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ABSTRACT

An investigation was conducted of special joiniing processos and I 'ljiS

for titanium alloy foils -'nd thin-wall tubing in the thickcness i'ange of 2 to LO mils.

(Foil alloys were Ti-GAl-4V (EU1), Ti-A1-2. 5Sn (ELI), and Ti-SAl-lMo-1V. Tub,-

alloy was Ti-3A1-2(. 5V). Process development was concentrated upon new Ti--Zr

braze systems, designed to circumvent problems of foil corrosion, erosion, and beta-

embrittlemetit characteristics of preexisting braze .Pr-iys recommended for titanium.

A limited number of diffusion bonding expevirnents also were carried out which in-

dicated only marginal adaptability to thin-wali tube structures,

Phase I of the program was concerned principally with the development,

evaluation, and selection of braze alloys most suitable for titanium toil joining. Over

100 ternary, q~aternary, and quinary braze alloy modifications of the basic systems

Ti-Zr-Be and '"-Zr-Ni-Be were evaluated in TP oint and lap-joint tests through the

requ~ired service range of -320 to 1000 F. Emphasis was placed on assessing brazing

performance, brazement structural analysis, joint streng0i, bend tough- ess, braze-

line peel resibtance, strain accommodation :apabllity, stress ruptUe, and fatigue

strenfgthq of candid1ate alloy brazements. The influenc on strength and stability of

100-hour simulated service exposure In salt-spray (20L. F, as well as static exposure
for 100 hours at the maximum service tempera' -.e (1000~ F, both In air and li, high

vacuum) were determined. Hlot-salt corrosion tests were programmed (1000 F).

lPvst-braze heat treatments were developed to provide braze structures of improved

toughness and reliability, SMe maximum, process parameters (time and temperature)

i 4 were established for each program foil alloy.

Upon completion of Phase 'A studies, the four best braze alloys of the group

that successfully passed all test phabes were selected for application in Phase TI.
Minimum

oy Temperature Densfty
Designation Nominal Composition (Wt %) (F) (gm/cc)

RM8 Ti-43. M~-12. OMi-2. OBe 1470 5.46
RMI 2 Ti-45. OZr-8. ONI-2. OBe. 1660 5.33
CS217 Ti-(47. 2-47, 5)Zr-(5. 0-5. 6)Be 1620 to 1640 4. 83
C8217C TI-45. 1lZr-4. 8Be--5. OAI 1700 4.67



The objective of Phase 11 w the progr, n was tu demonstrate tY - applicability

of the braze joining processes developed in Phase i to high performance, titanium foil

structures. Honeycomb panels, :te-s.,-4i, ne:.t exchanger modules, ond the matrix

, tUL.-dnu-shell type heat exchanger were selected as test structures. P:eliminary

efforts were conducted using subscale modules of each foil structure to develop re-

_ . " -",, ,, -u ring, and brazing techniques. Mechanical and

pressure tests of subscale structures enabled final selection of the titaniWa br-ze

alloy and technique for each structure type.

The full-scale heat exchanger modules, both plate-and-fin Pnd tube-and-

header types, were subjected to similar test programs which included cyclic pres-

surization, proof presp-rization, steadv-state flow, thermal shock, resonant frequency

vibration, and pressure burst. Both types of structues were shown to have useful

engineering properties over the temperature range -320 to 800 F.

The feasibility of brazing large scale titanium honeycomb panels with the

developed alloys was established. Honeycnmb panels were tested in tension, bending,

compression, and shear, over the temperature range of -;320 tG 800 F, before and

after 100 hours exposure ., 800 F air, and thermal shock regiines betwo, ' 120 and

800 F. Subscale specimens demonstrated room temperatuiv strengths in tension

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

Advanced methoob were developed for the production of high-purity braze

alloy powders used in Phase II work. Special techiuaes included levitation melting

of braze alloy ingots and subsequent crushing of the ingot to powder at cryogenic

temperatures.

Thin abstract is subject to special export controls and each transmittal to

foreign governments or foreign nationsls may be made only with prior approval of the

Manufacturing Technology Pivision, MATF, Air Force Materials Laboratory, Wright-

Patterson Air Force Base, Ohio 45433.
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SECTION I

INTRODUCTION

Thin foils of titanium alloys. which ofi.- Rignificant design advantages in

density, streV.gh-to-weight, and modulus-to-weight from cryogenic temt*rnture to

S1000 F, are *lecoming available ir increasing quantities from American pruducers.

Commercial alloys such as Ti-5AI-2.5 DSn, TP-' k1- IV, and Ti-8AI-1 Mo-IV are poten-

tiAily uaeful in 2- through 10--miI foil forms as mat.-riaJ6 fiorn ,hich to make critical

high-performance aerospace b .ructures (e.g.. Luie-and-shell as well as plate-and-

fin heat exchangers, honevcomb and corrugated sandwich panels). In addition to

strength and modulus considerations, titanium alloys provide unique -ombinations of
corrosion resistan-e. oxidation resistance, notch toughness. and structural stability
over the temperature ringe of -400 to 1000 F. Hence. titaniun foil structures

theoretic,1lv lend themselves weil to heat transfer systems involving cr-ogenic

fuls, oxidi-zers, and air fractioning equipment.

Ulifortunately, these titanium foil alloys have tv.o received -s muc-h atiten.ion to

as they have deserved during the past ten years beezuse of fabricatv.on ard joining dif-

ficulties and cot.. Todny. the lack of suitable joinig techmqu,a.s rernain the greatest

irtle deterrent ".- their more general use. Advanc,-d aerospace vehicles currently

under coni ideratton by the USAF requi. e ex ensive efforts in fAbritaticn ecuuq6 to I
develop oimvg W forming method# for titaniumrn-- -,s. i!e pArs.cjlar. adv.ree-
ment, are mecesir- in high-perfornamce neat traireo ;h, stem; and hornycomb type

structures where 2- throcwgh I0-mil foils are employed to riaximurn adintage.

The lnlricy *and complexity of the large numbers (-f joit s ruqttIred In the

ligbtweight foil atructureA under consideration restrict joining techniques to bra?-nr

and solid U te diffuaion bo14,ing. Howeycomb pw-els. for exampLe. must be l ab er-if-d

by brzi- t% or diffusion bo'-dlng to obtin highest stretural efficiency and reli bility.

The heat transfer systems Wang comtidered are normAlly composed of many thousands

of tMi-aled tties wad channels, making brazlvg or dlffawioti b Ang the only prac-

tical prousses to eoo*der.

tI



The braze alle, s and processes heretofore developed for joining titanium are

not considered satisfactory for joining titanium foils, principally because of erosion

n d corrosio-a effects. The need to braze at a relatively low temperature (below ' .e

foil's beta-transus) has led to the selection primarily of silver-base braze alloys.

The 1 terL-acial formation of brittle TI-Ag intermetallic upon the titanium substrate

and crevice corrosion have prcven serious disadvantages, thus the reed io consider

approaches that may avoid tnol;O problems. The Ti-Be and Ti-Zr-Be base braze

allo,'' recently developed ct Solar have shown promise of solving these problems and

w-re investigated further in the subject program.

-779
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SECTION JI

PROGRAM SCOPE AND OBJECTIVES

The overall purpose and objective of this program has been to develop and

establish improved processes to join titanium alloy foils and thin-wall tung by

brazing and diffusion bondIng, which would, in turn, provide stable, corrosion-

resistant joints 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 titanium-

zirconium-base braze alloys and diffusion bonding techniques for titanium alloy foils

(< A. 010 inch thick). Phase H 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 heat exchanger matrices we,..

the structural shapes chosen to be fabricated and tested with bouwdary test conditions

which simulate h,-h-perfcrmance rerospace applications.

Phase I work was further divided into seven consecutive tasks. Tasks I

through V were concerned with the logical selection and screening of materials and

over 100 braze alloy modifications with potential for titanium foil Joining.

Special test procedures to evaluate the relative merits of different braze

systems were developed. They included:

a Braze Screening Tests. To appraise braze flow and filleting behavior
on foils, measure erosion characteristics with different brazc cycles.
and determine brazement microstructure and microhardness.

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

e Mechanical Tests. To measure, in foil configurations, the braze tensile
and shear strengths; peel resistance and strain acammodation of braze-
ments unde'r a variety of test conditions and prior thermal histories.

* Thernmal Stability t. To detect possible degradation of brazement
otructure end/or mechanical properties during simulated service
"egimes in both vacuum and air.

11..
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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 materials. The test regimes covered the range of

probable operating temperatures (-320 to 900 F) and Included:

* 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 900 F).

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

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

SA
a Tension-tensic fatigue tests of lap-joint specimens (S/M = 1.0)at

room temperature.

At the conclusion of Task VI, the number of braze alloy candidates was

narrowed to four for final evaluation in fabricati, nd testing of Phase II structures.

The feasiility of self-diffusion bonding tube-to-header joints was investigated

"n Task VII, with chief process criteria of:

o Jint Quality (joints metallurgically sound and leak-tight)

o Joint Reproducibility (high probability of constant quality)

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

The charter of Phase H 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 1.

Subscale modules of each structure type were initially fabricated, bonded,

and tested to yivid information on the relative merits o; ± remaining braze alloys

and joining techniques thereby enabling the ultimate selection of an optlmum Joining

process for each full-scale structure. The detailed format of the full-scale test

program is shown in Tables 11, Ill, and IV along with the kiads of dta generated for
Sanalysis.

4
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TABLE I

PHASE I! STRUCTURES

Number of
Modules tA,

Design and Dimensional be Constructed
Task Structure-Type Requirements (Minimum)

Mul.ilayer, corrugated, Six-inch cube, external. 2
sandwich structure Corrugation pitch and .ieight,

0.050 to 0. 100 inch. Foil
ma:-.rials in the thickness
range of 0.002 to 0.006
inch. Simple cross flow or
counter-cross flow design.

1I Honeycomb core Panel size: 0. 375 to 0. 500 6
sandwich structure 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.

I Tube-to-header matrix Number of tubes in module: 2
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.

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

Structure Test Program

Corrugated Sandwich Pressure cycling
Pressure burst

.al shock
tion

Honeycomb Sandwich Flatwise tension and compression
Edgewise compression
Panel (beam) flexure
Block shear
Thermal cycling and aging effects

on above tests
Tube-and-Header Matrix Vibration

• Pressure cycling
Proof pressure
Thermal shock
steady-"te flow

, ,-
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TABLE U

PROPOSED EVALUATION TESTS FOR HEAT EXCHANGERS

Test 4Test Temperature Number of Specimen Size
Ni-mber 7 vpe of Test (F) Specimeng* (iches) Purpose

1P-i Pressure cycling -320 2 2 x 2 x 2 To verify the capebility
, ~ (Up w50 cycleof -260 2 2 x 2 x2 of the brazed structure

1509 of expected -to withstand typical
P-2 service pressure) RT 2 2 x 2 x 2 cyclic pressure

P-35002 2x 2x 2 fluactuxation over the
P-S 50 2 x~x2 range oioperating

P-3 10')M 2 2 x 2 x 2 temperatures.

P'-4 Preusure burst RT 1 2x 2 x2 To verify thedesign
1 6 x 8x6 strength of the brazed

structure and to
determine the safe
limits of internal
pressurization.

P-5 Thermalashock -320 to 1000 2(1) 6 x 6x6 To afirmnthe ability of
1100 cycles) and the brazed structure to
steady state flow witazal severe
thermal gradient -thermal gradisets and

strains during transient
and steady flow
conditions.

P.6 Vibration (with and RT 2(1) 6x6 x 6 To confirm remonant
Without internal frequecies of moduie
presurization) design experimentally

and to determine kind
and degree of vibration
damage rsulting from
vibration in the 50 to
2000 cps frequency :

Tests shall be sequenced web that am nsd-scule uanit wil be anoe0d to al tets.
(Upcmndestruction not anticpated.



TABLE I

PROPOSED EVALUATION TESTS FOR BRAZED HONEYCOMB STRUCTURES

Tet Temperature Number of speclm" Size
liumbtr 1Type Of Te (F) mesuo ( mhos) lNrpeeOI

.1-1 FIauiso Tenslo ad/or -3o 3 1 x I (a) Tenslle and compressive trengths
Compression -100 3 1 x I of core/face steet jdnt versus

RT 3 1 xI testltmperature.
500 3 1 (b) Failure mod v.ersus temperature.

H-:- Edgewise Compression RT 3 x4 (a) Compressive WK, iqadig versus
(longdl)) compressive strain.RT 3l 3x 4
(tranverse)

(b) Facing modulus of elasticity.
(c) Conditions of onse of bucling and

Catastrophic panel Wa',Ire.

4d) Effective elantic limit o( panels in

ee leading.

H-3 Panel Flemre (2-point. RT 3 3 x 8 (a) Midapas deflectlon verslt load.1/3-sps loAdng) ilongitudinul)/ (b) Core hear modulus.

(trasverse) (c) Efftive pael faetag strength in
flexure.

H-4 Sock W~ (30 dree )gsibilo
duflectloa -30 3 WA-brezed) z z I (a) SAW lead verus core dectiom

3 (Aofter 100 hr oaqheo a rating).* AgJUS00-l00F)

RT 3 (As-bnead) I x I Ab) Efet of te aMper&At OA panel
+3 (Aflr 100 hr. teougbna and fllure made.

3"60 (A,esd) I x 1 (0) £ftAct Of 911110016W Servce aging-3 (AAr 1I" hr upon panel boug-e and ailure
AgtnMG-10W0) ae

W00 3 (A-nued} I x I
+3 (Aftr lft hr

1000 3 (As-bra ed) 1 I
43 (til 100 hr

1-6 imal Cycig T""ee

) " Tw 102# 1 I3 As !"laf

ta

to) pug ar X 1s b.e*"
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Tasks TV and V of Phase 11 were concerned with post braze heat treating and

high puarity braze alloy production, respectively.

TABLE IV

PROPOSED EVALUATION TESTS FOR TUBE AND) HEADER HEAT EXCHANGERS

Test
Test Temperature Number of

Number Type of Test (F) specimens specimen Size puarposi

T-1 Vibration RT I (Normal Full-8ixe To determine fundamental
to DAMe Madle resonant freqaency and
axis (1) vibration tolerance of the
I (Parallel braaed at ruoture.
to tbe
axis) (1)

T-2 Pressure cy- -320 1 aow 1 (1) MOWbSl and To verify the capability
cycling (up Full-Size of the brazed structures
to 200 pros- Module to withstad typicti
sare cles" HT 1 and 1 (1) Wiftoalt and cy!Iic Pressure flue-
at each test Fll -at" tuations over the range
temperatur) Module of operating tempers-

S00 I and 1 (1) Smbacalo and Murs.

Module
1000 1 and 1 (1) Sabeesle and

Module
T-3 Preesuwe iT 2 4) Full-liz Coatd an modules

teW (up to Modal, before ad after vibratio
ci o ex- 2 abeeecle to asaes the allty of

Pect ear- MWcdAae brazed striar to wto-
vice pros- So0 2 (1) Aml-Mex asmud high interval pros-
sure) Module sue.

2 &*WNW*l

10" 2 (1) Full -Sife
module

a ugol
module

T-4 (a) Thtrmal 4320 2 (1) Full-Sise To evahi the ability of
abac to dde both ss,4rassd UWa vibrated

500StuuAbuces to Witatasid
or severn serm gradlesl.
10 Mid sustained periode of

(b fts ftwc tempesratare diwr".
state flow Md

(1~ astmetta mt saizisim



SECTION IUI

PHASE I - DEVELOPMENT OF JOINING METHODS FOR TITANIUM ALLOY FOIL

As discre*_ed in Section 11, Piiiuj I was dlivided into seven individual tasks.

These tasks are discussed in this section.

* 3.1 TASK I - SEL'C ifION OF MATERIALS

The primary intent of foil alloy selection was tu 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 PhasenI. Candidate titanium foil alloys were restricted to those com-

mercial sheet and foil alloys in general usage throughout the aerospace industry, and

commonly available as foil in the reqired 2- through 2-mil range of thickness.

(This stipulation was held advisable to ensure maximumn utilization and adaptability for

* industry of the bonding methods devel,,ed.) Foil alloys considered were Ti-WA-4V

(AMS-4907), Ti-SA1-2. SSn (AMS-4909), and Ti-SAl-Il2o-1V (AMS-4916). The only high-

strength. thin-wall tubing alloy commercially avaliabk- was Ti-3A-2.SV 40. 125-inch

OD by 0. 00? to 0. 006-inch wall tickness). To ensure starting fail materials with the

lowest available, levels of Interstitial element contaminants (carbon, oxygen. and

vltrwsn) and a m~inimumi amount of surface contamination, extra low interstitial (EU)

grnto wero procured wherever applicable. (Hlard layrs of intrb"c oontamination

&rt often & rve~tal to formability and restrict Joining processes.) The TI-SAI-4V

and Ti-SAi-2. (f a&Wys wert. avalable In gUrads (AMS8-490 and AMS-4909.
re"Weively), awl were used .xiustvI in Pbas. It and in much of -Phae I work.

3. 1.1 Alloyv for Cor?.mtj*W hodwich 9truactuwse

Tb. port-Wru sandAWlcb trneVare& for ~r rsslow bet-exchszipr

0140iCatloes wer V) reqW t to aowais ;or a vide raap of teprtrsand differt

i~diafo~i42~ F~to 01~i~ur.ThefoillatralsAb t ow lableto

Inle *udot go*~ dixtr ansd be*ae rlkrsan* A, Aber crtiW Iesrmt "a

.gcllntcold fommnbi ft rtI* Imapr'ni pvtwialo. roIling l 2-: ~ 4-=11 ois, an*d



TABLE V
SELZCTED PROPERTIES OF ANNEALED ALLOYS

TI-4A-1MC-IY Ti14V --4 V EIT-GAJ-2.5tI&t14A1.&b U 114AJ-Z.5]

Room ?mmpu"

Elaiti ubms~ 4106 Psl) 0.4) 1. 1161. 14.0 15.6
UIm SMreap is$ ~ 1)3 13 11&I

Yield Siesegb (kal) 131u ? 1

nomA tit (T) 13i isi 44

xmauc U66o 4184 pai) 1. 11.11 1U.4 .4U8

Yield Wl& OWha) $4 I 6$ f3
Elamemumal {1 ism &112 is to 1

I~i mw as 4m S n sU

yiw 0~ 12 6 is insoi

nw (7) io too -

aww"W 6.11 0.1.) 01

ftwo XT

"Waftd to enable diae.4otmin tGo* tlia WUl taft 'u tyl.i~'au or,
tbos tbt beet ezebaxero of beaid Nh0G*W Weth aM ftt therrird treasfer
omateo74 b the euJjet woft. sin. wage oorrvpTlMs thth orra1.1*cka
bsig~k cf.~ 0. 010-inch m4 bond radi of IT to, 4T mmr &sinblo.

The T-A1.5% 42I) ailaW was sed ftm thi carrqr*4 otiwbwe
(ofth Ti-SAI-4V WJW~ as the bok). b *&se to"00, OW .kwi is wbiis withoot
Agiprwoab loss n oftqt sodwint. -AD* kinL T"Ar V~s W , matarWa
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Therefore, for lim-cryogenic applications, the non-ELI grade could have a strength

advantage, altboug it would be more difficult to form. The ELI grade was preferred

for formab lity in this situation inasmuch as foil strength was not a controling factor.

The Ti-5A1-2.5Sn is an alpha-type alloy with a high aluminum content that

stal-iizes the alpha iase and shifts the beta transts into the 1900 F range. Tin is a

reutral elemcnt having appreciable solubility in both alpha and beta phases of titanium,

but adds considerably to the strength without changing the ductility. The alloy is not

heat treatable: therefore, annealing is achieved in the 1325 to 1550 F range, followed

4b by slow cooling. Stress relief annealing is in the 1000 to 19,00 F range, followed by

slow cooling.

The high beta transus of the Ti-5AI-2.5Sn alloy also has a fav .rable attribute

as it allows brazing without danger of beta embrittlement in the range of 1600 to 1750F.

where most applicable oraze systems for titanium are processed. The high beta

%ransus and single-phaje character of Ti-SAl-2. 5Sn also promote structural stability

of this alloy in the proposed range of operating temperatures (-425 F to 1000 F).

3.1.2 Alloys for Honeycomb Sandwich Structures

The paramount requirements for high-strength. hghr . beams made of

hovyComb sa.Awich panels are highest possible foil strength and modulus values over

tl- normni range of operating temperatures (RT to 1000 F). High creep and rupture

strengths become lmportat for long-term structural stability above about 600 F. The

high strength and high modulus crlte'ia are most i ital for the face sheet alloy (10-Mil

ma4mum thickness), permilttig the botw* omb ore to be m-de of a weaker, more

worksA aUo (2 *o 4-mil thicknes). Both tol allo,," thus serve to enhance streugth/
wei;.t and viwod/*eW r&Uos. Cold formability of Wae *beet foils aM boneycomb

core rtbbon Is not a rrtical reqdremet inasmuch as i plastic deformatlowof feWs is,

vi ,cessary to make either the face Aeet or core components (Ie., for required flat.

cloe4fac# panels with 0.25 inch sqwsa, vMii cell timensitx). Welftbility is of
minor Importance for initial bondWg of core node jolts because the wel-tcked

node des art uklmatolysqIted byl and t uer bMe Jin. Mom

111



In view of the above emphasis upon highest possible strength anid modulus
values, the following alloys were selected'

Component First Chwoe Backup
Face sheet 7I-SAl-lblo-lV TI-6A1-4V (ELI)
Honeycomb Core 7l-6Al-4V (ELI) Commercially Pure TI (A-70)

For highest strength values, both the Ti-6A1-4V and 71-WA-lMo-iV alloys
require rather complex heat treatments above 1500 F (Table VI). Quite probably such
high-temperature heal treatment of foil structures following brazlxg or diffusion bond-
ing would be inadvisable because of the extreme dangers of warpago and progressive
foil contamination. Conseqjuently, candidate foil alloys were compared in the fully
annealed condiltion-, and an shown in Table V, the TI-BA1-lMo-lV alloy still retains a
strength end modulus advantage.

Ti-SAI-lklo-1V Face Sheets

The TI-8A1-lMo-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 toughnes, ablity to withstand the brazing cycle, and, as reported in Reference 2.

Wa an alha&-rich m.icrostructtre. Because of the weakly stabilized beta phase, the
alloy is notl considered heat treatable in the strengthening sense; the podi strength and
high creop resistance at room and elevated tempe rsaire arn obtained mainJ) through
Solid solutoo alloying. particularly to the alpha phase matrix as manifested by the
8 peroent aluminum addittin. The weaker beta phase stabilixation io atwaind by the
Moleif a~nd vanadium additions. The beta transit. tompomwis 15900 F.

The TI- MI- I Mo-I V alloy develaps Its best oombiaion of prcpe iIn the

beta phase ftldk (1860 F). air cool, Stabtlte at 1100 to 1400 T. followed by- air coot
(We. 3). noe beat treattag Cycle (latter puwt-= ~s 11400 F) mad tq*g bettrwan s ap-

peared to be Wdally uached to trhe ai, cylesf anr-ticae in the foil jotIng preram.

Oi tdo debft sd, TI-MAI-.M*-IV alloy bas a history of oemein

Soria% sem oeroelo pmcbiame (SW. 4 throfth 7). ft adfta2-. it w"s reognised
that Moke amb as sev.e *tmUrs ma cracking Wigh be OV964amet in'tbo foil
roamin pro"""m an t o rt et Ateti. uad stifrees of the



Ti-6A1-4V Core

Because. a material less strong than the face sheet material was suitable, the

wrore readily av-i.l4ble Ti-6AI-4V (Ref. 81 was selected for the 0. 002-inch thick core

material on the ba,4s of its attractive annealed strength (Table V). good corrosion

resistance, wM adequate formability and weldability. For the eame reasons, this

alloy was selected as - backup for the Ti-8AI-1NMo-lV face sheet material.

TI-6AI-4V is a ieat treatable, alpha-beta alloy. The alumiLu.m addition

stabilizes the alpha phase, increases the beta transus cf the alloy to 1 820 F. and

signlficantly increases the elevated temperature strength level of the alloy fwhen

compared with Ti-SAI-2.5Sn at 600 F - Table V.)

3. 1. 3 Alloys for rube-and-Header Structures

The Ti-3AI-2. 5V alloy (Ref. 9) was the only high-strength titatium alloy

rommercal." available in thin-wall tube form (Tables V and VD. T1e Ti-CAI-4V

alloy ws selec ed as a metallurgically compatible header material.

The Ti-3AI-2.5V is an alpha-beta type alloy, stabii - , ?e the aluminarn

addition. The lou alumintm content places thr t,ta transls 1 17 j 25 degree_ F.

a situation wleIe should permit brazing and di1lsion bxnding Lp to the 1650 to 1700 F

range. The alloy is also repo t to be weldable 'Ref. 9).

'7, 'I-' )AI-2.5 ," aloy Is stru.-turlly sLable and doet not r.espond t ha-der.ing

b; we trcs-ment. S* ess relief and annealing treatments are ,tsuailv acomplished

at 300 F for -we hour followed by slow cooling.

3. 1.4 Procurmtent o Fail and T ing iaterial

Procurement of Phase I Materi.al

TI alloya procured for Phase I are listed in Table Vu. The !oil thicknesseo

seklcted are reprenative of current practices for the *pe of foil skrurt'res used

oa this program (R. I. tbr-ra, IZ). The 0.002-iw'h foil thicknes.sea of the honey'-,mb

core (Ti-$AI-4V) and heat exchaqger corrgatton (Ti-SAI-2. 58%) ere ch&er

as the mtuinmum avu.iAle P-,A usable w -thA excessive compbaca iom to the progr-n.

She TI-M.I-IMo.-lV ulloy w used oult- 'n the O. Ol)-ineh thiekness as thinner

msterW as om* od developiventa at t. me o( 'rdrlernf.
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T-ABLE VI

HEAT TREATMENTS AND BIETA TRANSUS TEMPERATURES OF PROGRAM ALLOYS

Beta -

Tranaus
Temperatare

Alloy (F) Heat TI eltmnt ContlitiOnif Heat Treatment Objective

Ti-8A1-Ido-1V 1900 Anneal: 1450 F, 8 hr, FC ISimpleat treatment; opthimum ductilixy
ad impact resistance; good tensile I

Istrengtbandstrctural s~sbllity.

TI-8A1-llto-IV 1900 ITriplex Annealed: 1450 F, Beat combinidion of engineering pro-
s hr, Fc + a5o r 5min, pariesnclngoptiumremep
M'+ 1376 F, 15min. AC ruptmr strength to 1000 F, =nd ex'~el-

lent n'flch toughness.

Tl&-v1820 solution Treatmnt: 1550 Unstable aniU aged. After &ag, best
to 1750 F, 5 mlin to 1 hr, condbnz'tlon of engbneerinj p~ropextias

I WQ a6-, 900 to 1000 F, Includim optimum levels of tensile
4 to 8 hr, AC and creep rupture otrenrth8, good

Impact resistance and notch toughnaegs

Ti-6A1'4Y' ELI 1820 Anneal: 1300 to 1550 F, Maxhium toughnewk to -425 F.

1 to 8 hr, SC to 1050 F, AC

T1-5.A1-2. 58n ELI 1910 Anneal: 1325 to 1550 F, Cptimum propertes, non-he~t trat-
10 mlin to 4 hr, AC able alloy -with gorxd weidability.

AC - Air cooled
FC - uaecooled

WQ =Water quench

As there were long lead V~ines o h eoldmteil( .00ic)

0. 006 inch thilk Ti-5Al-2. 5,n and 0. 010-inch thick Ti-6A1-4V! were procured from
material suppliers for interim lie- on Phase I atudies. Although theve materials likely
did differ soir. ,witat hi strenL propertiess from the -erolled foillb, thiey were deemed

3altable for Initial braze evaluation studies until the reroiled foils were received.

IRerolled alloy foils were readily availgtbl- from only one suppj1-fer, Rodney
Metals, Inc. , in widths up ta 12 inches with delivery times rangL,; frousi 12 to 16
weeks. An alternate foil supplier, Hamilton Watch Co. , agreed to reroll two of-the
foil alloys for intt. Am use, (Table VMi, but would not accept further ordera =mnl
addftlo'iai experience was gal:ned.
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TABL E Vff

VOIL MATERIALS FOR PHASE I

(lbicb' B) Date ("lae) App! LcaUon

T1 -GA1-4V 0, 01 t] 10115 5 5 ltnutLo Hoecm Iodney Metals, bc.

xi6IVG 02 2-15-t.j 1-18,25 ffoC~voirJ. Coire Rodney Metals; bii
(AXMS-491i) Ibi i1~4 (Mone Wa*~h Co.

TI-6IAV(Cance4;ed:

TiAI2SV 002) Tube aiidjleader &,"rior Tube Co.

0. 0C~ 10-1-65 0,$1 ) de

0. 04' 3-5-66

T-A-2.53n ELI 0,006 10-1-45 14~ 2 Cortged Rtructure Rwdimy Ma-S Inc.

Ti-;Vu-2.5ft ELI 0,002 2-10-66 S .2 5 Corrugated Struciure Rodue'; Metals, Inc.

(AMS-4909) Corgtin ailtce Wasci Co.

G)O1251 O1) Tubes (wall thlv1miums mhdicawd),

The TI-3A-2. 5V was the only titaniium alloy mvailable in thin-wall tube form,

and Superior Tube Co. w"~th anly -s'ipplier. The 0. 031-inch Nick tube was to be

empoyd for-tnie:etn of the tube/header joints; the thinner wall tubes 'wo.re

expcte tofrl I th Wos ~thr, he- a th jontundor tensile loading, hence the

nee fo th thcke-waledtubing to force failure through the joints.

The 4.-O10-inch thick Tl-6AL1-4V alloy was ordered as a readyli1ternate to the

TI-8A1-lM-1V alloy foic honeycomb face sheets becaw -se tie Ti.-8AI-1l~o-1V alloy

e.' ex~enced seriouis strea cortosio" pre~lems which might preclwde Its eventual

use on the program (Rf. 4 through 7).

The extra low Interstitial (ELI) grade of the TI-WA-4V (AkS-497), would

a'O b preferable to the standai.d grade ordered; howevekt, 1he. xtra time required

to procure the ELI grade material for Phase I e~df t could not be tolerated because

-:,f t!ght sLilig.Ell Uradei we~re used exclusively in Phase-I! work.

w7



The.- Prices shown In Table Vill ame thoft quoted In June 1965 and are given asl

V_ guide to -the reiative costs of the mitterials. These prices are dependent on the

overall demmud for the mater.Wds and the size ofthe orders, which affect the type of

floility "kng the rerelling, and =La.allng operations, and the relative sef.W cost for

each foil order. An extmple of the affect demand has on the cost of materials Is the

titoxui composite pri(, Index for sheet, strip, bar, and billeLt ThL- index was

5~ ~per pouM4 In 1965. In 1963, after the use of titanium was well established, It

was 0 per pound %a!. 13 ud 14).

Th1e 0. 006-in-ch thick Ti-5A1.-2. 55- and the 0. 010-inch thick T!-8A1Mo--iV

aoy foils from, Aodey Metal: contained distortion imperfections (Fig. I and 2).

AitkG4h the material was usable for the small specimens of the Phase i program,

fabrication~ of actual structures in Phase 11 would undoubtedly be difficult. According

to, tbe sx~ppler, the imperfections in the form of dimples and corrugations are typical

of the shape 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

(emall--order) sheet forma of the Phase I materials. This proved to be the case, an

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

It developed ultimately that Hamilton Watch Company was unable to complete

the processing of the 0. 002-Inch thick TI-6A1-4V and TI-5A1-2. 58n auoys; they, there-

fore, recommended that the order with them be terminated. Although the order was

cancefled, personnel at Hamilton indicated continuing interest in developing titanium-

alloy foil rolling capability.

Procurement of Phase H Materials

During the latter half of Phase I work, when it became evident that promising

braze systems were available for titanium foil structures, procurement order. were

placed (with sponsor approval) for sufficient foil materials to accomplish Phase 11

objectives.

16
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TABLE VIII

FOIL MATERIALS FOR PHASE 1II- RODNEY METALS INC.

