over, all three interstitial element contaminants (O, N, C) raise the solidus and
liquidus temperatures rapidly with increasing concentration in the Ti-O, Ti-N, and
Ti-C binaries (Ref. 102). The same situation exists for the corresponding zirconium-
base binaries. The ultimate effect of excessive interstitial content in Ti-Be and
Ti-Zr-Be alloys therefore ia the degradation of brazing characteristics es evidenced , ¢
by sluggish braze flow, incomplete melting, and heavy residual, as well as the im- »
pairment of engineering properties of brazements, ' )

It was the purpose c1 this investigaticn to determi:;e whether or not the inter~
. gtitial contaminant leveis derived from commercial purity melt stock are excessive
(i.e., for the candjdate braze alloy TY- 57.2Zr-5. 6Be and the basic alloy, Ti-5.6Be)
for comparison. The commercial purity melt stock of titanium typically contains
1500 ppm oxygen, the worst interstitial offender. Cu. mercial purity zirconium has
about the same average oxygen content. Commercic. purity beryllium (AMV grade) is
made by a powder metallurgy process and is high in BeQ content (typically ~ 15, 000 ppm
oxygen). Fortunately, the beryllium addition to maks braze alloys is small, "othoxu-
wige the unintentiona) addition of oxygen would undoubtedly become excessive. How-
ever, even al the 5.6 pervent berymm level, the cominercially pure bo:'@*llmm
addition raises the average oxygen concentraticn of Ti-5. 8Be.and Ti-47, 2-5. 6Ba
alloys to . 2200 ppm, This oxygen lsvei need not nscoesartly be kma‘méj, although
it (s suff'ciently Ligh to warrant attention. Very lkaly, the bulk of the BeC added
during alloying rerunink &8 tiny. discrete, BeO particles rather than dise __.upg and

- diseriving in the titanium or Ti-Zr base alloys. This is dus to the extremely great
stability of Be() relsiivn to T!-0 ad Z+-0 solutions (Fig. 132). Consequently, the
. trae level of dissolvad ouygen ix the braze alloys mighi well be closer to the original

1800 ppen than o 3200 ppm.
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The actual degree of importance in restricting interstitial element contami-
nants was assessed by melti;.z Ti-5. 6Be and Ti-47,2Zr-5. 6Be alloys with both com-
mercial purity and high purity melting stocks in different combinations; then comparing
foil brazing characteristics, braze structures, and microhirdness of microstructural

components.

All of the compositions listed in Table XVIIl were arc-melted and prepared for
brazing. Brazing characteristics and minimum braze temperatures were determined

in both argon atmc aphere and high-vacuum environments on Ti-5A1-2. 5Sn (0. 00%-inch) .
foil T-joints. The test braze cycie consisted of rapidly heating (~ 1000 F/minute) each
candidate braze ¢lloy to 1700 F (Ti-5.6Be alloys) or to 1500 F (Ti-47.2Z1-5. 6Be -

alloys), holding for two minutes, then heating at a controlied rate (50 F/minute, 100 F/
minute, or 300 F/minute) to the minimum temperature at which brazing could be ac-
complished. The relatively slow heating rate tn the vicinity of the hraze temperatur:
was selected to simulate actual braze cycles.

Holding time at the brazing temperature was fixed at one minute. This was
followed by a natural furnace cool (1000 F/minute, average) to room temperature.

The braze alloy heat of each nominal compcsition exhibiting the best brazing
characteristics and lowest average braze temperature was then subjected to an even
longer braze cycie. The bolding time at 1500 and 1700 F was extended from two
minutes to five minutes: followed by heating at the median rate »f 100 F/m.tnhte (both
argon and va.uum environments). Any deterioration of brasing characteristics or
change in minimum flow temperature was then recorded. Finally, ail teat brtixement'n
were mounted for metallogriphic examination. Typical brazement microstructures
are shown in Figures 133 through 138. ’

The results from the Ti-5. 6Be modifications are shown in Table LIII. In
both argon and vactum and at all heating rates, the heats with the lower interstitial
element contents (No. 1-23 and 1-24) ylelded significantly lower braze ‘emperatures
{typically, 50 degrees F lowsr within a range of from 28 to 75 ¥). The heat with the
highest interstitial content (No. 1-1) requived braze temperatures > 2900 F for al}
heating rates except one. All braze alloys were shown capable of being used at each

‘hesting rate; thare being no strong trend relati.g heating rate and mintmum brase
temperature. However, beats No. 1-23 and 1-34 were capable of beirg braszed at just _
1357 ¥ 22 either 50 F/mimste (vacvum) or at 50 F/minute and 100 P/minute targon). '




TABLE LII
. EFFECT OF BRAZE PURITY ON BRAZE TEMPERATURE
AND BRAZINC CHARACTERIBTICS (Ti-5.8Be Allay)
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At faster heating rates of 100 F/minute and 300 F/minute (vacuum) or 3006 F/minute
(argon), higher braze temperatures in the range of 1970 to 2000 F were required.
This rate-dependent behavior, although reversed from the expected trend, suggests a

certain sensitivity to minor changes in braze surface composition (pr« ~umably Be

concentration). The phenomencn appeared to be exaggerated by vacuum environment,
inasmuch as the 5-minute hold at 1760 F resulied in aporeciable unmelted residue on
subsequent brazing in vacuum, but not for the same hL2at (No. 1-24) when brazed ‘n
argon. Also, the heats brazed in vacuum exhibited higher minimum braze tempara-
tures (averaging 12 to 37 degrees F higher) than the same heats Lrazed in argon. This
may indicate that argon pressure serves to inhibit or slow down undesirable changes

in braze surface chemistry (e¢.g., beryllium evaporation or surface d!ffusion).
The most important observations, however, are:

e The heat with the lowest interstitial content (No. 1-24) was observed to
have the best brazing characteristics of all in terms of superb braze
fluidity, smooth and continuous fillets. sound microstructure, and ease
of brazing.

o The heat with th= lowest interstitial content (No. 1-24) tended to melt
and flew, leaving negligibie unmelted residue (one minor exception in
six attempts). This implied more efficient utilizatiun of beryllium than
the other heats. all of which displayed marked tendencies to leave un-
melited residue.

» The minimum braze temperature of the high purity heat (No. 1-24

varied between 1950 and 2000 F, depending upon prucess Leatirg rate

and environment,
The results from the Ti-47.22Zr-5. 6Be modificationa showed similar trends
. with regard to the variables of interstitial element content and braze cycle {Table LIV},
Braze temperatures were conaiderably lower due to the zir~onium sddition. With
but one exception in six trials, the hent with loweat interstitial content (No. 13-4)
exhibited the lowest braze temperatur2s of the thiee heats in ach series {though the

lemperature progreseions were not systamatic in every case). HMHaat No. 12-5 could .
act be included in this general investigaiion hecauee the high-purity Zr arrived too
late. However, subsequent work with heat No. 13-5 ahowed it to be very similar in .

braze performance and siructure to Heat No. 13-4. The minimum biaze temperature
was ohssrved to vary ti.r~ :ghout the survey between 1800 and 1700 F, with the lower
minimum occurring in vacuum for Heat No. 13-4, (For the Ti-5.6Be heats. the lower
minimums occurred in srgon. suggesting & revarsal ir brarve surface effects at the
lower process ten.peratures.) The effect of beating rate on minimuwn brate temperature
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EFFECT OF BRAZE PURITY ON BRAZE TEMPERATURE
AND RRAZING CHARACTERISTICS

{Ti-47.2 Zr-5.6Be Alloy)

A L b A M i B Rt A

1. Hedd gt 1305 F fpricr o sontrolied keating) ot Dive
wimided watend of e SRaindard twe rilneies.

i i irﬂtulng Characteriatics Upon Ti-3Al1-2. 556 Fruls
{ Va hblosj:?nme Process ] l-;‘ !::m o S g T bnmcltz s :
Heat , Heating Rate Tem. perature Brazz Fillet i Residue
[ Mumbe:  Ewmironment | dey (F/min) | (F) Fuutty | Formutien ' frise)
13-1) f Argon 1§ 50 i 1100 3 oM | M
{2290 ppm O Argon , we | es0 § | M
: Argoe : 30 j 1700 : G ‘! N-M
Vacuum : so | yes0 | 8 G-M M
¢ Viewsm | w G G M
Vacwum ! Y o0 | G G M
Wy | awem | w  we s | o
MmO 0 | s | s G N-M
Argon 300 1700 G G N-M
D Vacwm o | oame G G M
i Vacuum 160 16830 G G N
‘ Vacuum 200 1700 ( G G N
[TRE 1] ATy ™ o] 1850 [ G w
(430 v Oy) Argea w0 1% G : N
Argon nol¥ 1676
L Augw w0 e
Vsl R : 1880
© Vecwme : 100 ; o |
Vavi 100tk f 1600 i

-+




again was vague, and certainly not consistent fror: heat to heat nor from argon to
vacuum for a given heat. Good brazements were produced under all test corditions.
Corroborative evidence that the influence of braze er foil surface phenomena is neg-
Lirible at 1600 to 1700 F comes from ithe extended hold test at 1500 F (5 minutes)
prior to brazing. In neither argon nor vacuum were the brazing characteristics
altered by extended holdihg; in .act, the braze temperature was 30 degreas F lower
than anticipated in argon.

Again, the most impurtant observations were:

o The heat with the lowest interstitial content (No. 13-4) displayed the
most outstanding braze cheracteristics of all in terms of braze fluidity,
smooth and continucus fjlleting, sound brazement structures, and ease
of brazing. In these vespects, Heat No. 13-4 was superior to Heat
No. 1-24.

e 1ne heal with the lowest interstitial content (No. 13-4, izaded to wholly
melt and flow, leaving uegligible unmelted residue. All other heats,
with the exception of Heat No. 13-3 in vacuum, lefi appreciable unmelted
residues. (Thiis was invarigbly true at heating vates of 100 ¥/minate
and 360 ¥/minute. At ihe siower rate of 50 F/minute, some moderate
urmelted residue and braze shuggishness were noted, indicating Jhe
advisabilitv of coutrolled heating ratea in L azing with No. 13-4.)

3.6.2 Effects of Braze Holding Tim: and Cooling Rate

The relative efcects and unportance of braze purity, braze cycle heating rate.

and braze procesg environment were previougly studied and discussed. In this follow-

up study on basic Ti-5.6Be and Ti~47.2Zr-5.6Be braze cloys, the effests of the

fuilowing process variables ware invesiigated:

¢ Holding tirae at the miniraum braze temperature. (Perieds of 1, 5, and
25 minutes were selecled to reprosent a reasonable range of actual braze

t.mes encountered in practice. All prior braze screening studies were
restricted to 1 minute holding time.)

e Cooling vate from the braze temperature to 1590 F (Ti-47.2Zr-5.6Be)
or to 1706 F (Ti-5.8Be). Disparate 1..tes of 1000 F/minue (natural
furnace cool) and 25 F/minute (contrulled furnsce cooll w.rée chosen
for the aforementioned temperature ranges, characterized by the
ocevirence of brazement solidification.

The high purity keats (No. 1-24) and (Nu. 13-4) were used in thie stndy. Six-
mil foil T-join' 8 of Ti-5A1-2. 58n alloy were brazed in a high-vacuum environment.
This was the same T-joint configuration used in previous tests. A constaut heating
rate of 100 F/minute was employed from the 1500 F or 1700 F equilization tempers -
tures, aa in previous work. Braze temperaturcs of 2000 F (No. 1-24) and 1700 F

{No. 13-4) were used.
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Holding tixse at the braze temiperature was considered an iimports.hi‘ variabie
to bo checked for two reasons. Firs!, the poteatial for contaﬁingtion of the liqgnd
braze system snd the titanimm foils increases systematically with increased prdcess
time, - Virtual ieak sources of intevatitial element cont&mmanfs abound even-in high
vacuwrn, aad the liguid titarium- 372 T -Zr hase braze ailoys (and program ailov fm;s;
provide an immense sink for ther~  Second, incresased Hraze holding time nermits the
:i{.‘uid hraze/solid foil avstem groater oppcrtunit& tm» rezch thermodynamic (composi-
tional and Structural) equilibriumi. Fov e liguid braze alloy whose composition
nlagez it far from thermeodvnamic squilibriun: wiih the solid foils it is to joir, the
ultimate vesult ;-3 often sovere erouion and dissclution of the feile by the liquid braze.
{However, this reguires the allowance of sufficient {ime for the mechanism of braze
srosion fu Ue activated, ) Naturally, the higheyr the braze ' mperatyra Tor a given :
degree of themmdmamic.émgﬁamnce\., the shorier ihe\requir-;:& time, . )

_ " The results of the subject investigation are shown in Figtiresrw“' and 138.
-E:'x the case of the higher tempevature braze s;hoy Ti~5. "Be {No. 1-24y. marked )
advances in the degree of fuil erosion with pmcess time lwnre noted, ‘meov at the
1-minute braze cycle wae negligivle {Fig. 137). After ihe S-minute braze cycle, the
foils immcdiately adjscent to the liquid braze appeared to be coasumad {2 estimatod
15 to 20 percent, minimum). Some minor surfnce roughness was observec‘, but trere
Was no mdvmuttmg of the foil or thinning of the fillet. After the 25-minute braze
cycls,, the vertical ama herizontal foil members in the jeint region were largely con~
sued by the }%‘mﬂﬁ, end few dxacgz'mbig vestiges of the foils remained in the braze
joint, “{The joint strue ztidre wag *ﬁiézenﬂﬁly that of a casting, rather than & braze.)
- In spite of the vondition described uo zz&verse wa;hing, um:lsrcutting‘ or foil ~
 thinning effects weve noted, - o
"Metaﬂ.qgmphic exam mation -6: the Ti-d47. 223?«45. 6Be (No, 13-4 ﬁragem;ents
‘made at 1700 F réVgaieﬂ 20 sqrmﬁ& alteration of the titanfum fall mi_cmé&ructu're,
| oven after the 25 minute braze eyals (Fig, 138, O contrast, all of Ithe titanium folls
brazed with Ti-5. 6Be at 2000 F showed a gross Widmanstatten pﬁﬁem of conrse alphg
pluse, chariizristic of titanium afloys heated ins “vertently into the veta embrittle-
ment range (above the beta transus). This foil structure w;m avident even attor the
1-minute braze cycle at 2000 F. ’ . o
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: ‘The moet lmaort&nt difference, however, was in the degree and nature of foil
erosion, We sigaificint erosion was noted for the 1-minute braze cycle at 1700 F.
After the 5-minute braze cycle, the vertical foil members in contact with the ligquid
- braze were observed to be uniformly thinner, some 8 to 17 percent. Aft-: the 25-
minute braze cycie:; the unaffected portion of each vertical foil member grew stiil
) thisner (sn average 25 percent, to a thickness of about 4-1/2 mile). These amounts
, :_ of foil dissolution were significantly less than those experienced with he Ti-5.6Re

) alloy. “{sf paramount importance, the braze fillet surface (No. 13-4) remained smooth
wiiere it initislly met the foil surface, with no sign of foil undercutting, washing, or
foil thinning. An interesting structural feature of the brazements made wiil Jleat
No. 13-4 was the uniform, pr'i:iiary bets solidification occurring on titanium foil sur-
face contacting the liquid braze. The presence of pro-eutectic beta solidification
indicated that the braze {originally s ewiectic) was made progressively hypoeutectic
with regard to beryllium by ecatinuing foil dissolution. The volume of primary beta
obviously increased wiih longer braze times. Primary beta was sirongly promoted
also by the aiower solidification rate: the fast solidificaiion rate clearly suppressed
primary beta. As shown in Figure 138, solidification fronts {from vertical and |
horizontal foll members} 'actualiy met and fused together for combinations of iong
brazing time (25 minutes) and slow solidification rate (25 F/minute). These solid- ‘
"bridges” of primary bets are structurally simiiar to the foils themselves and might - \
tend {v negate any detrimental effe 't of (partim titanivm: foil dissclution. In fact, the
"bridges" of the primary beta phase constitute a rudimentary form o 'solid-s‘tate'btmd,
hence joint strength and réﬁabiiity cowld well be srhanced by their pressnce.