Lan& Approalma'o Tol!jN 'Iickneaa Width T"ta IWeight Coat Coet
Spcification Maerial (in. (in. itt) AppllcationIh ~ j 4

4216 T1-SAl-tMo-IV 0.010 1 t 40 lNorycolb tawaahftUa to 600.OOo 00 l?

4907 Ti46Al4V Ell 0,010 12 4 D ackup honeyeomb lana 10 600. 00 lot 600

4907 Ti-41AV ELI 0,002 2 410 Honeycomb core 7 M4. 5r/lb 1020

4907 TI4AJ-4V EU 0.002 8 650 Backup material for heat 20 144.26/lb 2690 -

eirrhanger cornagatimia

409 Tt -SAI -2. On ELI 0.006 a 325 Hie0a chansr aeparoltorn A0 74,.O011b 2220

4909 Tl-M-2.5ftEU 0.002 a6 0 Heaechager corugtol 2 Tota0l 104

I . Random lanagte at leat I to 20l4.ong 21

16-weak delivery oiditional an fabricabillty 01 0. 002-inch material aM avatlability of ELI grades.

Inquiries were sent to the following manufacturers for titanium alloy foils in
the quantities required for Phase 11 qjf the program.

* Dui Pont Metal Products Division

* Hamilton Watch Company

* * Reactive Metalz, Inc.

9 Rodney Metals, Inc.

iTechalloy, Inc.

* Titanium Metals Corporation of America

*Wali Chaing Corporatiw71

The only manufanturer to respond affirmatively was ft, Iney Metals, Inc. A typical

delivery time of 16 weeks, and a total estimated coat of $10, 240 was quoted. The

detailed cost figures are shown in Table VII.

a 3.1.5 Baseline Tests of Program Foil and Tube Alloys

Mechanical tests to gage tensile strength and tougbneaes levels of is-received
(ml* nle) program foils were conducted to provide baseline information for later

teat comparisons with actual bonded foils and also foils subjected to thermal cycles

simulating bond processing. A description ol the program foils tested is shown in

Table EK. Testing included unnotohed tensile tests of program foils and tubig !- -i
liqid oraireivronentthroughthe temperature rneo* -320 to~ 900 F (Table X)

and in both the parallel and tranoverse rolling directions. The designs of the notched

771=i17ll 1 _ 77 = 7



TABLE IX

PROPERTIES AND ANALYSES OF TITANIUM ALLOY FOILS - RODNEY
METALS INC.

Alloy I Ti-WA-2.5ft ELI Ti-6A1-4V TI-8AI-IMo-

Size I 0. 006 Inch x 6 inch 0. 010 inch x 6 inh 0.010 inch x
6 inch

SeOifioation & MSt909 AMS6911.A Ml

Composition
F

Mecanial roprtis Ungtitznal Transverse Longituxdinal Tramserse gi -tludial
(Annealed)_____ _______ _______ ___ ____

Ultimate Tensile Strength 117, 800 pal 119,6500 psi 151, 000 pal 149.,860 pi 152. 000 psi

Yield Strength. O.2.T Offset 107, 000 psi 108,6500 psl 128,6500 psi 135,750 psi 139, 000 put
Elongation, 2 inch 13.1% 13.3% 9.6% 7.8% 11.3%
Bend Test Passed Passed Passed Passed Parsed
Rockwell Hse-iress C33 C34 C31

Ladle Analysis Heat Nuxabsr D4203 Heat Number D8941 Heat Number
___________________ ___________________ D8141

Al .0% 6.0% 7.87
Mo t. .05

Sn2.4% --

V -- 4.1% 0 C

0 0.06% 0.12% 0.075
H 0.010% 0.008% to 0. 010% 0.011%f

N 0. 011% 0. 014% 0. 014ck

Fe 0.14% 0.08% 0.009
C 0.022% 0.025% 0.0235

bb 0.010% -- --

andi Balanche teBa peiesDlance J Blance

andunntced enilespcimnsane shown inFgue e.n notched tensile test was
employed to determine the relative notch-toughness level of foils, employing the ratios

higher Its notch toughness rating.

Tenile teting of sheets and foils containing notches or other stress raisers
Za mrie wid dacsini eet lieaue(e.1 hog ,a nd asreom

mede fr ou ms esin b heABU omite o Facur esin o1Hg
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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 notches which give high

stress concentrations (Ref. 25); however, at the higher stress concentrations, the

measured toughness values tend to be less dependent upon the stress concentration

factor itself (Ref. 26) and more sensitive to 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 les than 0. 01-Inch because of cost considerations and

better uniformity of notches.

The sheared notch was .elected as the method win, h 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 cayuse 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 accentuated 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 Toughness Committee (Ref. 18).

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

thicknesses used in the brazing progra m. It was suggested by the ASTM Committee

that the width to thickness ratio be kept below 4b as lateral warping and buckling
might occur, especially with pin-loaded specimens. However, if the thinner specimens

had been made narrower to comply, the efecUve notch stress concentration would

have been reduO, seriously affecmg the test sensitivity. Therefore, the specimen

configuration was maintained as shown in FIgure 3 for all foil thieatess os tested.I
so



TABLE )a

AVERAGE TENSILE STRENGTH RESULTS FOR AS-RECEiVED TITANIUM
ALLOY FOILS

ParallelII
(P) I NoiA Noth

Tranmvrse I Ultia To Avg To Avx
MI Tmpera- Yield Matmie Yis red MSte

Maeia 1 (PO 004Z mum ato ato

TI-WA-2.59M ELI T 75 110,000 119,000 16.8 1.47 1.36
(006 nhTho~P 75 111,000 119.000 16.3 1.51 1.38

T -320 171,000 177,000 1.16 1 13
P -320 173,000 180,000 1.16 1.12
T 800 63,000 73,0001.9 .2

300o-- 56,000 72,000 1.60__ 1.29_

Ti-6A-4V T 75 13. 49 6,000 15 01 .9
(0. OM bindiTtick) p j6 1,000 uo0000 14. 1.19 1.03

T -32 W,'000 223,000 0.69 0.66
P -320 21-3,000 227,000 0.69 0.66
T 8n0o 107,000 109,000 1.25 1.24
P 800 100,000 113,000 _____- 1.3 .04

TiAI-l-IMo-IV f T 76 142,000 157,000 17.6 0.96 0.67
*(0.0100 h"Twio P 75 140,000 163,000 16.2 1. 08 0.90

T -330 207,000 217,000 0.66 0.65
1 -3)0 219,000 231,000 0.66 0.62

_________________T___W__________.000______1____ __ 000______1. _________._____

T 9O0 105,1000 114,000 1.33 1.22

Tensile test difta related to foils in the as-received (mill-annealed) condition

are listed in Table XT and plotted In Ftgure 5. In general. the actual values of foil

strength and the variatioa with test temperature follow very closely the published data

(Table MII for thicker foils and sheet stock of the same alloys. As shown in Figure 5,

foil tensile 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

* ~anticipated from putilshed data on annealed sheet stock. The TI-SAI-2. 5&8alloy e-

MAWte the bedt notch toughness heftarlur,.sjtw iafma -- I T.

Notch/smooth stnth ratios ocasiderably less than unity were otaie for

*1 the two strmng..t aloys T-SM-lMo-lV and 'I-6AI-4V) at -320 F and occasioinally



TABLE XII
EFFECT OF FOIL THICKNESS ON MECHANICAL PROPERTIES OF TITANIUM

ALLOY FOILS (Ref. 42)

Tensile Yield
Gage Strength trength Elongation

Grade (In.) (pi) (psi) (%)

C120AV 0.002 152,000 125,000 10TI-6AI-4V 0.004 149,000 125,000 i0

0.006 148,000 125,000 10
0.08 145, 000 125,00)0 10

0.010 142,000 125,000 10

A55 0.002 82,000 65,000 18
Commercially 0.004 80,000 62,000 20

0.006 78,000 60,0 0 22
0.08 78,000 60,000 24
0.010 77,000 59,000 26

A70 0.002 99,000 75,000 J 18Pu ercially 0.005 95,000 74,000 J 20

0.008 93,000 74,000 23
S0.010 90,000 74,000 25

at room temperaturn. It was felt that the practical significance of this trend toward
Increasing notch sensitivity with decreasing test temperatut, would be revealed in
Phase II foil component testing.

Some minor variations In strength and not-ch toughnes were recorded .with
differences in test direction (I.e., transverse versus parallel orltetatioe to rolling
direction). However, elastic modulU (RT) definitely were greater in th transverse
direction in all cses due to anisotropy effects. Possible fture advastges migt be
taken of this directional behavior in oomponent assembly for highest possible rigidity.

22
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0. 006 ia&he Mick x 6 tnche wide
Roik"s Meaia XII Order

FIGURE 1.

DIPLES AND WRINKLS IN
AS-RECEIVED Ti-5A1-2. 5&i
ALLOY FOIL

FIGIUPX 2.

CORRUGATIONS IN AS-RECEIVED
Ti43AI-IMO-IV ALLOY PON.
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JL ASK 11 - EFFECii 'JESIMULATEI) BRAZE CYCLE EXPOSUME UPON F(.jfL

j The original intent (-f Task HI was to dethrminie the degree of degradation in

Ifoil st- eng~h and toughness leal-,da by the thermal c'Jin; asseuia-teti with

ty'piLa1 brazing and diffusion bonding prr-~esses. in tiiz wav, it wae boned that prac-

tical. limits could be placer! apon bond proceeq- time and te mperature parameters to

eisure adequate retention (i15 to 8'0 Le rcent) of originel foi strength and toughnesqs

levels for each foil a.1loy in the mnain lbody of the foil, tr.-icture. It was anticipated

that charts similar to the hypothetieal one shown in- Figure 6 !,ould be developed from

test data to indic... safe limits of bond-process temperLure and time. (Gr-adual

terioration -if foil properties was expected during theria1 cycling due to progres-

sive foil contamiration from process environment, recrystailLaio, grain o~

effecta, and beta ?rnbri' .. nt at temperatures above each foil alloyl.i beta transui.;

Earl-, work -as carried out to es.Thlish sate process limnits along these lines

of th':t.ivlnc~hed tensi specimens of 0. 0%6-inch Ti-5Al-2. 5Sn, and 0. OiO-inch

Ti-6Ai-4V foils , re subjected to Qimulated vacuum braze cycles in the temper-ture

rar"-e of " "00 to 1900 F for times of 5 to 30 m-Inutes. The minimal effect,- of these

simr"ated hi-n-ternperaturie braze cyclef- ivery near the beta-transus temporatures)

L, of yield strength and tensile strength levels are shown in Figures 7 and 8.

Al-lit the s,,me time. it was learned in concurrent work evaluating candidate

braze systeis that the Joint -'ructures and mechanical properties of program fails

are vul'erable to much more severe and rapid degradation hy the actior of the liquid

braze matcciahs Pion-. Trhese factors, including progressive erosion and dissolaticn

of f.~ls and beta-embrittlemnent of braze-affected foils, were observed to occur in the

lower range M,) process temperatures (-- 1600 tu 1700 F), becoming serious problems

lor process timies 10I to 20 minutes. T' he threshold teniper-)ture of ihe undesirable

braze/fOil I'LICactios, several hundred degrees below the foil alloys' beta trar,' i

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

expected to cause significant thermal degradation of foil, properties.
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In view of the pr3cedlng discussion, it beearne e%. Ident that-

* Kxtensiive study of .1,onding process time-temperature effecta on foils

wolild not be pertInent because of more 9'trious limitations on bonding*1parameters imposed by the nore pr, -nising (andldate. braze materials
-ther i--ves (viz., though f A. erosion and chemical- structural modifica-

* Curves of the effect cf dgh process tcmnpe atures and extended prcocess
tine on the mechanical properties of program foils ware n longer of
primary importance to optimize eventual joinink procensses.

Therefore, the b.est program for Tae-' HI was modified to the schedule shown in Table X.

Thc program was deF~gned to complement 4kme ev-Ituatiots of the as-received mechanical

strength and t.oughi.ess properties of the pi granr. foils, and to ccmpare these properties

walth tlE Tropertie3 -after iiniulatee. brazing at probable safe maximum process tempera-

tures (::ased on "niorementioned braze evaluation studies).

Test specimens of all foil and tube alloys were mechanically tested at three

tvmperatures,. both-before niid after a simulated braze cycle, The braze-cycled foils

v ere tested in tension (notched a;.d unnotched), in direction transverse to the directionIF of rcolllng (Fig. 3). Testing temperatures were -320 F, ambient temperature, and an
elevated temnperature listed in Table X. The procedure for tensile testing tubes was

similar io that used for testing foils, but wit'A, loading only in the direction of the axis

and witho-.t notches (Fig. 9).

'he braze cycles were simulated by heating tensile test specimens in a cold-Ial -5iln unc I 0 or tart f10dgre /iuefon10
walYcu unc 10x1 oi)a rt f10dgesFmnt rm10to the braze temperature, hoiding 20 minutes, then cooling at a rate of 50 degrees F!I minute to 1000 P. The simulated braze temperatures chosen for test were approxi-
muately 5. degrees F below the beta transus temperatures for each program qlloy foil

or tube. These simulated braze temperatures were:

Program Alloy Simulated Brazing Temperature (F)

Ti-WA-2. 5Sn (0. 006 in.) 1850

Ti-6A1-4V (0,.010 in.) 1775

Ti-I-1Mo-1 V (0. 010 in.) 1850

Ti-3A1-2. 5V (0. 002 in. wall)

Ti- 3A1-2. 5 V (0. 006 in. wail) 17

28
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TABLE XIII

TENSILE TEST DATA FOR TITANIUM ALLOY FOILS FOLLOWING SIMULATED
BRAZE CYCLES

Notch Notch

S Y Ulii To Avg To Avg
i te Test Yield Ultimate Elastic Yield Ultinate
B-raze Temp. Strength St Molus Strength Strength

Material ( (F) (psi) (pal) (Psi X 10 6 Rtio Ratio

TI-5AI-2.5Sn ELI 1850 75 109,000 119 ,000b 16.4 1.54 1.41

(0.0062 Inch Thick) I20 199000 1. i2

1850 600 70 0001
1850 0 70,000

TI-6AI-4V 177- 75 122,000 134.000 16. 6
(0. 0099 Inch Thick) 1775 -320 207,U00

1775 800 106,000 i 1.09

TI-8AI-1Mo-1V 1850 75 134,000 i9,000 18.0 1.28 1.23
(0. 0100 Inch Thick) 1853 -320 220,0001 I 0.79

1850 900 91,0001 1 18

All vidues are for specimcni cut transverse to rolling direction

The tensile test results are summarized in Table XIII and graphically corn-

pared with test dita for program foils in the as-received (mill-annealed) condition in

Figures 10, 11, and 12. All room and elevated temperature tests were conducted in

air atmosphere.

The results for the Ti-5A-2.5Sn 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-C6A1-4V and the Ti--A-1io-1V

heat treatable ailoys experienced minor decre ;e in strength and notch sensitivity of
room temperature following the simulated braze cycle. These changes were expected

due to the effective annealing of the alloys at the simulated braze temperatures. Also,

notb ti. Ti-6AI-4V and Ti-8Al-lMo-1V showed improvement in elastic medulus Pt

room temperature following tie simulated braze cycle (Fig. 10). A possib!e explana-

tion for modulus increase in the transverse direction might be the more pronounced

o:-phase texturing due to annealing effects at the braze temperature, hence intensified

anisotropy. As-received foils all have exhibited higher elastic modulli in the trans-

verse test direction.
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TABLE XIV
PROPERTIES AND ANALYSIS OF Ti-3A-2. 5 TITANIUMh ALLOY TUBING

AlyTi-MA-2. 5V TI-WA-2. V
ram ft1mWa Tainag 5621U TablAC

0. In t"A 0.D. X 0.002 Iamb "Ml 0.13 i IN 0. D, X 0.006 inch wall

UlUMAU TSU &ZU1 9),200phi 94 ,7 0 0psi
93.30(1 PA

sioatica. 2 Imsh 14% 12%

____________ Red Mmber 30095 1Bea.t Number 30095 ___

K;Al f 3.1% 13.1%
V 2,5% 2. 5%

16 PM 16 PP

T1 aac Balinco_____

The decrease in strength and notch ser"Itivity following braze cycling of the
TI-t;AI.4V alloy extended to -320 F. At 800 F, strength and notch sensitivity re-
mained essentially unchanged. No change in strength was noted for the Ti-8A1-1lMo-IV

alloy at -320 F but a slight gain In notch toughness was effected 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 cyc les tested, representing safe maxidmumn process limits, do not
significantly imsrfoil strengths or notch toughness levels in braze unaffected

zones.

Tensilz tests were performed on. Ti-3A-2. 5V titanium alloy tube obtained
from Superior 1ube 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 tile safe

maximum braze time-temperature cycles. The chemical compositions and tensiie
strengths of the Ti-3AI-2. 5V tubing, as certilied ! hex" ipir are given in Table XIXV.
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The average cross-sectional (load carrying) areas of the tubes were cal-

culated from precision weight and length measurements 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 ,- r,' ainute to 1000 F, and then

furnace cooled to room temperature. The cycles were performed in a cold wall

vacuum furnace with typical vacuums of 5 x 10- Torr.

The tubes were gripped with Swagelock stainles3 steel tube fittings as shown

in Figure 9. Snlid end plugs (also shown in Figure 9) were 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 results 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 comparisot| 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-annealing by the more heavily worked 0. 002-inch 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 ultirmate 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 slight decrease in strength for the 0. 006-inch thick tubes.

I.i
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TABLE XV

ULTIMATE STRENGTHS OF TI-3Ai-2.5V ALLOY TUBTNG

Condition
As Rec'd

(R) Average
Simulated Wall Test Ut1imate Ultinate

Specimen Braze Thickness Temp. Strength Strength
No. (S) (Inches) (F) (psi) (psi)

* R 0.0017 75 92,000

T-2 R 0.0017 75 92,000 92,000
T-3 R 0.0017 75 92,000

T-10 R 0.0017 -320 168,000
T-I1 R 0.0017 -320 170,000 170,000
T-12 R 0.0"7 -320 173,000

T-16 R 0.0017 600 49,000
T-17 R 0.0017 600 53,000 48,000
T-18 R 0.0017 600 46,000

T-7 S 0.0018 75 98,000
T-8 S 0.0017 75 95,000 96,000
T-9 S 0.0017 75 95, 00r

T-13 S 0.0016 -320 180,000
T-14 S 0.00.7 -320 182,000 182,000
T-15 S 0.0017 -4120 182,000

T-19 S 0.0017 600 52,000
T-20 S 0.0016 600 50,000 52,000
T-21 S 0.0017 600 55,000

T-4 R 0.0057 1 120,000
T-5 R 0.0057 75 114,000 116,000

T-6 R 0.0057 75 113.000

T-27 R 0.0056 -320 188,000
T-28 R 0. 0051 -320 188, 090 188,000

T-29 R 0.0056 -320 187,000

T-33 R 0. 005." 600 73,000
T-34 R 0.0056 600 74,000 73,000
T-35 R 0.0057 600 73,000

T-24 S 0.0057 45 109,000
T-25 S 0.0057 75 110,000 109,000
T-26 S 0.0056 75 107,000

T-30 S 0.0057 -320 184,000
T-31 S 0.0057 -320 185,000 185,000
T-32 S 0.0056 -320 187,000

1-36 S 0.0056 600 66,000
T-37 S 0.0057 600 67,000 66,000

T-38 S 0.0056 600 66,000

Stperior Tube Company - No. 3 Temper
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PLUGS FOR CENTER OF TUBES ARE SHOWN NEXT TO THE GRIPS

FIGURE 9. TUBE SPECIMEN AND END FITTINGS FOR TENSILE TESTING

I __ 36-."
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TASK II- I~LC~ OF CANDIDATE. 13NDING AND BRAZE ALLOY SYSTEMS

1&2,111y, eVery .imiu-Oil struleture should be made integrally from a single-
*i E foil (or othe(r nweta1 fhape) thereby eliminating the need for artifically prc-

U jit~s.Howcvcr, oftice this concept is still beyond the state of the art for such
:.h-~aeotacc2 struures as thin foil heat exchangers and honeycomb panels, it

folsry1r joiing mcthods to b~e developed which can tie together the required
02P conponcents in Buch -t manner ao to approximate an integral st-urture. 'The study
.i jnt structural reqiuiremnents, therefore, is really,, the logical 3tudy and evaluation

* ~ wi pe~rmissible compronr4ses made in component strength, stability, toughness, and
c,-rrosion- resistance for the sole purpose of permanently bonding an assemblage of

f Is imer a single unit. The proper balance of compromises prock ',es the optimum

fabricated structure. i general, the categories of joint strength, toughness, dimen-

sional and metallurgical stability, corrcsion. resistance, and weight penalties are of
primec importance to titanmium foil structures.

I Corrosion Resistance of lbints

Severe corrosive attack of titanium alloys by aerosol or fused salt media

oentairdfg halide salts or dissolved halogens is undoubtedly the most serious probleirn

threatening the general application of brazed titanium foil structures. Little is known

of the corrosion mechanism except that it Is essentially galvanic by nature. However,

practical experience has shown that dissimilar metal joints, especially those brazed

with the currently popular silver-base alloys, are particularly susceptible to crevice-

Lype-. corrosion (UT to 200 F). Silver-brazed titanium T-joints commonly fail cata-

tstrop)hicaUy after 10 to 15 hours exposure to 200 F salt spray (unstressed condition)

,tnd, as shown i71 F igure 14, crevice- corrosion failure normally occurs along the

Ti/TiAg interface. This degi~ee of joint deterioration would be intolerable in both the

4oat exchanger anl honeycomb structures. Rather, the joints must remain sound and

leak-_tight for --kended periods of operation. This structural requirement is of ex-

trmne importance.

3. 2 Joint Strength and Toughness

The nominal design stresses lmporad upon joints in typical foil heat ex-

changers (through internal pressurization or pressure differentials) and honeycomb

panels (chiefly through flexure) are quite low. However, 7ery high transient stresses

of indeterminate magnitude can be -.rperiencod in localized joint regions due to severe
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.gi'adictAtri or aerodynamic shock loads encountered in normal service.

41liect of such tt..'u; icnt stresses can be intensified by virtue of the natural stress

toncentrations impoted by the typical (angular) joint geometries ard their intrinsic

r ipjdity (Fig. 15 w d 16), and by internal stress concentration due to microcracks

ormcd at moderate st tess levels in relatively hard, high-modulus, secondary phases

o filler material, (c. V., the TiAg phase encountered with 3ilver-base braze alloys

or 1eryllides in Ti-Zr-.Bc braze alloys).

Consequently, kt becomet4 imperative that joint matrices achieve a proper

alatuc, between strcn!;'Kh and toughness. High strength, approaching that of the parent

f,)il, ! desirable to raist pernianen 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 equr-lly desirable to minimize the

likelihood of stress concentration cracking and premature joint failure. Solax's

concern with joint strength and toughness was reflected in the choice of the test speci-

men types to screen candidate bonaing systems; the T-Joint tensile test specimner

(Fig. 17) and the doubic-lap joint peel test specimen (Fig. 18). Both tests measure

relative joint strength and toughness under conditions simulating the stress fields

and natural geometric stress concentration found in foil structures.

3, 3.3 Dimensional and Metallurgica: Stability

Honeycomb panels and heat exchanger structures f,.re required to have pre-

cisely controlled external dimensions. Therefore, it follows that suitable joining

methods must be rerfectly adaptable to the exact fit-ups and carefully tailored dLmen-

sioro of a precision assembly. TG avoid prcgressive thermal distortion and joint-

rtisynatch ir the maling of thousands of interconnected and interrelated joints, it

becomes advisable to necomplish all of the joints simultaneously. This is feasible on

large scale only through brazing and, in certain instances, diffusion bonding. Even

these joining techniques may contribute to dimensional instability if process heating

and cooling rates cannot be made uniform throughout the foi. structure. As a result

rof this situation, dimensioal control can readily be lost through non-simultaneous

joining and by thermal distortion or warpage of the erratically joined integral structure.

Excessive liquid braze erosion of foil faying surfaces can also create problems of

dimensional stability by consuming variable amounts of foil length, thereby disrupting

or weakening joiW areas and changing critical component dimensions.

42



Muvtallurgical instability Is a different problem which a-ises from undesirable

[oi st.-uctural changes occuring during heat treatment associated wvith the jo'ni ng

procec or due to foil/braze (or foil/irterleaf) interaction. A good example of metal-

lurgical istability derived from process heat treatment is beta embrittlement of foils,

related to beta-phase grain grc -tii and second-phase dissolution and subsequent re-

precipitation effects in the all-beta. field (e. g. , > 1850 F fo'- Ti-6A1-4V foil or > 1.9o3 F

for Ti-8AI-Iloc-lV, and 'ri-5AI-2. 5Sn foils). The braze Cycle simulation work pr--

viously, described was designed to characterize this prOblem. Foil 'Instability arising

from foil/braze interaction may be evidenced by regions of high hardne.-- and em-

brittivinent in the braze-affected foil resulting from undesirabic beta transformation

products on cooling ie. g. . omega, alpha-prime, or inri ~um alpha phase extensively

hardened by interstitisl (,' _ment absorption). The Ti-SA1-lMo-IV alloy is also suscep-

tible to an alpha-ordering phenomenon, particularly intense when contamingtrd With

alpha- stabilizing interstitials picked up during joining, lea%6ing to losses of strength

and ductility and increased0 susceptibility to salt. corrosion. It follows, therefore, that

the joining process itself must not act to Induce instability of either ::ind.

:3.3. 4 Weight and Process Considerations

The task of making foil joints incurs a penalty in the form of braze alloy

weight or interleaf material weight (diffusion bonding). The single possible exception1

* iiapP' !-ffuslen '-o-dirng which appears feasible only for tube-to-header joints,

characteristically posse. ,qing large, well-supported faying areas. (Hloneycomb core-

to-face sh,,;et Joints, as weli as plate-to-fin joints do not adapt well to diffusion bond-

ing parameters of high stres s- temperature because of the extrzinc flexibility and low

bikllng resistance of thase structures.)

Typicaa! weight renalitie& range from 0. 5 to 1. 0 percent of total structure

weight for diffusion bonding or in-situ brazing, aaid up to as much as 3. O to 5. 0 nercent

of' total weight for conventional -,., Jer of f 41-type braze loading. The objective in all

cases is to provide 100 percent bonding of all faying surfaens with the formation of theI .sxw'lest useful fillet (i. e. , mirdimal fillet brazing). The overly large fillet in loil

joints is usually superfluous from a design 3tandpoint, yet contributes moist to braze

weight.
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!n-situ brazing -- juires the best fit-ups (as precise as for 'iff,-ion bonding)

but definite advantages accrue in weight san ag, ideally, the in-situ braze proces 3

nuts a thin layer of braze alloy ,At1 -J" -- ,ag Murfaces in sufficient quantity to

j -qt briftc the rtt-up gap with rnjiiimal flow and filleting. Examples could include

Ni-P-' eutectic braze 111nyq pl!at,'a v',.igen plating poss) upon faying surfaces

(0. 0001 inch thick) or very fine powders of friable braze alloys slurry-coated upon

faying surfaces (0. 0001 inch thick). Add "onal processing advantages of in-situ ,

brazing are,

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-situ process guide tire is most applicable to plate-
and-fin heat exchanger technology where he-ting rates are naturally and
unavoidably slo v, and faying surface fit-ups have to be near perfect
regardless of brazing ter ,ni-a

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 weldod node joints
require no further reinforcement by brazing.

Conventional braze leading consists simp . of placing braze alloy powder or

w 'ee immedlatly ii 1jacent io the joint faying surfaces. Normal lIqu'd flow and fillet-

ing carries the braze material into tl.c Joint area. Obvious advantages of conventional

braze loading are:

* High -vrecision fit-ups are not mandatory, although usually desirable to
minimize distortion.

e LiA~ding technique is relatively simple and inexpensive, contrasted 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 producc i help to lower applied stress levels (buttressing effect) and reduce

stress concentrations in braze joints. For example, in a honeycomb panel, both

core-face sheet Joints and nodev joints would be benefitted by the heavier flow. This

advantage can be beneficia! to brazement reliability, especially in braze systems

characterized by potentially embrittling interfacial compound formation (e. g., the

'iiAg intermetallic In silver-base systems) or random occirrence of massive inter-

metallic phases (e. f., titanium beryllides in the TiBe syetem).
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The weight problem and associated bond process problem,, of varlably

"px-evise fit-ups, heating-rate sena It! x-ity, anid braze loadink technlqucz oxwith thcir

individual advantages and disadvaintges) had to be considered iPi selecting the must
*p p-':nising bonding systems for study. A distinct advantage resides with the more

versatile brazes alloys which can operate well in either inl-situ or conventional -braze

* situations, and are relatively ineensitive to normal (desigm-I'mrosed) variations in
heating rate, braze loading, and degree of fit-uip. Such versatility permits wider

tolerances for process parameters, a larger measure of' bond process control, and

more reliable f 11l joints. Varying the braze load also permnits some contro! over_ the

weight penalty. Additional advantages In weight reduction accruc to the ie~dense

braze alloys, such as the newer variyties of 1i- or Zr-baae, as contrasted with thc-Se

of Ag- or Pd-baze. The relative 1ensities of these elements are:

Element (gm/cc)

T1 4.51

Zr 6.49

Ag 10.49

Pd 12. 02

* z~c..1 .1'lAyo10 Q;I Full PE~giroblems

The currently available braze systems used to Join titaniumn suffer from the
fact that they were not dev! sed spciitcRally for the unique metallurgical problems of

titanium alloys. For example, braze alloys based upon the two eutectics in the Ti-Nt
binary system, TI-66N1 (2040 F) and Tk-2'h0i (1725 F), have been evaluated by IndustryJ

(Ref. 44). The high titanium levels ensure good se'lf-fluxlng ality and fluidity. The
principal problem with the high-nickel variety Is rapid and severe erosion of the

2:., *~.~ i ~'-the te'ndegncy olt ne ilauic brare to iaso.. ol

to more closely approach thermodynamic equilibrium. This tendency has beven observed

to be aggravated at brazing temperatures>i 1750 F for ftimi~la,. nonertul hbilurn 3yfltems.

The lower temperature TI-28Ni eutectic braze alloy shows much reduced erosion
tendency because the liquid braze can coexisat under quasi-equilibrium conditions wi-th

the terminal titanium solid solution at or just above the eutectic teillperaturo (1750 to

1775 F). However, upon brraze nolidiflcatlon, the preponderant phase in ,oulume per-
cent is the brittle internietallic Ti Ni, which create a poor engineering structure..

2I

45



To minimize brittle intermetallice and erosion problems, m-ost investigators

have resorted to silver-base braze alloys wit doubtful success (Ref. 45 and 46). Typi-

cal silver-bare braze alloys used in prnduction brazing of titanium are Ag-5A1-0. 2Mn

(1650 F), Ag-2Li (1400 F). Ag-1OSn (1700 F), and Ag-28Cu-0.2Li (1500 F). Ln high

vacuum or gettered argon atmosphere, these silver-base alloys flow well on titanium

surfaces without flux. The rapid formation of the semi-ductile intermetallic, TiAg,

at the braze/substrate interface acts as a physical barrier to titanium erosion. 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. An even more serious problem has been crevice corrosion cracking

in mariite atmosphere and industrial environments (requiring several weeks or months

to be evidenced at ambient temperature). Crevice corrosion cracking slong the

Ti/TiAg interface takes place in silver alloy brazenonts (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, ay cxposure. Apparently, the problem arises from ,i strong sm-face electro-

motive force potential generated between the TiAg/Ag or TiAg/Ti couples (Fig. 14)

Another r)eta',lurgical problem to consider in titanium foil brazing In that of
prev'enting beta embrittlement. Prolonged heating above the beta trar is tempera-

tures' -, of most commercial tit-anium alloys gives rise to a .natrix structural chiange

termed "bet embrtLklement", characterized by low ductiitty and iew notch toughness

Ieve. Tht. coarse-grained Widmanstatten structures generated are somewhat

harder a'd considerabi'; iss ductile than the former equilibrium or hcaz treated

structureg, Theyv14re k.t I by a combinatiou of beta grain growth. abborption and

rediatribution of inttrstitl element contamirants, and formation of nonequilibrium
-V t-mtion 'r n cooltig. A:. v9ntori is the best remedy for beta emhrittle-

went. l'heiefore. it is terative that ttla ftil brazing ,* corducted well below
each foil alloy's beta traneus temperacture and that the effective beta tranwus of hraze,-

affected foil not I* lowored siguilcantly -by pro,-essive absorption of beta-stabilizing

elementsm from the bram.'; e. g., by zirconium, nickel, or C61, r),

1. Approximate beta trtaua temperatures. "1-SAI-IMo IV 1900 F
"l-SAI-2, $t 1900 F

1850 F
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Jt sh)uld i ~m~ e thuk the iour pn noipal. nwt.Alurgcai prohlems con-

s) stt ig of c re,. ice rorrc F-, on, 1iuid-nmekaI erosi on, beta eni brittlement, arid urdesi r-

!o- jnt rmetailic compo-41d forrmatio- n ar- kralid fo;r tiianri,!Tn joininlg p' -1 SQ, but. are

greaf!, mxnarIied fc'- the c,.ridition )f joining fi~fis. 'Ris is true because of lhe en-

targc'd faying slwface (i.ec. , reaction surface) to bulk volurv ratios for foils: rnakinc

foil Joints MTUC h ICSF 9able t(- accommodati, the adverse effects u; corrosion, erosion,

contamn-ination, and unfavor;.Ide structur-al er::rges thnn, simailar -jo'nts in heavier sheet

and plate.