3.6.3 Effect of Braze Process mer-’remp:*ratum

To ensure overall attainment of the minimum braze temperature in biazing
large foil structures by radiant heating, it is ofien necesaary to overheat portiona of
aach structure as much &y 160 to 208 degreea F beyond the minimum braze tempera-
ture, and to hold at this temperature for as lohg as 30 to 60 minutes, This gituation is
the vesult of aoms foil structures soting e large, natural heat ahields (e.g., tube-
and-fin heat exchargers). To determine the effects uof such extended overtemperature
cycles on biraze structure, it was decided to braze and svaluate Ti-5A1-2.58n fo'1
T-joints using selected C8 and RM series alloys.
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The following program was conducted:

Minimum Braze

Temperature
Braze Alloy )
C813-5 1620
EM1 1650
RMS 1470
RM12 1870

Actual Braze Cyclos Studied

Temperature -~ Braze Time
(F) (minj
1825 | 60 } All alloys
1700 39
1600 E 30 } M8 only
1500 30

Severe erosion of the 0, 006-inch foils was noted for all braze alloys follow-
ing the 1825 F, 60-minute bra~e cycle (Fig. 139 through 141}. Heavy, primary beta
bridge formation was associated with the erosion, »’.nough actual bridging of the beta
solidification fronts was imperfect in all cases. Because of the high braze tempera-

ture and the p stabilization afforded by zirconium, beryllium, and nickel infiliration
fmm the braze alloys, the 1825 ¥ btgim ,sﬁgd;xf.ab%douuly placed the primary beta
dffsoi:iélﬁ weli above the beta transus temperuures. This r-sulted in & coarse Widman-
 stistten pattern of @+f) in the bridge stiuctures on cooling. Although the uneroded
poriﬁom of foils remained all-glpha during the braze cycle, the severe foll erosion in
the fillet mgmm coupled with the premce of beta-embrittlement type structure in
the primavy bridge materix! (alwo in the fillet regiow) «culd readily prove delstericus
- 1&9 bragemeont strength and toughness. No marked tendency toward foil undercutting
- was obrerved, bui the fillot susfaces appeared moderately rough, which also was a
bad structural aspect. The RMI alloy eppearcd the wo.st offender in all the structural
changes discussed (Fig. 141).




Brazements made at 1700 F for 30 minutes also underwent signficant foil
erosion as well as similarly undesirable structural transformation in beta bridges,
but to a lesser degree than at 1825 F. As shown in Figures 142 and 143, the structures
appeared marginal anu might be considered tolerable to ensure brazing throughout a
foil structure. ~ > fact that the lower melting alloy, RMS, produced erosion patterns
and bridges of primary solid at 1700 and 1825 F very similar to the other braze alloys
at 1700 and 1825 F, helped signify that the degree of erosion and bridging are pri-
merity functions of the braze temperature for the family of titanium-zirconium base
compositions studied. (Even at 1600 F, the titanium foiis suifered easily recognized
erosive attack by RM8 in 30 minutes (Fig. 144); however, 28 shown in Figure 145, a
safe maximum braze temperature for RM8 appeared to be 1500 F.) In any event, it

-was shown that extended braze cycles involving over-temperature (as little as 30 to

50 degrees F above the minimum flow temperature) can result in appreciable foil
erosion and undesirable braze structures. Consequently over-temperature situations
must be carefully controlled to limit process time.

3.6.4 Study of Microstructural Components

To better understand the behavior and predict the applicability of the candidate
braze alloya (Ti-5.6Be anc Ti-47.2Zr-5.6Be), a study was conducted of their micro-
structural components as well aa those of braze-affected {oils (Ti-5Al-2.,8n). All
foil brazements made for the melt-stock purity study using Heats No. 1-1, 1-23,

1-24, 13-1, 13-3, and 13-4, as well as the arc-melted button ingots of these heats
were examined metallographically. The work comprised classifying all the micro-~
structural components and determining the relative hardnesses through microhardness
surveys. Approximate hardness readings were taken using the Vickers microhardness
tester indentor (DPH-100 gram indentor load).

The Ti-6.6Be braze ingot structure is composed predominantly of a very
finely divided eutectic, the phases involved heing the terminal titanium sclid solution
(~ 0.1 to 1. 0 percent beryllium in solution) and the first titanium beryllide (TiBez)
as shown in Figure 146. The hardness of the eutectic varies widely in the range
RC40 to 59‘1), presumably the result of varying beryllide concentration in the eutsctic,

real or apparent. An apparent variation could arise from different heryllide particle

1. DPHreadings were converted to the Rockwell"C" acale for more practical com~
varisons
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sizes, orientation, snd morphology within the same brazement. The most typical
range of eutectic hardness is RC45 to 50. No recognizable trend in eutectic hardness
variation was seen for changes in braze purity level (ingot or brazement) or brazing
environment. The sporadic occurrence of massive beryllide particles was noted in
some brazements. The random distribution of the massive beryllide and its infrequent
occurrence in brazements suggested that it was an unassimilated ~emnant of the

~oarse ingut structure, and not necessarily prc-eutectic by nature. The hardness of
the beryllide is quite high, as anticipated (RCGS to 71). Occasional isl.ads of primary
titanium solid solution (oor f-Ti) were seen in the braze joint structure, probably

the result of local beryllium deficiency (effectively creating a hypoeutectic composition).
These titanium islands are soft, about the same hardness as the titanium alloy foils
before the brazing cycle (Rc33 to 34). The gualification, '"before the brazing cycle"
must be used because the 2000 F, 1-minute braze treatment can result in appreciable
hardening of the exposed fo‘l members in and adjacent to the braze. This hardening

was due presumably to interstitital element contamination and beta embrittlement

pher mena at this high temperature (both argon and high vacuum environments). Foil
hardness post-brazing varied considerably, but readings as high as RC4'I were found.
The most common hardness range was RC37 to 44, although pockets of low original

hardness could still be found (RC30 to 35).

All of the preceding comments have been made in reference to Ti-5. 6Be
brazements produced by the standard one-minute, 2000 F braze cycle. The prolonged
vacuum braze cycles (5 and 25 minutesi evaluated laier added little new information
because of the strong but variable foil dissolution effects observed which produced
very confused braze structures (Fig. 137). In general, the quantity of eutectic
structure was dacreased by the longer braze cycles, being replaced by a titanium-
rich conglomerate with variable structure and variable hardness mcss to 45). The
foil hardness continued variable with numerous high readings (2 RC4O) for the five-
and 25-minute cycles. After the 25-minute cycle, surface zones of highly contami-
nated, untransformed alpha phase also were observed upon the exposed foil surfaces.
This surface phenomenon indicated that the increased concentration of alpha-stabilizing
interatitials hind served to boost the new beta transus 2 2000 F. The hardness of thuse
alpha bands was found to be R40 (o 45,




More meaningful and optimistic data resulted from the study of the Ti-47.2Zr-
5.6Be alloy. Here again. the braze structure was composed predominantly of a very
finely divided eutectic and a light etching region (Fig. 135 and 136). A dark etching,
filigreed region (2bout one-fourth the area of the light region) frequently was ohserved
in intimate asgociation with the light etching eutectic. This dark region may have con-
stituted a second eutectic involving a complex beryllide, which would be possible in
the ternary Ti-Zr-Be system. However, because the hardnesses of the two regions
were similar and their microstructures also similar, the two regioas are discussed

here as a unit (the eutectic structure;.

A careful study of the eutectic structure in arc-cast button ingots (Heat
No. 13-4) revealed two important features:

e The Ti-Zr solid-solution phase predominated volume-wise in the eutectic,
and was the continuous matrix phase (Fig. 147). Therefore, ii was
reasoned that the eutectic structure possessed a good change of being
a strong and tough engineering material, if the stress-raising potential
of the beryllide could be minimized. Of course, a hypereutectic braze
composition (with respect to beryllium) woui.. be intolerable because
brittle proeutectic beryllide, especially ii. connected-network form,
would tend to cancel out the toughness advantage of the eutectic structure.
Consequently, it was alsc felt that a s):shtly hypoeutectic braze might be
more advisable than a straight eutec!.¢c, from the standpoint of promot-
ing a safety margin for toughness.

» The semicontinuous, dendritic pattern of beryllide in the eutectic (ingct
form) could coalesce in certain regions during brazing and, thus, being
made massive, resist complete dissolution by the liquid braze. The
massive beryllide particles seen in brazements might be formed in this
way.

The systematic variation in eutectic hardness showed a definite influence de-
rived from both braze purity and braze process environment. For example, the
eutectic resulting {rom argon brazing using Heat No. 13-1, formulated from com-
mercial purity stock, possessed the highest hardness (RCS4. 3 average). As the hraze
purity was increased by using higher purity mclt stoc!.. the eutectic hardness was
progressively reduced (RCSI. 8 average for Heat No. 13-3 to RCSI. 1 average for
Heat No. 13-4). A similar progreseion was noted for vacuum brazing, except that
the eutectic hardnesses generally were lowar than for argon brazing (e.g., RC52. 1
average for Heat No. 13-1, RCSI. 8 average for Heat No. 13-3, and RC49.1 average
for Heat No. 13-4). It was felt that the reduction in eutectic hardne.'s by using high-
puriuy melt stock reflects the corresponding reduction in hardness of the Ti-Zr solid
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solution (comnonent of the eutectic structure) due to reduced levels of interstitial
contaminants in this phase. The same reasoning applied to the lower eutectic hard-
nesses acquired through vacuum brazing, since a high vacuum envircnment (10"4 to
1072
gettered argon atmosphere,

Torr) is inherently a poorer source of interstitial contaminants than is the best

A considerably more massive beryllide phase (RCGS to 68) was observed in
Ti-47. 2Zr-5.6Be braze .iructures than with Ti-5,. 6B~. The obeervation suggested
that the composition 7i-47.2%Zr-5. 6Be (or certain graded particle sizes of this alloy)

might be slightly hypereutectic with respect to beryllium. This thought was strength-
ened by the absence of proeutectic titanium islands within the braze following the onc-

minute braze cycle. Of course, primary beta solidification was noted on foil surfaces

following prolonged interaction with titanium foils.

All of the preceding comnments have been in reference to Ti-47.2Zr-5.6Be
brazements produced by the standard one-minute, vacuum or argon braze cycle. The
prolonged vacuum braze cycles (5 and 25 minutes) evaluated developed somc interest-
ing additional structures and results (one being the primary beta solidification fronts
just mentioned). For example, the rapidly cooled brazements(!) of Heai No. 13-4
showed & progressive increase in eutectic hardness with increased braze time
052 average for five minutes, and RCSB.'I for
25 minutes), This progression was expected due to atmospheric contaminstion; how-
ever, it was discovered th.: the eutectic hardness for all braze times investigated

(RC49. 1 average for one minute, R

could be lowered to a near common level (considering probable differences in
interstitial contaminants) by controlled slow cooling (25 F/minute to 1500 F) post-
braze. Slow cooling results in hardness levels of RC48. 7 for one minute, Rcés. 8
for five minutee, and R..51.5 for 26 minutes. - This study outlined the two posaible
advantages of controlied slow cooling post-brase; viz. reduced eutectic hardness and
promoted formation of primary beta "bridges". It also suggested the pouihmty that
even lower eutectic hardnesses might result from optimized ennealing trestments,
post-braze, to relieve "casting' stressea and to cotlesce and sphervidize the beryllide
particles in the eutectic. rondéring themn less offective as stress raisers. The

. v A —————————

~1. In all except special cases, test specimen brazements normally were rapidly
- cooled matural furnace cool at the rate of ~1000 degrees F/minute.
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combined effect of lower eutectic hardness and altered beryilide morphology could
act to alleviate the problem of marginal braze toughness.

Finally, the relatively low braze temperature of 1700 F (and associated low
interstitial absorption rates) permitted the retention of original foil hardness and
structure, even for the long 25-minute braze cycles. (This result was in contrast to
the high foil hardnesses and coarse Widmanstatten structures obtained with Ti-5.6Be
at 2000 F.) Foil hardness varied considerably but ne¢ver exceeded RC36, the typical
range being RC25 to 35. The primary-beta structures of Heat No. 13-4 possessed
hardnesses intermediate between thoee of the foils and the eutectic. The variation in
primary-beta hardness showed the influence of braze cycle time and solidification
rate (e.g., for the rapid cool - RC35 for one minute, RCBB for five minutes, and

RC40 for 25 minutes; and for the controlled slow cool - R .33 for one minute, RC39

C
for five minutes, RC35 for 2. minutes).

3.6.5 Braze Particle Size Effects

It was recegnized that in-situ brazing of titanjum foil structures (Phase II)
would require firely graded braze particles (2100 mesh powders). To'determine the
suitability of Tiné'l‘. 2Z2r-5.6Be braze alloy as a braze material in fine mesh sizes,
40-gram portions of facsimile heats (No. 13-4 and No. 13-5) were machanically crushed
and graded for brazing of Ti-foil T-joints (0. 006~inch thick Ti- 5AL-2, 38n {oils). The
mesh sizes used were: ' V

Typicat
Yield
Mesh Size (wt %) Comment

412 14. 4 ,
- 12/+24 32.8 Size particles used in conventionally
- 24/+35 24.9 } ; loaded braze screening tests.
- 35/+48 10.2 |
~ 48/+109 10.7
-100/+260 . 3.7 } ’ Applicadle to in-situ brazing
-200/+400 2.4 techniques.
=409 (fines) 0.9

100.0




It was evident that the greatest yield by mechanical erushing occurs for the
intermediate mesh size of -12/+35. Typical foil brazing tests were conducted in
high vacuum at 1650 to 1700 F, using a standard heating rate of 100 degrees F/minute
and a braze holding time of five minutes. Brazing was carried out using all graded
particle sizes except -400 (fines). Various braze loading arrangements were tried
(one lump on one side, one lump on each side, etc.), but the mathod settled on as
best was uniform distribution of particles along both sides. This also provided the : |
closest simulation of in-situ loading technique. Braze loads were maintained constant,
the same level as for screening tests. The results were gratifying in that all particle
sizes (except one) of both heats produced good brazements and exhibited uniformly
excellent brazing charactecistics (Fig. 148). Minimal foil dissolution was observed,
about the same as that determined in previous tests. The one apparent exception was
the particle size, -100/+200 mesh, of both heats, As shown in Figure 149, this frac-
tion resulted in inordinate and complete foil diasolution, washing erosior, ond foil
undfrcutting,‘ '

The most logical explanation for this behavior called for the initial braze
linuid to be rich tn beryllium and improverished with respact to titanium (the fraction
in quesation must be chemically segregated and strongly hypereutectic with respect to
beryllium). Brazing at 17060 ¥ with such a thermodynamically unbalanced composition
- would obviously tend to react with and erode the titanium foil as the solid/liquid
ayatem is activated toward chemical equilibrium. Chemical segregation of ‘he tvpe
described can be brought about by the physical segregatior of two dissimilar phases
during crushing and screening of a multiphage structure {in thic onse, the sutectic
structure of Ti-47.2Zr-5.6Be). Having the iwo phases dissimilar in resisiance to
mechanical disintegraiion would promote this segregation tendéncy. The softer,
titantum-rich solid solution sctually does tend to flatten out and resist breakdown and
is concentrated in the heavier, larger particle sizes. At the oppos:te end, the
beryllium-rich beryllide phase u'lm'd and friable and does teud. to concentrate In the
finer particle eizes. As long as intermediste to large particles are employed in
brazing, any segregation tendency is inasked. This ia trus because the eutectic
structure {s fine (relative to the lerger particle diameters) and the titanium matrix
phase is continuous, effectively barring the loss of fine spiintered beryllide particles
axcept at exposed surfaces ... - icil button ingot s.ructure 18 shown in Figure 150.)
Note that the -13/424 particle siue (average diameter a 4. 040 inch) is gross compared
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with the fine detail of the eutectic. Houwever, the average diameter of the ~100/+200

particle size is only acout 0. 004 inch, roughly the same urder of magnitude as the

eutectic detail. Hence, splintered beryllide particles could readily escape composite .
particles of this finer size and concentrate by gravity separation within this fraction

or in finer fractions. Segregation within the {r..clion piobably explains the sporadic
occurrence ot severe erosion, inasmuch as only normal foil dissolution was noted '
for the same troubiesome fraction (-100/+200) of Hea’s Noa. 13-5 and 13-4 du-ing
most repeat runs (Fig. 151).

J A .

To circumvent the mechanism which nromotes beryllium segregation in fine .
particle sizes, Solar investigated the use of a hydriding process prior to comminution. E
It was hoped that hydrogen absorption would render the titanium solid solution phase *

_ brittle, therefore as friab’~ and readily crushed to fine particle sizes as the beryllide
* phase. In practice, coarse particles of Heat No. 13-5 were exposed to flowing dry
hydrogen in & Vycor tube furnace for a period of 0.5 hour at 1330 F. (It was found
that the braze particles increased 1 to 2 percent in weight becauae of hydrogen
absorption.} All of the hydrided braze material was crushed to <200 mesh and
graded for brazing at -200/+400 mesh, High yields (>90 percent of original ingot
weight) were ohtained for this particle size. In fact, the material was to {riable .
that the -100/+200 mesh fraction could not be obtained. Next, hydrogen was removed
from the braze by heating in a high vacuum environment (1.0 x m" Torr or hetter) |
at 1100 F. Braze holding times of 250 to 500 seconds produced the best resuits in
subsequent brazing triais. ' was found t .. this uniformily sized braze material
performed exceptionally well in T-joint (vl brazing at 1700 F.  Only normal fof}
dissolutton occurred in five brazing attempts (Fig. 152). It was conciuded (tentatively)
that hydriding is a suitable, high-yield procedure for procuring uniform and unseg-
regated fne particle sizes of Ti-47.24r-5. 6Be¢ slloy where required {as in-situ
brazing. However, hydriding was not incorporated as a siandard procedure for

braze alloy production. Instead, homogenizaticn heat treatment of button iLgots

{prior to crushing) was developed and establiahed as a means to minimize bervilium
segregation.

3.6.6 Homogenization of Braze Alloy Powders Through Heat Treatm~nt of Butten Ingots

Differences in flow and erosion characteristics with different particle aizes .
of arc-melted CS13-5 alloy ware observed in precr.ding studies, and were found io be
the result of increasing beryllium content with finer mesh sizes (Table LV). R was,
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TABLE LV

CHEMICAL ANALYSES OF ARC-MELTED AND ARC-MELTED
PLUS HOMOGENIZED CS13-5 AND RM8 BRAZE ALLOYS

T T ;‘}
! Weight Percent | ©M8 (nomogenized)
| Berylilum Welght | Welght |
In CS13-5 Percent | Perceat
Mesh Size | Arc Meltad|Hor - _anized{}} ' Nickel | aeryuhu_r: ﬂ
+12 4.90 5.90 4.45 0.94
-12/+24 5.30 6.20 11.1 2.09
L ~24/+35 5.55 6.35 3.86 2.07
-35/448 | 5.70 6.40 11.1 2.10
| -48/+100 |t 5.50 6 45 10.6 2,04
-100/+200 | 6.60 6.50 1.5 2.03
-200/+400 i 8.00 6.30 13.2  1.98
| -400 (ﬁnes‘,{ 13,40 | - 6.6 | 1.36
1. At 1450 F for 4G hours 2. At 1200 F for 65 hours

iherefore, considered advizable to investigate thermal homogenization of braze alloys
prior fo ingot commination. The CS812-5, €8217, C8217C, CE217G, RM1, &'&5.23
RMJ32, KEM40, RM42, and ’M44 slloys were homogenized 3t 14508 F for 40 pours in
high vacuwa (1.0 x 10°° Torr). In sddition, the CS217E, CSPiTF, CS2171, RM8,
RMI12, BM2s, RM28, a.a RM33 alloys were homogenized af 1200 F for 55 hours ir
high vacvum prior to comminution and brazing “*udins. As shown in Table LV, the
chemical analyses ot comogenized C813-5 and RMR resulted in very wnifors o posi-
tions for the eritical elements {hev;rlliz'm and vickel) {n various usc 1 = i sizes.

The low nickel and be-viltum levels cheerved in the coarses! mesh size (+12) of MY
were ﬁmbg‘-*.y due to incomplete solution of the slloy s scild during analve’'s, a8 coarse
particles are quite difficult to dissolve. Microstructurs axamination of hemagimimﬂi
buttona (Fig. 153} showed considerabiy greater uniformity in the structure, whereas
sxamination of arc-mielted huttons (Fig. 154 revesied nanuniformity in many cases.
The vacuum homogeaizing !~eitizent taus promoted & wiform alloy structure snd
composition, and was sdopted as a necesary step {or all braze allny ingots prior to
uze, ‘ '
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3.3.7 Prelinminary Studi-s ~f Cyclic Annealing

One feasible .neans found for inducing beryllide spheroidization and obtaining
more uniform beryllide distribution i1. TS seiies brazements was a gpecial heat treat-
mer.t called "cyelic annealing". Cycli anncaling takes advantage of higner beryilium
{and beryllide) solubility in the high temperature titanium (£ phase) form {han in the
low temperature (o phase) form (Ref. 103}. Cyclic heating between two temperatures,
the higher of which prograssivelv dissoives portions of both massive and eutectic
beryliides in the beta-titanium matrix, while the lcwer temperature reprecipitates -
fire beryllides at different locations within the alpha matrix, was found to result in
vounded {(sphersidized) and mere uniformlv redistributed beryllides. (The analogy of
cyvclic annealing low alioy steels to promote spheroidized carbides is well known.)

Exploratory test 1 ¢ conducted with 0. 006~inch Ti-5A1-2.55n T-joints

which were vacuum brazed with CS13~-5 and CS217C braze alloys (five minutes at
1620 and 1700 F, respectivel Cyclic annealing over the temperature range of
1300 to 1550 ¥ was conducted to the foliowing parameters.

» Hold ten minutes at 1550 F, cool at rate of 12-1/2 degrees F/minute to *
1300 ¥,

« 1500 F, hold ten minutes, then reheat to 1550 F at 12~1/2 degrees T/
minute, N

s epeat the preceding steps through 12 cycles (4 hours total time), then
furnace cool to room temperature.

As shown in Figures 155 and 156, the cyclic anneal.ng resulted in a very

marked definition of p-bridge structures, a= well as an obviously spheroidized euteciic

structure. Spheroidization later was confirmed by electron microscope. No decrease

R SRR S T W R IO S U L L IR W R S O S R B A

in eutectic hardnees due to beryllide spheroidization was detected, However, cyclic ]
annealing brazed 1'-joints of CS13-5 for a four-hovr period permitted very good re-
tention of joint strength throughout a 62-hour, 1000 F aging treatment in argon, while
the as-brazed specimens swiiered appreciable strength deterioration (Table LVI).

3.6.8 Effect of Salt Spray Environment Upon Brz-e Joint Strength

Although ihe braze alloy Ti-47.27r-5. 6B« appeared promising from the view~ .
points of adaptable braze proce. Ing and apparent rejiztance to salt spray corrosion,

no measurement was available to gage br~ze joint streagth (baseline) and retention of
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TABLE LVI

CHANCE IN MECHANICAL PROPERTIES OF BRAZED
T-JOINTS EFFLCTED BY AGING

T
{
After Cyclic | After Cyclic Annesling
Allgy Teat As-Brazad After Aging (1} Anpaalirg and Aging
CS13~3 | T-joint tensila . 107.&, 107.5 83.0, 43.9 150.3 168, O{PM), 189.0
{kai}
C8i3-5 | Lap-joint peel | 744 1b/ia, 92¢, 827 1b/in, 950 1b/1in., §70 Ib/in,
(b/in.}

i. 1000 ¥ for 62 hours in Argon, B

braze strength following exposure to salt spray. To measure these properties, large-
hagse T-juints were made of 0. G10~inch Ti-8Al-4V foils which were adaptable to
tansiie testing, Brazements were made in high vacuum at 1700 F, using Heat No, 13-4
{(-12/+24 xesh particle size) and a five~-minute braze cycle (rapid cooling rate).

Compareable jarge base T-joints were vacuumn brazed with Ag-108n alloy.
using the same braze cycle at 1700 F. These silver-base joinus were considered
standards for compa:ison of strength and corrosion-influenced properties. Standard
foii t-nsile specimens of 0. 010-inch Ti-6..1~4V alloy also were included to determine
tie effocts of salt spray in the absence of braze. Tensile tests were conducted at
room temperature; T-joint tensile tests ware conducted both in the as-brazed condition

and after exposure to salt spray for various times up to 238.5 hours. Results are
Histe¢ in Table LVIL

As expected fuo the Ti-6A1-4V foil specimens (P series), the salt spray ex-
posu: » up to 238. 5 hours had nc effect upon fully heat treated strength or ductility
properties (e.g., ~150, 000 psi, ultimate tensile strength; ~ 10 perccnt elongation).

The T-joints brazed with Ti-47,2Zr~5.6Be alloy (C series) fared quite well
in salt spray, based upon metallographic examination both before and after tensile
testing; and as shown in Figure 157, no signs of structural deterioration were found
due to the salt spray exposure. The as-brazed tensile strength of ~132, 000 psi was
a good indication of the high inherent strength of the eutectic braze structure. How-
ever, the erratic and ungystematic varistion ot T-joint strength following different
exposures to salt spray served to point cut problems of structural instability, marginal
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TABLE LVI
RGOM TEMPERATURE TENSILE STRENGTH OF Ti-841-4V T-JOINTS

BEFORE AND AFTER SALT SPRAY EXPCSURE

"
v minad i a0 8 il

!r Ultimaste 0.2 Percent
Ssit Speay , Tmnt Yield
Specimer | Exposure : Sitrength 2 Btrength magﬁm Fracture
Number (hzh Bragze Alioy iped {psh Lacation
P4 9.8 {1y 150,800 144,200 11. Foll
ce 2.9 Ti=47.227-8.68a 133,400 e — Braze
ci 0.0 (Heat 13-4 152,860 o o Braze
DY §.0 Ag=i08n 25,800 — — Braze
P 70.9 (1} 149, 560 142,906 10. ¥oil
c3 7.0 Ti=74.2Zr-8.488e 41,200 -— - Brags
cT 70.0 T1-47,3%¢~5.8Bs 18,800 bl e Braze
D3 ! T0.0 Ag=108n - {Brarev.ani feli apart on
i , removal from asit apray.}

PE-3 83.5 (1) 185,700 146,700 i0. Foll
o1 88.5 Ti~47.2%r~5.8Pa 80,800 - — Braze
ci2 28.5 Ti=~47.2Zx-5.8Be 168,300 — - Braze
D11 88,5 Ag=103u — {(Brazemsnt fall apsrt on

remeval from salt spray.)
¥ 112,35 Y] 181,100 142,080 12. Fofl
{38 112.8 Ti=47.22r-5.8Beo 125,100 - —— Braze
(9391 112.5 Ti~47.2Zr=5.63% 128,100 — o Braze
P38 138.5 { 148, 390 341,800 13. Foil
C4 198.5 Ti-47,22r-56.6Be 33,300 — - Braze
C13 186.5 Ti-47.4%Zr-5.8Be 82,809 - ’ — Braze
i 14 1368.8 Ag~108n - {Brs:;ement fell apart on

removal from salt epray.)
Ps 160.5 {1) 148,300 143,100 10, Foll
c2 169.8 Ti-47.2Z7-5.0De 78,200 — —x Braze
Cl4 160.8 Ti-47.3%Zr-8.60¢ 858,900 — - Braze
P2 2368.% ($) 16, 300 148, 300 11, Foll
Cé 238.85 Ti~47.22r-8.6Be 44,200 — — Bra:e

1. P~ tensile specimen (not brazed).
2. Stress in foil mamber at specimun failure,
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krize toughness, and notch aensitivity (Table WVIL. T-joint testing imposed a strin-

gant Pequirement upon braze toughness because of the natural stress concentration
introduced by the T-joint geometry itaelf, and the easy posasibility of toading the joint
eccentrically through siight grip m.isalignment.a‘éﬁi/nr braze line being off-center,
This was supported by the fact that oIl T-joiat specimens invarizbly failed in the ioint

region rather than in the foil cver & wide range of fnilure sivess (33, 000 to 132, 000 psi).