3. 3. 6 Proooed Approach to Prob)len Sirtns

I'h raioalesuporting the developmnent of i'-nroxvcd lhra:essem o

titarniun aijoys was diricted primarily at volving the two mnost serius probleyns of

joint corrosion and erosion. To comb~av corrosion, it w.as reascned that t.ac brax;c

mat-rial and the titanium foiis should have surface eOectronotive force potenti-als as

closely miatched as; possible. This situation would reduce the likelihood of dissimilar

metal couples dex'elopiv clectrornotive forces of sufficient magritude to drive poten-
tisoroiv eaton.Consequently, to rninirmize the vturface elect roniAtive

force differences between oraze ni c.roc, isti uents anid titium foil inennhers., it .

dec'ideo (in pru-contract work at Solar) to select braze rlvbases th-it are chemiicailk

similar to the foils thenms, 'yes. ThIs, of course. narrow-ed the camdi*tc- enental

bases to titsnitr. -Jirconiuni, and po.selhlv huniavi, The st~wzdard oxidation-: ,fluk ).

potentials of candidato braze baiqeA are shcwM in Tablho XVI.

To .,otaittvract ero~lon, it was felt that the liquid brazte mnetal should he uii

t bermrodynaw f c phafte equilihriun, for at least apprnximat ,eqw@uilbrlurn w-ith the aolid

ttanu-hatse foil alloy. To aocomplish this end. anl also to lo,4vr the base alloy

braup temperature to deceleratv tbe rate ofan -111f.quld/Eolld interactI~m. it *Aae decled

to evaluate eutectic braze syntemA of Ti-Be. Zr-, mirhZ~-.Ths

w',re chozker uaing th-c rlivrt -of meltin'~gpoilt depressimi, the matched nxidrtiln-

reduction potentials, td the UkeUbood of forming conr.4K-ti 'Ai itquld svoteins which-

can eoexist in a ot-qte of ar'tual or jusasi-4hermo&'namic .equi(..,ji~ vrith folIs. ,

ewrdldate elew.entg cmal&sider are included. In TahilsL XV31 aM XVH, I r-. r'.'urn pnovvd

to be a nearl!. ideal melting piolIr depressant ktr tihese bases, 'l'e first eutectics
fornied with bet-y~ium for the titant1iu'n zirconium. 4 rnd T.-Zr bases - ~.~to

i.w eigt 'percent beirylfui (Rlef. 47 and 4.44 provided superior !'rartngc harac-,

teristics. on .'4UAi at process tenmperatures :5 2000 F. The standart" s-urfzcte eetromoUi%'e
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DA\!);j.i) ()XIDA 71V P F 1) ""If)N P ITE~~N,1As ~\))\I

M1ost Common vol age
Vadencee (V)

Tri Tti + 4e +1.90

Zr -=Zr~ 4e +1.53

Be Be + 2 e '.5

A 1 A t +3 + 1. 66

N N 2 +.25

Ca CU +2 6-0. 34

Ag = Ag+e0.80

Pd = Pd'+e ~ *os

Aix Au+ + e- ~ .6

fo-c- of elerncvntnl bervll in indicated 't aultability for diffusion aldri ng w~t S both the

foil allovs and the titanium or tiUi:wnzirconium lernIrial scoiid sol~utions cf the tw:izef ~ ~~~(ith whit 11,the liquid -,,Utec t i hwazeak prah emd-ai ~wirur'

Not only -are U& ber iI U0, -n-olublIliee low (1. 0 percent' in the~ corre~.pondng ter;i-

nal scild atolutiofl of the soiA br-.tze (to ewsur ! mininnal changes in chierical activ~ity1.

tykt bery.i11AM. is m a weak ?i-phase &.WLPe -' rnia mizing the probatbility of beta

t'?ansus lwnperature redt~ckJton in braze .fcLr 11wh. 0h~efc fth oeptn

beta stats4ier,, r~reetis;:m, In briim-O.afteded fail was determin- to ')e mino- so

long as Lraze temperatuires are nasintained 1700 F. The solid eutecdc otuctureri
thrumselwr evubot of ;proximuaely 35 volume percent 'n Be and, or /r.we2 ar rarnped

Ln fir4.ree, dedri-f~' patterns welthin a conti-riou.- niatrix phse of the 'IW ita. zi ro ~tct-

wni or Tf-?4r ternainal solid solution (Fig. 19). It was subi.equcaitl shown in prior

w~jrk -v Solar that the eureitic braze rtructumne characterized b)y Continuous. Vr-

pd~int (5 vhn~e -~ent) matrices, and an aboence of interfacial hcyid lMt

ec'sure a bjod me%,%wre C braize totKg'wees. The beryldes tlberselveib devinst rated1
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CANIDMATE ALLOYING "LE K FNTS FOR PROMT>IJING TTAN - AM)

ZIRCONIUM- BASE BRAZE ALOYS

Alinger t. (Whg Pon Dpess', .T I Aly E~,wm}! Reiak -

ta a-se ____

Aluminum 12.o04 39 a stabizsr
-&3rywlum 25 5, 4ts .a lbilizer "

Cobalt 46.7 1'60 2- 1 atabibzer

594 I 47
Chromitum 12.7 4tabIze

Copper 51.3 1314 42 atabi£er

36.1 1153 32 etab.irer
iGermaduH 6 1483 2 Mld a dtabiaier

67.1 1 22 ~ ~ ieMangauese 23.1 981 42.5

Nickel 48.3 1378 28.5 s t mbUIzer

Silicon 82.7 702 8.5 Mild p stabilizer
Sllve:" 8.1 558 89 f tabilizer (solub, la a)

TIP 5.9 158 3 Mild t talizer

Zirconium 4,0 200 p stabiizer--

Zircowium-Base

Aluminum 82,ni 902 .a nts~i~er

Berylliuia 285.0 1568 5.5 Weak p stab~lIzer

Cobalt 1010 1596 151 Wek st WAfler
Chromium 55.1 992 i8 Weak p stIzer

Copper 77.1 1541 20 tabilizer -

Iron 103.0 1644 16 e3 ,tabilzer

Germanium 73.7 568 7.7 Aild a stabititer

Mangasie 57.3 1289 W11.5 stabillzer

Nickel 94.4 1604 17.0 atabtlizer

E.Ucon 149.5 434 2.9 Mild P stbier--,
Silver NP. 4 1082 12 f stabilber j
Tin 20.0 470 23.5 a stab'lzer
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to be corroslon- rests.&Ant ii, the eute-.tic mix, presurlablv becazuse of theii Chemical

inertness or matched electroimotive forces. Bra-.en'.nts of all eutectic alloys with-
stood 100 hours of salt-spray exposure (5%NaCI., 200 F) without apparent structuralI
chanrge in prior work at Solar (FIg. 20).

Erosion problems were still !ipparent wvith the binary titanium- and zirconium-

__I__ base alloys in initial brazirg experimente. For example, the Ti-5. 6Be eutectic alloy

gaue evidence of progressive foil erosion at the mirimum brazing temperature of

2004) F (Fig. 21.). Although 2000 F is only 50 degrees F greater "' -n the apparent

__ eutectic temperature (a mneasure of thermodynamic imbalance), the reaction inetics
__ are sulfficiently rapid -at this hMgh. process temperature to severely erode and struc-

__ turallv modify the 10-mul Ti-5Al-2. 5& foils within 5 to 25 minutes at temperature.

n adtioA, the braze-affected foils suffered complete beta embrittlevient at the

a- 1 2000 F process temperatare. fhe lower melting Zr-S. OBe eutectic alloy exhibited a

differeat kind of erosioni problem with foils. Ir just 30 seconds of braze process time
at the. eutectic temp erature of 1810 F, the titanium alloy foils underwent severe liquid
metal erosio-n (Fig, 02). In this case, the underlying cause proved to be related to

the liquidus-temperature minimum occurring in the Ti-Zr binary at 50 weight percent

Zr (Ref. 411.. ExperIment-s at Solar with Ti-Zr-13e ternary alloys (with varying Ti/Zr

ratios but constant & 6 percent Be level) revealed that the minimum in -the liquidusI
temperature (16325 Y., for the ternary alloys also occurs at a T~i/Zr ratib of IA0.
Hence! liquid zirconium-rlch braze alloy and solid titanium-rich foil-are too far re-
moved from thermodynaic equilibrium at IfAO F, and cannot coexist without initialyI
st:*ong interaction and modification (foil. erosion).

Reflection upon the methods avwilable to control erosion led to an ev-ertua1

solution. ,There are five general methodis for c.ntrolling crosion:

I. Kec-p temperature and time to the absolute minimums required for
brazing.

2. Use low melting braze' ya to reduce rates of liquid metal attack.-

3. Use a minimum quantity of braze alloy.

4-. Form continuous interfacial compound with slow di~ftvion rate av- the
Interface.

5. Use a braze alloy that approachies temodynamio equilitywiurn -dth base',
metal substrate.
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The use of rapid process cycle3 (M-ethod 1) can be ccnsidered in special cases,

but was tiaccental'Ae as a complete soluti on for the "heat- shield~ tyr-4, of stru~cture

required In thispror - educ ftZ -aLtf Ow braze a- toy (M-ethod 2)

does -~duce teerosive raeof attack, However, the strngth versus tei-peraitu re

curve fo- a braze alloy is generally related to the m-^i1t;Dg point so that a braze alloy

melting- at 1250 F (braze flow temperature may be M50O F) cannot be epet.d to have

mnuch strength at 1000 F. Therefore, this approach offered a very limited solution

to the problem. (However, the high OCQ F flow temperature of the ti-Be eutectic

represents the other extreme and wa,3 equally unsuitable.)

The use of a minimum quar'tfty of braze alloy t Method -) is required byv other

factors- i r- 11 Atng

* Minimum weight structhIre

# Efficiency of heat exchanger structure
*Control of braze alloyv flow (e. g., node rlow in honeycomb sandwich)

Threoe "Method3 could not be considered aii ofepndn vaibetonrleoin

Metod (ormtin o acompolin tte hef)I sd in mn rcia

cass. he ormtio ofT!Ag at the titanium-cilver braze alloy interface has already

bee dicusedTheproblem with this type -fapoc st idcmonswt

modicum of ductility. For N~a reason, it doves not represent a versat11c approach.

Method 5 has been used by Solar in th eeomn fnonerosive alloys for

brazing refraotory metals and titanlf ur. The Ideal situation is to braze a soti& solu-
tion alloy (foil or sheet) with a euteotic braze alloy composed of the same or closely

related solid solution plus another component or components in thermodynaniec

equilibrium. '-Me trouble vith the Zr-He eutectic Is that Zr, although chemica'lly

sin' 1.ar to 11, does not pro'lde the required thermodynamic equilibrium betwvean

liquid and solid phases.

These early motrillurgical studies at Solar led to the obvious soluton1 to both

problems occurring with the binary Ti-Be and Zr-Be braze alloys. rhe problem of

erosion due to thermodynAmic imbalance of chemical species (Zr/TI ratios) was
solved by employing the balanced ternary eutectiu allo.,, TI-47~. ZZr-5. GBe, (The

absence of the foil erosion tendency Is shown in Figure 2Z In rddition, the
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problenn of inor thernto-,yna mil filanz-a Ca'ed by the typical pmr twue I
xerpnil' nwte actual etectic tomnperatu.re and rinimum ~Ifow temperature

(~~~Uy-~501 degrses F) --;as alleviated by employing the ame ternary eutectic
alloy. At thie quito 'Lw mninimumn brazing temperature of 1650 F, the reaction rate

of liquid/solid was - hown to be appreciably slower tbhsn at WO~ F, so that rapid foil.

Msi0Z -dsdt eaDolm.Mtlorp~ xmnation indicated that neither

erosion nor beta t.mnbrittlement of program alloy foils -,ccurred to wny appreciable

de gree at 1560 to !700.,F for prove, s times up to 25 midnutes (Flg. 24). On the

%1rfmnvth of these promisi1ng structunral and behavioral charr~cteristlcs, the ternary

Ti-~Zr-Be eutecti.- &119y was chosen as the principal b, -s for further alloy studies aimed

at optimizing foil joiniLig capabilities.

3. 2. 7 Selecton of Braze System.w for Foil Joining Studies

To obtain th,- proper background information from which to select the candidate

braze alloys with befit potential for the subject pragram, a comprehensive literature

ourvey was made of all published titanium brazing e-%erlince to date (Ref, 49 through

This sur.-eyr~evealed that published infornatlon 'on titanium brazemnent

strength, toughness, corrosion resls~arice, and gencral. metallurgy was quite sketchiy

-a-ad f requently vague for -nost braze system's; indibcating that very little concerted

effox has beeii made to &-velop fitanium brazing alloys using 3ound metallurgical

approaches. Thus, the- braze alloys reported by manufacturers of titanium-braze

structure usually represmnted existing braz,, n.loys not specifically designed for

io'irng tktalrlunt, but apparently suitable on a cut-and-try basis. The silver-base

fiirly'rof braze alUoys falls Wno this category. Reported attempts at developing braze

alloys specifically ~or (and metallurgically comnpatile with) titanium had been carried

out norinally as laboratory efforts, with little application or service experience yet

available.

The three: probsble exceptions which warranted attention In this program are

deerrIbed ini the follawhw paragraphs.,

Pallarllurit-Containing Braie AlloY

For r 4 ' ti'tanium to staJkleas ii~tal, a now alloy (Ref. 79) containing

81. 1 palladium,. 14. 3 a Over, and 4. 8 01ilicon in percent by weight had been developed

under' aN YASA conttract. The homogeneous solid was reported inert to nkrlc acid
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attack4 The ultirnate tensile strength of the jo~nt roprtey-7,06alTh
alloy was reported to form a xnetalutLgical bond, vvith alloy ln ra-ia Nv~tratlon of

0. 0015 inch into the titaniurr sbsr 'a and 0~ O nhit 1h a.)~h stL

alloy reportedly exhibited excellzot fhow characthrisUts at a ,brazing te-ipor ature in

the range of 1395 to 1,;50 F,

This palladium- base al oy provided a nwwel npproarfh to a iow-texi.,erruure

braze alloy for titanium. However, was Occided to~ ehili.tet thlo alloy fis a carudpto

becau~se of:

*The wide differcnee in surface edectron otive "ktenialm fa: r Pd F0, $3 volts)
and Ti (41. 6c- volf,5)

*The high densities of both Pd and Ag

*The high Intermetallic content

Nickel- Phosphorous Braze Alloys (Kani Igen Process)I

Nickel-base braze -alloys containing phosphorous (Ref. 91) have been developed

for use in the nuclear energy indtstry where the presence of boron (erm~ in, small

quantities) cannot be tolerated. This type of alloy does not erode smainless steel and,

therefore, has found acceptance for joining thin gage material, it does, however,

fend to be brittle. Most of the alloys are available as powder-, mU exeption is the

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

A suitable filler metal for producing sound, corrosion- re sistint joints In

zirconium alloy tubing operating in high-pres sure, high-temlperature (--- 680 F) water

was reported to be Ni-7 to lop (Ref. 49). Because of th,, metallurgical similArity of

titanium and zitcoiliuni, it was dec, led to screen Ni-lOl' pla~ted by ttie Kanigen electra-,

1.e~s process on titanium foils for poasible in-tu braz-e application. A typical use

of an in-situ process is the joining of flat plate tnd corrugated fin components of thini
foJ1l heat exchangers.j

Titanium and Tilanfum-Ziromla:un ftae Alncys

The promising characteristics of Ti- and TI-Zr-base bra7.e alley, cinploj.ng

beryltuxn as th~e major mielting point depressant were discussed previously. These

eutectic bases were veleot*4 for further stady and development, with the hope of
evolving w uitable braze materWa for foil jiinor.
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Plans~ were drawn for jnixor chemw'cal xiirA,:tion of the basic Ti-5. 6te
and1 Ti-4.{'2Zr-5. 6De eutectic alloys, with the primary objnctives of:

SLewering the flow temiperature -of t;,.e T. -baee alloy froin 2000 F to
~10-70F, to minimize fofl arostc'n tendency for V*RJ11--V

Ti-WA-4V, and Ti-WA-2. 5Sn fotib. (Modifieto; inckided Ai, Co, Cr,
Fe. Cu, Ni, Ge. Mn, Si, Ag, and Sn,)

Lowering the flow temperature of the Ti- Zr bass allt from n1625 to
1400 c r 1500 F; principally to permit safe brazing f-f the i-A2.5V
tube alloy below its beta transus (1715 F) and to enable safe, long-
tenn brazing periods for all the program foil aiioysi. A secondary
objective was to reduce the beryllidr, )ntent of the basic braze structure
by partial or toial substitution of other melting point JIepressant for Be,
(Modifiere in'2uded Ni, Mn, Sn, Fe, Cu, Pd, Si, Ge, Ag, and Al.)

The selection of alloying additives and the Quantities of rdJ~tives used were
based upcn the stated objectives of lowering thc- e--xiC -mting points of the braze
alloys sorme 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 Ta2,le XVII.
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Braze Alloy: Ag-CAl-0. 2Mn

Braze 'i.'empprature: 1790 F

Etchint: Kroll's

Ma~ffi cation: 60X

Vote the thin TiAg filok

lBr~ze Alloy! Ag-5A1--0.2Mn

Braze Temperature: 1790 F

Etl.hant: Kroll'

MagniftIton: 607.

Crevico corrougon dcetrovcd the
foll/bx. '.e interface Joint after a
96-hotur exposure to salt spray

FIGURE 14. TYPICAL~ Ti-6A1-4V FO!L T DINT 1311AZEMENTS MADI. .0TH
SILVER-BASE BRAZE ALLOY4



COR
COREE

iFIGURE 15. TYPICAL HOECM OET-AESETJOINTS

FIGURE 16. TYPICAL CORGEDINTPLE jjHEET OINES

ALL W39MVEIN4 IN4 INCIIFS

FIGRE 7. -JONTSPECIMEN USED FOR BRAZE EVALITATJON
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BRAZ

All DWL1MV:STONS rN INCHES

.(i)6 

FIGURE 18. DOUBLE-LAP JOINT SPECIMEN USED FOR BRAZE EVALUATION
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Etchftnt- Kroll's

Magnficaior;100

FIGURE 19.

TYPICAL EUTECTIC
STRUCTURE IN AN ARC-
MEL'; -D INGOT OF
Ti-47. 2Zr-5.6Be ALLOY

Z.4



Alloy: Ti-5.653e

Etcharnt: Kroll's

Magnification- 6OX

Absence of co-rof~ive attack

Alloy Tl--6Ni-5. 3P~e

Ftchant Krnllls

Magnification: 63OX

Absence of corrobive Att.-Ik

A 11). Ti-2, gAl-' BJe

F11rhant \o

Aboree of corrpsive alliack

FIGURE 20, BRAZED T-JOINTS OF Ti-6A1-4V FOILS AF'TER A 96-110URS UTL
,SPiiAY EXPOSURE (Sheet 1 of 2)



Pthat Krl' A

Magnification: 6OXA

I Absence of corrosive attack

FIGURE 20. BRAZED T-JOINTTSOF Ti-6A1-4V FOILS AFTrER A 96-HOUR SALTSPRAYEXPOURE Shee 2 o

60I
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braze Aiioy: Ti-5.G6t

Braze Time: I Minute
j BDraze Tfeflperature: 2000 F

EEtc'hant Krolles

MaMagmfication: 100X

llraze Aliooy: Ti-&G613

Brazi e Timie: 5 Mn UtesS
Brazeaz Totnperat'mr 20000
Etchant: Kroll's

Magnifcat~on11 OO

[T1t'A[v:T 5,',

f-IGURE 21. PROGRESSIVE DISSOLUTION AND E2ROSIO)N OF Ti-5A.1-2. 5Sn FOIL
T-JOlNTS WITH INCREASING BRAZE TImE,
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*.lvZr-f;.01!&

T3x~i fin! 30 secnd

i:-htchu Kroll's

M agnification: 60X

Noie foil crosion. This alloy'
prove~d unaccept.able for- foil
brazing.

FIGURE 22.

TYPICAL Ti-6AJ-4V FOIL T-JOiNT
BRAZED WITH Zr-6. OBe EUTECTIC

- .--.--. ~ALLOY

Bra e I me: 5Minutes

Braze Temjperature: 165-1 F

FEtChant: Kxmoll'

Mag-nifi-taitn: 6iox

Note absepce of foil erosior through
a-otior. of thermodyncimic aivJ

metallurgical principles in braze
alIvy d,,i8gn.

FIGURE 23.

TYPICAL Ti-6A--AV FOIL T-JONT
BRA ZED "WITH Ti--47.2.4:r-5. GBe
EUTECTIC ALLOY
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4

Braze Alloy: Ti-47,2Zr-5.6Be

Braze Time: I Minute

Brize Temperature: 17(00 F

4 Magnlfication: lOox

Braze Alloy: T1-47. 2Zr-5. 6Be

Braze Time: 3 Minute

Braze Temperature: 1700 F

Etchant: Kroll's

Magnification: 100'K

Braze Alloy: Ti-47. 2Zr-5. 6Be

Bruze Time: 25 Minuteo

Braze Temperature: 1700 F

Etchant: Kroll's

Magnification: 10OX

= FIGURE 24. EFFECT 07' INCRE" SING BRAZE TIE ON Ti-5AI-2. 5Sn FOIL T-JOINTS
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3.4 -TASK IV - DEVELOPMENT AND OPTIMIZATION OF BRAZE ALLOY YTA

It was the intent of this portion of the program to develop and modify esisting

braze aliby systems t,. fit the 6pecial requiremerts of titanium foil brazing. To this

end. a series of subtasks was programmed to aid in the comparative evaluatio o

braze alloys. These subtaska included;

* The formulation of candidate braze compositions.

* The melting und comminut on (A candidate braze alloys preparatory to
brazing tests.

*Brp ?'4ng tests upon tiAum !bils to, azzss bra7ing eiiaracitilstics and
relatilvz applicabilitles of candidate braze alloys to titanium foil joining.

Sa&lt spray corrosion tests of alloy brazements.

*Mechanical tests at rcorn temperature to appraise relative strength and
toughness levels of cwndidte alloy brazements.

*Metallographic structural exandication of candidate alloy brazements,
before- and after cc oslon and mechanical tests, to detect zones of
potential weakness. This iniarmation (in total) was then used t) re-
modify braze coriposltion, braze eyelle, and heat treatment to 2uirther
optimize each braze alloy system.

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

oqflimurn braze system for each cf the foil structure types to be evaluated in Phase 11

-(viz.,, -corrugated sandwich structure, honeycomb sandwIch structure, and tube-to-

header matrix structure).

3.4.1 Experimental and Test Proceures

Testing Format

The test program of Phase I was divided into two consecutive' 3ks (Taimks TV
and V). Task TV was concerned primarily with the (compositional) optimization of braze
alloy systems to maximize corroosion and erosion reslstancs and to obtain the best

* combination of brazing characteristics and processing flxIbility along with joint tough-
ness and strength properties, Adqaability to ala program alloy foils waa stressed),.
Eighteen of the most brazeable alloys, screebed by foil brazing performance and
microetructure from over 100 chemical modifications of the basic Ti-Be and Ti-Zr-Be

1. TI-OAk.4V, ELI (AMS-4007)2-10 mU foils
Ti-SAl-2. 5ft, ELI (AM-490)-le 1411 foils

-V ~ T-aAI-zMo-w {AMS-4018)10 l foll
TI-3A1. 5V tubing to, 125 inch 070C by 0. OW Inch wall thickness)

TIM 68
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braze alloys were comparatively testoti in an evaluation proga involving simple
T-jolnt (Fig. 25 and 26) and lap-joint brazements (Fig. 27). The T-joint con~1gira-
tion was chosen to sinulate the criticatl core/face sheet joints of honeycomb panels.

Lap-joint specimenn 9effectively simulated other tmportant foil joints, typified by riode

joints In honeycomb core and Corrugated fin-to-plate joints in heat exchangers.

T-joft t tensile and bend tasts and lap--joint shear temte were conducted prin-

cipally at room temperature, both in the as-brazed condition -and alter 100 to, 23 8 hours

exposure to salt spray (200 F, 5 percent NaCi). Special tests were also conducted to

gage biraze-line peel resistance, using the double lap-joint specimen shown in Figure 28
and to measure the stro.1n-accommodation aollity of thin films of braze alloy upon a
thicker substrate of stressed alloy foil (Fig. 29). This lattei: test was important to

evaluate braze adaptab~lity to thin foil structures where local and general surface
strains can be quite high as& a result vf combinations of flexure and vibration and
pronounced thermal differentials. At the conclusion of Task W, the list of 18 candidate

alloys was reduced to six for further evaluation in Task V.

Braze AlyProduction

Bu~tton ingots of 5. 0 or 10. 0 gr-.?s of each candidate braze alloy were argon
arc-melted in the water-cooled copper crucible shown in Figures 30 and 31. Elemental

melting stock used to prepai a alloy charges were drawn initially fromn sources of
commercial purity. However, the advantage of using higher purity meit stock was
revealed eariy in Cuie program. A*& shown in Table XVIMI significantly lower levels
of interstitial element contamnints were obtnned using electrolytic titanium and
electrolytic zirconin In comnbinatlor with ingot sheet beryllium. An a result, the
high-purity heats permitted reliably lower braz emxperatiw. itproved aid more
connstent brazing characteristics, as well an lower braze matrix lmr-dness levebs.
Umnalted -braze revidues, wore vit illy eliminated.

AUl candidate braze Alloys were prepared in either 6- or 10-gram mnt
!hAge tuou~l Y~j=grai c'arge). Alloying elements for every beit were first

weighed sepsratkAy' to the bearest milligraw, then totaled; secondly, each heat
charge wss Yetgbod as a init to obtain. a check upon total charge weight. For each
heat, the t"ta ch~rge weilght .** coMpared to button ingot weight after melting to
detect poeaftAe weight gain or Ias attzbuttbh t* the meltig practioe. The heat was
co0wdt~re aCCOptAOl If th~e Witght CbMs was calculated to be s(.+) 0. 005-gram for



COTABLNET EV LS

IN~FLUENCE OF MELT STOCK PURITY ON INTERSTITIAL

I Total Oxypen1
Heat i ~ telIConcentrtion
Ninber' CoopitfxAl Titanium Zirconiumn Berrylliwn (ppm -i

cs- 1AeCommercil Commrcia

CS-3 TI*S.8Ps Comme~rcial High Purity
Purity (A55 wire) ingot shoet () 1430

CSI-24 Tl-6.6ile f Higb Purity Hlau (2) Pngoty~1  6

CS1 3-1 T-4.2Zr-6.04 Commercial Comm~ercil Commercial 2200
Purity (A55 wirv?, Purity Purity (QmV)

CSIS-3 Ti-37.2Zr-6.6De Commerciai Commercial High Purity
Purity (A55 wire) Purity igot shoe(1 1430

CSI3-4 Ti-47.22r4.03e High Purity Commercial 11h10wt 1
Electrolytic Ttnm() Purity Ingot'Sbet im850

CS335 T1-47.aM-6.6f H~tPutt Higi% Purity 111 Purity,~~

- -____ I Electrolytic Ttnum (2 ler'oliti 3 ~ ho~)2

I1. High Purity BerYllium bkgot Sheet (Type 1. 8-2) (Beryiuium Corp., Res-ing, Pa.)

* Typical Interstitial Levels (ppm-wQ

C 0 N

* 400.0 100.0

21 Nigh Purity ElectrOlic Titaium (DOuated by the U.S. Durmw of Mine$, Pami Meftllurgy tseareh Center.
Deulder City, Nevaka.)

latroltial Levoe (ppm-.w; Lot Aulysae

C 0 N

270 0.0 30.0

-C

I-gram heats or s ± 0. 010-gram for 10-gram bests. Thea fijuiresecorrespond to a
maximum f *'h hage of 0*(. 1 percen. Th norwal weigh change proved to :a

mnuch imallsr. umualy s (1) 0. 001 to 0. 00$-gram. Saintautomat~c precisioni balance.
of the typesh"a" In FI&Ure 32L Were 4apftro swely.

flU szo-mltr *o0sisted of a"ed Vycor & as m elt-cha r ft(app d-
"atot 12 Inhe M wt a 6-Inch I) wit a vater-cook I copper crucible for doe

hea Cbrp(PI. 31).L fsfor Maft the chagew as pro""t by an ags arcwich

w"asw 104blse beweNa noemtibeteagte $et"&L a the lbap Itsft h



tungsten electrode was controlled manually through a sliding O-ring seal in the top of

the chamber. Power for the arc was provided by a low-voltage, dc, welding unit

(selenium-rectified, portable).

In a typical melting operation, the heat charge was positioned in the crucible

cavity together with a premelted 5-gram button of pure titanium. High-purity titanium-

gettered argon was allowed to flow 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 was 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 assumed 5: 10.0 ppm.)

The beat charge was then arc-melted Lhree separate times, the solid button

being turned over between each melting operation. After cooling to room tempera-

turc, the button ingot was removed from the chamber and weighed to tbe nearest

milligram to detect possible weight change.

All braze alloy buttons used In Phase I work were made in the manner de-

scribed. Braze alloy bi'ton ingots ure.- to supply braze powders for Phase work

(particularly full-scale component brazing) were further refined by levitation melting

procedures prior to crushing.

Button ingots were prepared for brazing by mechanical crushing AM'i solve

grading of resultant powders to sizes suitable for use (e. g., -24/+35 mesh for con-

ventional brazing or -100/+200 mesh for in-situ brazing). ., study of bra.e particle

bix* effects (TI-Zr-Be b*se) showed that normal ingot commlnution procedures cause

a mechanical segregation of the beryllium-rieh beryllides to the finer partcl trac-

tione (Table X1D). TIh fine mesh sizes, adaptable to in-situ brazing of foils (e.g.,

-100/+2O or -200/+400 mesh), were found to be strongly hypereutectic wlth respeft
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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 (l

+12 4.90 5.90

-12/+24 5.30 6.20

-24/+35 5.55 6.35

-'!/+48 5.70 6.40

-48/+100 G.50 6,45

-100/+200 6.60 6.50

-200/+400 8.00 6.30

-400 (fines) 13.40 ---

1. At 1450 F for 40 hours.

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

counteract mechanical Iacregation. two different solutions were determined to be

effective:

SHytridig c- button Ingots in dry hydrogen (1300 F) prior to crushing to
render all braze compoents equally susceptible to fragmentation upon
ingot carushing, followed by a vacuum dehydrlding treatment of braze
pov. ra (1400 F) prior to brazing. This procedure worked well where
vt, y ft powers were desired (-200 mesh). llydriding was aot
adopM as stantdard wodure.

* The rmal amnoaltng treatmet of Ingots prior to commimUtico so as to
.pheroidise and break up the patter of beryllde dote rites and
render t"m le susceptiblo to consolldstiow In the fines. b
a-neling n tmft*e wore adopt as standard procedure for al
! t bra" alloys b of the unform beryllum levels obIed! •in 4l powder fteon (Table XM . The CS sort" &Wo verevawm ,
auioded (bomogmelued) at 1460 I for 40 hors RM *edo* alW re

vaca m atnealod at i ,0 for 65 hour.