That the braze toughness is only marginal and capah!» of m.rprove‘mefst was borne ont
by two observaiions:
® Foilowmg 1512, 5 hours exposure, dupiicéte tensile strengih deicrmingtions
z‘aging ~125, 800 psi showad that good atrength retention i8 possible
1f Ioad alignment and ozher test condilions are just right. Q(ther strength
readings at different exposure times varied erraticaily beiwsen 33,800

and 105, 000 psi; the lowest strength after salt spray still being hlgnet
than the highest strength of as-brazed ailver joints.

« In spite of the high stress levels frequently imposed upon the braze
itself, in only one specimen (No. C10) were cleavage cracks noted in
the massive beryllide particles (Fig. 158). The important observation
was, however, that not one ~f theae cleavage cracks extended into the
surrounding eutectic structu=:, sithough many cracked beryllides were
seen and a nominal feilure stress of 132, 800 psi was recorded. There-
fore, the eutectic braze structure itself possesses a fair degree of
toughnesa and notch insensitivity, with the posaibility of improvement
through heat treatment.

Whatever the interpretation of test data, one conclusion was evident; the
Ti-Zr-Be alloy brazements exhibited vastly superior —=istance to salt spray corro-
sion relative to the Ag-10Sn brazements. All silver~brazed specimens expesed
270 hours suffered severe crevice corrosion, predominantly albng the TiAg/Ag
interface, rendering them incapable of beiag tested. Simply touching thoem for visuai

examination resulted in their falling apart at the braze joint lines.
3.6.9 Preliminary Assessmeni of Elevated Temperaturc Brazement Strength

To gage the applicability of Ti-47,2%r-5. 6Be brazemenis at elevated tempera-
tures, duplicate T-joint tensile tests were conducted at both room temperature and
800 F (as-brazed condition). The T-loint specimens consisted of 9, 004~inch
Ti-5Al-2, 58n foll ailoy brazed to a 0. 0125-inch hase of the same alloy; the results
are shown in Tuble LY. '

Obvicusly, the Ti-47.2Zr-5. 6Be alloy provided sufficient brazement strength
at the elevated temperatu-e of 800 F to warrant its further evaluation in Phase I
studics. |
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TABLE LVII
ELEVATED TEMPERATURE STRENGTH OF Ti-47.2Zr-5,6Be BRAZEMENTS

Test Stress Level In

Temperature Foil at Specimen
Braze Alloy (F) Failure (psi) Fallure Location
Ti-47.2724-5.6Be Room 111,100 Braze material
(Heat No, 13-4)

Room 74, 600 Braze material

temperamre

gog M 77,300 Braze material

goo (V) 90, 700 Braze material
Basaline Fou Room 115,000 to -
Properties (typical temperature 126,000
values)

800 70,000 to -

78, 0G0

1. Held 0.5 hour at temperature (in air) prior to test.

2.8.10 Strain Accommodzation Ability of Braze Alloys

Under ordinary circumstances, greater interest is expressed in the shear
strengih or toughness of a braze joint than in the ability of the braze alloy to withstand
iarge strains imposed by loads. Braze alloys for foil structures must operate in the
same strain field as the foil without failure. It, therefore, becomes necessary to
devise some method of determining the maximum strain the braze alloy can withstand
before fracture. To make this determination, a tapered tensile specimen was pre-
pared with a groove to hold a thin film of the braze alloy, as illustrated in Figure 159.
The Ti-47.2Zr-5.6Be and Ag-10Sn braze alloys were applied to ‘he specimens by the
developed vacuum brazing processes. As each specimen was loaded in tension, a
linear stress aud strain gradient existed along the tapered section in ac.ordance with
the char ge in cross-sectional area. The specimens with the Ti-47.2Zr-5. 6Be alloy
were then tensile loaded until plastic deformaticn occurred at the minimum croas-
section. Exsmination of the specimen using the dye penetrant system revealed the
crack patter: in the braze alloy shown in Figure 160. The first crack at the largest
cross section (threshold strain) occurred at a parent metal stress of 107, 000 pa:,
corresponding to a strain of 6700 micro in./in. A test on a second specimen gave
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identical reeults. Shown in Figures 161 and 162 are microsections through the
cracks of Figure 160. The crack which was just started at the 107, 000 psi point
(Fig. 161) etopped at the interface layer of tiie braze alloy; however, the larger
crack (Fig. 162) extended approximately 6,003 inch into the parcat material. This
larger crack was in the region of plastic deformation for the parent material. which
was subjected to a stress ot approximately 120, 000 psi.

A specimen tested with the 3¢Ag-108n silver braze alloy showed nc braze
cracking at all after testing to specimen failure.

The hardness of the parent material on the apecimen with the Ti-47,2%Zr-5.6Be
braze alloy was RC40, compared to RC41 on the as-received material. The closeness

of the two hardness values suggeeted little or no oxygen pickup during brazing.

The tapered tensile test is a measure of the af_ ain sensitivity, rather than
the strengih of the braze alioy. Although during the test the braze alloy is required
to conform to the strains in the parent material, the stresses in the braze alioy can
be far different from those in the parent material. ¥or cxample, the relatively
weak 90Ag-108n alloy has high ductility, low yield strength, and low modulus, which
allows the alloy to conform without cracking to the strains of the parent material up
to the point of parent material failure. In contrast, the stronger Ti-47.2Zr-5.6Be
alloy (with a higher modulus due to the bervili:'= content) tends to crack instead of
yielding at strains somewhat below the yield point of the parent material.

The tests indicated that the Ti-47.22r-5. 6Be braze alloy is capable of accoin-
modating suhatrate strain almost to the point of plastic yield of the parent material.
However, the braze was not as crack-resistant as the 90Ag-108Sn alloy. The tests
showed aleo that cracks in the braze alloy can propagate into the parent material when
plastic deformation occurs. The tapered tensile test specimen appeare:! .o be a good
tool for evaluating the relative strain accommodation of the braze alloys when subjected

to strains from the parent material.
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Heat No. 1-1 Heat No. 1-23
Process Heating (2 minutes at 1700 F) (2 minutes at 1700 F)
Rate
From
1700 F

50 deg
F//min

2000 F ~R

100 log
/i

1950 =R

300 deg

T/ min

2000 F ~R 2000 F ~ R




Heat No, 1-24
(2 minutes at 1700 F)

§ F)

Minimum braze temperature shown under
each figure ~ dwell time at braze
temperature - 1 minute

R = Unmelted residue
E = Negligible residue, excelient braze

Heat No. 1-24
(5 minutes at 1708 F)

FIGURE 35, TYPICAL MICROSTRUCTURES
OF T{=5A1=2,55: FOIL T=IQINTS
ARAZED IN ARGON WITH Ti-s.0
Be BRAZE ALLOY

WHF=-F

Magnification: 100%
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Heat Nu, 1-1 Heat No, =42
Process ilenting (2 minutes at 1700 O mlautes ut 1750
Rate
From
1T F

30 deg
F'min




Hoat No, 1-24

) 1 ondaedes o 1TO0GE

Mininwm braze temperature shown under

each {igure -~ dwell tiie at braze
temperature — 1 1 fuate

Unmelted residue
E = Negligible residue, excellent hrave

Heat No, 1-24
(> minutes at 1700 T)

1990 F ~ R

FIGURE %9, TYPICA'. MICRCGSTRUCTURES
O Ti-h,2-2,35n FOIL T-JOINTS
BRAZED IN VACUUM WITi
Ti=5.6Be BRAZE ALLOY

'
t
t

1970 T - 15
Magnification: 190 X

255/256




we WEPRTETIE VR AT T RIS Al

ikt A abhcind colAA A At bRk bl

Hoat . e
Py ees Hootino (7 rnda e BRI ')
- : s

From
100 ¢

a0 dey

F/min

1700 FF - R 60 - R

100 deg
F/min

300 deg
F/min

1700 ¥ - R 100 F =R
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PRent ey 1)

3 {7 bauten, oL 0500 1Y

Mintmur braze temperature shown under
each figere - dwell time at braze
terperatore - 1 ominute

R = Unmelted residue
ko= Neglighile restdue,  eelleat hroze

Maat No, 18-
1658 F =R {5 minutes at 1500 F)

FIGURE 40. TYPICAL MICROSTRUCTURES
OF Ti{-5Al<2.58n FOIL T~JOINTS
BRAZED IN ARGON WTITH
Ti~47.22r-5.6Be BRAZE ALLOY

1670 ¥ -~ E

Magnification: 100 X
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ime =~ 5 minutes IR Draze Tine - 25 minues s

FIGURE 42, TYPICAL MICROSTRUCTURES
OF Ti=5A1-2.,58n T-JOINTS
.. VACUUM BRAZED WITH
Ti=5,6Be ALLOY AT 2000 |,
Heated From 1700 17 at
100 degrees F/minute
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Magnification. 100X

Magnification: 250X

FIGURE 139, C813-5 BRAZE JOINT; 1825 F for 60 Minutes




Noeniliention: 00X

FIGURE 140,

. - : PAR BRAZE JOINT: 1828 F
R R, for 60 Minutes

Mavmificabion: 190X

FIGURE 141.

RMI1 'RAZE JOINT; 1825 F R e
for 60 Minutes , s T L Ty

Magniflication: 100X

FIGURE 142,

CS513-5 BRAZE JOINT; 1700 F
for 30 Mirutes
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Magnificotion: 100X

FIGURE 143,

RMS BRAZE JOINT: 1709 F
for 390 Minutes

Alignification: 100X

FIGURE 144,

RM8 BRAZE JOINT: 1600 F
for 30 Minutes

Magnification: 100X

FIGURE 145,

RM8 BRAZE JOINT; 1500 ¥
for 30 Minutes




fieat No, 1-1
Etchant: Kroli's

Magni©- ation: 100X

Grey matrix (hase ia the titanium
solit zolution; Leght-etehing phase
is the tirst titanjum beryliide

Heat No, 1-23
Etchant: Kroll's
Magmfication: 100X

FIGURE 146, TYPICAL EUTECTIC STRUCTURES IN ARGON ARC-CAST INGOTS
OF Ti-5.6Be ALLOY
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Heat o, 13-5
Fichani: Krell's '
Magnification: 250%
Continuous matrix phase is the R
terminal Ti-Zr sofl? Solution; 5
the light otching dendritic
structure represents the firat
beryllifie phase
L]
Heat No. 13-1 .
Etchant: Kroll's
Magnification: 1¢9X ";{
L FIGURE 147, TYP:CAL EUTECTIC STRUCTURES IN ARGON ARC-CAST INGOTS &
OF Ti-47.22r-5.6Be ALLOY f%
3
3 L]
k
3
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B,
Hoeal No, 13-4
(-13/+25 mesd)

Etchant: XKeoll's
Magnifieatic - 100X

FIGURE 148, FOQIL T-JOINTS MADE WITH VARIOUS PARTICLE 3IZE OF HEAT
135-4; Vacuum Brazed, 1700 F - 5 Minutes (Sheet 1 of 2) .

FOILS: Ti-5A1-2.55n
{0.0vU6 inchj
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Heat No. 13-1

(-48/+ 100 mesh)

Iwhant: Kroll's

Magnitication: 100X B
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€.
Heol No. 13-4
{-200/+4  : mesgh)

Fichant: Rrewil's

Mavnifination: 100X

FOILS: Ti-5AL-%.58n
(0. G0 inch)
D.
Heat No. 13-4
(~ 100 me: YY)
Etchant: Kroll's
Magnilication: 1oux
. FIGURE 148, FOIL T-JOINTS MADF WITH VARIOUS PARTICLE SIZE OF HEAT

13-4; Vacuum Brazed, 1700 ¥ - 5 Minutes (Shee! 2 of 2)




fle of No. Pd-h
16L0 1
(-100 75200 moch)

Fichant: Krollts

RMagnification: 100X

Uyvele: 1650 to 1700 F. L minutes (vacuum)

Foils:  Ti-5AE-2.58n (0,006 inch)

Heat No. L -t
1700 F
(-i-0 290 mesh)

Note portion of horizontud
component of the T-joint
fitehant. Kroll's

Mapgnification: 100X

FIGURE 149, FOIL DISSOLUTION AND EROSION OBTAINED WITH PARTICLE
SIZE -100/:200 MESH Ti-47,2Zr~5.6Be ALLOY
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Average Diameter, -1-, 24 Mesh Varticle

Average Diameter, -100/+260 Mesh Purticle

Etchant: Kroll's

Magnification: 100X

FIGURE 150,

RELATIVE Mksn PARTICLE
SIZES IN A CAST STRUCTURE;
Heat No. 13-5

R




Heat No. 135
1600
(-100/+200 mesh)
Etchant: wroll's

Monification: 100X

N S s R
Material from the same batches
produced severe erosien in
previous tests (Fig. " 19)
Heat No 13-4 *
1700 F
(~100/+200 mesh)
Piclanl. Frvil's
Magnification: 160X
FIGURE 151, PFOIL T=JOINT STRUCTURES OBTAINED WITH -100,+200 MESH
PARTICLES

&




Hor opengred LG F
for 40 Hogrs

Moacmibe sty 250N

FIGURE 1585,

HOMOGENIZED RM40 ALLOY
BUTTON INGO ]

%) 5

t

Ftehant, Brolo's

Mavniteation: Toex

FIGURE 52,
TYPICAL FOIL BRAZt STRUC -
TURE CBTAINED WITH -200 +400

MESH PARTICLES
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TIGURE 154,
ARC-MELTED RM40 ALTOY
BUTTON INGOT
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FIGURE 1bvu,
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veze Alloy: Ti-47.27r-5.6Be
{Heat No, 13-4}

Foil Thickness: 0,010 Inch
Etchant: Kroll's
Mugrification: 50X

gy

No Fvidence of Co:rosion

FIGURE 157.

STRUCTURE OF Ti-6A1-4V
T-JOINT AFTER 112,35 HOURS
SALT SPRAY EXPOSURE
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Heat No, 13-1
Eichunt: Kroil's

Magmircation: 50X

Stresg in Titanium Foil at Fallure:
132, 80¢ psi Specimen No. C10
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Heat No. '3+
Ftchant: Kroil's
Magnification: 250X

T'IGURE 158, CLEAVAGE CRACKS IN MASSIVE BERYLLIDE PARTICLES WITHIN
THE BRAZE
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2.00 INCHES

GRCOVE WITH BRAZE ALLOY
APPROXIMATELY 0,006 INCH
WIDE BY 0.008 INCH DEEP

FIGURE 159,

TAPERED TENSILE SPECIMEN WITH GROOVE

} SPICHEAR THICKNESS: 0.117 INCH
MATERIAL: Ti-BAl-2,8%

0.57 INCH

LOAD

Magnification: 2X

FIGURE 180,

CRACK PATTERN IN Ti-47,2
Zr-§,6 BRAZE ALLOY AFTER
TENSILE LOADING
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Magnification: 250X

FIGURE 161,

CROSS SECTION OF CRACK

IN BR. 'E ALLOY; Strain
Approximately 6700 Microinches/
Inch b

Magnification: 250X
. FIGURE 162, =
o | CROSS SECTION OF CRACK IN
B BRAZE ALLOY AND PARENT
METAL; Stress of 120, 000 pei
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3.7 TASK VII - DIFFUSION BONDING DEVELOPMENT

The principal objective of the diffusion bonding studv was to determine the
feasibility of making reliable, leak-tight, tube-to-header joints using a self-diffusion
bonding proceass. The bonding processes were chosen to incorporate:

¢ A means of pressurizing the fube-to-header joint interface by exparsion
of the tube.

o A means to heat the interface to the proper process temperature and for
the necessary time ic permit bondirg.

¢ An environment to prevent surface contamination which wouid inhibit.
bonding.

The complexity of the joints precludes diffusion bonding by ccnventional
mechanical devices (anvil bonders); and the small diameter and tight spacing of the
tubes impose seveve limitations on the type of mechanical device which can be used
internally. Differential thermal expansion and pneumatic pressurization of internal
cylinders were the two methods selected as best filling the requirements of the bond-
ing process.

Establishing an effective diffusion bonding process is principally a matter of
satisfying the pressure-temperature-time requirements which control t“~ bonding
mechanisms (which, in turn, are functions of the interdiffusion rate, flow stress, and
cleanliness of the faying surfaces). The upper temperature limit is imposed by the
beta transus of the titanium, or by the tendency ioward sticking or forming a low-
melting eutectic with the bonding tool. The iower iimit is ‘mposed by the relationship
of temperature and pressure which expresses the necessary minimum conditions for
bonding. Similarly, pressure and time must be adjusted to remove the oxide film on
the joint surfaces either by self-disolution or film rupturing (fragmentation). Further
contrels are imposed by the need for active inte. 'lffusion of surface species without
dissipaticn of pressure by creep and/or distortion. It should be noted that all of these
relationships are functions of atomic diffusion rates and are exponential with respect
to time,

3.7.1 Diffusion Bonding Parameters

An investigation was {unitiated to develop the solid-state diffusion bonding
parameters needed to join Ti-3Al1-2. 5V tubes to TI-6AI-4V headers. Other titanium
- alloy combinations included for study are listed in Table LIX. Establishment of

" minimum parametar le els of bond pressure, time, and temperature wae undertaken
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TABLE LIX

COMPLETE LIST OF DIFFUSION BONDED JOINTS

Boading Tapersd Lap
Parameters Joint Pull Test
Log Joint Foil Temperature | Pressure Fiectrode Surfaces and Zlectrode | Failurs Load
No. Muterials {F) (pei) Stop Otfs Used Bticking Location (T) Micro-Structure
1202 | Ti-5A1-2.%n to 1825 1209 fodine, 0.004-inch 1010 steel] No PM 0.04 -
Ti-5A1-2. i8n and ¢, 002 -tungaten backup.
1203 1680 230% Twe 0, 594 -inch 1010 stesl No B 0.10 -
and v 0. 002 -inch tungsten
bachp,
1204 1650 5002 Twa 0. 004-inch 1010 steel No M 0.13 .-
2o one 0. 002~inch tungsten
backe.
1205 1850 7500 T 0, 004-inch 1010 stos! Ne PM 0.14 .-
&3 one 0.002-inch tungsten
backup.
1206 1600 3000 ‘Two 0.004-inch 1010 stosl Neo PM on -
snd one 0, 002-inch tungsten
backup.
1207 1600 7500 lodine, 0.004-inch 1010 steel No - - -
and 0. 002-inch tungsten
barkup.
1125 1650 1200 0.002-inch 1010 steal and Yeos - - -~
tungaten backup.
1126 1850 2400 0.002-inch 1010 steel and Yes -- - -~
i tungsten backup.
E12T | Ti-8A1-2,.88n to 1850 5000 €. 002 -inch 1010 steel and Yoo - - -
Ti-8A1-2. 58n tungotes backup.
1130 | Ti-8Al-4V t 1580 1200 0. 003 -tuch 1010 yteel and Yoo .- - Good bdond
Ti-8Al 4V 0.003 tungatsn backup.
1121 1580 1800 0. 002 -inch 1010 steel and Yoo - - .
0. 003 tangsten backup,
1880 2400 0.003-inch 1010 steel axd Yoo -~ o -
0. 002 tungaten backwp.
1880 3000 0.003 4ach 1010 stel and Yoo . -~ -
0,002 tungston hackap.
1880 3000 0. 002 -inok 1010 stenl and Yoo .- - .o
0. 008 tungsten Saskup.
1738 1200 loding, 0. G0d-mch 1010 stonl ¥o M .28 -
and 0, G22-inch tungaten
backep.
179 1300 8. 0028-lneh ik 1010 atwel No ™ | oam -
and tuagsien .
1860 000 Two 0. 00¢-tash 1010 stenl No 1 0.30 P
1880 7800 Two 0,004 -inch 1019 stes) Mo PN | 0.288 o
and boageten bivkep :
1650 800 | Two 0. 004-imch 1019 sieed o PN #2800 Goud bond
and teigtan bashup. :
1508 T80 Twe €. 004 -lmeb (616 steal o M i -
sl tngeion Sadlngp
16 00 Twe §.001-0nsh 1910 steel Be - - Qosd v
: il magrien Yoclng
" 0 Tuo 0. $04-ineh 1010 shesl
and amgetsn bachey. e - o -




TABLE LIX (Cont)
COMPLETE LIST OF DIFFUSION BONDED JOINTS

Boading Tapered Loap —]
Perametars Joint Pull Test
Log Joint Fotl Tempersture | Pressure Elactrode Surfaces snd Electrode Failure Load
No. Materials " (pst) Jtop Offs Used Ricking Location (T) | Micro-S&rusture
14086 | Ti-6. 4Vto 1680 600 Ha reduced 0. 004-inch thick HNo - - ..
Ti-6A1 -4V 1010 stosl and turgsten backup.
1487 1728 800 H2 reduced 0. 004-inch thick No .- .- .-
1010 steel and tungeten backup.
1488 | Ti-8Al4V to 1650 600 Oxidized 0, 004-inch 1010 steel No Forms & hole in bhorded area.
Ti-8A1-4V sud tungstan beckup.
11181 T!-SAl-2.58n to 1550 600 0. 002-inch 1010 steel and Yes PM 9.12 Good bond
Ti-6Al -4V tungsten deckup.
1116 1[ 1550 1200 0. 002-inch 1010 steel and Yes PM .14 Good bond
e i
1117 1600 800 0. 003-imch 1010 stoel and Yoo PN 9.11 Good bond
tuageten backup.
1118 1800 1200 0.002-inch 10 steel aad Yos PM | 0.12 | Good bond
tungeten backup.
1119 1680 600 0.002-inch 1010 steel and Yos P .12 Good bond
tungsten Dacary.
1196 i 1800 300 Two 0, 00¢-inck steel axd No P 0138 .-
tungsien backwp.
1197 1580 2500 Two 0. 004~inch stee! sand No BJ a.ie0 --
fungstan baokup with graphite.
1198 1650 300 4. 0835-iach atee! and bhungeten Mo » V.18 Good bead
Sackup .
1M 1880 300 | Two 0.00¢-inch steal and Ho #M 10148 | Cout bond
tungsten backup.
1300 1600 2300 Twe 0. 004 -inch etoal sor’ No M [ N1 L
1291 | T1-5AI2 M w0 1800 3000 | Two 9. 004-inch seesl and No e (e | .
TH-6AI4V tangsien bagkup.
18 | HAA-IME-IV 10 1050 300 | 0.00-18ch stoal s tungaten | Tes - lem -
T1-8A) -1 Mo-1¥ kg, |
f$51) 1990 1900 | 0.002m0k sredl and Wagien Yoo - 0.3¢ | Exceliow besd
1138 1130 20 | 0.000-mol erwel st mngrioe | Yao —~ len | mhestiess Nent
1 1400 100 | 9.000-400k seiul ond hageten | Yes - - Ravakiont boné
i 1450 800 | losing, 0. 000-4nsh steal iud - - - -
118 s 0% . | Ten s 60-4nch oteel et ™~ Mot | Cest et
me 140 1900 | Ywe ¢ 206tk steel ot R S M | Egs | Swesilem bend
Y 1009 80 | tws 0. 000k stest w " o e | Oomtoem
_tangeten & p, A
e ] " wo 0, 000-tash Sivel ok » N jen e
N0 | NSAL-1Me-1V to 1 40 ] Ten 6. 000-aneh sieel and B W e
THAAl -1 -tV | wagstes bathup . iy - :




TABLE LIX (Cont)
COMPLETE LIST OF DIFFUSION BONDED JOINTS
1]
Boading Tapared Lap
Paramewrs Joint Pull Test
Log Jolnt Foil Tompsraturs | Praseure Eleetrode Burfaces and Flectrode { Fuilure | lead
No. Materials [14] oel) Step Offs Used Sticking w«m—l {T) th-ﬂ_zmun
1483 | TI-8R1-1M0-1V to 1850 600 | Steel Mg reducod) sud tuageten |  No - I -
TI-8A1-1Ma-1¥ backys.
1484 1728 €00 Steal My redeced; snd tungten |  No -- -
backup.
1485 | Ti-8Al-1Me-1V to 1650 600 Cxiitsed steei foil - -- Hole
T1-8AI-1Mo-1V formed
1272 | Ti-§Al-1M0-1V to 185 $00 | Oxidixed oieel fotl Mo M 0.2¢ Gouw bond
Ti-6Al 4V
1260 1430 300 | Oxidized steed fuil ¥o BJ 0.128 )
1284 1600 000 | Owidized stenl foi) o B | 0188 l
1oas 1Hon 308 Oaritiged pined foi] X, pe) L. .m Usen orns
1289 1380 1200 | Omhitaed strel fnil No Y e.17
1284 1600 1300 Oxidised xwel foll o -
1358 | Ti-8Al-1Mp-}V to 728 300 Oniding sincl fotd No - -
T -4AL 4V
1285 | Ti-4A Y 1808 500 Ondeliviand atael fell No -
Ti-3A1-2. 8V
1204 1000 300 | Cwutissd eteal foll » - - Pucr Yoo
1267 1000 90 Oxinitund otoel foll > - Exceiiont toed
1268 1680 300 Dutenand »'nal foi} o - " »
1289 T 800 | midised eseel fei) " - - Puer ped
1190 1350 1300 Caidtaed ateel fol’ Mo -
1558 | Ti-AAl4Y 1600 1900 | Deidised steal foll e o~
1i~2A1-2.8Y ]
Nate: P stands 107 paceic onetal fodd
S stande for &ifhesiem baaded Joiin
using Ti-$Al1-3.58n, Ti-8Al-1Mo-1V, and T1-6Al-4V alloy foils. Self-honded joints ,
were accomplished in getteresd argon stmosphere using simple lap-joint specimens and
the diffusion bonder shown tn Pigure 163. An additional part of the svaluation was to

’-mrchﬁnruohctrodnmrmm«mwmmmmckﬁoormhﬂuhthﬂdlmhg
.tbehondlnxm Mpmnmwmxmm:mr pres-
mmmmsmm.mdmmmmwm"um
with the alloy foil combinations. Mdmmwm,m,
.mmmmmmvwmm ummomnmuu R
namy&owm-mummmmom«aummm*z )
unoyuhuwupbmer. e




TABLE iX
MINIMUM DIFFUSION BONDING PROCESS PARAME TERS
Temperature Pressure Time 1
Joint Materials (F) {pef) (sec)
Ti-5A1-2. 58n to Ti-5A1-2.58n 1600 300 to 5000 20
(variable)
Ti-6A1-4V to Ti-6A1-4V 1550 300 to 2500 26
(varisble)
Ti-5A1-2.58n to Ti-6Al-4V 1550 300 20
Ti-8Al-1Mo-1V to Ti-8Al-1Mo-1V 1600 600 20
Ti~-8Al-1Mo-1V to Ti-6Al-4V 1600 300 20
Ti-6Al-4V to Ti-3A1-2, 5V | 1650 600 20
Ti-3A1-2.5V to Ti-3Al-2,5V 1650 600 20

Varying degrees uf interface bonding were obtained with the preceding param-
eters, with the initial conclusion being that the approximate parameter levels of 300 pst,
20 seconds, and 1650 F are required to yisld acceptable bonds for the alloy fotls
(Fig. 164 and 165). Donds can be obtained at higher temperatures; however, electrode
siicking becores & pmblem At lower temperatures, considerably lﬂ;her process
preassures and longer times are required. The investigation has been reatricted to
shori-time (< 60 secoonds) bun&ng runs of the typ. nseany referved to as “yield-
strength vontrolled” (Ref. 104). &onpmeeuﬁma arcnmumtnommepm
mﬂnmmmudmhﬁnhmd&mumnmmm&md
their minimdmumd:hrpugldmn, canaot wiihstand a hmnmnmd |
contaminstion. Thersfore, minimum diffusion W pnmmtcro wore established
for ingle hp—som (Tuble LX). '

ussmmummmmmmdxmrm»
‘coo;ni.mamﬂmdw;ﬂ s naximam) would resal in Jood foints of
mmammw mmgwmmam
.-.MNWNWM(& mwm,.