& "maL All laIhb e brass alls wa. Art scresed twoqh a

r vr-oest J t" z test to d&Wr m e ge"ftl qUcaM Mty #br 1a fti rat-
1g. Q(ieal ft a#-ft1 ftWIm &ft r.)o sed so m'W" ,ta SOwn

In 116100.2". PIwsrMs 39 ad 34 ohm fth lap a r mb 01 T-U ro r to



effectively screen candidate braze Lystems and their many possible variations in

composition, braze cycle, and braze particle size. The braze productlon and screen-

ing tests not only yielded useful information related to brazing characteristics (e. g.,

minimum melt and flow temperatures, wettability, braze fluidity a.ic 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 comminut on procedure), rzid 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 promls2 as well as in providing an

introduction to those braze systems 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. The 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-YWl was typical between faying surfaces

of the foil T-Joint. Before assembling, the foil wafers were cleaned in an aqueous

solution of 15 percent HNO3 - 2 percent HF acids (room temperature) followed by

distilled water and acetone rinser. This cleaning procedure was standard for all fall

specimens.

Prep ertic, of the T-joint specimens (Fig. 26) adaptable to tensile tosting

was carried out in a similar manner. The upper foil member was precision .- ,ared

to size and pwotled against the flat. fying surface of the heavier bottom memboer

(1/B-inc thick *heet stock of the dcsLod progrnn alloy) to form a T1-Jolnt, Again,

the fol member was held permaa t!y in place for braling by the use of 0. 5-mil

titmnlm foil straps, taLk welded to t4ht top and bottm mermbera of the specimen.

&M M a All spelim brazig was carried ott ux~zgtb, laboratoryv

brafg fi.aom shown in rlgure ST amd 3. The furnae chmber was encloed in

clear, hsavy-wal Vyor ls tiin so Cat the brac qMiim cmld be viwd at

all times da t boom*. brai, ad c0lt cydes. 1U h* SM of tbe furace

cowsited 4t a ubolly echved. pm comaldum eylindrical sumseptor _,-lznatly

1. 0 twc ID kW 3. 0 btueh bgh by /16.-Mi k wM idwhch provided rivdit beng to

the bn speols" blde. (no "eoerwo wa batd W&MOvely taigh oois
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external to the Vycor tube. The top cap of the susceptor conta 4ito a hole for viewing.
the performance of the candidate braze material upon the specimen. There was

also a hole in the side of the susceptor for measuring specimen ternperatu re ,con-

tinuously using a nicrooptical pyrometer. Pyrometer readings wer calibratvd Initially

against theripocoupips attached to dummy 8pectmer-s. The braze specimen rested

upon a bed Of l3w-mass columbiumn alloy honeycom~b, which~ raised the f~pecimeni to

inldhcigWt the susceptor healer.

The furnace was rigged to perinit brazing in either high-vacuun environ-

ment or an atmnosphere of tflanluxn-gettered argon. A 4-inch diameter vacuum diif-

fusion purrip rapidly pumped the Vycor chamber to a. vacuun of 1. 0 x.o7 Torr or .
better for brazing studies. Almost all preliminary brazing studies were conducted
In high vacuum because it is freer of potential interstitial t 3rntazinauts (e. g. , the best'

argon atmosphere contains - 1. 0 to 2. 0 ppm interstitial Ctement conte .nlnAnt5
-5 -2wheres a vn'cuum of 1. 0 x 10 Torr Usm only -10 ppm contamntnani based upon

equivalent volumes). Powever, brazing environments of argon iod vaimum frequtly
* were employed interchanigeably with no esintcant difteronces in braze behavor or

results.

In a typical brazing run, the foil T-Jolnt specimnen was positioned 1d the
columbium susceptor at an angle to permit -gravity feeding of the liquid brdie Into' the 7
Joint capillary. Normally. the caadidate brAze was loaded on only one side of thz
joint to gain a better appraisal of braze flduitit. A tyual braze load wrasA 40 to

6. 0 mi lligram.e of -12' 24 or -24/+3*5 mesh powder for both 71- Be and Ti- Zr- Se

system modificauzon.. The braze particles were io~din the conventional *naner.
adjacent to the joint sutrfues using potybutene organic btuder. After establishmont,
of an acceptble vacuum. the specimen was heated gradually to s00 to 1000 F to,

slowly drive off the binder without seaftt.ng the bras. loz4. On.* Wsg wao xccoru-
* plished. the speimez was heated raodly to withi 200 F of the astiv~pitsd bra

U .ramturs. then bold 1. 0 to 3. 0 mlites for lesqortre .qizaliaoon pror -to

10 degree F/ldvt. to 300 dep,.. F/mtvW*, typlosl,. 1) mtVAfter the
braze was sem to Dmi and form, brmi Mo. tat apeeiviwi was tben wow10 wakt-mily

at a rapid rafe I- OW~ degrees ?fulvto) or moro s)owy at a preumlectod, eon rollo6

ftie braae/ftl taftractlis



Similar procedures were employed to 'zraze all testl specimens for Phase I

work.

Evaluation of Braze Alloy Performance and Structure. Evaluation of candidate braze

perfurmance began durtn& each braze run when the degrees of braze fluidity, flleting

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

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

The variation in the aforementioned brazing characteristics (fluidhiy, filleting, residue)

with systematic increase In brazing temperature also waa determined visuaily. After

brazing, every specimea was examined with a lox magnifying len-, to etearch for signs

of a-irface porosity, cracing, foil er,)aion (undercut fillets), variable size fillets.

and residue. 'he next step was -ie.allographic examination of random sections cutI
through test brazemnent-. Tho, -igh netailographic studies and nilcrohardness surveys

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

affected foils,' bu.t'the haracter of braze residues, foil erosion, primary solid!fica-

tion structures and segregailon products in the braze. Occasionally. undesirubMe

transformation pi'odu, -. in the foil were detected as well ats regions of high hardness

or marked hardneas g-,dietS which might prove embrittding.

3. 4. 2 Test Fquiptnent and Procedures (Tasks WV and V)

T-Joint teasile tests, double-lap peel tests, strain accommodation tests, and

)iip-shear tents at room temperature and above were executed with a Hounsfield

Tonsometer k'Fig, 39). Testv in the rang of 300 to 9W0 F were carried out In argon

atmosphere. Cryogenic temperature ket eeca~te isaRel Univra

Testing Mw,.ne (Fi( 40). employing test environmnt'ts of dry Ice and acetone (-100 F)

or liquid hitrogen (-!t20 r). A moderate strain rate of approximately 0. 01 mit was
emnployed overall. lSevd tests of foil T-)olut specimens were zarried out manually by

exerurng pressure upe the vertictl foil member. one-half inehb above the joint, and
bending the vertical foil slowly In an are, at 90 degrees. Cracklrg if it occurred,

was detected both audibly MW 01torap 1q~l.

Be* vpray conaMtlouing V~ uscW sd .cmea prior to test was carried out
* iA~ ~ort~aoWith ASTM-I17 usft a 5 percent NaCl aqueouesohn~ton at a chamber

temeraureof 200?P. Stress ruptre tWst ad bot-salt corrosims tests were coa-
daacWe qm~ Iap..$d'tspocie d-ws*gh loade in a closed chamber. Heatinig



and tesl environments were provided by the oxidl zing exhaust ga~ses of a JP-4 bt':ner

rig. Special foil enclc,!7req were affixed to the hot salt spec.imens to maintain mclten

salt within the joint areas, Fatigue excitation of 'Lap-joint specimns (RT) -s rC-

vddby a Materials Testing Systems (MTS) Fatigue Tester, Model 901. 3,'

34.3 Initial Bra7 .. bert;:'ning Tests

Tebasic Ti-5. 6Be eutectic alloy was modified chemically for study with the

hopp of reducing tne minimum flow temperatUL-e (_- 2000 to 2050 F) U,~ a mc, favorale

iev(ll V0 F) as indicated advisablc by data i.-c-n the braze-cycle simulation work.

It war felt that the bra7e temperature reduction would not only benefit retention of
foil properties, but would minimize thie likelihood of foil erosion du.-ing extendeo

process cycles. Additionally, should third- eiement alloying produce the desired

* reduction in flow t emperature. it might be fp~sible to partiahiy substitute the third

* element i.,r beryllium. thereb:- decreasing the b~iryllide contenit of the braze alloy.

The third elem ents selected for alicying studies are those listed in Tabie XVI

and XX. With respect to their binary constitution diagrams wvith titanium, many of these
elements accomplish appreciable melting point depression without the associated pro-

ductior of a titanium interxnetalli, phase during solidification, unlike beryllium (e. g. ,
aluminum, cobalt, chromium, iron. copper, nickel, germanium. -nanganese. silver,

and zirconium). Silicon and tin are .'e two e "eptlons. Therefore, it .9-emed likelY

at the outset that sigrificant reduction in gross intermetallic content reGuid r10i

from this study (especially beryllde content) if desiied melting and flow point de-

pressions werc achieved,

Three levels of third-elem-rit additions were programmed. CQn the basis of
the liquidus-temperaturn depression inote toi 'he titanium binari4 s, the smallestj

third-elevient addition was calculated C-1 6dcrearnz the ternary alhr liquidus

100 degms F (- 1950 F); the next level, 200 dPI'recs F (-. 185i0 F);- and the largest
1ddtion, 300 degres F (- 1750 r). T7he possible influence of berylui~ro and complex

* eryvlide formation tendencies were discounted in the first consioieration. Nodiflc-a-

f tions of the Ti-S.68e braze alloy solected for braze scree"in test a.- listed in

Table YX.

~ - >'



'rA3L. XX

CANDMtTE TAERNARY KAZE AJLWYOF TH'S T"-X -Be voYST9

W10

t 2 Titanum_- mut_____WU_ I ; i -

16nes 00 IB50
salance S.g 24.9 2W015

tQO 14 100 1950
Baac 5.6 4 f.S 200 1850

I 5.6 8.42 M 0 1?50

(4) TsniUM eryiumI Chronkum -
r)Aftaice :6 15.g 00

Balw1c. IN. 2.

Baaa.5.15 S .77 100. n
Be's ce 5.0 5.54 MU ~ 1850

Balnce5.6 . .1 300 15

(6) Titanium Saryliwau cowt I

Balt-to 5.6 S.19 1too 190
Balance 8.6 J .5 1 00 780

(7) Titanitzm JRArvUWa ta~o 5.I.5

Bala=*e 3.6 2.07 .100 . -190

sailne o 4.1420
5aaxi 546.21 Wo V

(e) ?TPARIOM i e1M . ..

S,1.46 too 1*30
2." 200 law0

~elsnc I .SK 1350

Bala=*~ A.t 4 IA. 101

2:.t 175
30 IM

__391 '

Ito ___vu t l
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TAB3LE XXI

CANDIDATE TERN ARY BRAZE ALLOYS OF THE
- TI-Zr-Be SYSTEM

Th'aZe Al'T~n I 2*--1ti
( t o IAnticipatod Meltit-g Antiuhated Minimu-m

I- ---- Iy Point Depression Braze Temperature
Vbium zirconiumn ~ eylIMn MF (F)-

Baane 00 nlary base) I 250

Balance 861

Balance 18.9 M, 172 1878

Balance 28.4 S.6 2-58 1792

Balance .79 1.: I 10r

Balance 47.2 5.6 430 16 20
(based upon prior worlo

Balance ~61.4 5.681Un~nown j Unknown

* Special attention was given to studying zirconium as a ternary alloyllr!7 agent.

Because zirconiim has a potent effect in depressing tha flow tempertiture of the

TI-5. eBe base without incurring problems of crevice corrosion (du., to its chemicSl

similarity to titanium), it was planned to evaluate systematic additions of zirconium

to the~ basic Ti-5. 6Be aloy. All precontract work had been carried out using the

Ti-47. 2 Zr-5. 6Be alloy, which corresponds to the Ti/ Zr rati c (50/50)p showing a

minimum melting point in the Ti- Zr bawy. Therefore, the Interval lIetween zero

percent and 47. 2 percent zirconium was divided into ftve equal sepitento finduding

one additional 4egment beyond 47. 2 percent), each corresponding to a braze alloy

candidate jTable MCI). It wasn hoped that this preliminary !nvestigatlon wrW'd lead

to an optimum composition in the Ti- Zr-Be ternary system, with the best conihima-

tion of brazing characteristics, minimum flow temperature, and resistance to

corrosion and erosion phenomena. Ih all cases, the beryllium concentration was

fied at 5.86 percent inasmuch as prior work at Solar has eatr"labd the eutectic

beryllium concentrations in both Ti-Pe and Zr-Be binary systems at 5. 6 weight

percent.



Ttm Ti-&-M~ Syotard(lM $er1 rq)

ThMt Bsri~s of alloys fdeveo.*'A~ttialydntng Phae I work) waB mated

on 9 Iowrbination r)f thre potei%4l braza 4yiqmx - the v tectIcs of Ti-24. 5 atomic

percent Ni id Zr-24, 0 ftomic preeIr M, comft"ed *iI t nf&rititnuin meltig pint

exiitin t*. t-50 weight percent 2Zr foir the T1- Z binary system. TMhese &llys were

zugg-twted by the literatura survey which revf.dcQ prior wcerk on'71-Ni braz-e systerns

f~e. 72). Tbe basic lAMI alloir (TI-41. OZW-A O a.~~ltfin fi dt

pcsaeso ex,-elen1'.bkraz1".g characteristics on t~i~nium t6o;a at V,

Da apite of the low l Ttm temperature and promisivg brazeabllAty of RMI, It

was recogm zed I'*~ modIf!;Ation. would be necessary, t imit theA heaviy formatiftq of

Zr 2 Ni and t1i Ni iniermretallic compounds and to nrv ~ettggnaA

Structural olAimin, 1qu Wa:; algzptad-ttirm . 1Zt &and NA lev's. fourthr

Oiemew. additions, and post-braze hatdr~~t~ The prjgrammed chemical modi-

ficatio'ns are Itsmnzed frL 61e MM.

R-4sults of Praze Screening 8tudles

TI-X.-Be ft-tms.'Yho effects of th caindidalt alloyin -agent (termed "X") used to

make up be ternary braze aloy, TI-X-5. 6 Be, are dlscussed aeparately for each.

alloying edement evhauted, Aluiniium additons (in tb,4 range 8.3 to 24.9 percent

aluminum) and tin additions oin the range 17. 0- to 34.4) perce-at UIn) had Pan adverie

effect upon oraze wettiug Bund fluidlty; I. e., io braze joint formation was'evident

for trial braze temperatures Wp to 2050 F ITI-5A-2. 58n fog~s),,,i the case of

aluminum, the problem was believed caused by tran'aient Al 03 or TIMl formation

at the braze/foil interface 'v$atch effectively blocked the, braz. wetting metchanism.

Apparently the wetting problem was restri,'te to the higher aluminum concentrations,

inasmuch as a TI-2. i' W-5. 8Ee &Ufoy had exhbited excellent bre zing characteristics

with TI-6A1-4V fUls in prior work at Solar (braze tamper~ture -1956 Ys' Therefore,

any conoept ta stabi lize a - T1imA fture xium oy T1- Zr braze alloys by small to

modem~te adiditions of alumnumw noad not he "iedoned. The Wificulty ezused by tin

additions was m-t Ientified, but vrery probabl it w~~'<tdto thie high vapor p...ee-

aura of tin 4~ atlclpeted brase tompersare kAChi also ctstld have been the problem

With pirnmiua, *Whih am abown Wi Tabse XX a&W X=. exliited u ttsappointing!

emUr i and oonstaut effect upon melting poin depression. Rapid evolution of an alloying

agent can have a disruptivo effect upon ainy cAnddlx braze performance.
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TABLE XXIIK
RM SERIES ALLOYS BASPUD ON Ti-Zr-Ni AN]) Ti-Ni EUTECTICS

C.""Mit3. (M0 ftim Ft 1o

To ... -S

2 Ms. t8.0 701 1100 1*4 1 6q0.~n~.- ' .

bb 39370 AN 11 F Is.

4014.0 -- ls *1 d2 t & dU 4 2.0 100 1 07

10111 wom.*o 54 1410

£ 4.9 40.C MS. Lef 3020 30413004ok i111 4A 1706. "4els016110-

30t 31 0.9i &3.O Ing"0 4046 4U 0 .L0 . $0.0
.3.a m.r~04

II 4 .4 43.5 1. -IS is"0 lose I . 0 g 3 , '0 - ~-

I 3 0 11 3.0 ob M I 0 a V.q0 00611801gam. ,- 04.410. 30411 0 mo-~Ia .r

41133L6.3 3106.4.4 41.9 334 1~r Ow 104F1 1o~

12 48404 't 2.0 $U o 3 1 0 0~ 0 SO So *.,a I oS.6 o m -18lln bo
II 4 9 3,0 0.0 L~.............................- - - D10 0/0 gdgo 14 Moto oa

03 4434 2.2 32I .0 010,. . . . . . -Is" is -.scm mthSMN b O

'4 4 3. 6 3V 4. 0 14. . 154 . 0 2 0 0 G L

10O 1,2 .0 V, 0 a 24 " M 130 11140 0 4 -. W* "do MWi

as 114- 10 lotl 0 O 1"loot 40 t i3414/11J L I LLo'_I I_ I_____ 1 w
~m.'~ 0

L Lug

Of the rtiraini,.g eanc~iate all 1r-- Aiy copper (9. 5? percent copper)

~NA manganeft (&i 66 percent mwi~m owe~) were a~ capable ofdepresing the am

t4M ratre OrWOWthe VUWMim prmiesible britze temperature of 1850 V.

AA sowniv-t~s41, left a moferate ="I1ted- residue indicating the beryllium level

repUired some adjustment. Th All_8. #gn-3. 6Be alloy brazed well at IS&O F on V
Ti-WA-W. foils, but als left &L moerat resihas (ft. 42). 0*l slight erosive
tendenoleo "re noted fmr eitr aly. Do t of thc6c zdidats RdlM brasements
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TABLE XXI!(Ccmt)
RM SERIES ALLOYS BASiED ON Ti-Zr-Ni AND Ti-Ni EUTECTICS
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TABLE XOCW

RESULTS OF BRAZE STUDIES ON THE TERNARY BRAZE ALLOY Ti-X-Be
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TABLE XXIV

RESULTS OF BRAZE STUDIES ON THE TERNARY BRAZE ALLOY Ti-Zr-Be
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minor additions of manganese or copper to further depress flow temperatures. The

same reasoning held true for the alloying agents, silicon, iron, cobalt, vA nickel.

In the systemia, Ti-X-Be, minor additions of these elements brought about miarked

reductions in flow temperatures (although not of sufficient magnitude to be interesting

in the Ti-X-Be system itself). F'or example, just 4.28 percent cobalt reduced the

flow temperature 130 degrees F; 2. 76 percent Iron reduced the flow tempet atre

160 degres F; 4.14 percent nickel reduced the flow termperature 150 4egrees F; and

only 1. 21 percent silicon reduced the flow temperature 170 degrees F. Su~ch reductions

would be most desirable for Ti-Zr-Be braze alloys which themselves already possess

nominally acceptable flow temperatures In the range of 1600 to 1700 F. Conseq'rently,

the effects of controlled alloying with the elements co,-er, manganese slo, iron,

cobalt, ad nickel were studied on the mot promising alioys of the Ti-Zr-He system.

The Tl-Zr'Sfttem.. Progressive additions of zirconium to the Ti-Zr-S. SBe

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

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

zirconium (Tabls XXI XXIV. and Fig. 44). ThU minimum in flow termperature

occurs at the sate TI/Zr ratio (350. 0/0. 0 vwh percent) as that which oroduoes

the mijimum liquidus temperature in the TI-Zr bleary system. Since the first

eutotios in both the !'i-Be and Zr-B. systems occur at 6. 6 peroent beryllium

(&"~r detenninto), the minimum at '11-47. M~-5. $B. was not "trising. rypicl
bras. stractwre for all six uironlum lsvels ars shown in Figure 48. All canditde
brasements passed a 73-hour salt-spray oorroadon tea without apparent structural

ftakar0



An apparent anomaly in the mode of liquidus depression was observed in the

first run of tests at the D. 5 percent zirconium ard 18.9 percent zirconium levels

(Fig. 44). At 9.5 percent zirconium, the depression was approximately 140 degrees F

lo. 'er than expected; at 18.9 percent zirconitunm, about 40 degrees F. Initially, it was

suspected that another low-beryllium eutectic or minimum in the Ti-Zr-Be system

was being evidenced, possib'y occurring at a high Ti/Zr ratio. Such a eutectic or

uther low-melting phenomenon might have proven desirable as a braze alloy base by

inhibiting the erosion and corrosion tendencies (i. e., the inhibition of both is favored

by high TI!Zr ratios at equivalent braze temperatures). Unfortunately, the anomalously

low braze temperatures could not be reproduced in second and third attempts to con-

firm first run data. The most logical explanation was that random Zr segregation in

the bt tton ingot! r ,iused the sporadic low melting behavior.

The most important result of this screening study, however, was that the

Ti-47. 2Zr-5. 6Be braze 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 (1620 F): consequently, foil erosion was minimal. The alloy exhibited

excellent brazing characteristics In a high-vacuum envihonment and in argon. Par-

ticularxy attractive were its outstanling fluidity in capillaries ad !ts smooth filleting

behavior. Both were --onsistent in any one specimen and reproducible from specimen

to specimen. in api~e of its high r idi7y characteristic, :t showed no inclination

towards deleterious "super.-fluldity" or "sweating' as do most silver-base alloys.

Finally, the crevice corrosion resistance of 11-47 2 Zr-S. 6Be brazements in salt

sprov te-'ts appeared equivalent t the beat tdtanium-bs, brazements evaluated to

date (Fig. 45F).

Btcaue the Ti-47. 2Zr-5. 6e looked u' promislug as a candidate braze

material, acdditIotna studies (other than the standard braze crtening tests) were felt

warr2nted t betnter "ge ts petential for foi joining. This work took the form of:

SMecbanIcal tests, a-b;'usd ad with post-braze beat treauant. to more
compt Itly Apraise bremt srength, toughness and effects o!
cor ,ositonIt

* A&dit al fail bming aed stucture stdss to datrmlno tw critical
al~m ta of brat* alloy preparsrao m safe limits of bras* cychlng.

This %dMtoosl ".y 'resulted In the b;gb-"ty com-npoetions, CM13-4 and CS13-5,

both omina1I Tfi-. 2.- ¢3 . ,b XVIM. As a final Pysm i t , the

Tr/Zr rato wau vavid slmustanwmakf wit "ed.tiM in beiyllluM Oientnuon In



TABLE XXV
MODIFICATIONS OF THE BASIC CS13-5 BRAZE ALLOY

comrosituea
High Purity F 7
.elt Stocka so1idi banimm Flow

Braze Alloy -ft% Temperature Temperature XFiJ1t Unmeltad
Do. igation TI1 Z B. IF) IF) Flutdlzv I Fornutice RaAua"

101 Baane 5.Oj5.Gf 1930 1 1930 G F x I
102 Balance 10.0 5.6 1 1650 low G G- L

103 Balawr.0 1s0 5.6 1760 1790 F FM I201 Bal; m 45.0 5.6 14" 1640 G G N

202 BAIAnc 4,,15.6 1625 1625 G 9

203 BAIAaoSi50.0 5.6 1620% 1620 1 G G N

204 Balane 47,5 5.4 1640 165 G 0 N
205 Balanc 47.7 5.f 1650 1650 G G N

206 Bialaae 4.06. 1930 16300N

238 Balance 46.0 4.0 1630 j 1640 G I FL

20 Salem$e 48.0 4.0 1615 1630 G ~ P L.

212 Ulance 1 4853.0 1630 1650 G 1

213 Baawo 470 3. 1430 1630 G F L.
214 Balance 45.0 3.0 IM2 16-11 0 F L

its Blmae 45.3 6.0 1620 1420 G G C

2Wt am' iaa 46-35 ~ .635 160 t

217 Salm* 41&5:: 1"01 1640 0 1 G l'

i. a1e478 4.5 160 14710

T fair

L-

the hof QI "rhW fth beryUide oteet to Owe lowet nvel *lthr'ut x~---a
ebanging bran. ciatwtiffe. The iective Was Wo pro)** oter (hypoetecti)
braze ally with eatectic brane okaraoterfts. ?We alloy iokUcetone examlznd in"
the ?-PWs 00cyWN0ta testan UAW lind Tabit UV. The S6h'5Or ratio ultimate~y
was oomiderid most, basficial to "tafa bm=uW~h as kr TI/,Zr ratice resalted to
-w prmawed modean tamdsu v" w bg er Tt/V-r vati& resutd t is ~ber brane

im~~sts~u W momma uin d aw vdI~ 1i bthsumu hrlisu I l. bomme. peoved to



be only 5. 0 percent beryllhum, which favored significantly less ber-,lide formation.

(This hypoeutectic alloy modification was lgbeled CS217.) Beryllium levels below

5. 0 percent created problenis of braze sluggishness and heavy unmelted residue be-

cause of their very hypoeutectic nature. The two best CS alloys, CS13-5, (eutectic

and low interstitial content) and C8217 (hypoeutectic), were chosen for optimization

through fourth element additions and heat treatment.

The Ti-Zr-X-Be System (CS Series). Previous work had established the ontimum

beryllium conce.' ration (5. 0 percent) and Tt/Zr ratio (50/50 weight percent) for braze

alloys of the Ti-Zr-Be ternary system. The resultant alloy (labeled CS217, an

obvious derivation of CS13-5; brazed well at 1640 F with minimal foil erosion and

negligible alteration of f~il stnrcture and hardneas (Fig. 46). The chief concerns at

this point over braze structures in general for the CS series alloys were,

9 An occasional tendency to form massive beryllide particles (R{ 65 to 70)
in the as-brazed condition.

* A moderately hard eutectic structure (-R(, 50 to 55) whith const'tuted
the bulk of the braze volume.

* A tendency to form retained p or partially transfdrmed P ",ridges' on
fayug surfaces upon proloeged holding ( > 5 minutes) at the brt ze tem-
perature -.RC 35 to 40 with Ti-5AI-2.58n fo l,), The primary beta
formation tenancy was relkAble te fo!l assimilation of the beta
stabilizers, zirconium and beryllum, frorn the braze. An example of
the surface buildup of beta is ahowtn in Figure 45C and F.

Ntme of these structural characteristics we e definitely known to Impair

brazevent strength, toughness, or stability. The concern was that they night well

influence braze pro!rtles or stability. A moi favorable braze structure doubtless

would be devoid of miasive beryWti; would poisee a softer eutectic (-RC 35 to 45)

comprised of fully (Le., equilibrium) t ,nsformed titaniur-; matrix eclosing apheroi-

dWuJ, uniformly distributed beryiidesi, and woule poetess ioterlockiNg bridges of

p= mary solds (ully transformed beta at R, 30 to 35). All of these dsinsAbU aIterm-

tions in braze structure mi& be saoomplished by oL.' or more of the follow',r

• CotUelled minor alloytng afitiots (substltute partially for beryllium

Sas a mehit paint deprs"s).

• CoEied bran. ey)s ftnmlled brau soldilfation).

Ha treatnm* po bwaz t prinarily to achibee equIbrium produts

of t

as[



'LP 1L XXVI

>Ws !ED CS217 ES BRAZE ALLOYS

Ir-W "Wt P'Z± Z W.mcatructur W~ owI (n)j 4d) Rwmai*a
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alon. Mas twa beryildea 265 b/Is.
near the toU Interfa .

m Saw flowawDno are- 64 to6 51 Sto 2. 5 33voa, Massive beryUidea
nar the fcl Interface.

.. ,zeellht Flow. fary- -,2 36 PealI atsa braedFieWas aresmall. No 246 b/ta.
sroso.

Small be'yUides, am
Snformly dtitrlalted.

j-I- T' mxcslet flow and j Excellast bra"efill" Smal~l bery-

UWda and uniformly

L IV Gow amd fillet. 64 to471  49 4to£ 5 35
dseezko baryUidee.

o N Fairfillet. BeryUldes
Small.

O£L C xelm lwsd klt 64 toe 68 b4 to 52 S4 Auloy &as vary
B Uryllides ara small. touh tn oasimlo-
apheraldtz and ra - utiot o battoen
formly ditributed ingt.

IV N ortheAndr Ailo7 appearPoo st. xlel rads brittle in oommin-
aree :'D erylldesare
varable in sin (a Am atio of batton

*~~~~~a risle ingot.~C on~miEzelci I

1, -ejinetjlto layer ra~r
atactia rnstrix L Occd

(Txrt fall Lama
Mi Moderatei. Name

Work was concemtrated upon minor alloying additions, based largely upon .he

encouraging recults ol similar additions to the Ti-5.6.3e binary alloy, it was antici-

pated sihat he alloy ae&tions would (in general) tend to lower the braze flow tempera-

ture athe base alloy, CS217. Howevet, it was felt that as long as the braze

temperatres of CS217 modifications remained s 1700 F, no problems of excessive

1oi1 er io4lon or beta embrittlewent (foil) would be experienced. The acu effects of

contro&L.d additions of silver, aluminum, iron, nickel, cobalt, silicon, germanium,

copper, and manganese upon braze characteristica and braze structure are listed In

Table XXVI. The method of alloying consisted of adding a given weight percent of a

fourth element (silver, silicon, nickel, etc.) to the CS217 base so that the Ti/Zr

'trti" remained constart (50/50), but the beryllium level was reduced by the amount

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

On the nonberylllde formers (silver, aluminum, silicon, and germaniurml),

ly aluminum and silicon exhiblted promise. In T-joInt braze tests with C9217C

Best Available Copy



TABLE XXVII

STRENGTH AND STRAIN ACCOMMODATION TESTLNG OF CS217 SERIF"
BRAZE ALLOYS AT ROOM TEMPERATURE

Threshold foil strems and strain '";e'.

ltresa in foil omponent for first crack in tapered tensea-ecimen (Ti-5AI-2. 5Sn) 6 mils Whck

(pa) to cAuse joint failure m
in T- joint tests. (Ti-6Ai-iV) Minimum StrainAlloy Foil Area - 0.5 x 10 x 10-3 sq in. Stress eARI) (micro in.;ii:

CS217G % 139,000(1 93,000(1 983 648

CS217A 1 0% Ac 10,000, 40,000 103 610
SC8217C : .5% 142, 000, 13-1,000 132 8"_50

C8237E :+ 57, Ni 105.000, 49, 000 120 Soo0

CS2,7F + 5% Cu 1-17,000, 74,090 95 5800
CS217G + 2 % 81 139,000 ( l ) . 139,000 (I)  98 bl00

' CS217H + 1 .2,k Ge 81,000, 90,000 103 6400 "

CS2171 + 9.6% Cu 52,000, 49,000 61 5000

Ti-6AI-4V foil (0. 006 in. 1 1&,, 000, 157.000 -100 - 6700
(Yield ftres,.. (Yield Rtress)

1. Parent metal failures,

(5 percent aluminum) aid CS217G (2 percent silicon) alloys, very goo- brazing

P characte stlcs were "vident at the somewhat elevated flow temperatures of 170C ai;

1380 F, re.-zectively (Fig. 47 a' ! 48). The aluminum-coataining ailoy iCS217) hL vti-d

no massive beryllide formation, but neither braze alloy e,. 'ic stricture revealed

any softenig trend (Table )- D. The im;'-%s ,t adva..ta.,es vitorded by thte- two

alloys ultii, o.elv lay in the areas of ligh and reproducible tjraz2:?ent strength

(T-joint tensile) ansi, in t- . case of C8217C { "'Tj XVII), good wtrain ac-cmmrxdation

,apered foil tonsile nnectrmfi coverd with thn surface film of brze). In dhcpl'ate

T-joint tensile test.-- on CS217C. T-joint failures occurred in the bru., b'i %eryv ia

I,, fracture strength of ime TI-WAi-4V foils. In vim!ar tests upon C.17G, failure i. d

ccwr in the foil menberm at high str-iva levels j 39,000 psi foi, viress), 1ra ac-

A ( rcomwoti or tests also revealed that t~acks did not develo- in thin surface braze ffilm

(CS2!1?C) =t1l a foil straIn higher than tati eqwvalent to t.e foil yield strain was de-
,! ycleped,

l'b1ise t v.tes showod a marked Improvenmt over thise. fo,' the CS2O 7 -Ws"_

.m helped to indlcuta the CSZi7C braze moodicaao as the most pr~mii'5ing braze

eandidate to this poW.t, T-joit stregth values for C81ItG (2 perceNt silioon) were

eqally pramlaii g in s[.te f the masve berylUlde in th,' braze structure and lower

straft qiccotnmoc tinm vtlaes.
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Of the beryllde formeris, copper, nickel, asi cobalt aditives appeared to h~ve
good potential (Table XXVI). Brazing characttricds were tmilormly good to excellent,

and lower braze temperatures were possible, e. g,, 1520 F with CM2171 (3. 6 percent

copper); 1600 F with C8217E (5 percent nickel); and 1620 F with CS217F (6 per-ent

cobalt). As shown in Figures 49, 50, and 51, alloys showed a tendency to form small,

uniformly dispersed beryllides, with negligible massive beryllide formation. The

copper-containing alloy (Co17I) appeared especially good in this structural aspect,

which may account for its high level of toughness as gatged by its resistance to Ingot

cruahing. However, the '-j.1int tensile otrength of CS2171 proved much inferior to

the CS717 base (Table XXVII). The nickel- and cobalt-aontaning brze alloys yielded

erratic strength data with low strength levels, Strain accommodation tests on those

modiicatlons showed that the nickel-containing alloy (CS217E) was tne only one capable

of being strained above the yield strain of the substrate foil.

was decided at this point to select the following CS z-'s alloys for more

thorough evaluation in Task IV of Phase I:

Alloy Basis !tor Selection

CS2.17, Eutectic (CS13-5) Baseline for comparison
'rnd CS217

CS217C and C8217G Highest ste-ngth, good to moderate strain
accommodation (respectively)

CS217E Moderate strength, good strain accommoda-
tion

CS217F Excellent braze characteristics, moderate
strength And strain accommodation

CS217T Excellent braze characteristics and braze
structure, good toughness level indicated,
fair strength and strain accommodation

I +

The Ti-Zr-Ni System (RM Series). Modification of the basic RM1 alloy was under-
taken to obtain greater toughness and to evaluate and improve corrosion resistance.

The detai!s of this initial investigktion for the variations of the RM 8"ries (RMI to

RM21) are included in Table XXII. The modifiers were manganese, copper, tin,

beryllium (w' 'ch form emectics with titanium, zirconium, and nickel), and palladium

(which forms a continuotv solid solution witQ nickel with a minimum melting point at

I K8
*.~' ~ ~ r .. fl . % & V.~f '71

N ~ ~'--7;77



TABLE XXVII

EFFECT OF ADDITION OF 10) PERCENT SILVER ON RM4 SERIES ALLOYS

Ctraiit Accommodation bin TeadeTesI~ ~M (I-SAI-2. M& Tap~red Foil, T-~JoitTnieT
7 - ;40 1110.0.00 w thik

Foi ftba 4ilSAt Ti-6AI-4V fbils
M hw hdtWa grae h~ JnDa r*.i Foil Stetat Coraponed

RYAll0Y j Point Cmaking jCr2eking Failure
Number Cnoseiton MF OW)~ (w.itro I%-. !1A.) (kef)

r 1-4!Zr--18Ml 16514 101's, 95.6 5801 Sri 5 81 as

26 AI4 O A + 10U f 1 I 8 1 6160 -4 ZrAM14NA ?15 -- - --

12 1Z-M-B 60 80.?, 108.0 5040, 6750 110 58
~3 1 1 10%Agj IN0* f 0; 3960 78 61

60~ weitht Percent pallnaiiui). For varfous raz~om dtiUI.W in Table XXII, manganese,

copper, tin, and palladium additions dlid wot improve brau characteristics. Principal

problemsa were:

* Continuous, Interrmetallic lay: r formation at braze/foil Interface

* Excessive erosion

* Low peel teet vatues (<1 00 lb/In.)

* Poor flows :,750 F and hieavy 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

erosiorn, microstructure, and~ 3orrosion resistance (examined mietallographically

after 114 hours in salt spray). These alloys are:

* RIi: Ti-4 Zr-l 8Ni (flow point - 1650 F)

* RM8: TI-43Zr-12N1-2. OBe (flow point - i,.io F)

* RM12: TI-45Zr-8N1-2. OBe (flow point - 1650 F)

The microstructures (after 114 hours salt spray exposure) of titanium foil

T-Jointe brazed with the above alloys are shown in Figures 52, 53, and 54.

These RM alloys not only possessed very good brazing characteristics with

titaulum foils (similar to the CS iteries of Ti-Zr-Be alloys), but also illustrated the

potential for providing significantly lower brazing temperatures (<1600 F) with less

817



beryllium owtent. As tOW next step, several other alloying ageats (sillcon, germanium,

r-Ilver, and a~immim! as -yell as more nickel and/or beryllium conteat were evaluate

with the intent of ftnding even lower melting braze compositions. The deiails of

this investlgaflon are also lnclu&%d in Iable XXII. From the flow-temperature stand-

point, the following adoys appear'ed intereating, thcaigh extremely brf~tle:

COMPosition f!L %) Temperature
Designation Titanium Zirconium Nickel X __(F) _ Remarks

RM22 37.5 37.5 21.0 (4. OBe) 1380 Ver.- brittle
ingot

RM24 (94% RM1) + (4Be+2Si) 1550 Very brittle
ingot

RM25 42.0 42.0 12.0 (4. OBe) 1500 Brittle ingot

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

Hlowever, iua the combined bases of brazing characteristics, apnarent toughness in

ingot commninutlon, and favorable joint microstructure (minimal erosion and low

intermetallic content), the following EM modifications with silver showed considerably

more prom se.Flow
Temperature

Designation composition (F)

RM28 (Fig. 55) 90% RMl + 10% Ar 1620

RM32 90% RM4+ 10% Ag 1720

=l33 90% RI2 + 10% Ag 1580

As shown in Table XXVII, the preliminary test results on the above alloy" ndicated

fair to good strain accommodation levels with only fair braze joint strengths in T-jolnt

tensile tests.

A good possibility existed that improvements in braze toughness, strength,

and stability would result from lowertf the zirconium content of the EM alloys making

Ib



them essentially titanium-based. This was reasonable in light uf the following Influences

attrlbtabic to zirconium:

s Zirconium tends to stabilize the 8 phase and may promote iandestrable
transformation products in RM series matrices and braze-affected fols.

* Zirconium tends to restrict the solid solubility of nickel in the termiral
solid solution, which acts to increase the (Ti, Zr)2 Ni intermetallic
concentration.

One or both of the above tendencies might explain the uniformly easier comminutlon

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

Therefore, a group of RM alloys with just 20 percent zirconium wes formu-
lated with the hope of obtaining improved stability and toughness (RM39 to AM46). In

comminution, marked improvement in ingot toughness was observed; however, higher

beryllium levels were required to maintain braze tempentures 1700 F. The RM40

(Fig. 56), RM42, and RM44 alloys displayed best brazing characteristics. Two alloys

with no zirconium (RM23 ani RM26 - Fig. 57) also appeared interesting from the

toughness standpoint and were lncludd in the grou- for further study.

On the basis of Initial screening tests, the following RM-series alloys were

chosen for more thorough evaluation in Task IV of Phase I:

Alloy __ _sis of Selection

RMI Baseline

Good biazing characteristics and structure,
RM8 |carrnsion resistance, and low flow temperatures
RM12 J[ - 9' a, 1650 F, respectively). Moderate strength

an Atr accor Odation.
ltM28 Superior brazing characteristics : 1720 F with the
RM32 10% Ag addition. Moderate strength and strain
RM33 accommodation levels. Good toughness leveis.

RM23
RM26 I Best toughnes gaged by resistance to comminu-
RM40 tion, due to reduced Zr contents. Good brazing
RM42 Characteristics < 1700 F.
RM44

NI-1P Pla3 (OI-Situ Braze Candidate). To screen Ni-10P, several flat and cor-

rugated pieces of 0. 006-inch, Ti-AI-2. 53a foil were Kanigen plated on both sides.

The plan was to simulate in-situ brazing of a pa and-fn heat exchanger section.

89



One series was plated to 0.075 mil and the other to 0. '50 mil, with the assumption

that some influence of thickneas coulV be measured. F 'rot trial brazing temperature

of 1825 F for thirty minutes in vacuum was selected to correspond with the most

successful previous e--perience (Ref. 93). As shown In Figure 58A and B, the

microstructare of the brazed Prea nud the braze affected center foil was composed of the

beta-embrittled (a + p) Widmanstatten-type structure while the areas adjacent were

only affecte, ,next to the plating. The normal a structure away from the Ni-IOP

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

braze material in lowering the effective beta transus. 1
Results from salt spray exposure of one hundred hours on tb!' joints were

sufficient to show definite corrosion effects and substantial degradation in joint
strength and peel resistance (based Upon manual bnd and peel tests). Evidently,

sufficient quantities of nickel and/or pbosphorus diffucd into th previously ail-alpha

foils during brazing (1825 F, 0.5 hnur) to lower the beta transus from 1900 to< 1825 F,

reDuting in a coarse Widmanstatten precipltate of acicular alpha within untransformed

beta upon cooling. Such structures are normally associated with beta embrittlement

phenomena. To minimize NI/TJ/P interdlffusion, lower braze temperatures and

shorter braze times were investigated. A braze cycle of 1725 F for 5 minutes ap-

parently left the beta transus >1725 F, but did produce a 1. 2-mil thick layer of hara

intermet lllc phase (Ti2 Ni) adjacent to the braze, leaving just 3.0 mile 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 intermediate tempers-ure J1760, 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 Widranstatten pattern

(acicular a and untransformed () adjacent to the braze alloy coating (Fig. 59A). At

1775 F (5 minutes), the Widmanstatten structure increased to 1. 8 mile thick (Fig. 59B).

At 1800 F, the entire Ti-5AI-2.58n foil was comprised of the coarse Widmanatauen

structure and significant grain growth was observed (Fig. 59C).

Becauso the Ni-lOP coating strongly promoted a beta-embrittlament 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 sufficient

merit for titanium foil Joining, Therefore, no further investigation was programmed.

90



Summary of Braze Scveening R~esults

Work began with braze screening tests on some 40 candidate braze alloys

using foil T-joint srecimens to aasess minimum flow temperatures and brazing

characteristics. By selective third-element alloying of the Ti-b. tBe eutectic base with

minor additions of aluminum, cobalt, chromium, iron, germanium, manganese,

copper, nickel, silicon, silver, and tin, attempts were made to reducc the-2000 to

2050 F binary eutectic braze temperature to s 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 temperatire. Generally,

excellent brazing characteristics were obtained, but the lowest braze temperature

recorded was 1800 F wth 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

mhown 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). Although lower flow temperatures were not achieved,

neveral of these quaternary alloys (CS series) developed superior strength and tough-

ness properties in foil briz.-znents. Because they brazed well at intermediate tem-

peratures (IC50 to 1700 F), foil erosion was minimal and retention of foil properties

excellent.

In the final screening study, the largest number of candidate braze alloys

were evaluated for applicability to foil joir!,w: 28 more ternary and quaternary alloys

based upon the TI-Zr-Be eutectic (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 !or

beryllium to reduce the total beryllide content and to obtain braze temperatures <1600 F.

(Beryllium concentration was varied from 0.0 to S. 0 weight percent.)

An investigation was made also of thin M-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-fin
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structures were carried out successfully in the range of 1750 to 1825 F, but two

serious problems were encountered:

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

" Salt-spruy exposure of 100 hours caused vistble joint corrosion and
substantial degradation in joint ,rength and peel resistance.

Because of the unpromising screening results, Ni-IOP 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 tests.

Referenced screening of braze characteristics and braze structures reduced

the number of useable compositional modifications to the 18 candidate braze alloys

listed in Table XOV1X. The braze alloys were divided into two categries:

o The CS series, dependent upon beryllium (4.5 to S. 6%) as the principal
melting point depressant.

The RM series, using both nickel r.2 to 1. 0%) and typically reduced
beryllium (0.0 to 5.0%) as major nelting point depressants.

Ta in, tt of the RM series was to substitute nickel partially for beryllium as a melt-

ing point depressant to reduce the total beryllide content. In general, the beryllide

content was decreased In the RM series, but the total volume percent of in'ei-metallics

remained approximately tize same as the CS series (due to T 2 NI and Zr 2 Ni formation).

T-Joint Corrosion Tests
.

Smsll T-joint brazements of TI-5AI-2. 58h foil, 0.006-Inch thick were ex-

posed to 100 hours of salt spray environment, then bent manually 90 degrees wd

examined visually and metaUographica~ly. The candidate braze alloys RM., RM23,

RM6, RM29, RM32. RM44, C9I7E, and CM1?F showed a .iit tendency toward

braze (not joint interface) cracking on bending before the salt spray test; and as
shown in Figure 60 through 64, the salt spray envronment did not &uravate this

tendency. Only RM40 and C2171 appeared somewhat more prone to in-braze crack-

Ing fcUuwlng salt spray exposure and, as shown in Figures 65 thro4h 68, there was

no evidence of interface corrosion.
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TABLE XXVEX
BRAZE ALLOYS EVALUATED IN TASK IV

Bran Noni Compositon (wt F) low
Alloy AD@y - -Tamperatire

No. Deigna Ti Zr NI Be A) Co Cu A)

I CS13-5 Bel 47.2 - 5.60 j 1620

2 CS217 ) B&" 47.5 - .I + Io140
3 C8217CM~ Wa 45.1 - 4.75 5.01 1700

4c C8217E Da! 45.1 5.0 4.75 1600
S C217F BI 45.1 - 4.75 - 5.0 1630

6 C8217G Dm1 44.6 - 4.90 - - 2.0 1680

7 C217I Bal 42.9 - 4.50 - - - 9.6 1520

8 RM8()) Bi 43. C 12.0 2.00 1470

9 RM12( 4) Bal 45.0 8,0 2.00 1660
10 M e m1 41.0 16.0 -- 1650
11 RMd33 Mal 40.5 7.2 1.80 - -10.0 1580

12 RM32 D .38.7 12.6 --- -- 10.0 1720
13 RMdS Ba! 36.9 16.2 - - - 10.0 1620

14 RN23 DOI -- 17.2 00 1700

15 RM6 Bal - 16. 3.90 2 .0 I 66
16 RM40 Bid 20.0 0 5.00 I 1700

17 RM2 Ba 20.012.0 4.0000
18 R"44 T-u 14.0 7.2 4.50 - 1700

1. Dow0ty -4.93 m/e~c 3. Denity - 5.44 iWo/co

2. D"Iy. 4.87 Xm/oo 4. Densty -5. 3S gm/ce

The remainder of the candidate brae alloys ezhtbted no crMaok1 tendency

cither before or R ter salt spray expowue; and as shown in Figures 6 through 73,

there wan no evidence of Interfao' (crevkv-typs) corrosion or general corroelio on

any candidate bratement.

, -.Jo.t tooo eb weore o fd out on candide &Hoy boenos in bot
tb* s-brazed owitton ad aftr lQO bourn eosuer to sa Way (0. 010-tnoh thick

.. .. Al-4V S). ftaaw.it P ia I e• m ofi•y of IMow ollllWed in the bIaz-



TABLE XXX

RESULTS OF ROOM TEMPERATURE T-JOINT TENSILE TESTS

Braze Foil Stress at Failure - T-Jolnt Tensile Specimens (kal)

Alloy As-Brazed Condition After 100 Hours Salt Spray

CS13-5 147.8, 47.0 60.0, 47.0

CS217 154.5(1)(PM), 145.6, 105.3, 93.2 118.5, 49.2

CS217C 141.1, 136.8, 112.0, 111.5 129.0, 87.8

CS217E 105.3, 82.0, 49.3, 41.0 40.5, 40.0

CS217F 136.8, 83.0, 73.9, 63.0 117.5, 100.0

CS21 7 G 138.9(I)(PM), 138.9(PM), 129.0, 60.0 148.0, 100.5, 125.2(1)

CS2171 60.5, 60.5, 51.5, 49.3 41.0, 40.3

RM8 119.0, 83 0, 74.0, 70.0, 62.0 ".0, 41.0

RMI2 118.0, 108.0. 62.0, 60.0 94.0, 56.0

RMI 82.0, 76.0, 64.0, 40.0 92.3, 76.0

RM33 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, 36.0

RM26 108.0, 47.0 76.0

RM40 112.0, )V5.3, 80.0 87.8, 37.0

RM42 67.0, 62.0, 27.0, 40.0 95.5, 37.0

RM44 130.0, 30.0 44.8, 3W,0

Ag-SAl 56.0, 28.0 ---

1. Same T-Joint specimen exposed in malt for 100 hours, then retested.
PM - specimen failed in foil component. _ _ _I

metal, a relative assessment of braze strwth and reeisance to oorrooAz effects

was possible. The results of the T-joint tenle tests are tabulabW in Table XXX

and the flow characteristics nd mechanical properties of the candidate braze alloys

are summarized in Table XXXI. The CS series of braze alloys sbowed the highest,

strength potential (Fig. 74), MaximuM as-brazed strengths in the range of '05 to

155 kai (foil stress) were quite common. However, the variation of strength for a

given alloy brazement was seen to be grost also; in many cases the mtainium strengths

were only 50 percent or iess of the maximum valugs fe.g,, C813-5, CS217E, C5217F.

and C817G). The wide scatter of streNth vul e very likely reflects the marg.
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notch toughress of the high-beryllium CS series. In this regard, the candidates

CS217iC with 5 pwrcent alumnwn and CS217G with 2 percent silicon appeared most

promising, using the double criteria or highest str*-g4th levels and most consistent

strengths. This obstrvation was valid both aiz-brazei and after salt oprmy. The

braze allo y C82171 also give conaiatbnt strongt values, quite possk.A&e diw to its

naturally spheroidized an-braze~d structure. Strength values of CS2171 were the

lowet of the CS series, however.

With the limited numiber of test results, it was difficult to assess the effect

of salt spray environment on joint 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 pai) for the candidates

CS217C, C8217F, and CS217G. However, the wide scatter of as-brazed strength

values for the CS217 F and C8217G alloys, with values as low as 60, 000 to 63, 000 psi,

reduced the importance ef the preceding observation. For cases where data scatter
were not appreciable, no definite strength degradation was observed (single exception:

CS2171). Hence, the corrosion effect tentatively was assum ed negligible to minor.

The big problem again appeared to be marginal notch toughness of 2>e braze materials,

leading to widespread scatter of strength valu~es.

The same geveral observations regarding the broad scatter of strength data

and vagueness of a corrosion effect held true for the IRM series of braze alloys. 'Me
braze alloys RM8, RM12, and RM4O shooied most promise on the basis of consistently
providing minimum braze strength# z 60, 000 pat (as-brazed coindition). This criterion

ensured an as-brated strength superior to that afforded by Ag-SAl alloy. In general.

the better Rid seies alloys exhibited lower potential for T-Jolnt tensile strength than

the better CS series alloys. Surpriuingly. the high toutghness Rid series alloys con-
tainng lower z.irconium content (e. g. , RM40. 42, 44) and no zircnium (e. g. , RM23,

0M

26) exhibited Just as much scatter in strength data as the less tough, high-zirconium

heats. The problem likely stemmed from the higher beryllium (and beryllide) levels

required to maintain flow temperaftures 2 700 F.

Si
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I I
S&,iin Accommodation Tests

To gage the re lative stran accurwmM atioa capabiity of each candidate braze

alloy, a very tbin ±ay,.r of braze alloy < 0. 001 -inch thick) w s sprean and brazed

discontinuously along the centerline surfaces dI teiriie specimenE of TI-,AI-4V

(0. u19-Inch thick) with tapered sectio. Each specimen was pulled in tension at. ... ~~~ 13, O.pA ,tunexmned for cracks
room temperature to a maximur etreci of 135, 000 teen eaai

in and along the surface braze film. Ir many cnse&s r, cracks were dacernible and

*;nr specimene were Dulled to failure and reexamined The wdth of f(rd at the last
crack was measured with an ST Optical Compatrio and tAis figure was thu relatedI

to the minimum strain and stress (in the titanium foil) at which cracking started.

These strain data are recorded ifl Tables XGI and XXXII and typical transverse crack

patterns in the braze are shown in Figures 75 and 76. Since brazements in service

are not usually subjected to a foil stress Rbove the 0, 2 percent yield strer.-h

(. 135, 000 psi for Ti- '1-4V), braze alloys which tend to crack only at ioil stress

130, 000 psi were L.- Mdered satisfactory from strain accommodation considerations.

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)

97.3

RM28 72.0

RM32 120.6

RM42 114.9

RM2S 117.8

CS2171 125.2

Fortunately, all of the candidate bra alloys which exhibited bestpte'4!al

in the preceding corrosion and strength testy also developed satisfactory strain nc-

commodation values (viz. CS217, CS217C, CS217F . CS217G, RM8, RM12, and RM40).

- - A

* 1. 6tress cnrresponding to average 0. 2 percent yield strength of Ti-6A1-4V foil
(braze-cycled condition'



TAPLE XXXP!

STRAIN ACCOMMODATION TEST RESULS

Thickness in Fo~r Start of Crackin
ma imu MlMMUM Minimum

Braze T -ra + La t Crack Load Stress Stra
Aloy -FoUl (in.) (lb) (kai) (micro in./in.)!

CS13-5 9.0 9.7 0.270 405 154.5 9650

CS217 9.5 9.6 0.294 410 145.0 9060

rS217C 9.3 10.0 0.299 415 35.6 8475

C217Ei 9.5 9.7 0269 375 143,5 9000

CS217F 1 9.3 10.0 0.294 390 132.5 8290

CS217GI 9.3 10.3 0.296 405 133.0 8320

CS2171 9.1 9. 0 334 405 125.2 7825

RM8 9.1 ,10.3 0.289 1 385 129.5 8090

RMI2 9.4 10.0 0.283 420 148.1 9260

RM33 9.3 9.8 0.289 420 147.4 9260

RM23 9.0 9.4 0.302 380 134.0 8380

RM26 9.4 10.0 0.365 430 117.8 7375

RM40 9.1 10.0 0.282 400 142.0 8875

RM42 9.4 10.2 0.324 380 114.9 7190

HM44 9.4 9.6 0.319 1 408 133.1 C125

RM1 97.3 6080

RM32 120.6 7500

kiM28 __72,0 4500
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Double Lap-Joint Peel Tests

The l--joint peel tests were conducted on specimens made of 0. 010-inch

thick Ti-6AI-4V alloy and the results are included in Tables =X and XXXIII.

Significantly lower values of load for peel failure were otained when a poor fillet

was formed; otherwise, the data obtained are considered satisfactory for evaluation

of braze-line peel resistance (a measure of toughness) of the candidate braze alloys.

The Ag-SAl braze joint was found to require the highest average load

(1390 lb/in.) for peel-type failure, followed closely by C82171 (9.6 percent copper),

CS217E, RM44, CS217C, and CS217F (with average values of 1043, 873, 860, 8,0 and

794 lb/in. respectively). The alloy CS217F wa- quite interesting as it exhibited a

high tensile strength ?otential (up to 137, 000 p8l) as determined by T-joint teri1e

testing, as well as good strain accommodation and insensitivity t zrosi effects.

Curiously, it was occasioally prone to in-braze crackinF 1n manual bend tests.

Many of the RM series alloys (RM33, RM12, RM26, RM40, and RM44) possessed

about the same maximum p% el values as the CS series alloys (except CS217F and

CS2171). 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 alloy was considered to have satisfactory peel resistance,

inasmuch as the one poor test result was attributed to marginal fillet formation.

Lap Shear Strength Tests

The lap shear test consisted of brazing together two 0. 010-inch thick by

0. 5-inch wide foils (Ti-6A1-4V) with an average overlap of about 0. 030 inch, holding

at the flow point for 5 minutes, and then testing 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 various braze alloys, but it was fouwd that the I
joint failure by shear occurred at about the same tensile load regardless of the exact

overlap area (except when the cverlap was > 0. 040 inch, the failure iavarlably oc-

curred in the titanium foil). This lad to thc tentative interpret4'ion that failure by

shear always occurs by the start of a braze crack or other structural defect at a

certain foil stress (or strain) in te fillet area. The inference was that this threshold

str, ,s is characteristic of the braze alloy and does not depend primarily on the

overlap area. However, when the overlaps exceed 0. 040 ich, failure occurs in the

titanium foil rather than the joint due to reduced shear strain al3ng the joint interiace,
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TABLE XXXM

DOUBLE LAP-JOINT PEEL TEST RESULTS

.P.u..i.nch I

Alloy (of Braze Line) at Average ValueAlloy Failure (Actual Data)

CS13-5 744, 468 606

CS217 840, 550 695

CS217C 860, 820 840

CS217E 985, 761 873

CS217F 1151, 436 794

CS217G 865, 457 ' 661
SCS21.7I 1160, 927 1043

jRM1 672, 314 493

RMS 690, 690, 650 677

RMI2 710, 690 700

RM33 927, 404 666

RM23 726, 270 498

RM26 838, 650 744

RM40 800, 7C2 765

RM42 645, 180 412

RM44 878, 838 860

Aj-5A1-.2Mn 1560, '220 1390

and correspondingly less susceptibility oi the braze tv notch-indued cracking. The

shear strength data obtained at overlap < 0.040 inch are included in Tables XXAI and

XXXIN. The values for mojt braze alloys are in good agreement. Thus, the lap shear

test data were considered reproducible In terms of the stress In the foil at incipient

shear faflur,.

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

area were 39, 200 psi and 43, 200 psi, respectively. These are quite respectable values

of shear strength , or ttanium ,'oil btaze joints and undoubtedly reflect both the influence

of Intermetallic strergtheatng and the buttressing effect of the braze fillet at small
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TABLE XXXIV,
LAP-SHEAR TEST RESULTS

F ! T Average or Moat
Mean Exsct Loa t stress in A-b Exact Load at Ste in Rpreinebdive

Overl Thlclme a Foll at Oriap ThesFoil at Stress in Foil at
Widt of ol Failur Wdth of Fo Fa re Shear earAlloy (rMil) (ril) (1b) Ou, t) 4ml (ml Ob) (kai) (kal)

cS13-5 2.5 10.6 495.0 9,.5 21.5 10.6 493.0) 93.1 93.3

C527 24.5 10,7 482.0 90.1 26.5 11.3 526.0 93.1 91.6

C8217C 23.0 10,3 549.0 106.6 41.0 ,0.8 639.0 11.3(PIt 106.6

CS217E 22.0 11.1 449.0 81,0 19.0 10 492.0 94.5 87.8

CS217F 30.0 11:5 00 4.0 25.0 10.6 482.0 92.4 93.2

C217G 41.0 10,5 505.0 96.4 27.5 10.6 505.0 95.3 95.8

CS2171 150 10.7 515.0 96.1 150 :0.4 470. 0.5 93.3

RMIS 36.0 11.3 3%7.2 61.5 27.0 10.6 392.0 74.1 67.8

RM12 20.5 10.4 515.0 99.0 30.5 10.4 549.0 105.2 102.1

RMS3 20.5 10.45 358.0 66.6 29.5 10.3 392.0 75.8 72.2

RM23 2" ,(1) 0.4 257.6 49.4 33,5 11. 1 369.6 66,6 66.6

RM26 17,5 11.0 348.0 63.4 1.* 11.1 381.0 68,6 66.0

RM40 22.3 10.d 374.0 70.5 22.0 10.7 370.0 69.2 69.8

RM42 16.5 11.0 392.0 71.2 20.5 10.8 336.0 62.4 66.8

RM44 4.5
(  10.7 224.0 42.7 25.5 10.4 372.0 70.8 70.8

RM122 28.5 10.6 328.0 61.9 | 31.5 10.6 310.0 59.6 60,7

Ag-5AI 20.0 12.,5 425,6 70.9 i 20.0 11.5 459.0 79. 75.0

1, Margina fillet formation.

overlaps. The other CS series alloys devloped slightly lower foil stresses at snear

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 alloys (60, 700 to 72, 200 psi).

The RM22 alloy, with the lowest observed flow temperature (1380 F), actually had the

lowest foil stress 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 valtes for all tests. They were CS217C and RM12. The following eight braze

alloys, also showing considerable promise, were transferred as candidates for Task V

testing.

e CS217 " RM8

* CS217C * RM12
* CS217F e RM26

* CS217G * RM40
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3.4.5 Summary of Task IV- Braze Optimization Sudies

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

Because of the overriding importance of corrosion reaistance. 0.006-inch

foil (Ti-5A1-2. 5Sn) T-Joint brazements of the candidate alloys were subjected initially

to salt-spray conditioning (5% NaCI, 200 F, 100 hours). Bram. joints made of RM1,

RM23, RM26, RM28, RM32, FPM44, CS217E, and CS217F euiibited tendencies toward

braze cracking during bend toughness tests prior to salt spray. The salt spray con-

ditioning did not aggravate these tendencies. Only RM40 and CS2171 brazements

appeared more prone to in-braze cra%.. 'ng following salt-spray exposure. The re-

mainder of the candidate braze alloys:

CS13-5

* CS217

* CS217C

* CS217G

* RM8

e RM12

RM33

* RM42

showcd 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

br-ze/foll Interface corrosion (crevlce-type) or general brn e corrosion was observ2d

within any of the candidate alloy brazements.

bi contrast, T-joints braze with Ag-1OSn and Ag-5AI-0. 2Mn (hseltne

specimens) fell apart on removal f: the salt spray cabinet following exposure

times as hort as 15 hours.

Effect of Salt Spray Exposure Upon T-Juint Strength (TT)

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

after 100 hours salt spray exposure) developed promising results for most corrosinn-

resistant braze candidates. The highest strengths (range oi - 50 to 150 ksi) were

generated consistently by CS13-5, CS217, CS217C, CS217F. CS217G, RMG, .IM, 2

RM26, and RM40. Data scatter in thip range. both before and after salt spray, was,

in many cases, widespoead due to the marginal notch toughness of the as-brazed

structures and the natural geometric stross raisers inherent in the T-joint specimen
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design. Specimens failed predominantly within the braze. In spite of theso factors,

the better candidate braze alloys exhibited more than double the average T-joint

strength of the baseline silver-base braze specimens (as-brazed condition). After

salt-spray conditioning, the silver-brazed specimens were so badly corroded that

testing was impossible.

Single Lap-Joint Tensile Tests (RT)

The 2t to 4t overlap, lap-joint specimens also produced interesting s~rength

data at room temperature. It was found that overlaps exceeding 4t (i. e., > 0. 040 inch)

invariably resulted in base-metal foil failurk., 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 init'ated at a near constant foil stress value

(regardless -1 verlap area) rather than at a constant shear stress value. The inference

drawn was that fracture initiates at a limiting str3ss in ,he braze fillet or braze af-

fected foil immediately adjacent to the joint, triggering subsequ'nt notch-indwed 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 RMI 2 developed the highest average

lap-shear st rengths (viz., 39,200 and 43, 200 psi, respectively, related to foil j
stresses of 106, 000 and 102, 000 psi respectivel',). These levels of sh ar strength

were considered adequate for titanium foil brazeme-its, and undoubted]. reflect '.oth

the influence of braze intermetallic strenciening and the buttressing effe( of the

braze fillets at small overlaps. The baseline silver braze strength was 75, 000 psi

(foil stress).

Peel Resistance and Strain Accommodation Tests

Special screening tests to appraise the interface peel resistance and strain

accommodation capability of 'audidate brnze alloys. showed the good applicability of
titanium-zirconium base systems. In the double-lap Joint peel tests, the soft, tough

silver-base braze alloy and two CS series alloys with naturally spheroidiztd beryllides

(as-brazed) exhibited the highest potentials of ptsel resistance (viz., Ag-5A1-0. 2Mn

with an average failure load of 1390 pounds/Inch of braze line: and CS217F and CS2171

with maximum failure loads of 1151 pounds/inch aihd 1160 poundsinch, rtspectively). 

Un-.,ever, the following alloys with (previously determined) superior rarros!on re-ie-

tance, strength and bend toughness yielded good average values of peel resistance of
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650 pounds/inch or greater, many with better reproducibility: viz.. CS217 CS217C,

RM8, RM40 and RM12, T.he C8217C alloy with an average peel resistance level of

840 pounds/inch gave the beat performance of this latter group.

The strain accommodation test was unique, ir that it was developed specifically

to detormine whether or not braze alloys with a high proportion of high-modulus second

phase cs wit stand strains equivalent to the yield strains of the substrate foils. A

thin veneer (< 0. 001-inch thick) -f each candidate ahloy was brazed discontinuously

along the centerline surface of tme 10--mil, Ti-6A-4V foil tensile specimens of vary-

ing (tapered) Aidth. The foil and braze-interface strains on subsequent tensile loading

then wure in ersely proportional to the specimen width, so that the minimum actual

st adiy, at which b. Aze or braze/foil interface cracking occurred could be determined

through microscopi- examination. The best strain accommodation was provided by

those braze alloys which cracked only at the highest levels of strain.