TABLE LXI

RESULTS OF DIFFUSION BONDING USING 0.3-Mil TITANIUM FOIL INTERLEAF

4 iy

A
Boading Taered Lap |
Purameters Joint Pull Test |
Low Jolat ¥oil Tempers: :re | Pr Electrode Surfaces sed Plectrode | Failure | Load |
No. Materiale 1 4] pet) Sop Otfs Used Ricking Locat yon (T 4‘}“«:1\: B¢ Aucture
e i g b o
1966 | Ti-3A)-2 Wate 1500 390 Tvo 0,004 ~inch 1010 stes] Nc R 0 145 | -
| TI-BAL-2 Se and tungaten backup . i
i H
1361 1500 800 Tan §.004-inch 1010 steei N 8 0118 ¢ -
; i
iz 1600 ‘ 300 Twe . 004 -inck 1010 steel Ne aJ | 9.145 | - :
: and .ungeten tackup. i
i
1263 | Ti-SAI-2. 8w to 1650 300 Twe 0. 008 ~inch 1016 ateel No Y] 0.150 | -
i Ti-3A1-2. 08 and wngates backup . [
1284 | *1BAL-4V to 180 300 Tao € 004-tmch 1019 steel Ho BJ 0.148 ! -
Ti-SAL-4Y and tungnies backep . i
1388 1880 360 | Two 0.004-inch 1910 ateel N ez |
and tangaton backup. |
v {
1364 . Ti-8Ai-iV o 1600 00 Two 0. #04-inch 1016 steal No PM | 6.270 Cood howd
o T 4 and ngntes baclop .
| 1970 | TH-AAI-4V o 1400 »e Two ¢ 00d-tnch 1018 stes} Ro -~ -
T~ dAL-2, BV ant ustgites haokup . :
1967 | T RAL-1 M1V 20 e | e Ton 2. 008 -Dck 1016 sieel o o 0.119 |  Gowd bowt
Ti-$Al -4V 2 agatas Seckep. TI-8AL- i
: LMtV !
1368 | 800 29 | Two ¢ 0oi-ich 1912 stae! Na | ears - ;
3 a0d Rmgale hachng ! riaal- :
§ | 1Mo-1¥
H ¥
1289 | n«u'-;nmv to i1 290 Twe 0. 008 <doch $610 stanl Mo ry *N - i
| TI-6Al-4s and wngeiss bachwy Ti-8Al }
i - i
e  — s s ! :
87 tamis for Sdinnien benleg ot i
3. Feieme Jogl i given i teag tone (1 S - D200 0
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Iinte ~leaf Approach

i The use of an interieaf material was investigated to enable diffusion bonding

. at low er temperatures and pressures to minimize electrode sticking. As shown in
Figure 173, good diffusion bonded joints of Ti-8Al-1Mo-1V to Ti-6Al-4V were obtained
at process parameters of 1500 F, 300 psi, a* 20 seconds. No sigmificant advantage
was observed by the use of 0.0 mil thick pure titanium foil as interleaf on joints of
Ti-5A1-2.55n to Ti-5Al-2.58n or Ti-6Al-4V to Ti-6Al-4V, however. In view of this
and th~ fact that use of an interleaf introduces an additional joint area, the interleaf
approach was not considered sufficiently promising to warrant further study.

Electrode Material

The use of 0.002-inch, Type 1010 steel on the elecirode surface and

0. 002-inch tungsten as the backup ~aterial (to prevent sticking of the steel foil
to the tungsten anvil) resulted in exceseive electrode sticking in that the steel foil
could not be removed from the titanium program alloy. However, this problem was
eliminaied by the use of two pteces of iiicker (0. 004-inch) Type 1010 steel (back-to-
back) as the electrode suriace an’' ne piece of 0.002-inch tungsten as the backup.
The thicker steel {0. 004-inch) foil» could be removed from the titandum allove with
* ease. lron contamination of the titanium foil surface, due to formation of & thin

TiFe intermetallic compound layer, was observed (Fig. 171) and confirmed by X-ray

fluoresence analysis. '

Diwo!vedmm!ntbamlfoﬂmmthemrwm&pmwmcm
ueﬂdemﬂbymuo(lpecialhmwdo 00¢-inch, Type 1010 stoel foils (reduced
~tnhvdmmazlsoo?mro.sm msmrmmmmamm tendency to
stick than the as-received mates .ul. ‘ _

Therefore, mmmimmnym&efﬂrmtbsﬁm
pmbhumtbeiurmﬁoaoﬂumn&nwﬁ 0002-inch), very brittle TiFe compound
ammmnnmwn:mmmmmﬁmaimum.

. u@hﬁh,mhmw:nmaﬁhwwrﬂew’




TABLY LXTI
TENSBILE DATA OF Ti-6Al-4V FOIL

<o AN i s Yl

.

ey

Nominal | Stratn | Ultimate | 0.2% |Reduction
Specimen Rate | Tensile Yield of App&rv*
Test Vacuum [Tluckness (in./in./ | Btrength | Strength| Area | Moduls -,
Temperature| (Torr) n.) | min) (ksl) (ksi) %) (psini. )
70 760 (air} 0.¢ic | 0,12 - - -- 18.6
800 5 %1073 0.010 0.12 - — -- 14.8
1000 3x10°% 0.010 0.12 - - - 12.2
1400 $x10°% 0.010 0.12 - - - 10.¢
1500 75 (adr) 0.125 0. 006 18.5 N 100 1.8
1500 760 (air) 0.125 0.012 16. 6 1.3 | 100 3.1
1650 ex10°% o.010 | o.25 —- 7.4 - 1.0
1650 4x1078 0010 9. 25 -- 7.0 - 1.6
1650 ¢x10°% o.010 0.26 - 3.0 - 0.7
| N 1

3.7.3 Generstion of Baseline Deta

An anuiytical solution of the tube stress-joint pressure relations’ip was
derived for the tube-header joint (Appendix A). Although computed for elastic de-
'Inrmaﬂm only, it demonstrated that the limiting factor of thie {ypical configuration
itthchmpmwtxiehmhedawm&hm“ﬂm

. WMhmmmwal-w4Vinnmmm
_-uog-.mnnymumwm.mmwmm its properties during heating
to and at the diffusion honding tempersture. These tests consieted of.
o Toosile data
.mmnmm ;
The tenaile data {reported ir Tsble LXIL, Mmzmdwﬁwﬂthm
ing wmp ~xture and, \leﬁm.&m»,hdm:mwhmm‘
»mwmmm“m_-mﬁrﬂ.eﬂ-mwﬁ’
fotl at test temperaiure from 1300 to 1700 F. The spocimons were stressod ina
Solar-dowigned, WWMM {Fg. 174) at 2 rupid rate (0.6 ket/vec)

+




TABLE LXII
CREEP RELAXATION DA A FOR Ti-6A1-4V FOIL
N Initial Decay Time to Lower Stress (sec)
.} Temperature Stress Y
T (F} {(ksi} {0.5ksi|i.Oksi|2.0ksi| 3.0kei.|4.0ksi| 6,0ksi| 10.0 ksl
. 1369 11.0 160 8 g |
1400 6.0 100 30 10 g
1500 5.0 160 35 7 1
] 1800 | a3 100 | 12 4
1500 2.1 100 1
1660 2.2 20 10 2
1700 ' 1 2 4
J— Y4 - ’
- to near the apparent proportioral limit and then the machine cross head locked to fix
strain. The drop i. ‘tress was ploited against time. 't was found that relaxation in- \.\ \
creases with temperature, is very rapid, and appears to progreses by a three-stage \
‘mechanism related to creep: ' ~ \\ ‘\
. - e First 30 percent drop - rapid decay rate, independent of initial stress l\ \-

magnitude, i
¢ Transition - rate of stress decay, an inverse function of initial stress.

o Last 20 percent drop - asymptotic decay, independer* of initial stress -
magnitude. - ik

Typical stres= relaxation values are given in Table LXUI, and an approximate plot for
two test temperatures is presented in Figure 175,

It was apparent from these data that creep was very rapid above 1400 F and,
in fact, influences the apparent modulus of the 1..aterial to the point that slow str.in
rates (nrovided by differential thermal éxpansion devices) are unable to develop or
maintain mnch pressure at the header joint. Reduction of temperature will increase
the time for which the titanium will maintain a s.ress, but the time nec sary for

diffusion is similarly increased. Bot! creep rate and diffusion rate increase exponen-
tially, snd any benefits derived from temperature change will be second order effects.




3.7.4 Selection of Joint Pressurization Tachnique

Two different experimental techniques were selected for application of pres-
sure to the tube-header joint:

» Differential thermal expansion of internal plugs
¢ Pneumatic pressurization of internal capsules

Their calculated efficiencies and design are explained in succeeding paragraphs.
Differential Thermal Expansion of Internal Plugs

Three differential thermal expansion plug designs were evaluated, which .
included:

o Solid plugs
¢ Hollow plugs
¢ Encapsulated liquid metal plugs

Solid Plugs. The differential thermal expansion of titantum (~5.5 x 10~% in, /in, /deg F)

and high expansion nickel alloys (~9.0x 10—6 in. /in, /deg F) resuits in & diametral .
strain of about 5 x 10 in. /in. hetween room temperature and 1600 F. The alloy
selection and design of this type plug is shown in Figure 176. The raised step of
this design is intended to circumvent some of the plug-to-tube sticking problems
and also to concentrate heat transfer and pressure at the tube-header joint.

Hollow Plugs. This basic design (Fig. 177) and the pressurization obtainable are ~ - ’ N
essentially the same as for solid plugs. Belective reduction of the conductive area ‘
by hollowing the plug was inteaded to amplify the presumed benefits of electrical

resistance heating. ‘

Encapsulated Liquid Metal Plugs. Assembly of multiple tubes in a heat exchange~

configuration introduces severe limitations on the tightness of fit which can be used
on the joints. Interface gaps of only 0. 6001-inch constitute a third of the potential
dizmeutral expansion whick one can expect from conventional high expaasion alloys.
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Expansions higher than those obtainable from olid plugs are therefore desirable
and, with this intent, a steel encapsulated, lead plug was designed (Fig. 178 and 179).
Internal pressure provided by the melted lead was computed as follows:
pa\'g Lead = A\ Fusion * ATea (room temperature to melting point) + ATqa
(melting point to 871C)

av, . =3000x 10" + 327 -20) 87 x 1078 + (871 - 327) 120 x 107°
- -6 _
AVLea 4= 95000 x 1¢ ~ = 9.5 percent
AVp, = ATa = (871-20) 36 x 107° = 30600 x 107 = 3. 06 percent
e AV -6
Bulk Medulus = XT * 3P @mm) - 3.8x10
-6
3.8 x 1070 - (95000 - 30600) x 10

= psi i
AP 1709 atm x 15 atm 250, 000 psi

Although the assumption of a value for the buls miodulus is only approximatea)
it is apparent tkat the high internal pressure developed' by the melting lead will be of
sufficient magn.iude to expand the steel wall of the cylinder to accommodate most of
the volumetric expansion, about 9.5 percent. Diametral expansion is probably slightly
more than a third, 3,2 percent or ~ 4 x 10"3 inches. This amount is roughly seven
times the expansion derived by differential thermal expansion of the best solid alloy
plugs, and should compensate for relatively large gaps in the fitup.

Lead was chosen as the expansion liquid beczuse of its high expansivity in
the molteu state, its reasonably high melting temperature (which permits it to with-
stand a certain amount of heat during welding closure of the steel capsule), and
because it is mutually immiscible with iron (AISI Type 1010 steel).

Considerable care was required in sealing the ends of the plug to avoid melting
the lead. The weld was made about 0,75 inch from the lead which i3 constrained by
the AISI Type 321 stainlese steel pin. The Type 321 stain'ess material bas a lower heat

1. The compressibility of liquid mercury at 160 F, 3.76 x 10"6. is taken to be ioughly
equivalent to that of liquid lead at 1600 F. This approach is justified since the den-
sities, atomic diameters, and periodicity of the two are approximateiy squal and
both are at & temperature about midway between their melting and boiling points.
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conductivity and a much higher coefficient of thermal expansion than the Type 1010

steel, and is, therefore, effective in closing the gay between the pin-end and the steel

case, both during welding and during the diffusion bonding cycle. The entire assembly :
was held in a copper chill block previously cooled with liquid nitvogen during welding .
(Fig. 180). ‘

sweging was found to be effective in minimizing internal voids which detract
from the expecteu thermal expansion. The lead-fillcd plugs were held in a Jacobs

chuck on a small horizontal mill and turned at about 200 rpm inside a four-step steel - I
di=. which was struck and closed repeatedly with a pneumatic hammer (Fig. 181 and Z
182). As closely as could be determined by radiographic and metallographic studies, »

the lead-filled cavities were fr:e of post-swaging voids.

Pneumatic Pressurization of Internal Capsules

Pneumatic pressurization theoretically provides a method of increasing the
plug diameter to match th» cieep in the titanium thereby maintaining relatively con-
stant pressure on the joint for extended time. The heated, unsupported, tube wall
will support cnly minimal internal gas pressurization, and it is necessary to provide .
an internal expansion cylinder to concentrate the stress at the header joint. In order
to reuse the device, expansion i(feally should be conducted in the elastic range, and
the cylinder material therefore must have a low elastic modulus and high elastic limit
(at diffusion bonding temperature). Type B66 columbium alloy comes closest to ap- ‘
proximating the ideal conditions, having a modulus and yield strength at 1600 F of _ .
about 14 x 10% psi and 56 x 10° psi, respectively. Maximum strain within the |
elastic range is therefore about 0. 004 in. /in. or 0. 0005 inch over the diamet:r of
the plug. While slightly less than that developed by differential thermal expansion of
solid plugs, thia pneumatically induced strain can be made more rapid and will result
in higher continuous stress and pressure on the tube-header interface during the
20- to 30~sau.ad bonding cycle desired.