Fortunately, almost all the better braze alloy candidates in vrevious tests

bhe,,!ed capatDiALMe of accommodating total stra-n higher than that corresponding to

the 0.2 percent y Add strain for the base foils i. e., approximately 8,400 micro

i,/in. at 135, 000 psi). Assuming a predominantly elastic stress/strain relation,

the better candidate ,Jloys for strai, accommodatiorn are listd below:

Minimum Strain at
M.cipient Braze CrackingAllv y Designation (micro in,/-n.)

CSI 3-5 9650

LMi 2 92f 0

CS2'7 90-0

RM40 8875

CS21 7C 8475

CS2 &-III 8320

C,"' 7F 1210
RMS 8090

Overtl 'Performance in ISfccuning Tests 0

T wo ei didate bri, t alloys (CS217C and RM12) consistently warranted

suwpricr ratings cn all dcreeodng tests of Task AN. The braze alleys, CS217. CS217F.

(S217G, as ,ll as RMS, RM2I, and RM40 also displayed gocx t supe rior ratings on

most :creeriing tests and, together with iM12 and (.S217C., we. o selected for vmore

advnced testing, in Task V.
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0. 0 6 T O . 01 0 - C A H 0 ID A T E B tA Z k

ALL DIMENSIONb iN INCH 0<
0.00b TO 0.010

FIGURE 25. 'i YPICAL "?-JOIN SPECIMEN FOR METALLOGI PtiY A.END T'A"STb

0.600 0.010

2.00

ALL DIMENSIONS !N ,HES

0,125

FIGURE 26. TYPICAL T-JOINT SPECIMEN FOR TENSILE TESS. S

OVLr'LAF 10 0.020 10 0,040 INCI

0.LI INCH

* [..1- 3 INCHES-.

MATERIAL: Program alloy coils; 0.010-inch thick

FIGURE 27. TYPICAL LAP-JOINT S2LCIMEN FOR SHEA1 TESTS

1070 ot



0 5

ALL DMENSIONS I I CIE"

0.006 m' 0.010

0.5

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

BRAZE ALLOY SPREAD DISCONTINU,)USLY ALNC. CFNTER LINE

0. 75 INCH -.~ - ~ 1. 0 INCH -1. 25 INCHES

0.5INCH 0a0 000000 oooooooooo 1.25INCH

3.0 INCH

FOIL MATERIAL: TI-6AI-4V (0.011 inch)

FIGURE 29. TYPICAL STRAIN ACCOMMODATION SPECIMEN
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FIGURE 30.,

BRANZE ALLOY CHARGT:-LOADED
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4 ~ 4 -itaniuno -baise bra. e allovs prep 'rcn
for mpilim~arv hraue screning tefS 5.

W_ 1braze ailoyha' hut ton i's
k' T crushed to pI ONAdV a s-mali sample f"F

!.'p # fkwm test.

FIGURE 33.

TITANI T~l -BASE BR.AZF ALLOY
MELT iS

TitaInium foil T-ioits used for braz7e
alX'v sc reenimg tests. characterasteci
which are ident ified include wetting, 2

flow. fiflling behiavior, siructural
eamnpatibility and substrate metal
erosion.

AF 33 (6 5) 3 13 7
F IGUJRE 34.J,~a~ Pp~ct.l>sa.k'

TITANIUM FOIL T-JOrNT
SPECIMENS FOR BRAZE
ALLOY SCREENIN~G TESTS



F IGURE ij

T-JOIN4T SPECIMEN B3EFOR1E
BRAIZ E

Ia6nificatiion: 3X

FIGURE 36.

T-JOINT SPECIMEN AFTER
BRAZE

FIGURE 37. LABORATORY BRAZING FURNACE
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[ O, ( i, T-JOI$T TANIUM B AZEA, LLO- ' , PECIMEN

.11101,E FORl VIEWING
SPLCIMEN TEMP'ER.\'TUR

iNDllCN ION )iA ItAL,

'COLUMBIUM ALLOY

HIONFYCOM1,
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FIGURE 38. SCHEMATIC DIAGRAM OF TIlE LABORATORY BRAZING FURNACE
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* Ii m Alloby: i-9, C105 GM,

Yrz ~ncrature-, 1 800 F
Ytchint: Kroll's

A, MagnJficatiott: I OOX

FIC'URE 41,

TYPICAL Ti-S A] 2.5S11 FOUL
T-JOINT B3P.ZEt) IN VACUl fl1

jWITH 1T-9, 57Cu-5. 613(- ALLOY

Braze Temperature: 1850 F

Etchant: Kroll's

Magnification: AX

Figure 42.

TYIAL I A-2. 5Sn FOIL
T-JOTNT BRAZED IN VACUU _____________________________

WITH 1i-8. 661\11-5, 611c ALLOY

Braze Alloy: Ag- 5A1-0. 2Mn

Braze 'tempe-ature: 1700 F

Salt Spray Exposure: 72 flours

Magnification: 2. 5X

Extevsive crevice corrosion resulted
in complefe separation -the foil
conrx)(~1trs. Corrosion was cofl&Cf-
trated along the interface between the
brave, and the kbottom fo~l surface.

FIGURE-L 4:3.

TYPICAL 1i-5A1-2. 5Sn FOIL~
'F-JOINTr BRA ZED) IN VACUM

WI'I I A g-5A 1-O0. 2 Mn A LLOY
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FIGUREi 45. TVINCAI. ".id Sn F011, T-JOINTS Y1PAZIFD IN VACUUNI XVT CAND111A.TE' 1.A7 F ALLibS (Sheet 3 of 3)



E\~A E N 1

C'- 72 E

AAI



Braze Alloy: CS 217C (5-. Al)

Braze Temperature: 1l00 F

Ftchant: Kroll's

Manl'ctln:100 X

- .¢. ,.'5 .. _ . ..i. . . .

FIGURE 47.

BRAZE SCREENING TEST WIH
C5217C BRAZE ALLOY

Braze Alloy: CS 217G (2% Si)

Braze ;'emnerpture: 168. F

Etchant: Kroil's

Magnification: 100 X

'FIGURE 48.

BRAZE SCREENING TEST WITH
CS217G BRAZE ALLOY
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lit aze Tempwralurv: 12
F~csn:Kroll'S

Maofrxficatioll: 100 X

FIGURE 49.

BRAZE SCREENING TEST 'WIj-Tl
CS21'71 BRAZEF AL LOY

Braze~ \1o., C.9 217 E (5" Ni 1

~Ie'mpvraturo7 1600i F

MNigni-aH(i): IT00 X

T GME 50. F

BPAZf SCEENING TEST WITH1 .

CS217E BRAZE ALLOY

Braze Alloy: CS 217E (5f~o Co)

caze Temperahz.'e: 1620 F

Etchant: Kroll's

Magnification: 1100 X

FIGURE 51.

BRAZE SCREENING TEST WITrH
CS217F BRAZE ALLOY
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[1i Ul.N.: R 1 i (TF -41"r I "N i

Spra F I:o ~irc: I I I Itours

rEtchant : Krolls

IG:1 Wigmnificaition: 100 X

No anoavt-W co-roson.

FIGURE 52.

BRAZE SCREENING TEST WITH

Jill________________ RM1 BRAZE ALLOY

Ira 'hn- -TeII IleI:Itki(c 1-170 F

Salt ipr':Iv 1xso' 4I Htours

E 0.h;11t: IXIoI I'S

~-t)!S C~lI~l:100 N

Noa prarent corroiion:

Scrccninglrz joini with RM 8' ailo
('Ui -4;37r-1i2Ni -2 B3c) after 1!1I hours
it, Salt spvraNy

FIGURE 53.

BRAZE SCREENING TEST WITHT l
13,11 BRAZE ALLOY f

Mh a'i" illov': FtM 12 (Ti- 15Zr-Ht. ONi-2. 013e)

Blraze Tem perature: 1 650 F

Salt SpraYv f;xlosurc: 114 Hours

Etchant: Kroll's

Magnification: 100 X

~ FIGURE 54.

BRAZE SCREENING TEST WITH
RMi.2 BRAZE ALLOY
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Brazco Alloy: RM 28 (Ti-43Zr-l8Ni-lO0Ag),

Braze Temperature: 1620 F

Etchant: Kroll%;~

1M.,1 uafication: 100 X

FIGURE 55.

BRAZE SCREENING TEST WITH
TZM28 BRAZE LO

Braze Alloy: RM 40 (Ti'.2OZr-8Ni-5Be )

Braze Temperature: 1700 F

Etchant: Kroll's

Magnification: 100 X

FIGURE 56,

BRAZE SCREENING TEST WITH
RM40 BRAZE ALLOY

Braze Alloy- TIM 26 (Ti-lO6. 9NL-3. 9Be-2. 08W

reaze Temperature: 1660 F

Vir.hantt Kroll's

Magnification: 250 X

FIGURE 57.

BRAZE SCREENING TEST WITH

RM26 BRAZE ALLOY
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. A.

Center foil only was plated on!both shie-s wiJth
0.065 -. mu Ni-lP. Test snpewa s h; a!(d

A tor 30 minMutes at 1 25 F. Nowc the couvpieteiv
I), >' /transformed structure in th cotr foil a nd

the partial transformed structure inti
braze affected arca.

~ Magnification: 100 X

B

* Brazing was accomplished at 1825 F for 30
minues in vacuum of less than I x 10- 4 Torr.
Note the duplex structure nr the braze joint
and the siogle phase structure in the

* adjacent area.

Magnification: 250 X

A1

L. ~ N

1. 7, .. M w, iurzesobt~ 0.0r63 mnit Ni-tOP coanng on
-centr foil only; brazed in vacuum at 1725 F

for 5 mtnutes. Note the fo'.rmation of a 1. 2 mil

transformation of the structure.

. Magnification: 250 X

FIGURE 58. BRAZE SCREENING TEST WITH 0. 075-MWL, Ni-lOP PLATED SPErMENj _________125



Untrarsformed foil (a)

Widrnanstatten structure
( )(1. 2 mils thick)

S NI-P braze coating
S(0. 15 mils thick)

Untransformed foil (a)
(2.4 mile thick)
1775 F, 5 minutes

Widmanstatten structure
(+)(1.BmUls thick)

Foil completely transformed
Widmanstatten structure
(a + ft ) (6 mthi thick)
1800 F, 5 raiinul,ce

Magnification: 25OX

FIGURlE 59. BRAZE SCREENING T EST WITH 0. 15-MIL, NI-10P PLATED SPECIMEN
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lBinze Cricked

Magnification: 100 X

FIGURE C0.

T-JOINT BEND TEST, BRAZED
WITH RM144 ALLOY

B i 'ize i rid 13raze A fekco
Foil C racked

FIGURE 631.

T-JOINT BENI) TEST, BRAZED
WITH 101123 ALLOY

Magntfication: I 00 X

FIGURE 62.

T-JOINT BEND TEST, BRAZED)
WITH RNM26 ALLOY
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B razc Cracked

IVIago ifficat ioln 100 X

FIGURE 63.

T-JOINT BEND TEST, BRAZED
_______________WITH CS217Ev ALLOY

Small Braze Cracks

Magnification: 100 X

FIGURE 64.

T-JOINT BEND TEST, BRAZED
WITH CS217F ALLOY

No C rackI. Mapidleat ion: 100 X

&IURE 65.
r-NT BEND TST, BR.:Vij

WIT11 10140ALLOY



13rizc Cracked

Mlagnification: 100 X

FIGURE 66b.

r-JOINT BEND TEST, BRAZED
WITH RM40 ALLOY, After
100-Hour Salt Spray Exposure

No Cnirk

Ma gnifi iion: 100t X

FIGURE 7

T-JOINT BEND TEST, BR~AZED
XVT11 CS2 171 ALLOY

FI(;UE GS.

'I'-JOINT B3END) TEST, BRHAZED
M~TI1 (S2171 ALl.Oh , Aftei
100 Hour Salt St ay Exposurfe
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No U rtwk

Mag:niticationl I00f X

FIGURE 69.

T-JOINT BEND TEST, BItAZED
WITH CS217 ALLOY

Manfcain 100k

FIGURE 70.

'F-JOINT BEND TEST, BRAZEI)
%VIT1 CS217 ALLOY; After
100-Hour Salt Spra~y Exposure

No Urick

* FIGURE 71.

T-JOINT BEND TEST, J3HAZY1)
MiTif RNV& ALLOY, Aftcr

13-0rS~tSr~ xp3r



No Crack

FIGURE 72.

T-JOINT BEND TEST, BRAZED
WITH CS21 7C ALLOY; After

I i 100-Hour Salt Spray Exposure

No Cracek

FIG URE 73. -

T-jOINT BEND TESTr, B3RAZED)
WiTti CS21I76 ALLOY; Afterz .

100-1four Salt Spray Fxposarv --

131



I * AS BRAZED
L]AFTER EXPOSURE TO RAiLT FOR tOO HOUR '

15

125

X-it x 1

jOC 4.DS IBTONO RZDTJITTf'SL PENri

75 L ql



V44

I FA



@I

3.5 TASK V - EVALUATION OF BRAZE SYSTEMS

On the basis of excellent foil brazing characteristics a.,d performance in

special brazement strengths toughness. strain acco modation and salt-corrosion

tests, the eight braze a. oys listed in Table X V were selected for further evalua-

tion and study

TABLE XXXV

ALLOYS SELECTrD FOR STUDY AND rVALUATION TIN TASK V

r-T Minmrum
Braze

Braze Alloy - - - i i (  -- Temperature

IDesignaton Tji Zr Be Ni !Al ICo Si 'F)

CS2l7 jBalanoe 47. 5 o. ) -- 1640

CS217C Balance 45. 1 4.75 -- 5.0 - 1700

jCS211YF rBiilance 45.1 4,75 -- 50 162n
CS217G Balance1 46. 6 4.90 1 -- 2.0 1680
RM8 B.dance {43.0 2.00 12.0 1470

RM2 Balance 45.0 2.00 8.0o - - - 1660 j
HM26 Balauce - .90 16.9 -- 2.0 1660

RM 4  a ance 2.0 ~i _5.00 i8.0 - 1700

j Of these elght alloyi, prior sc:' eiiing tests at room temperature showed

two braze alloys (C$217C and RMI2) to Le out "I-nding from an ovrali viewpoint

(hig( est and most consistent test resui; in all tests).

Task V (;f Phase I was designed to provide a much broader evaluation of the

eight best candidate braze alloys screened from Task IV. All program alloy foils

were employed. Lap-joint shear tests were conducted (-320 to 800 F) upon candidate

alloy brazements iitially in the as-brazed condition and following thermal aging periods

of 100 hours at 1000 ' in high vacuum (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 statlstical survey was made of both T..Joint and lap-

joint strengths (room temperature) to measure the joint strength reproducibility

4r degree oi data scatter) of the marginally tough brazernents; especially as influ-

em-ed by post-braze heat treatments devised tv imprwe toughnesa and strength re-

producibility. Subsequently, lap shear tests werz, conlucted 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 evaluate the

effects of salt spray exposure (100 hours, 200 F) on lap-joint strengths over the test

temperature range of -320 F to 800 F or 900 F. A similar test regime evaluated the

effects of air oxidation (100 hours, 1000 F, static air), The air oxidation data were

compared directly with the previous!y mentioned thermal stability data. The advantages
of post-braze thermal treatment became very evident by this stage so that post-braze

heat treatri.-nt became a significant variable in developing these test data. Task V

testing was concluded with special lap-joint tests to:

Gage relative susceptibility of candidate alloy b-azements to hot salt
stress corrosion (encrusted NaCl in oxidizing atmosphere at 1000 F,
constant foil stress levels of 10,000 and 20,000 psi).

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

Gain information on the relative abilities of candidate alloy 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 a fixed alternating stress/mean stress ratio of
1. 0. Tests were carried out to the range of 1 05 to 106 cycles. All
lap-joint fatigue specimens were made of 0. 010-inch Ti-5A1-2- 5Sn fnils,
with a controlled 0. 020- to 0. 040-inch overlap, as 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 fia1al evaluation in fabrication and testing of Phase 11

structures.

3. 5. 1 Thermal Stability Testing

The objective of the thermal stability testing was to determine the effects of

pro-aeied service ur aging time at the maximum anticipated service temperature

(1000 F) on brazement strength and structure. Thermal 0~ability tests were conducted

on the eight candidate braze alloys (Ti-6AI-4V foils). Lap shear test specimens of

each braze alloy were exposed at 1000 F for 100 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 augmeud by metallographic examination and microhardness determinations

on small Ti-5AI-2.5Sn and Ti-6AI-4V foil T-joints, which were aged similarly.
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TABLE XW

THERMAL STABILITY TEST RESULTS, LAP-SHEAUI TESTS

Aa-1lnv,~d~kg ~Alter AgIing at I p(Po r to, r 1.' ,1 p jk r i Vzwumy,,
AsnaIs ... . (6 3 19

8
Dmm Hog)__ __ _

adrpoti. Tmrtt At 80 , 32 IF Tmpertre At 8300 F At -320 F

F 627104.4, 100.0, 803. 6,4 114.50). 82.4 113,2, 67.8 300. 0, 843 36.2
1
) 33,71

87 -~ 9.2 1 I
Avrp 0. 88.6 98.4 108.6 8. 128.0

C 1710.,06.6 96 8 0. 11 . 2( k00.8, 6,09,,7. 2 i .1161

T_5.1 ',-4. 151C, 9,2 31 42 7. 4 eo17 0,
Average 05.4 7".0 W0. 88. 774. 31.

C180.7 F896,1 112.0 31 F C ,13. 891Z o0 0 846 2 .1 W

MA C 103., 47. 33.1 , 82.2 110.6 4. 04 11008517..1E60 0.
I T-43,.Zr-4!0e- 3

Ave"a 100.0 95.1 302.3 10k. 901.6 0.

11481.6, 874 8. 3. 8 ..
31

, 62%10 1 1.6 5.. 567.0 0.4, 78.8 112.0. 80.4
71I 0Zr- 2 N1 -2 . 43 . 26 . 0 .

8rr 0.0 U.6 115 2 70.0 70.8 101.3

RU40 T5.1, U3.2 7 1. E. 32.4 200.1, 61.8 21.3, 48.0 70,8, 81.2 70.3, 46.1

Average 63.1 61.0 76.1 g8.6a $6.8 82,2

RU8411 73.1, 56.5 41,0, 46.b 3568 %.4 06.0, 61.0 07.P, 82.8 73. 1, 44.1

fisapproximately 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 alloys and testing as follows-.

* Two specimens tested an-brazed at room temperature

" Two specimens LevLew] am-brazed at 8.00 F in argon

* Two specimens tested as-brazed at -320 F in liquidI nitrogen

Six specimens were aged at 1000 F for 100 hours In vacuum (1. 0 x 10- Torr)

9Md then tested as followsI

" Two specimens tested at room temperature

" Two specimens tested at 800 F In argon

* Two specimens tested at -320 F in liquid nitrogen

1TR Shear Test Results

The data from lap shear teoting (Table XOCXVI; Figures 77 and 78) indicated

that no significant degradation In average strength (-320 F. room temp.erature and

W0 F) developed as the result of the 1000 F va,,u agin'g treatment for the following
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braze alloys. CS217, CS217C, CS217F. and CS217G. The sngle exception was a

15 percent reduction in strength for the CS217G alloy at -320 F. In fact, vacvum

aging appeared tc Nave improved strength of the CS217 alloy, particularly at -320 F

(an averag3 ircrease ot - 30 percent) as shown in Figure 77. Maximum strtngth

levels for the CS series alloys were most frequently observed at the lowest test

temperat.re (-320 F).

The R vi steies alioys reacted somewhat differently to 1000 F 1.'uum agiftg

(Table XXXVI and Figure 78). Except for a curious drop in room temperature

strength post aging (.- 35 percent), the RMS altoy showea no change in strength at

-320 and 800 F resulting from aging. Vacuum aging pioduced directly the apposite

effect on the strength of RMI2 alloy. Average room temperature strength of RM12

did not change, but joint strengths at -320 and 800 F dropped 11 percent and 26 per-

cent respectively, after 1004) F ag rg. Braze strength levels for RM8 and RM12 (i.e.,

tljse unaffected by aging) compared favorably with corresponding levels of the

CS series alloys. In contrast, the remain ing two RM alloys (RM26 au: RM40) yielded

appceciably lower stiength values with generally greater scatter in aata for both the

as-brazed and the vacuum-aged conditions., .'iice, RM26 and RM40, which were

included to evaluate effects of the reduced zirconium content, were screened out at

this point. It has been hoped that the lowered zircon!-. content would benefit braze

toughness and stability in the RM series through reduction of the intermetailic content

and through an increased ten.>nc, o form equilibrium beta transformation producL

on cooling from the braze process.

In summation, the CS217, CS217C, and CS217F braze alloys exhibited best

overaU strength retention after 100 F aging. The six candidate braze aloys, CS217,

CS2I7C, CS217F, CS217G, as well as RM8 and RM12, were recommended for further

study in Task V because of their generally satisfactory performance in thermal

stability testing.

Metallograpband Microhardaess Studies

Small T-Joints of TI-5AI-2. 5V and T1-6AI-4V foils (0.006-inch thick) were

brazed in argon by holding at rainimum flow temperatures for 5 minutes. They were

then aged at 1000 F for 100 hours in vacuum. Minimal foil erosson waa fou as

anticipated from prkvo teats. Microstructures of brazed joints after 1000 F aging

exhibited more uniform distribuOon of intermetafliea ite to thermal diffusion and
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TABLE XXXVII

MICROHARDNES8 DETERMINATION OF BRAZE ALLOYS, THERMAL
STABILITY TESTS

Hardness After Aging At 1000 F
Hardness As Brazed (RC) For 100 Hours (RC)

Braze Alloy Braze Matrix Intermetalllc Braze Matrix Intermetallics

CS217 51.0 to 52.0 71.0 52.0 to 53.0 69.0
DZ to 34.0 to 39.0

CS217C 52.0 to 56.0 53.0 to 56. 0
DZ 44.0

CS217F 46.0 to 51.0 68.0 54.0 66.0
DZ to 43.0

CS217G 51.0 to 53.0 66.0 49.0 to 53.0
DZ to 33.0

RM8 53.0 -- 15.0 to 56.0 60.0
DZ to 38.0

RM12 60.0 to 62.0 44.0 to 6.0 --

DZ 38.0

RM26 55.0 to 57.0
DZ 31.0

RM40 47.0 DZ to 37.0 64.0 to C3. 0

DZ alpifles braze/foil diffuslm zone.

homogenization effects. Coalescence and spheroidization of int-rrmetallic particles
were apparent for all aged brazes, especially for the CS217 and C8217F alloys shown

in Figures 79 and 80. No significant hardness changes !n the CS series braze

structures wore observed after aging at 1000 F for 100 hours (Table XCXVI!). A

moderate woftening of the braze matrix was noted for the R1M8 and RM12 allo'.

resulting from 1000 F vacuum agng.

3.5.2 Reliability Test

The objective of reliability testing was to olain a statistcal measure of

stregth deta reprodocibility for the six remaining caMdate braze alloys.
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TABLE XXXVIII

RELIABILITY TESTING OF BRAZE ALLOYS, LAP-SHEAR SPECIMENS

A m-BrazedA s Cyalic A nnealed for 4 Ho mrs~
1
)

Average Average Increase

streat s e tnm&ose at Munber E arad Foil Sftress
Frz lo 1 oUl Failure o aa Ss~d Dvain Fiue o aa &Wr eito tFiue2

BaeAly (0mil tbick) OuW) Pons Deviation &eil) points eitin R

CS217 BAI-4V 95.8 a 6.9 7.2 10. ~ 8 1. 12.3
:A1_259 1066 1 .0 4.6 129.1 5 i61 128 1.3

5.4 6)o' 16.3 8.9 -- - I -__

CES117C 6A!-4. 101. 6 10. 3. 119.8 1, 10.4 6.61 1 2.2
SAJ-2.693 104.0 5 6.3 8.0 1210.2 5 6.7 7. 15.6
8A1-1Mo-IV 106 .3 5 13.6 12.6 -- --

CS17F 6A1-4V 371.8 7 6.3 65 113.1 5 14.1 3.6 15.6
5AI -2. 5SW 998 4 3.7 3 .7 116.9 4 10.6 9.1 1 71.5

MiI 5AI-1M4 V 106.92 4.5 10..0 5 12. i' $.
A-,& 110.5 4 5 5 15:2 115,5 4 12.2 14.2 4.5

SAI-114o-1V 93.9 5 18.61 19.3 --- - --

a NIS8 6AI -4V v65.1 7 3.8 4.5 76.1 4 2.9 3.S
8A1-2. 59n 84.3 5 6.6 7.9 8.7 3 10.6 1.3
SA1-lIo-iV 94. 5 4.2 4.4 - - - j -

1(5(12 SA-4V 1000 4 .6 66 50 4 7,6 8.6 -

6A1-It 1910.3 5 70 7.0 -. - -

1. Cyclic Aannaltng Trealtnent: For CS Series Braxe Alloys For 1(1.4 ad RN112

1 550 - 1lntimzt 1400?F- 10 Minutes
1300?F -10o Mlinat 1200 F -l10miques
Reapeat for 4 bowr% Rennat for 4 bouts

12 u oCei Annaling -

Reliability tests were conducted using brazed lap snear specimens of the
candidate braze alloyb in the us-brazed comfition and after experimental cyclic

annealing treatment. The six braze alloys evaluated were C9217, CS2l7C. CS2l7F,

CS217G, flM8 and RM12. Lap shear specimens of TI-(6A1-4V and Ti-14l.-2.58h foila

(both 0. 010- Inch thick) were used with a typical overlap of 0. O20-inch. Testing was

conducted at room temperature. Ten data points for foil stress values at thour

failure (five from the Ti-GiAl-4V specimens and Aive from the TI-5AI-2. 58n specimens)
were obtained for each braze alloy in both the as-brazed condition and uitsr cyclic

anneaing. This awouwted to 20 daa points for each brai7e alloy or a girand total of

120 data points. Latr, the T1-8A1-lVo- V foil brazeinents in the us-brazed condition

were tested to bring the grand total to 150 data points., Statistical %.artance in foil

stress values at )Nraze failure wase calculated (able XXXVI= s&d found to te within

ireonab fl kI@ limits for the as-brased condition (I. e., stanard deviaton expnised in
percent of the. average stngth!S 10~ percent). The only bnsemea which exceeded

the 10 pere"t figure (as-brazed aoadfton were the combization C1TC/SAI IMo-1V

(12.5 percent) WW Ct&17Q/1Al-1Uo-1V (19. 8 pereent). "me statletical reliability or

_ _ _ _ _4V



reproducibility of joint shear strength was, for most braze/foii combinations, con-

sidered satisfctory. The data obtained were referred to as baseline data for all

subsequert zubtasks of Task V.

A preliminary investigation of cyclic armealing was carried out on the rame
six braze alloys by lIz shear testing. The CS seric. alloys first were cyclic annealed

In vacuum between 1550 and 1300 F for four hours. Improvement in mean foil stress

values due to "yclic annealing was appreciable for the CS series, and included 7. 7 to

18.9 percent with CS217, 11.2 to 1,. 6 percent with CS217C (5 percent Al), and 15.6

to 17.5 percent with CS217F (5 percent Co). The RM8 and RM12 allovs were evelie
" annealed in vacuum between 1200 and 1400 F for four hours, but me-an strength values

dropped. Unfortunately, the primary objective of cyclic annealing (to improve braze

| strength reproducibility) was not achieved in most cases. The data contained in
Table XXXVIII show that in 8 out of 12 instances data scattei: and percent standard

deviation actually increased becaus;e of i.he specific cyclic anneal used. In lust one

Iinstance, however, the same cyclic anneal not only reduced percent standard devia-

tion significantly (6.5 to 3.6 perrent, but served also to increase average brazement

strength by 15.6 percent (viz. Ti--6A1-4V/CS217F). The inference drawn was that a

spentfic foil/braze combinat' requires a specitic cyclic annealing treatment tailored

to mect desired property objectives. It was decided, therefore, te ex.prr and

evaluate a wide variety st possible cyclic annealing treatments, to define suitable ones

empirically. The six vacuum cyclic anneals evaluated with Ti-SA1-2. 5Sn foils and

CS2!7C braze alloy, employing T-joint tensile and lap shear tests are listed in

Table XXXIX.

As always, the main objective of cyclic amnwaling was to improve reliability
and reproducibility of braze strength through braze structure alteration (i.e.. by

spheroldization of eutectic and pro-eutectic beryllides and stabilization of the titanium-

zireo-niutm terminal solid "oiutions).

Very promisefng results were obtained with cyclic atnneal "1'F (Table XXXIX

for lap-shear and T-joint test configurations and was. therefore. used throughout the

program. ,Th cycle produced an !mtrease in average room temperature strength of
about 12 peret for brux, fei- r Joints and about a a peroe.t wmeasse for

T-Joits. It also ro+ --d the values of standard deviation by 30 ,-reent 1Lip-shear)
am 54 perceu T- 'A -evious work, aprec ablya gra*r scdor in the foil
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TABLE XXXIX

EFFECTS OF CYCLIC ANNEALING ON CS217C ALLOY

Lap Shear Tests T-Jolnt Teniisle 1-ets

Standiard q9tanxlard Standard Standard
Average Deviation Deviation Average Deviation Deviation

cycle Stress ()(%) ,Stress (a) M%

As B "*ed 104.0 8.3 8.0 106.2 15 in. q

B 1550 F-2 hrs 110.7 5.9 5.3 104.5 25.4 24.4
1300 F-2 L-s

1550OF-10 min 113.4 8.8 7.7 11913 19.6 16.3

1560 F-10 min 111.4 818 8.0 109.4 13.4 12.3
D 1000 F-10 min

I hour

v_ 1550 F-10 mn 12. 4 4.3 105.6 10.: .

styoss .V5b5$ for speci fti1b)re had bee observed with T-Jolte tban, with IAOr.

aag fi-I fA1 ret vleatflr, oboth Iso-oboar "~n T-JoWa tests wer hg
t the typica1 folyedsrotof1. 000 psi),arnd rvb* tOw sanke.JU

* kb m Iahlp-sbou & TiJ* tSwt way be i*aft ats a
MW=IR td b*2 M., 6 Micr* 1noh/ucb In 0&tbh a4 nds
*oMUM 4 770 am Iabium aftr cyclc azwaea "101). As

aXfl d XL. proer "vle saussliai-



TABLE XL

FOIL STRAIN FOR FAILURE OF CS217C BRAZ- ALOY

Average foil strain for failure
- _(micro in./in.)

Lap Shear Test T-joint Ten~fle Test Average

As brazed with4

CS217C 6500 6325 6560

Cyclic Annealed
L!OF 10 min
1450F 10 min 7300 8100 7700 
K eat 1hour _

* The marginally 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 treatment or

furnace time w;9 imporant from considerations of production feasibility and minimi~a-

tion of interstitial coniiA1nants.

Metallographic e-vaminat"In ioptical microscopy) of cyclhe innealed braze

structures revealed extensive spheroidizaiti-n of both eutectic and primary beryllides,

the apparent reason behind the improvements in brare strength an l reliatbility (Fig. I-q

ad 82). ibsuequent exailna~lon using high magnification tlectron microscopy (Fig. e-3)

confirmed the indicated spheroidizatio of beryllldes. The nest exwaple of the re-

markable change in braze structure afforded by cyclic annealing is that of the i.raze

alloy CS13-1 (C8217 tltectc) shown In Figures 84 and 85. (CSl3-5 is closely, related.

bot chemically and structurmll, to CM17 and C821 , . The eh-o.ron rmlzrographs

(Fig. 84) reveal the finely spaced. lametlar eutectic str cture of the a&-brazed con-

diticn. Cyclic annealing completely altered the eutecUe stcucture. trunsforming the

* beryllie lamellae or plates lnt- finely dispersed spheroids as well as parttlly

splmroldlaind massive primary beryllides (Fig. 66). 9wh a structure ehanW kqcally

should prove beneficial to brme togbnea., rell blity, and notch ieenltlvtty.
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In addition, the structu~res if the braze-affected zones for the cyclic annealed

CS217C brazements were shown to differ, depening upon tht program foil alloy used.

For ri-WA-2. 58n foils, L-he structure apparently consists of a very fine dispersion of

spheroidal alpha phase in a m'itrix of metastable beta (Fig. 86, 87, and 88). -For

Ti-6A1-4V foils, the resultant structure is the Widmanstatten or martensitic type
(Fig. 89 and 90). Both braze-affected structures were characterized by rather high

hardness levels (R C 39. 0 to 44. 0), indicative of undesirable beta transformation

products (Fig. 86 and 89). A recommended supplemental study aimed at t 6'bta'ning

stable equilibrium structures in beth the braze and braze-affected zceiet. of braze-

ments w.as directed to the sponsor at this juncture. In essence, the approved study

was set up to obtain stronger. tougaer, and metullurgically more stable braze

structures through determination of opt3 mum post-braz~c thermal treatments. employ-

ing both cyclic annealing and isothermal aging.