Due to the immediate unavailability of the B66 alloy in a form suitable for
manufacture of the expansion plugs, it was necessary to substitute Inconel 600 alloy .
in which permanent plastic deformation should occur in obtaining the necessary ex- .
pansion, It was felt, nonstheless, that the Inconel tubes would provide experimental
verification of the general theory. Their design is shown in Figures 183 and 184.
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Wall thickness is such that 2000 psig produces 9609 to 15, 000 psi hoop stress, corre-
sponding to the yield and ultimate strengths of Inconel 600 at 1606 F. Under these
conditions, the maximum diametral strain produced by the plug is limited conly by the
fracture elongation of the Inconel (or titanium) and is at least an order of magnitude
greater than that provided by any of the other methods.

Another advantage of the pneumatic pressurization system is that the wubes
need not be pressurized to any great degree until the 1400 to 1650 F bonding range
is reached. It is therefore possible tc delay the heating cycle at 120G F long enough
to promote self-dissclution of the oxides without distorting the joint in ereep.

3.7.5 Experimental Heating Methods

In addition to conventional iurnace heating of the cntire tube~header-plug
assembly, it was decided to evaluate electirical resistance heating of the internal
expansior. plugs (alone). This latter technique has a number of characteristics which
might be advantageous in establishing the proper relationships of temperature and
stress:

o Faster heating rates, and therefore faster (thermal expansion induced)
strain rates, will develop higher joint pressures in the tube-header
structure than is possible with furnace heating. As a corollary advantage,

dwell time at intermediate temperstures, and consequent intermediate
creep, is minimized,

+ Resistance electrodes concentrate the heat in the tube and thereby im-
prove the rigidity of the cooler header us well as the differential tempera-
ture between the tube and header. These factors all favor maximum
differential strain and interface pressure.

8.7.6 Joint Design and Surface Clegnliness

The experimental work on basic bonding parametars was conducted with short
(approximately 1 inch), 0.125 inch OD tubes and single-hole headers similar to that
shown in Figure 185. Onmly 0.006-inch wall thiciness tubing was evaluated.

Becsuse the time requirements of diffusion bonding are largely a function of
surface oxide elimination, the joint design was modified -m‘"a?omq of the tests to ‘nclude
beveled edges of the header holes (Fig, 186). This modification was to increase the
pressure at the joint interfsce, promoting a tendency for lbearln. of surface oxides
which exposes the unoxidized substrate metal.




Tubes were abrasive-ssw cut to 1-inch lengths and the ends were deburred.
Header plates (0. M 5-inch thick) were shearaed to blanks approximately 1-inch square. i
A central hole (to accommodaie the tube) of 0. 121-inch diameter wo. drilled and sub-
sequently reamed to 0. 125-inch diameter. Drilling and reaming operations were con-
ducted on tightly clamped stacks of 50 header plates from which the top and bottom
pieces were discarded. In some instances, the edges of the hole on both sides of the
piece were Leveled with a 45-degree tapered reamer to 40 perceat the thickness of
the material, leaving only the center 20 percent (0. 003 inch) as the normal bearing
surface for the tube.

The hole diameter was verified on an optical comparator as §¢.1255 * 0, 0003
inch, approximately 0. 001 inch less than the actual outside diameter of the tubes.
Roundness of tubes and header holes were also checked with an optical comparator.

Three types of expansion plugs, solid, hollow, and lead-filled, were pre-
pared as previously described, with a step diameter of 0.114 inch, providing a
0. 001-interference fit with the tube inner diameters.

Tubes and headers were cleaned and stored in dessicator jars until immedi-
ately bofore use. The cleaning procedure consisted of:

o Hand wipe with acetone to degrease

o Oxide conditioned in Kolene Alko salt for 60 seconds at 400 F
(proprietary preduct of Kolene Corporation, Detroit, Michigan)

e Quench ir cold water

« Pickle, 10 seconds in 5% HNO3-20%HF; rinse in diatﬂled ‘water,
neutralize, rinse, and dry in gir blast,

Metal rumoval due to cleaning was .c8# than 0.0001 inch/surface.

. The tubes were stiffened by a slip-fit, internal steel rod and then pressed into
the headers, supported on a steel block drilled to acoept the tubs, The small, preci-
sion drill press ~hown in Tigure 167 was used as an arbor presc. Expansion plugs
were similarly pressed into the tube, wmmmmmwrmarmmar
joint. Bothmhaaandhu&nmumbhndlodmnmmmmm@&m _
mctalnrfmuuthejo&m | o PR .
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3.7.7 Bonding Tests and Resu'*s

Tests were conducted on both the differential thermal expansions method and
the pneumatic pressurization method of applying pressure to the tube-header joint.
Bonding procedures included electrical resistance heating and furnace heating. The
procedures and results of these tests are discussed in the following paragraphs.

Differential Thermal Expansion Methods

Electrical Resistance Heating. The cxpansion plugs (solid, hollow, and lead filled)
were heated by electrical resistance in an NRC vacuum furnace at 10"5 to 10"6 Torr
(Fig. 188). An Ircon, Model 300, indicating optical pyrometer was used for tempera-
ture measurement. The pyrometer was calibrated against a ¢. 005-inch diameter
chromel-alumel thermocouple tack-welded to a sample tube. Reproducibility of

* 10 degrees F was obtained in the range of 1550 to 1650 F. The heating rate was

controlled with the manually variable rheostat of the vacuum furnace by reference ‘o

the Ircon pyrometer.

Subsequent to heating and bonding periods, vacuum was maintained until the
assernbly cooled to less than 500 F (about two minutes time),

The tube-header joints were microscopically examined at a3 magnificaticn of
30X and manually flexed for evidence of diffusion bonding.

Results of this procedure are summarized in Table LXIV. Efficient radiation
from the 1-inch square header lowered the wbe surfuce temperature at the header
joins .o well below that of other secmm of the tube. Concentration of conducted heat
by the raised diameter cn the ph:ga and by g\reatsr msiaubca 16 the holkm ar le:.d— .
vﬁ!led plugs was effectively demmmted on mhes withm;t mﬂsrﬁ. but the concantri-
tion was ins’utﬁcient to overcoms ﬂse extreme mmpamure gmiisnt cmted by -
raﬂistm from the Eusader '

oo Wben ti:se ei&ctﬁcu pavmr was incmumd to raise the jomt tempenture o :
‘ about 3500 F, mdt&m m‘,curmd at other areas of %he mhe by hrmﬁon of Tl—Fe-’%i or’:_ :

_ Ti-Fe euvactics in the mmz 750 and Type 1010 steel plugs, respectively (Pig. 189).

" Faster hestmg rm fwhm mmamblv more Mn!m from the cmawm of hesdar :

‘ rmditm a.!mv loss ume ﬁm- «quauwg 'empemme mdim m tha imbc md thcmfom, ; :




TABLE LXIV

~EST RESULTS OF ELECTRICAL RESISTANCE HEATING OF PLUGS
FOR DIFFERENTIAL THERMAL EXPANSION

r

Approximate TeRporatere
‘ Dierriaticn
i &)

Mender
Sumbdar  Typs Plug Qan. ) N Ramalt

i Ealid 1.00 Tube oited, o tond .
2 Soltd 1.0 Tube wcited, 20 bosd

3 Solia 1.0 ; - Tabe wolted, £ bowd

3 Solld 1.00 ¥ [ ] IS78 1180 1309 1435  125¢ Tube meited, so besd

3 Salid .00 FL ] 1878 1158 1508 1428 1250 Tube melbed. »e Dend

[ ] Solid 1.8 ] N id7S 1788 1800 1428 1256 Yude malled. ee domd

kH Solid 5,00 " 1%8 1815 1750 1800 1436 1350 Tubs malted, o doad

4 Rollew 1,00 1] ® 105¢ 1780 1525 1428 1238 Twhs molted, oo boad

$ Hallow 1.90 & » 1866 1150 1525 1488 13 Tabe maited. w0 wead

1¢ Hallay 1.9 112 2 21050 1730 1535 1423 12X Tuebe wmited, uc bend
i1 Mellow .08 3 ] 1388 1730 1528 1438 1228 Tubs mmited, 3o busd
12 o filled .96 » - PR EEIR ¥ - w 1O Ladked

13 P fillcd i.n0 30 &8 POLABG  1TSE 1523 1435 1233 Tebe maltsd, yn bomd

" ™ flled 1.0 4 b R0 1THE 1588 1428 L3S Twbe elted, w0 bomd

1% P Jlled 1.8 e in IS0 1TED 1528 1425 1725 Twbe maeited, a@ dead

34 St [ %41 ! 18 30 1730 1708 1010 1§80 13TF  Swperfivial Dowiing at folwt
17 | 2 ) .2 12 300 1756 178 1650 1596 1ETE  Swprrfisial Dondtag o eda
1s tiollow @.33 1¢ 3» 1786 1TM€ 1810 1506 1578 Swpev@icial bosdimg st joune
2] Feokd o 8,13 10 30 1756 (106 J810 1396 187%F Muparficial banding B joiat
" P {led [ 705 T 1¢ - -~ - e - - PO lesked
41 P Glled 0.2 : 12 » 1S 1Ted 1810 1635 1375 Seperficlnl beedis: u iaint
3t Po filled §.25 I 10 i e AT ITOE 10 UG 1T 3mperlicia’ Bcaateg & i

1. Comral mier; mmmw

Mmim: in the sise olth header to & 0, 25-inch =quz-e was pa\rtiai}y effec~
m» mmd\wiagﬁnthermﬁmminmm thﬁonialﬂng'maconb&behptbe- 4
low melting tempersiuie and, probably by further dezign modification, below the m
transus ofm km&mm:noy At the tame time, hmvmr, the zatire .&mﬂer '
mbl!imd &t simont the Wm of the h;ni mptmc the rigidizing efﬁmt: of
s colder begadur, pwwmad to hn one of the prlmry benefits oi huung by «lectri&l

wemmﬁwmewmmammueoro zs—mnm
beadars, shibough e istter developed a slight sticking at the joint Jwsing pstidsnd "
Pb-filled plugs). wmﬂn satal deformtion wns chserved 1 micrescopic exar | ina- |
tien of tho mm wr holes wze.h wﬂuw otkes indimﬂu s:f ivsuf&a!nt m ﬁnd{ar

feaxwmee , _ : ~ C S A,
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TABLE LXV

TEST RESULTS FOR FURNACE HEATINC OF SOLID PLUGS FOR DIFFERENTIAL
THERMAL EXPANSION
Permanent
_ Diametral
Specime. | Atmosphere | Temperature | Time| Type Expansion
Number (Torr) (4] {min) Bes.der (in.) Comments
. s1 5x10°° 1650 5 | Beveled Nii No bond
82 5x107° 1650 40 | Beveled Nil | Semibond
) one side
83 sx107° 1650 35 | Beveled Nil Semibond
: » | one side
84 5x1070 1650 35 | Square Nil | Nohond

Whils it may be poailibb to effect2 sstisfactory compromise of thermal gra-
dients by adtusting the size or. ‘radiation efficlency of the haader or by further regulation
_ a{ heaﬂw rites nadtampmm _this spproach is valid only for singie test specimens.

. The complexity ot ﬁgm! snd Mﬁw patterns in multiple tube-to-header assemblies
prechdes mb{:{nﬁ 3 reiiabla technsqne for reaistance hoating the Internal expan-
sion pi:gl Nxﬂm- the evltiam indicates that in a workable resistance heating
A’vm«elhempernhw d&hhe&dermhbemmrbth!ohha)oint and the hesating
- rate 90 alow that Tesistance hnﬁnxmm offer lmlamdnmge over furnace heating.

&m;hﬂy eotestic mmn;mi;k: be avoided by sultable coatings on the plugs,
."'>;Mithah§ﬁymmmmﬂhheidbabvthemmiaalhmuof
. the tabe. - 8 |

"’_m«ma Nub, Mﬁnrmﬂmimmmumamw

« vﬁm&mm‘ lmun‘hnﬁwudmmmhdphv Temperature
. mmwmmwmmwma.wmw

mammmxwwu
ade&WMMKNMNMMQ-
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TABLE IXVI

TEST RESULTS OF FURNACE HEATING LEAD-FILLED
PLUGS FOR DIFFERENTIAL THERMAL E.CPANSION

:
| T
i‘ Permanent
o Atmosphere Diametral
. Specimen Vacaum Ten:perature | ime| Type Expanaion
! Number {Torn) (t2) tmin)| Hesder @n.) Results
} .
i
i L 151074 1635 42 | Beveled 0. 002 No bond
% L2 2x 107 1670 80 | Beveied |  0.002 Bood ot full circle)
f
i L3 2x1078 1650 60 | Square {9,001 t0 0.003 | Boad mot full circle;
f 14 6x107 1650 240 | Bevelsd | 0.001 0 0.002 | Good bond (ull circle)
i L5 ex10°® 1850 15 | Beveled Wi} ™ burst case
{ i
L6 sx107° 1659 s | Bevaled | 0.0085 10 0.001 | No band
Ly 1x10°8 1659 90 | Square [0.0015 10 ¢ 002] intermittent bonding and cracking
) around circumference. Figure 152,
L8 53105 1900 10 | Aguare 0. 082 Banad compleis around circunference
aad rough cuti. e Nekness of
Loader. Exosmive grain growch aad
cracking ia Tt SAl-2.3V tube.
Figure 198,
v | Tt 1760 30 | Square 2. 002 Gora hoad ».ound 360 . Ex-
: tons. ve diffwiton from 1010 sieel
plug.  Figure 198,
Lo | exeot 1673 50 § square 0.0%: Pur.al bond. Figure 196,
N L Tt 1650 30 | Smere 0. 8678 Nobaad Pigwre192.
VNN X

l 1. .C#&ﬁ;lkr ’ Malfurction

¢ Lead-filled plugs (Table LXV] produced from 0. 001~ to.o.oos-thcﬁ
permanent diametral expansios and usually esultad in a bond of
Teasonably good quality (but se'dom full circie) with provess times

less than 50 mimstes.
cycle, developed a

{(Tig. 191).