3. 5. 3 Tensile Tests of Brazeme.

The objective of extensivo tensile testing of candidate alloy bra zements was

to determines

*The variation of foil stress for failure of lap-shear braze spe~imens with
temrperature in the range of -320 to 800 F f11-WA-4V and Ti- 5A1-2. 5311

The relath'e scatter of lap-shear strength levels at Mspeclfic test tempera-
tures in the as-brazed condition

Lap-sheltr specimens TI-SAI-2.58n, Ti-fiAl--4V. and TI-SAI-lMo-1V
(taci 0. 010-inch WOOc were used with the six cardidate alloys. Testing was done in

the temperature range of -3,20 to '200 F as follows

* At -320 F In ;iquid nitrogen

* At -100 F Its methyl Mlrohol &Md dry ice

* Elevated temperature testing at 300. 500, and oOI) F in an ai"'
atmosph~ere

Four dula points were obttaed at each of the test tempert~ires for each

braaloyTo cuadavveraefoi l tressvlues at nO are rplou.h i
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TABLE XLI

AVERAGE STRENGTH OF BRAZE ALLOYS/Ti-5A'-2..5Sn FOIL

Average : 'oil Stres (for failure in lap shear tests) In ksl at Various

Braze Test Ter -era!hires

Allo -30 100E I--r-- _1Y4800F
B S B B , __ B --

CS21 94.4 46.5 95.6 108.6 103.8 84.3 74.6 72.6 52,8

- CS217C 57.4 72.6 85.4 104.0j 107.1 81.4 81.6 172.0!I
CS217F 88.3 87.3 81.4 99.5 1 92. i9.4 64,3 65. 7 68.6

CS217. 98.9 80.3 96.2 110.5 1C 81.4 71 67.5 67,5

7MS9.0 91.1 784 84.3 1 7.1 66.2 61.9 :59,0 86.4

RN112 99.1 105.1 90. 9 94.8 1190.6 i, 91.1 75.9 168, 78.8

Ti-5AI-2.5Snt 800 11. - - - 72.0~
foil 11.

B -As Brazed

S - After 100 hours slt spray expocure

ri-6A-4V foil and also aniaxial tensile, data for the T-6A!- V itself. Baseline data

for Ag-SAI-0. 2Mr. brarz-e specimens are presented in F u re 3 for conspariOwn

purposes.

1U average foil stress value# (for failure in lap ae;ir teott) at dfterent

test ,mperatur-s are tabulated In Table XLI jfor specimens of T*-5AI.2. 5sn foil)

and Table XLii (for spocimena of Ti-WA1-4V foil).

Over the descnding temperature range of 80 F to room temperature, all

braze speetmen afrongthe generally Increased s)stematically with decreasirg tempers-

ture; from about 60 to 70 kai (T-SAI-2. 59h) or 80 to 90 ksi (TI-iAl- 4V) U, S00 F to

about 9 to 110 kat (bh foil alloy*) at room twmperture. This psitern of ncrt.a.-

ntag K tb vith da reaaug temp.riware parallels reaonably well with that extibited

by both bas alkly fail* Ii unlaxtt tensile tests over the same temperature range.
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TABLE XLII

AVERAGE STRENGTH OF BRAZE ALLOYS/Ti-6AI-4V FOIL

Average Fol Stress (for failure in lap shear testa) in kst at Variowi
Brass ,Tat Temperatures

I Aloy -320F S -10OF 75F 3 _03F 500F -80

B- 8 B S Bi -B
CS217 102.0 107.2 111.6 95.5 77.5 95. 1 77.5 92.6 77.0

CS217C 112,0 59.0 94.9 107.7 87.1 98.7 93.5 97.2 76.7

CS217F 97.4 91.6 93.4 97.8 I 84.4 87.0 85.3 77.8 77.2

CS217G 105.1 79.9 77.6 100.9 79.4 82.4 87.3 79.6 72.3
RM8 110. E 75.6 83.2 85.1 !68.3 83.6 77,9 80.7 71.4

RM2 106.5 78, 54.8 100.0 94.2 83.4 80.4 87.7 76.5

B - As Beazed

S- After 100 hours salt f-r.y exp curo

Two noteworthy exceptione to the stated strength levels w're .,bserved.
First, C$217C brazements made with TI-6AI-4V foils proved strongest at 800 F
(. 97 ksi) while mvrtntaint',g the best overall profile of strength over the range of

room temperature to 800 F. Second RM8 wth the lowest braze temperature (1470 F)
exhibited the lowest stregh profile over the 3ame temperature range, developing

,,, - 85 ksi at ro om temperature. The Ti- CAI-4V foll specimens brazed with

Ag-SIM-0. 2 f yielded strength levei compatrable tc the better Ti-Zr uase braze
vlcys; iwmevwr, the braze foil codstiaalon Ag-5AI-0. 2Mn/Ti-AI-2. 58n produced

decledly snfer strengt]s (Fig. 93).

With but one exceptin, all braie/foil combinations underwent what appeared
to be some iorm of dutile-britte transition phenomenon between room temperature

aut I4004 (between -100 and -320 F for C8217/TI-$A1-4V). Thisaitmaonwas

C714 T-6- T
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-videnced by a definite drop or stabilization in specimen strength with decreasing

temperature In the cryogenic temperature range but of varying delg'ee, depending

upon both the braze alloy and the foill base alloy. Maximum strength losses (usually

between room temperature and -100 F, of 15 to 20 k~i were common with the CS series

alloys on Ti-5A1-2. 5& foilE, but this loss was reduced to 5 to 10 ksi on Ti-WA-4V

foils (the single exception being CS217G with a maximum 21~ ks1 strength drop). The

RY. series alloye exhibited consideeably less tendency toward strength reduction

(-3-5 ksi losses with~ T i-WA-2. 58n foils); in fact, RM8 with Ti-6l-4V foils expe-

rienced progressiveiy Incr eased joint strength below room teaperature., as did the

base metal ioils thernselves in uniaxial tests. Onr the other hand, the RM12 alloy with

Ti-6AI-4V foils dropped 10 kai in joint atrength between room temperature and -100 F.

Fx om the viewpoint of minimizing ductile-brittle transition behavior In the

as-brazed condition, the following braze alloys appeared most desirable-

*Ti-S3A-2.58i foils: RM8, RM12

*Ti-6A-4V foils: RM8, C8217F, CS217C, RM12

At -020 F, Lip-joilnt specimens brazed with any of the zandidate bra2.e alloyE,

failed at a foil stress about hialf the uniaxi al tensile strength of the base metal fo ilI at

* -320 F (for specimens of both Tt-5A-2.5Sn and Ti-6A1-4V foils). In addition, the

icatter in foil stress values at -100 or -320 F was higher than at room temperature

for all six candick-te braze alloys. Research efforts, therefore, were directed to-

ward increasing the strength and reliability cf brazed joints at cryogenic temperatures,

principally through o!ontinued 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 lap-shear specimen geometry Itself. This was studied by testing
self-diffusion bonded, lap-shear specimens (no interleiaf or braze). Specimens bonded

with a thermal cycle simulating a typical braze cycle (1650 F, 5 min, 5000 psi) showed

no signs of ductile-brittle transition and, furthermore, failed at high toil stress levels

* nearly Identicn.1 to those obtailned in unlaxial tensile tests (Figs. 92, 93, and 94). This

evidence virtually acquitted the -geometry factor as a primary cause of braze strength
redUction and Beatte. at cryogenic temperatUres.

A more probable cause was sitructral instAbility of the braze alloy matrices
&aidor braze-affected base Inetal which conceivably could produce undesirable 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 -100 v, and why

strength recovery was frequently noted at -320 F (e. g., through quench suppression

of beta phase transformation). it was hoped that post-braze heat treatment, such as

cyclic annealing and/or isothern' aging, would minimize or eliminate the problem

by providing a stable structure.

3.5.4 Cyclic Annealing S1 dies

The objective of this study was to determine whether or not cyclic annealing

can reduce or eliminate the following adverse effectr noted in tensilo testing of the

as-brazed condition:

* Ductile-brittle transition behavior in the cryogenic temperature range

o More scatter in the foiH stress to produce braze failure at cryogenic
temperatures than at room temperature

In addition, the potential for cyclic annealing to increaso 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:

" To this point, no satisfactory cyclic anneal had been obtained for RM8
and RM12 braze alloys. (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 pronounced for CS series braze alloys than for RM8
and RM12.

The Ti-5A-W1. 58n, Ti-SAI-1Mo-IV, and Ti-6A1-4V foils (0. 010-inch thick)

were used in the cyclic annealing study, Cyclir anneal "F" (Table XXXIX) was

employed. This empirically derived cyclic annea "F" Nas zound to benefit strength,

reliability, ard toughness properties for C8217C/Ti-A1-2.5Sn lap-shear brazements

in prior tests at room temperature.

Lap-joint shear specimens of Ti-6Al-4V, Ti-8Al-. Mo-lV, an Ti-5A1-2. 58n

foils, .ach about 0.010-inch thick and 0. 5-inch wide were used. Typical overlap was

0.20 inch. Lap-abear testing of Ti-6AI-4V and Ti-5AI-2.58n brazements (cyclic

annealed) was carried out at room temperature, -320 F in liquid nAirtoWA, -100 F in
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TABLE XLM
AVELAGE STRENGTH OF CS SERIES TIRAZE ALLOYS/Ti-8A1-4V FOIL

Aw"W F." ro oi te lat" 1- , A;mr &* la W at Varow T 'm".40"s
OCytfirm -1os 7 lOP V4

Fe... 0,"- Ax .o.d - - - U -

All R C S -rC oM~di" XoPC 0 DWWW-le~' 1)tIor C 9 0 wf a u~... o r C a- -&t 2
1'501 ' 71.0 I4. Ig , l. .0,3.. "o-d m 10. .. -- ". 701.2 9: e .X ~' *T "lo 4.4 94. 11Ad 0 03 3....210 Home I 3-4

1 . 4. ... - --- . '11.4 0. -4,4

i's 
3  

'2 X 3.0 47.4 "14.1 . .. - *1.1; '-1 .1 32.41 4 -1 21.4
2)X 12~2, 84 6t 2.0 2.2, 4 114- .a M0or .3.0 " . 4 1.5 , N0-27 17+l. --- l3.0 ... ...- -4.,0 '4., --- 300 '14, I --

Ca. V X~ 0 t4 - .- f-. 4 ... .. 7 k 444 . 3 7.-1 7.2 *o..
XPl'0 \ 1285 520 $. *2. 5 K *2, 32* N92 . 740 77V Nov.

3-5'2 it. -l . ...
0424. 4________ 14 M31_____

'X 04.5 K32 5 . o4 04.7 low 06.

C .A4. sC.e2 A c - : 1W*3 k7 r.l4l F - ,to sismUls -- Ropow I I.

S .41 t. 100 Ar epoomr# o sit 09W U0 at C.

3.C" Aw * to "W t illt o ('2o I oo.. i050vfl.. mw0 &Vggo0* 00708

methyl 3!cohol plus diy ice, and at 800 F in argon. Cycli- anneale4 TI-8A-IMo-IV

brazements were tested at -320 F, -100 F, room temperature, 300, 500, 800, and
900 F in argon. The Ti-8AI-IMo-IV brazementa in the as-brazed condition also were
tested at ruom temperature to generate baseline strength data. Other TI-8AJ-1Mo-1V

: " brazements made with RM8 and RM12 braze alloys were tested over the same -320 to

900 F temperature range to determine the possible benefits of an isothermal stress-
relief anneal (1200 F, 0. 5 hour, high-vacuum environment). Two to four data points

were obtained tit each test temperature.

Metallographic examination of al! foil T-Joints of every brass/foil combina-

tion was cv.. ",.cted in the following conditions:

" Condition I - As-braxed at the minimum flow w_ retwe for 5 minutes

" Condition 2 - As-cyclic annealed (post-brazr)

TI-6AI-4V aM TI-SA-2. 5& Foil Brazmento

Actual and averape foil stress values (TI-AI-4V and Ti--2. RSo fois)
" for lap shear failure of the fou CS series braz alloys (C8l2, CS1?C, CM-ITF,

* and C8217G) at the various test tmperature are plotted in Figures 95 ad98.
(These curves may be compred directly with Fipre 91 and N for the as-brased
condition.) The avenrgs foil stress vaw for bLlure of the four cidU bran
alloys at varims test temperatures ae give alo in T" XL mad XLIV. Thee

timle also walude peree-t obse In Amrp foil sress values duo to cyclia asl-
weg 84 tdo viam test Wimp me We.m
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TABLE XL.W

AVERAGE STRENGTH OF CS SEMES BRAZE ALLOYS/TI-BLI-2.5 Sn FOIL

cmff'i Awersp " tdI 4Ift h-a In lop . 4o.. sut" 1t,2 o .r4 "-- TO4M T U 4n . ol --

A.no, -i ; T

--~ An - ~ - - - - I "-

C 1 S • I AS 465 -1* S I ---i ---- 72.0.

X 118 11.0 in .a N 1 4 IN Maws I1. ml. on" 72.1 MA.CbWt , IS _ _ 1.: - 1.0

IX x 8-7. --- 0 .1 .0 14.. ma....f 4rem x U4.6 " I Sa 1111.4 1191 NO = 1.:4.1 1 4100 II
C~~~m~S' mj* . 4 - . 7w* -j'31 1.. 1.

tC2 ~i l ST. 81 .1i 1.-- 0WI 61474. 0 1 .4 WI0 4 MWOs

C a.__. 48 _1__ _ .48 _ _ 1.4 '1'1i. _ _ _ 1.. .

11415. 13.6 W 131 4.3 UK1*0M 104. 1 41 7. 11 1 4.0

X ~ ". 19..1 110.1 101.: 67. 715 N.

'4 44 12* .7 074. K4 1  N~1 47' 4140. 1.4

jC At "~IC _____MP-1 www -q um eo"Ib

5 *ftr 100 k-,S 9ou". to &4 0000 s c. Ag as li.

2. Me 0 ~ ieyal~ NW" OWNSu~ UMMi - deo""I dapmht"os.

The average Ti--$A1-1Mo-1V foil stress values for failure of brazed lap

joints in the cyclic annealed condition at valious test temperatures (-320 to 900 F)

are listed In Table XLV along with the room temperature test results for candidate

alioy/Ti-8A-lMo-IV brazements in the as-brazed condition. Degradation in strength

of RM8 and RM12 brazements was obaterved at room temperature due to 1200 F stress

relief treatment. Therefore, stu,'y of post-braze treatment for RM seriee alloys

was suspended, and the strength of RM8 and RM12 brazements *as evaluated in the

as-brazed condition over t" entire temperature range of -320 to 900 F. These

valms are Included in Table XLV. The foil stress values at brazement failure versus

test temperature for the CS series brazements am shown in FIgure 97; Figure 98

shows the RM series.

The singi cyclic wreal evaluated definitely improved the cryogenic braze

strengLt patterns for most cS series alloys. First, no trace of cryogenic ductile-

brittle transitfon bebavior (i.e., as evidenced iy an anomalo drop in strength 'ith

decreasing tet topertoe) was observed Eir the following combinations: C82l7/

Ti-6A1-4V, C121TC/Ti -AI-0V, and COhlG/TI-SAI-2. 59. Second. the ano cyclic

anneal lowered the observed ductile/brittle transition temperatur range from bc-

tween room temp ixatws/-100 l. (as-bmed co tion) to -100/-320 F on the

150
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TABLE XLV

LAP-SHEAR TE.' RESULTS, TI-8A-1Mo-V BRAZPMENTS

Foil Stres It kal at Failure In Lap Shear Tests at Tet Temperature (F)
757

As As Cyclic Porcet
Braze Alloy -320 F -100 F Brazed Ammaioa Increae( 1 ) 300 F 500 F S00 F 900 F

CS217 152.0 147.1 106.6 127.5 18.6 121.1 105.0 96.7 91.6
CSZ1?C 116,0 9t0.3 106.3 112.2 3.1 107.9 106.1 66.3 86.7

CS217F 126.6 113.9 36.2 127.3 30,6 105.3 106.2 ".8 92.4

CS217G 116.3 106.6 93.9 111.6 18.8 97.0 31.5 89.6 P.1

RM8 (a brazed) 106.9 93.4 94.7 ... ... ... 30.6 100.2 91.,
RM8 (as Strh b6.2 81.0 75.8 .. .. 82.1 75.5 76.1 79.5
Percewt decrease 2 )  19.5 13.3 20.0 .. --- 3 4.0 13.3

RM12 (as brazed) 111.0 36.4 100.3 ...--- --- 90.5 96.9 W.

RM12 (s etrea 95.0 94.5 2. -- --- 76.3 67.4 82.8 86.1
relieved)

Perot decrease (2 )  14.4 2.0 17.5 ... ..... 3.4 16. 10.3

1. lnarease In avse fol stress due to adite omeIng.
2. Decrease dae to etros Mis.

C8217. 217C, 217F and 2170: As oy'clic na/mld

1510 F, t0 sainae
1460 F. 16 mimate

RiN m d RU12: An brazed and as stres
relifved (MD F, 30 mtalos)

C8217/Ti-SAI-2. 58 brazement. Data scatter at cryogewle temparatu1re was re-
duced by oyclic annealing for er ainl foil/bras. combinations (notably CI7j/

Ti-6AI-4V, C8217F/T-6AI-4V, '!S17C/TI-6AI-4V, aSr CS2170/Ti-SAI-2. 58).

but the remaining four combinations still exhibited consderable scatter. In the

category of brase strength improvement, cyclic annealing provided signifimnt

improvem tas in strength (typically 10 percent iwMMese in 12 cases OV of a possible

32 (foll/brazet'tet temperature combinatioan), whil causing a eiflcant deorume in

StreagUh (>10 percent reducuon) In only six cases. The braue alloys C8217, C8217C.

and C32ITF beAfttod the moet from oyoelc annealing. especslly on Ti-SAI-2. S&.

foils. Te following tauatiom Iftatmt tb pont:

Pereat Stenth It DWI Cyclic Awaing

AlHoY -no -100.F Tm 'eam 890 WF

CM1? 16.0 82.8 , I

CM17C 8.1 24.1 12I 7.8

COU47 6.61 4.3 10.0 13.9

,NJ



As shown in Tables XLII and XLIV, and Figures 95 and 96, a given cyclic

annealing treatment definitely can induce different effects upon diifferent( braze/foil
combinations. The inference again was strong that each foil/braze combination of

interest has its very own optimum cyclic anneal which must be tailored to it throughl

study and experimentation.

Ti-8A-lMo-IV Foil TPrazements

The percent improvement in average foil stress values at room temperature

for the CS series alloys/Ti-8A-lMo-V brazements due to cyclic annealing is shown

in Table XLV and is summarized as follows:

" C S217 = 18. 6 percent improvement

" CS217C = 3.6 percent Improvement

" CS217F = 30.6 percent improvement (maximum response)

* CS217G = 18. 8 percent improvementI
Thus, the C8217F alloy exhibited the maximum increase in room tempera-

tv e strength due to cyclic annealing and as shown in Figa~re 99. the alloy also showed

the maximum tendency for beryllide epheroldization due to cyelI!c annealing. It

seemed reasonable to assume the two observtions were related.

Streus relief treatment (1200 F for 30 minutes) of the RM8 and RM12 braze-
merits resulted In varying degrees of degradation of strength over the temperature

range -.320 to 900 F (Fig. 98). The percent decroas- in average foil streai for

failure of the RUB and RM2 alloys at various test tomperatures due to stross relief

Is given in Table XLV. This decrease varied between 13 snd 33 percent for RM8 and
between 2 and 17. 5 percent I-or RM1L. The noted stress relief treatment was thus
detriesutal to both RUB and RU12 brasement strenths.

to, general, braze strength increased with decreoisng test temperature Nth
expected pattern) for the ccc ajasefe CO series braxemeots. Minor dips in braze

stregtt for CSI1'C. CORLTY, and CUM1 between roomtmporatre and -320 F
were .1..ArprOd "s evidene of a. etil active dootile/brittle twialo phenomenon

I-ae obaeUeri wouyi b rogncrw f "fl

ft 'wowr s'rt~ft etrmne) picaneaig ndagt raten SW



TABLE XLVI

WWWIARY OF CYCLIC ANNEALING EFFECTS ON CS SERIES
BRAZE ALLOY/FOIL COMBINATTOITS

WtAZE ALLOY!FOIL ALLOY COMBINATION

C321 C9217C C8217T C5217(0

Eftect 6-4 8-1-1 No2. 5 " Ye 1- 5-2. 6-4 -1- 5-2. -1- 5o-2ea

tEml.naen

Trantionte No Yno No Ye No 'A Yea so ~No Ye No Yet

(ryoagenic Temperatre.a)I

Dcilerov o Noa 1Yo. Yet Yes No NOs NO Yeo Yea Yes Neo 0e

Datea Scstte siricn Noeet Noae No es~ No No Ye N N Ys o e

theeeni braempesit roei eprtue.Aotntl, h I)1lo1
brm'zedet Yas wi Ytes C Yes alYrespodd very :W~ tYte' paricla Ylic

sfkuay -slwa tRazreT rT t3he t-160F atir ra00 e of -F to 100V RT N

cothe braeeyi atrnt~ cyorituswit temperatures er e quite AIomous

indiati usd yeldn fthe hihsaeaefrz strentrlistblt) gnt. recrde in theai propr

post-braze best trwmient would be capable of eliminating the azwmalies.

A wammary nf t*e cye llc amrnalng effrets on the CS tortes alloyo/foil -

binatios are abown in Table ALNI.

Thw abjecttvae t etewoxuzen i Uwllty vests was to detlue rektive
senaltivitiol of the 0a4"lae roily brftZenwoe o ?.wtiaky rt ,tiwe service onvirce-
me*#e such uai t-vWaer sp~ (200 nl, W~r cmidict'a (1000 1)~, and emrose. hot

s0At In exam-oym, turine wdmuW. jgaiva 1 00 ) M~~any studie hvie boe cited



in the literature on the hazardous nature of these eiivironments (Ref. 94 through 101).

The effects of each -?nvironment on~braze stability are discussed individually in

succeeding paragraphs.

Salt §2ray Corrosion Tests

Lap-shear specimens of Ti-5A1-2. 5Sn and Ti-6AL-4 foils (both 0. 010-inch

thick) in the as-brazed condition were exposed to salt spray at 200 F for 100 hours

(NaCi = 5. 0 wt %). After the salt spray exposure, the specimens were cleaned and

tested at -.320 F (in liquid nitr,(or.',, room temperature, and at 800 F (in argon). Foil

stress values for braze or foil failure in lap-shear tests after exposure to salt spray

were ccnpared with foil stress values obtained in the as-brazed condition. A second

group of lap-shear specimens was cyclic anuealed (cyclic anneal "'!) in vacutum prior

to salt spray exposure.

Foil stress values for failure at various test temperatures (-320, 76i, and

800 F) in the as-brazed condition and after exposure to salt spray are plotted in

Figure 100) (for specimens of Ti-SAI-2, 53n foil) aiid in Figura.101 (for specimens of

TI-6A1-4V foil). The average foil stress values are included in Tables XLI and, XLII.,

Comparable data for cyclic annealed specimens are plotted in Figures 95 andI 96 and

ccmpiled In Tables XLlII and XLIV.

Results of A&-Braxed Test*

With as-t'razed specimens made of Ti-SAI-2. 5Sn toils, all the candidate

;)rate alloys except C8217 were found to be insenstive to saIt kwpay corrosion in the
temperature raWg of -320 to M0 F. The CS217 alloy experienoed the following de.-

grtadatiov in averave foil ereee vales-

-320 IF- about 52percent

75 F - tngogble
800 IF- about 2a "er'

At apaz.4 unliely that the obs""ed degrvatoa In the C01l7 sa trea

resulte Iron corrouion seftw Imemuch. AS so rastmilopi evidsn.. at acrraoslo
was tosmd. It seemed aorm reasambl. to assume to agravation at the premied

Structural inei~ty c: the *-brsnd comdhtti lse&q -to dwetittle trAnsition
The til/brttl tratiQ beav r W fWrd o CW)? and fth other

CS MAW~e -A* 400" IS thW ae-Wain oW&Uat weealo abaemd a&Ur expOSue
to u"k epOaY =d athee ts shows in Mue 109.



T'he 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 except RMl2. For the RM12 alloy, the scatter in

foil stress values was appreciably lower, and about the same both before and Jter

exposure to salt spray.

With as-brazed lap-shear specimens made of Ti-6A1-4V foil, .he least de-

gradation in average fcfl strea values following salt spray exposure was observed

with the CS217, CS217F, and RM12 braze alloys. However. all braze alloys and

espcially the CS217C, CS217G. and RMS braze alloys underwent considerable

deterioration in strength (15 to 50 percent) following salt spray ex.. -Ure (Fig. 101).

The degraidation In strength was, in general, maxim.ix at -320 F, although the CS21?

alloy was a notable exception. AgAin, greater scatter in foil stress values at 'Ailuro-

was observed after exposure to salt spray than in the as-brazed condition. No

metallographice evidence of corrosion was found in any specimen.

At thiw point, there were strong indications that structural instabtlity of braze

*affected base metal foils pr-,l-uded obtaining meaninJ corrosion d.~.ta in the as-

brazed condition.- The structural instability appeared to be aggravated by t&p thermal

regime of salt spray conditioning, especially for Ti-6A1-4V brazements. Thein-

dicators %*re-

Mt~talographic eximinadon hAd not produced any evidence of salt
roryosion for any TI-Zr baim braze alloy or foil brazeinent.

*DUctle-brittle transition p~her-mena had betan observed In the as-brazed
condition for #01 eadlati. braze &ll-vs. PRmjze-affect"-4 foil fr~quentlv
was the locus of failure.

*Presumed "corroioa ftcts" on braze strengto were err,;ic and not
ievi&ence for eye"~ teit tempe:titure cr brive 'olI cormbinatioa, as

would b# expected.

ConseqAenitI, befcvt sipflcaft statflity tests could be made to ppg true corrosloa

effimts, It WUs flt that etrwvtral instability in foil braismost first must be eltn'inated.

Thsreforo cyellM, annealed? brasements werotsted next.

Rsuft f Cr,.i manealtn Tets
Mme toet lirportat a&W apparently moat applicable &aAntag of cyclic

an"neln CS series braeienets was brooght out in this teot phas (Tables XLMIII ,.M

XL1 il was in fts abilty of cyclic annealing to Virtuy eliminate soufeetlity

737~ ~Mt



* tjo braze 5treflgt' degradaion followir'w 200 F salt spray eXpoBWCe.- S1trength losses
as high as 15 to 50 per-cent were not uncommoun in Many foil/braze cointinations,

(as-brazed condition) following exposure to salt, sPray. The single cyclic anneal

evaluated completely c',hanged this picture. so d1,aM in ,only two instances (b.raze/foil/
test temperature combinations) out of a possible .32 did the strength 1oss exceed

10 w-roent lo, i--wing- salt spray exposure. (The great .A actual loss of the-se two was

Pec:n after ecIccannealing, still st- improvemnent ove~r the expirien--ve of the
as-4wazed, condition.. in faa, an27istancem no significant change in braze, strengt
'-s ecc-rded (strf-ngth 1osa 5,pe~rcent or iessv. In all lnstances, brize strength of

cyclic arnae I Spedlnns follown ' or.o at qV3raY exporzire was measured
ai~I) 000 rpsi or higer (-320 to 715 Vltest temperatureYt ant the RM aeries braze-

tnents:.no', refsponslmc t the cyli a3201d 800o", F).lexiiO t-ngh

No ariei'allog-raphic evidence of gaineral corrostion or crevice corrosion was o.bs.erved
m any oftebrieente i his test phae.

Air OxidlAtion Testst

t~A-'se*tr test SneVnetne., w0. 01&-iiw'h fj 6cierlap 0, 020-inch) -AM. tin!)

foil 'T-jonts (tot netallva hy, were used for Ib~ air (!Aida 1tion test3. The la1p-she*arI ~ t Rscuee were prepared as tfon'w
$ . 0 CAndidate b rale dlloya~i5i.2 s ~ Irzret ~bs

cod4icrq
~ -# ca~ida4-rate alloyt. -A-M-~bunet (&trsd~niin

'T~~ C srie aoyVl~l'2 ~%z'lic annelelA "WVI' bAzernents.

abu sr'V.sof - t ;-320r)'..T~ F01 Pikin N2) .' *~ ioteyl .,,,on i4 dryP.') ram tuWta-
fN10. 011.,utkthik) ioU~wW Msne.ff ~atoa kzO vtknd (Fig,102)



specimens were compared with baseline data previously obtained. This comparison

revealed the degree of degralation in strength of brazements and of~ the base metal it3elf
due to 1000 F air oxidatior. The foil stress values at failure of oxidized specimens
were also compared wjtii data obtained after 100 hours aging at 1000 F in high vata~uxn.

This comparison revealed The effect of air oxidatio)n alone on aged brazement strength.

Small foil T-'loints were examnined metallographicafll to determine the effect6

* of oxidation on braze and foil rnlcrostructure. Microhardness meaburements were

also Tnade an these specimens. Chemical analyses for oxygen content of Ti-5A1-2. 5Sn

and Ti-WA-4V foils (as-received and after 100) hour2 oxidation at 1000 F) were con-
ductei to determire the extent of oxygen absorption.

Results of lap-shear tests on various specimens are tabulated in Tables XLVII
and XLVMI. The strength data are plotted in Figures 34, 103, 104, and 105. which also

describe the locatioi of failure (Joint or braze affected base metal foil). The averWg
foil ztress values for !ailure at different test temperatures (-320 F, -100 F, room

temperature, and 800 F) are listed in Table XLvnIfor the following conditions:

* 9x~ candidate braze alloya/Ti-SAI-2. 58hia~zementr, .X bul as-brsze.d
ccndic.i and after air oxidation jFig. ICI)

Tahree CS sieries alloys,' 1-541-2. 58n ranet.In bth evdi . annealed
condition and after air oxdation (Fig. 1041,

*l fte~'fusion buded T1-diAI-2. 5% specimens, as bonded mid afier air
oxidaio-n (Fig. 94)

The average foil stress value at titifferatit test !emperatures (-mF, -100 F,
room teonperaturm, *Mn 800 i') for the following tetcorditions are In~ -iuded ii,

Tabl. XLVfl:

* Six es.dl4ate braze alloyu/Ti-SAl-4V brazements; in both a.-brazed
conditio'n and after air oxidation (Fig. 105).

* btx candidate braze alloys/TI-SAI-4V braaement6 aftr thermal *lg
* at 1000 F for 100 hours, In high imcwam (Fig. 105).

a Self-WThiftMa bonded T* -SAI-4V specimeiw, s-bonded sad atter air
oxd&Ut~ (Pta- 94).

1UTh r~suhe -. Uw mterolardneas determintIonea re incl%4d In T able XUIX.

1.5?
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TABLE XLVIM
RESULTS OF LAP-SHEAtR TESTS OF CANDIDATE ALLOY/

.i*4A-4V SELF-DIFFUSION BONDED SPECIMENS

Averap Fl Streo, kal. to VItn of Lap &W Ap teifl at Valriow TG Temperatu# _ft7--1~= ___--___.__-__-_-31.t 75?.. .. _ 50SF ___ "

, T I m F

am* or I100 lown ldom I r IVW beI r lO6"ltsIleoi

IO.e 11M K S - 96.8 -0 . 2U. (a) 90.1 2

cI; "  t - -, o /I --
"e '----l M- ;7 _- - -2 . 6. -0 . .4- -- . ... "-- " .... ._mu. i it. I -L. -2(a 21 5_ ]r-~;:0 20. fa .G 1 9 -26.1 j () 79.3 13

' ~W:97. 4.4 Wa 17 a5~ W1 3 :13:3
mar(..-1 .

+ -14417 , I5.8 .03 .8 (S) .$1 7.67-0CS217 el i 11.9 -2 (vi 0.00 10.0 -

1 o -i.s _ 

t -71. Nil
p I _4.