Specimen 1~4 which bad # ~howr tempersturs
good quality hond around all of the tube circumference

wnmmmmummmamhmnmy
creep-strength controlied and, therefore, requires tampcratices precariously close
to the be'.. tranwus point of the TI-3Al-2. SV tubing Mmpproximately 1700 F) or unreason
. sbly long bonding times (at lower tomperatures) in excess of one hour. As showa in
~ Figures 192 through 196, nmmw:udmm&mmu




TABLE LXVI
TEST RESULTL OF PNEUMATIC PRESSURIZATION PLUGS

-
Paeumatic |Farmanent
o Capsuale Bonding Fonding | Sonding jAtmosphere Diametra!
- Bpecime Wiell Muciknesa {Temersture | Time [Pressurs | Vacwsn Type | Erpansiu
Number {im. 1 (13 {min) osig (Torry Header {ie.) Results
2 0. ¢10 1420 5172 | 20007 | 25cm A [beveled] i |Over-ce sied by srgon
2 2. 010 vse | 13 f2eee® ] zem A [Beveid| 6.007 [0, costor saicd
i 6. %10 1700 13 2000% | 12107 |Bevewd| o w3 0, contan: aated
- ST 8.010 1180 3 | 2000™ | 12107 |meveled| 6.005 |Borm. mo vond
Pa 9 519 1700 1 2000™ | 5x107" |HBewcied| ©.002 |Burst, no bond .
i " . 4
. W T 1700 5 | 2000 ! 5x107% Dmevelod| 0.00¢ | Bures, wow ‘
T 0. 810 1675 z 120000 | 72107 Imquere | 0018 | Partial boading. Figure 202, :
H
e 810 1675 5 12000 | 6xi07" |Square | --- Burs’ i lwessure parual i
boed. Figure 20
) 090 1678 | s 11506 | pump [Bouere | 0.003 [0y comaninsted. no hond
Paifunction |
PLo ¢. 010 1673 3 L 1s0e® | ru1e™t [mquare | 0002 | Parusl bonding. FPegure jod y
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A clam shell-type elsctrical resistance furnace was used 0 heat 2 Vycor
« . glass or metal chamber (for taert gas or vacuum) containing the paeumstic pres-
surization tube and tubs-hoadsr sample (Fig. 197). Proceae teperstare wis mes-
. surad by a chrumel-almmal thermooouple (within the furmwe but exiernal to the work
U 'Mdmmhyuw—dm&m Compezsation was allowsd
for a 50-degres ¥ thermal gradiec. betwaen the outsido of the chamber and the tost
sxmple. MWmmdmwr:mmenumw
*

~as indicated in Table 1L.XVIL -dtmauymwumm 199, and 200.
wmmme o\,mwswunw
~mmuwmumm
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The results (listed in Table LXVID) indicate that pnewmatic pressurization
plugs provide a controllable tube expansion procesa. Slight surface contamination
prevented bonding in the initial attemptt: on specimens Pi, P2, and P3. This dif-
fi-ulty was rectified in subscquent attempte on specimens P4 and P5. Lack of bonding
in these latter spe-imens is believed due to the restriction of expansicn by the greater
rigidity of the 0. 003-inch land oun the expa .gion piug, over which the header was
positioned. The header of spe{,‘;men P6 therefore was pesitionsd over the small
cdiameter at the end of the expansion plug. Considerable distortion resulted from the

unever: reslstince to piug expunsion, but there was evidence of bonding the tube and

header by this approach (Fig. 201). The raised land was eliminated from suberequent plugs,

; Tempursature and especially time requirements are considerably reduced by
this proccss which incorporates rapid expansion mad ie yizld-strength controlled.
Partial bonding of three eamples are shown in Figures 202 through 204. The degree
of expaasion accompanying ihe pressur .‘atmn cveln pugvests that the guality of the A
sonds ghould be better than that observed in i photomic -ographs. The explenation
most Ykely for this behavior is in the rzlatively peor vacunm environment in which
these specimens were p1 “ssurized. One degree of magnitude zeparates the vacuum
pressure at which the pneumstic plug and lead-filied pluy specimens were diffusior
bonded.

In ail cases, it was notad that e diffusion from .2 Inoopel pres sure dlugs

into fhe titanium tube was many Hmra grester than for the Type 1IN0 steel leac-Tlled

plugs, althovgh the Trpe 1010 pluge were subje. ted to longer times &t hgher tempern-
tures. The Inconel slloy iovme no imcrmetallic dii“usion barrier &5 voes the iron.

Preumstic Llonsing tests P1Y through ™ 8 incorporatsd k!pﬂﬁﬁl(m oluge of

: 165 steql rather than Inconel Nome of these cycles resulted in mare

t?sau cmerﬁ:.».; oondiog. N was felt that the relativaly poor vecuum environment of
thie particilar fnmace 2gain was rezpoasible for lacy of bonding cather ¢ an the
pneumatic prossurization which, in many of the specimens, pmmced adasurat

{0. 9013~ ta 0. 002-ach) expansion for bonding. ’

Mathemofmmi@a‘kdwapnbnehméhx inter-
diffunion .od embrittiement probiem, mmammummmm
axpansion capaile Wi mucvdwlyhmdlmmndmoi&emmm

Wmﬁhw
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3.7.5% Bummary

The technique i resistance heating internal expansion plugs does not
provide a reliable diffusion bonding pracesn, The hvader plate acts as
a thermal vadisior, overcooliig 'he jc.nt ana mdw‘ing hagh tl}ﬁrmal
gradients in fhe tube. -

o diffusion bendieg resultsd from solid, high-expanaion, mickel-base
aﬁcv plugs. The evid e indicatis that the thermal expanrion strain
is either sufficiently rapid nor sufficiently greatl to compensale for
dissipation of pressure by Lresh rfrlsxatmn at the joint,

Encapsalated Hquid metal plugs (lead-filled; are z,apable of éwv&r_vpmg
up to 0. 602-inch permanent diameiral strain. Diffusion bonded joinia
were produced by this technique, joining tubes to headers by a process
which is creep-sirengtn controlied, requiring extended time at tempera-
ture.

Pneumeric pressurization is effective in expanding internal plugs and
appears capable of being develuped into a reliable diffusion bonding
process. A problem [s presented in removing the plugs sfter the
bonding cycle due to permanent diametyal expansion of the pressurization
plug, but rhe technique appears hasically sound,

Sticking of the pressure transfer surface to the titanium foil workpiece
1emained a gerious problei: wirsughout this siudy. Mo perfect stop-
off material was founc to operate at the process temperatures and
pressures used. However, Type 1010 stzel shim stock provided a
workable solution, in tha: the very thin film of iron-titanium inter-
metallics frrmed at the shim/workpiece interface could be disrupted
readily

Li: view o1 the 2xcellent preliininary resalts and reliability of the brazed
heat exchanger manufacturing process, further development of the
diffusion bonding pre-ess within 4. limited time avuilable on this
program .8 rct warranted, especially in consideration of the expansion
plug-to-tube sticking and other related problems.




DIFFUSION BONDER

FIGURE 16C.
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i « PR AR e, s m ........
Pond Presaure: 300 pat
& Temperature: 1650 ¥
B Time: 20 sec .
r Magnification: 250X

& Bend excellent - no electrode .
sticking {irom).

FIGURE 164, .
SOLID-STATE DIFFUSION BONDED

JOINT, Ti-5Al-2,58n/Ti-5A1-2.58n

Bond Pressure: 300 psi

; Ternperature: 1650 F .
Tirme: 20 sec

o Magnification: 250X

¥ Bong excellent - no electrade

sticking (iron).

7' Bood Line — §

‘ FIGURE 165,

SOLID-STATE DIFFUSION BONDED .
t‘.' JOINT, Ti-6Al-4V/Ti-6Al-4V
¥ s

4
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Bond Pressure: 1200 psi
Tempervature: 1560 F
Time: 20 sec
Magnification: 250X

Bond Line

FIGURE 16€6.

DIFFUSION BONDED JOINT,
Ti-8Al1-1Mo-1V/Ti-8Al-1Mo-1V

Bond Pressure: 300 psi
Temperature: 1600 F
Time: 20 sec
Magnification: 250X

~ Bond Line

FIGUR® _6T7.

DIFFUSION BONDED JOINT,
Ti-8A1-1Mo-1V/Ti~6A1-4V

Bond Pressure: 600 pai
Temperature: 1600 F
Tims: 20 sec
Magnification: 250X

Boad Line

FIGURE 168.

DIFFUSION BONDED JOINT,
Ti-6Al1-4V/Ti~-5A1-2, 55n

i




o s A ey

Bond Pressure: 2000 psi

Temperature: 1550 F -
Time: 20 gec

Magnification: 250X h

FIGURE 169.

DIFFUSION BONDED JOINT,
Ti~6Al-4V/Ti-6A1-4V

Bond Pressure: 1200 psi
Temperature: 1600 F
Time: 20 sec
Magnification: 250X

FIGURE 170.

DIFFUSION BONDED JOINT,
Ti-8Al-1Mo-1V/Ti-8Al-1Mo-1V

Bond Preasure: 800 psi
Temperature: 1650 F
Time: 20 sec
Magnification: 500X
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b 2 INCHES
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TERAZE OR DXFFUSION BOND
{> 10t Overiag)

FOI.

FIGURE i72. TAPERED LAP-JOINT

‘Poad Pressurs: 300 ¥
Tersperature: 1500 ¥
Time: 20 sac '

Magnification: 260X

comn Thtandtam foil ¢, 3-mil

thick a8 interient

FIGURE173.
DIFFUSION BONDAD JOINT,
Ti~8Al-1Mo-1V/'T{ Iterleat

TI-SAl-4Y
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ALL DIkENSIONS IN INCHES

+0.0080 pn
-0.0010
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FIGURE 176. SOLID PLUG DESIGN
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 FIGURE 177. BOLLOW PLUG DESIGN
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@ AIS] 1010 STEEL PLUG A

@ LEAD
@ 321 STAINLESS 5TELEL PIN A

ROUGH MACHINE TO 0.12% INCH &
DIAMETER PACX ¥ITH L EAD AND

TANP SOLID A

-0.0010

MACHINE 0.0n1-INCH INTERFERENCE FIT ON (HIGH
EXPANSION) 321 STAINLESS STEEL AND DRIVE IN
POINT TO EXPAND LEAD

BELD IN COPPER CHILL BLOCK COOLED
WITH LN2 (TG AVOID MELTING LEAD).

SWAGE TQ 0.117 IRCH DIAMETER

FINISH MACHINE TO 0.114 INCH DIAMEYER

FIGURE 178. ENCAPSULATED LIQUID METAL PLUG DESIGN

174 tnchk Grid

Compoment Parts

Final Machined

Magnificathon: Approxtmataly 1X

FIGURE 179. STEEL oNCAPSULATED LEAD FLUGS
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FIGURE 180, |
WELDING THE LEAD-FILLED PLUGS
IN A CUPPER BLOCK COOLED WITH
LIQUID NITROGEN i
i_
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HEADER

WALL THICKNESS

TUBE
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) N-155 TUPE, 0.37¢ 3y 0.065
PRESSURE
RECORDER

ROUGH VACUUM {to
purge system)

RO N T R A

™~

GETTERED fWYY'/\

ARGON
UR / ARGON
VACUUM 1
R
i sk
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FICURE 183. PNEUMATIC EXPANSION PLUG DESIGN AND SYSTEM
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FIGURE 185.

TYPiCAL TUBE AND HEADER
TEST SPETIMEN
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A3 Machined

Welded to Precgure Tube

FIGURL 164,
PNEUMATIC EXPANSION

g
=
<
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FIGURE 186.

BEVELED EDGE OF HEADER
HOLE
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FIGURE 187,

ASSEMBLING THE
TUBE-HEADER
JOINT

FIGUAE 188,

VACUUM FURNACE AND CONTROLS
USED FOR . LECTRICAL RESISTANCE
HEATING OF EXPANSION PLUGS
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FIGURE 190,

COLD-WALL VACUUM
FURNACE
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FIGURE 189.

EUTECTIC MELTING OF
RESISTANCE-HEATED TURE
AND PLUG
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nis, SRR

Etchant: Krells
Magnification: 400X

FIGURE 181.

TUBE-TO-HEADER JOINT Y

SRODUCED IN SPECIMEN
14

Ti-6Al-4V Header  T1-3Al-2.58n Tube Type 1010 Steel
Case of Lead-Filled Plug

ke




Bonding Tempertture: 1850 F ”
Tive: 30 min ;@
Ftchant: Krell's §
Magnification: 250X N,
FIGURE 192.
) TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
111
Bonding Temperature: 1650 F -
Time. 90 min
Etchant: Kroll's )
Magnification: 500X
FIGURE 193. "
TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
L7
Bonding Temperature: 1650 F ;i
Tlrme: 30 min {
" Etchant: Kroll's
Magnification: 100X
' ,
FIGURE 194,
TUBL-TO-HEADER JOINT
PRODUCED IN SPECIMEN
Li9o
b 319
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Bonding Temperature:

30 min
Kroll's

100X

Time:
Etchant:
Magnification:

FIGURE 195,

L9

Bonding Temperature: 18006 F
10 min
Kroll's

Magnification: 500X

Time:
Etchant:

FIGURE 196.

TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
18

320
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17060 F

TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
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FICUP® 197. PAEUMATIC PRESSURIZATICN EQUIPMENT
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TEMPERATURE (deg F x 102)

PFL~SSURE (psig x 102)
by
|

FIGURE 198. PNEUMATIC BONDING CYCLE OF SAMPLE P2; Pressure App! 2d

TEMPERATUNRE (deg F x 102)
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FICURE °00. PNEUMATIC BONDING CYCLE OF SAMPLE P§; Heated Under
Presaure

BEtchant: Krells Magaificatica: 200X
+IGURE 201, DIFFUSION BOND PRODUCED IN SAMPLE Ps BY PNEUMATIC
PRESSURIZATION




Bonding Temperature: 1475 F
Time: 5 min
Etchant. Kroil's

Maswiciation:  §50X

rIGURE 202,

DIFFUSION BOND IN
SPECIMEN P7

Rending Teraperature: 1475 F
Time 3 min
Fichart  Krsll's

Magnefication 150N

FIGURE 203.

DIFFUSION BOND IN
SPECIMEN P8

—p

Bonding Temperature. (675 F
Time- & omin
Pichant  Krell's

Magnification 150X

FIGUREL 204.

DIF}E AN BOND I
SPECIMEN P10