) 210 1 .1.r9 (a) 17.3 -'1341.4 -0.3
10. 02 -211 87.1 -1. To.$ (a) 74.1 -20.N1. v .14.1 i v) 900 -13.1

1h1 19 . 0.1 Nil .. 01.0)
_r 1R ____________ _____ I 4. j * ?. -21.3

1 2 106.6 (a) .3 -12.5 100.0 to. 593 -10.7 97.7 () 67.3 -23.3
( v 1) 101.3 - 5.0 i )o 79.0 -11'0 (V) 70.4 -19.6

h. Cims-iChul d~oj -- t ..Ld .t ..n i -1__F + __h_,,

Tt-4- 170.0 1 138.3 It.0 (23.9 14.0 -20.2 I .2

H? - As-braed
%)a- .Auar cd 100 7- 100 bann

y)- After 1000 F - 100 barx Iberms) w~oam sWr yam(0 tory)

I. perceo ohaz du to &It oMddkn only oA 100 Vu~ $kma brsmo straotk a*ft AM55 F 100 hmws titermal
aamr. in vaoumo In after 100vT - LS0heaf Wi ex1aM~). +deggAean ki1sW. mod -deimk a iSeatISOS is bruiMn struit.

2. Percent chopa~ due to air GiSMatlon at 1000 F - 100 hM~,

Results of Air Oxidation Tests

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

tyyeal 20 to 30 percent reduction in average room temperature brazement strength,

the waidmum strength lose .uost frequently occurring at room temperature for both

CS and RM series brazements und both foil alloys. Strength losies at -320 and 800 F

were generally much less than 20 percent, the most, notable exceptions being:

Teet Tenperature Strergth Loss

Brazement (F) (_)

CSfl7C/Ti-eAl-4V 800 21.5
RM8/TI-6AI-4V 800 23.5

. -320 31.9

Tb. braze/foil combination C-8217/TI-6A-4V was the only one which exhibited no

fitftc3* Cha in strength at my test temperature due to 1000 F oxidation.



TABLE X=I

WIROHA1RDNES DETERMINATION OF CANDEDATE ALLOY BRtAZEMENTS

-. .0 35.4c04.. U1. 0.3a.6 636
11o It 52.3 IZ 40. .. -

to? U 0 1

cultr X ji .40 , 64,.8 -X19"A".

MU X 36. a0.a a 480 --

34. to tt 0
04" ,1.* - V~.
DZ~~ nwl -2,clg.

As sownin igues I th04PU0. ve.: .Ih,-etra xato fms
brz loe a bt,.,e.Hw9eI w casyj.*___ 1-.h--e-- mtr brz ymti

wr oe-eate hown io i atgue 1000V thro& iw' voluinitio, etel poduts (afpmoxt

brate ly0to 1a5 tims that jsvfr the the caAdiathe ae bazeos) CIumarixuly

thepearect tof 100 oxidainrny brzstregth-A4 of CS217waF/t -A1-2.lsl ~if-Al

ferelnts rme wth candidatee ays, ~ ~~ ro~tocak fe 10

oDidatsion (Fig.d 10);imaen.t rength were ion of ieved iffso bo-ded 7peAImm5

bazd ith- spimens diamet i oxidation viha mhost anunexpane tendic toe-

tares hoeerte oxdevatin at 000 1 wasd muc oremirouoid rut (1Appi-

spiens1 tia 15 ties 1 that s.,bnsex o t As other c oddt ofra axloys). self-~d

dfrefom tc& otherI- candid en loys.ec f-uttebrt bhviri

the cryogenic temperature range (-100 and -320 V). Even ao, the diffasion bonded

and oxidized specimens exhibited hfpreclably greaer joint strength than as-brazed

or brazed and oxidized specimens thraqgh the tomperature range, -320 F to room



temperature. This indicated that structural instability of the braze materials. aggra-

vated by 1000 F oxidation effects, were responsible for the lower strength of braze-

ments 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:

* 1000 F - 100 hours in high vacuum (-10- 5 Torr)

* 1000 F - 100 hours in static air environment.

The percent strength change due to air oxidation for candidate alloys/T-6A1-4V

brazements is included in Table XLVII.

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 uncontaminated raze matrix structures to

* equilibrium structures during vacuum aging. Braze alloy RM8 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 strength could not be discerned

from the br ,e structures studied; however, the :-nerally good retention of all candi-

dath braze strengths following both types of atng conditions was gratifying.

Cyclic Annealing Effects. The CS series/Ti-SAIl. 55n braze, nents were cyclic

annegled and oxidized aL 1000 F for 100 hourki, and the results shown in Figures 111,

112, and 113. Cyclic anealed brazements of CS217 and CS217C exhibited some slight

degradation in strength due to air oxidation but, in most cases, significantly less than

for the as-brazed and oxidized condition (typically betwee" n and 13 percent). In

addition, cyclic annealing increased initial braze strengths appreciably, so that even

after 1000 F oxidation, all CS217 an& C8217C brazements possessed strengths

>90,000 psi over the temperature range -320 F to room temperature. At 800 F,

cyclic annealed and oxid zed braze strength levels were essentially equivalent to the

original as-brazed strength levels.

Cyclic annealed CS217F/Ti-5A1-2.5Sn brazements exhibited maximum de-

gradation of strength (between 16.5 to 24.8 percent at the various test temperatures).

181' .4



T-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.

Metallogrphy Studies. Typical microstructures of candidate alloy brazements follow-

ing oxidation at 1000 F are shown in Figure 106 through 113. Brazed T-joints of

CS217F 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 result of prolonged exposure (100 hours) at 1000 F. Hardness of

this diffusion zone was about 40 to 42 RC contrasted with 34 to 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 CS217G/Ti-6AI-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:

* As-brazed

" Brazed + 100 hours thermal aging in vacumn at 1000 F

" Brazed + oxidized at 1000 F for 100 hours in static air environment

* Cyclic annealed and then oxidized at 1000 F for 1 00 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 annml-

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 Anaysis of Foils. Chemical analyses of the Ti-SA1-2.5&n and TI-6AI-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 F for 100 Hours
(0.010-in.) (wt %) (Wt %)

'it-SA1-2, 5Sn 0.076 0. 112

Ti-8AI-4V 0.074 0. 105
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The analysis shows an approximate 40 peen incr'ease hi .iie xygefi uuateri due Wu

air oxidation at 1000 F. This increase in contaminant level was anticipated on the basis

of both internal and external oxidation, which was observed metallographical'y, and

corroborated by foil subsurface hardness increases. After oxidation, the Ti-5AI-2. 5n

foils displayed irrideseent films (mainly blue), whereas the Ti-6A1-,r foil surfaces

were dark gray.

Hot-Salt Corrosion Tests

To gage relative susceptibility of candidate alloy brazemenis to hot-salt

stress corrosion cracking, both brazed and self-diffusion bonded lap-shear specimens

(Fig. 114) were encrusted with salt (NaC1) and dead weight loaded (10, 000 and

20, 000 poi levels) in the stress rupture rig shown in Figures 115, 116, and 117. A

special forced convection furnace using simulatd jet-engine exhaust gases (oxldizing)

was employed to directly heat the specimens (Fig. 116). Foil stress levels were

chosen to yield minimum rupture times (salt-free air) of 5000 hours (10,000 psi) and

700 hours (20, 000 pli). Only the Ti-5A1-2. 5So foil brazements were tested end the

results are shown in Table L.

The most obvious result was that all foil brazement and even the self-

diffusion bonded (braze-free) foil specimens suffered premature foil rupture failures

as the result of hot-salt corrosion. By virtue of having somewhat longer rupture times,

the RM series 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, la 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 material. 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-9
salt cracking although adjacent foil materials did crack and fall prematurely.
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TABLE L

HOT-SALT CORROSION TEST DATA

Test Temperature: 1000 F

Test Environment: Simulated jet-engine exhaust gases (aidtizng)

Program Brazemett: Lap-shoar specimen of 0.010 Inch TI-5AI-2. 58n
foils (0.020 inch overlap by 0.5 i2ch width)

Braze Condition: CS Series alloys
(Prior to Salt Cyclic annealed
Encrustation) 1550 F, 10 minutes

1450 F, 10 mintes
Cycled 3 times

RM series alloys: As-brazed

Ag-base alloys: As-brazed

Foil Time to Failure
Braze stres min i Failure
Alloy (psi) ) Vaue Averae Location

CS217 20,000 15-30 23 Braze-affected
foil

CS217C 20,000 35 35 Braze-affected
foil

CS217F 20,000 35-35 35 Braze-affected
foil

C8217G 20,000 15 15 Braze-affected
-foil

RME 20,000 62 - 62 62 Braze-affected
foil

RM12 20,000 63 - 63 63 Brae-*ffectA
foil

Dif sion bonded 20,000 63 - 125 89 Foil
lap joint (base-
line) (1650 F, 1
maInute, 1200 psi)

C5217 10,000 465 - 465 445 Braze-affected
foil

CS217C 10,000 255 255 Biaze-effeew
foil

,-217F 10,000 405-315 360 Brase-affected
foil

RMO 10,000 4656-55 510 Poll
RM12 10,000 55 -645 615 yon

D O= boamed 10.%,0 345 - 345 346 11 a
lpjown

Ao-A1-2Mu 10,000 in6 196 Brs.-aftfow
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3.5.6 Stress-Rupture Tests of Brazementa

To determine the effect of a constant, long-period service stress upon braze-

ment reliability, brazed lap-shear specimens of the six candidate alloys as well as

the self-diffusion bonded specimvens were dead weight loaded W produce 30, 000 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 stress 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.

AUl diffusion bonded #-*ciznens remained Intact W~ the 100-hour test point.

Three cyclic annealedi braze alloys endurec 100 hours of stress-rupture ex-

posure without failing; they were:

" C8217

" CS217C

* CS217G

However, the following braze alloys recorded one or more rupture failures prior to
attaining 100 hours test time:

* CS21'7F - One specimen failed at 11 hours and 20 minutes

* RM8 - One specimen failed at 25 hours and 30 mninutes

* RMI 2 - Both ipecimens failed at 25 hours and 30 minutes

All rupture failures occurred through the braze joint by a shear mechanism. No

excessive &xternal oxidation or corrosion effects were noted, indicating the failures

of the above brazements were indueod primarily by stress rupture. Typical braze

structures "pot-rupture testing), are shown in Figures 121, 122, anid 123.

The significantly Im~proved stress-rupture performance of the candidate

siIny brazemonts in a salt-free environment was very striking.

3.5.7 Fatigue Tests of Brazements

To pin Information on the relatve abilities oi canddte alloy braa~imet to
withstand cyclic bos'ing, a series of tension-tension fatigue tests were. conducted on

lap-shear specimens (0. 020-inch overlap at room tamperaturo. The electronically

&7L JJU 11
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TABLE LI

FATIGUE STRENGTH OF CANDIDATE ALLOYS AND SELF-DIFFUSION
BONDED TI-5A1-2.5&n SPECIMENS

Mmimum Stress at N. Te
Numbs g( Ote Aftt life} Ij reogth

I.- CmgK77augw soret id 900mia XruUtA Oks1 I eft itU le1
- o ith11& Falu 1 10 4 10 S 10 6 107 Temperatuare Strngth to Fatluu#

Braze Allo *60 C Cycle c Cycles ( kal) rent9h 104 Cycles

Sel-diffutom boned > 64.3

T1 -5Al -2 . 6ft spectawas 7.9 ,.5 21.0 -18.0 1 18,0 120.4 3.A2

C 17 >k 2 39.0 26. 22.0 -20.0 127.0 3.26

CS217C >37.7 V. 0 25.0 W0 -17.0 116.1 3o14

C-217F -. 2.0 .31 23. 20.0 -10.0 121.3 3.86

RMS -,30.5 20.2 20.4 11,0 -15.0 14.3 a. pt

21i2 >49.95 Is8 - 16.0 ,0 34..0

1. N 1 100

CS Stt" - Cyclic Anacl.e

1550?, 10rntw4ioe
1430 F, 10 mtnt
Itspet o" hoar

SM Sort&* Alloys - A-Sm ,,

controlled, hydraulically actuated, MTS fatigue tester used is illustrated In Figures 124

and a fixed alternating stressimean stress ratio - 1/1 (ie,. miimum stress = zero).

All lap-shear specimeta were made of 0. 010-inch thick TI-5AI-2. 5n alloy foils.

Sell-diff"ion bonded specimens were tested to provide baseline data, Partlcularly

necessary in view of the unknown (but largely reproducible) geometric stress ooncen-

tratlon factor in each lap-shear specimen. Maimum fatigue test stress i plotted

against fatigue c)cles to failure in rigare 126 (self-6ffusion bonded conditknm;

FIgure 127 (CS217 and t17C brazemente); and Figure 128 (RMS and RNI2 braze-

ments). A plot of fatigue strength (o04 cycles) versusaverage braument tensile

shear strength (lap-lewar bpecimens) Is shown in Flgure IB9. All fatigb strtmgth

data g-..t. in this study is shown in Table I..
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The fatigue strength levels obtained were gratifying in light of the geometric

stress concentration fact.or inherent 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 (baselitie).

Endurance Limit (106 cycles)
Braze Alloy (ksi)

CS217 22.0

CS217F 20.0

CS217C 19.0

RM8 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.. Fatigue strent 0.30). This relation is considered a good one for eCectivelyTensile strength

notched specimens. (A 50 percent ratio is usually normal for smooth fatigue and

tensile specimens.) Such a consideration is valid inasmuch as all fatigue failures in

the 104 to 107 cycle range have occurred in the foil materials near the lap step.

3.5. 8 Summary of Task V. Braze Systems Evialuation

The preceding Task W evaluation demnonstratud thc suitability of eight Ti-Zr

base braze alloys for titanium foil joining in terms of brazing characteristics. peei

resistance oint strength, strain accommodation ability, and insensitivity to corro-

sive me&&a, principally through mechanical test,7 at room temperature, Task V ex-

pan& the evaitaton to include a range of test temperature simulatirg service (-320

to 1000 P, an different test regies. (Tw'o candidate braze alloys, RM26 and RM40.

were elir.inated early In the task because of markedly lower strength levels than the

re aning six; RMS. RM12, C17, CS217C. CM17F. and CS:I7G)

Lap-joint shear tests (and in some cases, T-jotnt tensile tests) were con-

Scted after the foullowing preconit, -f'-- treatments, each simuiaUng some adverse

";pet of service exposure:

* As-hrazed condition (baseline)

o Aging at 1000 F for 100 hours in vacuum or air environment

* 100 hours sait-sp-ay exposure (200 F)
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&Zecimeus of Ti-SAI- 2. 58, TI-6AI-4V, and Ti-8A-lMo-lV feils were prepared

--ad tested. i~me self-d4ffusion bonded specimens were ncluded to assess the in-

fiuence of braze/foil Interection.

The ir'tuence of cyclic annealing post-braze was aaoessed in these test pro-

grams. In addition, cyclic annealed (as well as as-brazed) lap-joint specimens were

subjected to three special tes .:

9 Stress rupture tests in oxidizing environment at 1000 F (30, 000 psi
foil stress).

* Stress rupture tests in oxidizing environment at 1000 F (10,000 psi
and 20, 000 psi foil stress levels); specimens encrusted with ait (NaCl).

* Tenslon-tensiot fatigue tests at roam temperature to determine 105 to

106 cycle ondurance limits.

Reliability Studies

Statisticai variance in room temperature braze strength (lap,-shear specimens)

was calculated, using 10 data points per braze/foil comrbinatlon (Table L., Stndartl

deviations of nearly all braze s, enth populations were found .to be within reasonable

limits for the as-brazed condition (i.e.. standard deviation exprewwl as - percent of

the Rverar- ,,tr. ,1h,- I n percent). !-n practical term s. re-producibility af braze

strength levels was considered satisfactory for a- .dustrtal joimng precess. Promis-

ing improvements in both lap-)oint and T-Jolnt braze strength reproduclbslity were

obtained through cyclic annealing post-braze, although time permitted only one brazez

foil variety to be evaluated (C8217C/Ti-SAI-2.59n). The best combinations of average

braze joint strength and strength reproducibility were afforded by cyclic anneal "F,.

On the basis of these results, cyclic anneal IF" was incorporated as the preferred

post braze treatment in &H subsequent tests.

Variation of Brazement Strength with Temperature

Over the descending temperature raage (800 F ti room temperature). all

brazad lap-joint strengths no--maly increased systematically Wth decre"ir- tempera-

ture. Bra,. strwWhs generally Iscroased from -64 to 70 kal (Ti-SAI-2. Mn) or - 80

to 90 kal (TI-6AI-4V) at 800 F to - 95 to 100 kai 1bth foil -,loys) at room temperature.

This .,teru of inre*ang streagth with decreain tempr.atur parallels rmowabWy
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TABLE LII

RELIABILIT TESTS ON CANDIDATE BRAZE ALLOYS/TITANIUM FOI LS

As -3razed

Adrage
Foil

I Stresat IStandare
Foil Failure Standard Deviation

Braze Alloy (30 mil thick) ______ Deviation__ M____

C8217 Ti-6A1-4% 5. 6.9 7.2
Ti -5Al -2.58n 108.6 5.0 4.6

*Ti-8A1-1Mo-IV 106.6 6.35.

CS217C TI -6AI-4V 107.7 10.3 9. 6
TiU25a104.0 8.3 8.0

TiM-Ut- 18313.6 12.5

CS1 i6A-V97.8 1 6.3 6.5

Ti-SA1--2 .58a 99.5 3.7 31
ITi-SAIl-lMo-1V 98.2 4.4 4.5

C82176. TI-WA-4V 10019 3.2 3.2
Tf -SAI -2. &v 110.5 555.2
Ti-SA1-lM-1V 93.9 18.6 19.8

aims Ti -6Al -IV 85.1 3.8 .n
iTi-SA1-2.58n 84.3 I 6.6 7.9

*Ti-SAi-lM1V-1V 94,.7 4.4 4.4

R M12, I Ti-6A1-4V 106. 0 i6.6
-:n94.$ 4.6 4.

Tr1-SM-11do-1 100.3 7.0 7

well that pattorn diinplkyed by all program alloy fbils in aiil tesile trots and sell-~

dittusA~3n bondied lap-joint tests. Blow TQOUI ternpelt-tre. &ul brazel'foil carb~nations

underwent a forro of duc1#-br4ttle trazslilon (ustaafly between roorr. tn'p-rature -ind

-1W~ F1 whertin atrengoh 4 eeressed sligtly .,r boc ailized with decreta~ng

* temperature. Mtrength woeses never eorceoded 20 kal, butt unlial. foil tcdsfP ape--

mens and di ftusioni bond lap Mont speci mns showed mnarked. strength inc res ai n

the same crgenlc temperature rang (RT to -~320 n,.
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Strilctural iriatabili~v of the br37fe aterials and/f~r braze-affected foils wao

believed respondibko for the mediocre nhowing 'lap-joint braze strength at cryo-

genic temperatures(I ). Thierefore, cyclic awiealrd brazeiidents wer-e evaluated. The

single cycli(-, inneal employed 'cyclic anneal 'IF") definitely impraved the cryogenicU strength patterns for half the braze/foil combinatio-as. either eliminating the ductilr -
brit~le transition behavior altogether or lowering the trao.i3itior temperature. A study

-f these data, however, produced a strong inference that each braze/foil combination

of interebt has itE own opti_,um cyclic anneal, which must be tail red to it experimen-

tall'- at tl- Present stage of undcrtanding.I

The most interesting deve'--Oment was that provided by the cytcuc anneaedI

CS2i7/T:.-8Al-1lwk-lV combinat. which yielded the hghest average braze strengths

recorded for lap-shear specimens over the entire tmperature range of -320 to 900 F.
There was no ductile-brittle tran,,iti behavior.

Thern-1 and Environmental Stability Tests

In general, candidate brazernent_ withstood vac-- ir aging at 1000 F (100 hours)

with iie or no impairment -- as-brazed strength properties. Principal exceptionb

were RA-8 and RM12 Lnrazn,-natp which e:,perienced -25 and 20 percent Etrength re-

ducti uuE, rebpectivcoy. at rooi 'e-uperature, and -20 percent reduction (RM1,8) at

800 F (Ti-6AI-4V foil,;). There were no adverse changes in bra?' microstructureB

due,' aging. For Ti-5A--. 61,n foil joints, the usual effect of 1000 F air oxidation

(100 l:ot -s) was a 10 to 30 p( cent strength reduction at room temperature and

normally somewhat -maler reductions at cryogenic and elei/ated temperatures. Oxida-

tion effects~ upon Ti-6AI-4V foil specimens were more random and unpredlictable. AllI

'andidate brazements suffered 1C to 30 percent strength losses at a minimum of two

of the three test temperaturt. 1 -320 F, RT, M0 F). A notable exception was the

braze/foil combination, CS217/Ti-6A1-AV, which exhibited no significant changes in

strength due to 1000 - n'1r exposure. However, cyclic annealing 'IF" post-braze

(CS seres) in many cases not onlY reduced the degree of strength degradation due to

subsequent 1000 F oxidation, but because cyclic annealing improved initial braze

strengths, all CS217 and CS217C lap-jo. Ibrazements after 1000 F oxidation Possessed

1. A-,. interesting analong wR9 drawn with tensile test data for self-diffusion bonded
L.,, -joint specimiens oAidized at 1000 F for 100 hours. Ductile/brittle transitiun
twehavior was e,,denced also for these braze-free specimens ~n the, room tempera-

W tuip in -100 P rangz.
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as high or higher strength levels thani for the rs-brazed condition (-320 to 800 F),

Elect-rnn mnicrographs revealed the markea :nanges In eutectic etricture {lannellar
to apharoidlzed berylides) effected by cyclic annealing.

The C.S217F braze alloy exhibited accelerated oxidation with voluminous

oxidation products at 1030 F (both as-brazed and cyclic annealed co, Itions). Hence,

CS217F was rated not suitable for 1000 F service in air. Metallographic examinatio?
of Ti- .int structures of the other candidate alloys sho-yed only minimal surface oxida-
tion filmns after 1000-hours exposure.

Salt-Spray 'Crrosion Tests

Most as-brazed Ti-5AI-2.5Sn specimens showed little effect of salt-spray
exposure on braze strength (-320 to 800 F). However, the combiiration CS217/

suffered serious losses in braze strength due to the 100-hour, salt-enray conditioning.

Greatest losses were recorded at -320 F. No visual or ineta.1lographic 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 thermal cycle associated with the salt-
spray conditioning served to aggrav~fe the structural instability of the as-brazed
secimens, previously inferred from tensile test data at cryogenic temperatures.

Y - most important benefits of cyclic annealing CS series brazernents were
brought to light in this test a,,ries. It was demonstrated that cyclic annealing post-
braze virtually abolished susceptibility of CE series brazements to strength deteriora-
tions following salt-spray. The single cyclic anneal that -,as evaluated (cyclic -nneal
"F11) completely altered this picture, so that in only two braze/foil/test tempueratureI
combinations of a possible 32 did the strength loss exceed 10 percent flowing Q't-
spray exposurd. Maximum strength loss due to salt-spray was 25 percent; still an

impicoverne-iA over the as-brazed condition. In 27 instances, no significant change in
uraze strength following salt-spray exposure was recorded. In all instances, bin'e

strengths of cyclic annealed specimens following, 100-hour salt-spray exposure we~re
measured at 80 ksi or higher (-320 F to room temperature). Again, there was no
visual or metallographic evidence of corrosion.



Hot-Salt Rupture Tests

4o determine relative susceptibility of candldate alloy brazements 0o hot-salt

stress corrosion cracking, both brazed and self-diffusion bonded lap-joint specimens V
(TI-5AI-2. 58n) were encrusted with salt (NaCi) and dead-weight loaded in an oxidizing -

environment at 1000 F. Foil stress levels were choser. to yield minimum rupture

times (in salt-free air) of 5000 hours (10, 000 psi) and 700 hours (20, 000 psi).

All brazed and diffusion bonded (braze-free) sr cimens suffered premature

failures, due primarily to pronounced intergranular corrosion and cracking of the

titanium alloy foils. Braze fillets of CS series alloys occasionally were inv.Ive in

the foil failure mechanism but, in general, the braze materials tb .- ,selves (especially

RM8 and RM12) aid all joint interface regions appeared particuiarly resiitant to hot-

salt corrosion phenomena.

Stress Rupture Tests

Brazed as u ell as self-difftasion bonded lap-joint specimens (Ti-5AI-2. 58n)

were stress rupture tested 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 cycic annealed braze alloys endured 100 hours of test time

(duplicate tests) without failing:

.CS217
* CS217C

* CS217G

The following braze alloys yielded one or more premature rupture failures through the

braze, indicating somewhat inferior rupture strength levels at 1000 F:

" CS217F (11, hours)

" RM8 (22.5 hours)

" RM12 (25. 5 hours)

The diffusion oonded specimens did not fail.

Fatigue Tests

Room temperature fatigue strength levels obtAned f,,r mort of the candidate

braze alloys were quite gratifying in view of the geometric stress coticentration

inherent in the lap-joint specimen and the (presumed) marginal t( ksa of the,
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5 6
braze alloys. Endurance limits (10 to 10 cycles) for the better braze alloys comn-

--ed favorably with that for the diffusion bonded (braze-free) lap-joints as baseline-

Endurance Lin-it (10 6cycles)
Braze Alloy (ksi) _____

CS217 22.0

CS2I7F 20.0

CS217 C 19.0
R M8 17. 0

tkfo~sion bonded 1.0

4A plot of fatigue strength (10 cycles) versus average brazernent tensile

strength illustrated that all brazed and diffusion bonded specimens follow the 30 per-
Fat 0 30STtsreatonwathncent ratio line, i. e. , Brazement Tensile Streng-th .3.Ti eainwscn

sidered satisfactory for effectively notched specimens. A 50 to 60 percent ratio might

be considered normal for smooth fatigue and tensile specimens.

3.5.9 1lection of Braze Alloys for Phase 11

Rigorous tests of over 100 candidate braze alloys were conducted to determine

suitability for titanium alloy foil brazing in Phase fl. On the basis of foil bra zing

characteristic3, corrosion and oxidation resistance, and brazemnent mechanical Drop-

erties (tensile, rupture, and fatigue strengths; bend toughness- peel resistance. and
strain accommodation ability), the four braze alloys listed below were selected as

uniformly goo.d and reliable:

Composition Density
i, i'm (wt %~) (gM,'cc)

O'S2 7 Ti-47. 2' Zr --5. 01 B*4. 8:3

CS217C 'Ti-.i5. I v4 1e5 OAl4,7

RX! Ti -I :. 0 Zr- 12. ONi - 2. 0Ole 5. 46

* RM12 Ti-45. OZr-8. OMi-2. OBe 5. 33

Thlese four alloys are 'Ti-htr or Ti-Zr-Ni base and offer significant advantages in the

arcas of salt-corrosion resistance and strength over thle silver-base braze alloys

commonly used for brazing titanium. Post-braze thecinal trea..nent was recommended

for the two) CS series al.oys.

Ultimate selection of a single bK. a~ alloy for each foil structure type, was

made followitig subscak module braze tests (Phane IiJ
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CS217G AS-BRAZED
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FIGURE 77. TIERMAL STABILITY TESTS ON CS SERIES BRAZE ALLOXS;
Lap-Shear Tests
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90 RM40 AS-BRAZED -I
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FIGURE 78, THEivMAL STABILITY TESTS ON RM SERIES BRAZE ALLOYS;

Lap-Sboar Tests
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AB

A-rzdfr5minutes Brazed and aged 1000 F for 100 hours

M~agnification- b0oxaum

FIGURE 7-9. T-JTOINTS BRAZED WITH CS217 ALLOY

AB

FIGURE 80. P-JOINTS BRAZED WITH CS21th' ALLOY
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As -bra;-- for 5 riunutes Magnification: IOUX As-brazed for 5 minutes Magnifteation:. 100oXj

FIGLRE 81. T-JOINTS BRAZED WITH 2'S217C ALLOY
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1550 F for 10 minutes Magnification: lOOX Magnification, lu O0.
14,50 F~ for 10 minutes
Repeat 1 hour

C* D

Magnffleattnci. I OOOX Mapjf',a.ion: 10OfX
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1 0 F 1for 1 0 rTl it t

Hra7, 11(itL of 'It !-A] 2.bSn fol(C1 ii thick)

37,7
40.0

42>1 42.5

42. 5

Uh. 1

Ro, hardness o2 b.-aze ma~trix
461j, 45.0, 50. 0,

4 93

t~n~gof dffff~sor zone: 0,5 -mil

FIURE 8Cl. HARDNESS SURVEY OF CYCLIC ANNEALED CS217C/Tj-MA1-2.5Sa
BRA ZEIMEN'r
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FIGURE 96. SALT SPRAY CORROSION TESTS ON CYCLIC PNNEALED CS srml'S
ALLOYS/Ti-WAI-2.50n FOIL BRAZEMENTS
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FIGURE 97. STRENGTH OF CYCLIC AN{NEALEDI CS SERIES ALLOYS/'TI-8A1-.Mo-lV
BRIAZEMENTS
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FIGURE 98. STRENGTH OF RM SERIES/Ti-A1-lMo-IV BRAZEMENTS
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F!GtIRE 99. CYCLIC ANNEALED CS21.7F/Ti-8,Ai-1Mo-1V BRAZEMENT



-r- - - - i

100 0 A%,BRAZFD
0 AFTER lvO t Aft.I4 0 S P R A Y F X I'( 0 , :R :'

i 0 IIOR 0 ,"RENT ME-TAH. F:AIL.URE ,

':2 C.S2FYTE

iioo
CS 2 F IC

60

IN 80

60
I I

40 I I

30 6 6

130
129

100
CS117

60 C i!
I-,I I r

I?. 40

800
'1 RNI 2

60

140

120

loo

6!

140 -
| .

TEST TE hPFRATURtK (F)
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CS-2I7G/Tl 5A1-2..Sn CS-217G/TI-6A1-4V Mg~iai!1O

Magnification 50OX Magnification 63OX

CS--217G,'Ti-WA-2. On (78-217G/Tl-6AM4V

FIGURE 109. BRAZEMVENTS OF CS2147G OXIZED AT 1000 F FOR 100 HOURS
IN AIR
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Magnification 100X Magnificattonw 1OX
RM-8/Ti-BAI-2. 59n RM-8/Tt-6A1-4V

Magnification 500X (M6987) M&nIloation 60oX
M-8/T -5.Ai-2. 58n nl-8/Tl-6A1-4V

FIGURE 110. J3RAZEMENTS OF RM8 OXIDIZED AT 1000 F FOR 100 HOURS IN AIR

207



I

I

I I
I I

I
I*1

I I

* II

CS.1 7 Ii-'- X1-2 5Sn Magnilfoatiwi ~ CS217/Ti-5A1-2.5Sn Magnification tIGOX
I

FIGURE 111. CYCLIC ANNEALED BRAZEMENTS OF CS217 OXIDIZED AT
1000 F FOR 100 HOURS IN AIRI *

I

I
208 j

/ I 
I~ ~



CS2 I7C/'i -5A1-2. r',n Magptfloation 10OX

C8217C/'rI 4lA] 2. rxn Agnflestion 500X ('S217(./TI Al-2.5.% Mapification SoCK

* FIGURE 112. CYCLIC ANNEALED BRAZEMENTS OF CS217C OXIDIED AT
1000 F FOR 100 HOURS IN AIR
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Magnification IGOX Magnification SOX

Mac."Iicatialm IOOX M~plf!C"fo~ lQ6X
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FIC'JRE 118. SELF-DIFFUSION 13ONMED TI-5A41-2. SSn SPECPIENS A FTER

HIOT-SALT CORROSION TF'STING AT lI',N F
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C.S2 17 '1i - .'tI 2.n Inrki~en)nt Magnification 50X CS217; Ti-5AI-2.5Sn Rram-n( -AagtdfICAtfon 2lOOX
Cyclic Arno:ded ('yclic Anneih'd1
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FIGURE 119. CS SERIES,'Ti-5AI-Z.5Sn BRAZFNIFNT-' AFTER HOT-SALT
CORRW. ION TESTING AT 1Q0, F
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Note oxidation along the Fiicot Mapli1ftlof 75X

FIGURF 121. CYCLIC ANNEALED CS217/T-5M
2 5S BRAZEmENT A-FTER

STRESS RUPTURE TEST AT 1000 F

Magt~nifcto 5X

* FIGURF 122. CYCLIC ANNEALED CS217C/T1-W-2BSUh 
BRAZEMENT AFTER

STRESS RUPTURE TEST AT 1000 F
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Manilficatem 75X I
Microphotograph Shows Excellent Braza Flow, No Oxldatlon AMd A ,oiutoly
No Cracking Of The Braze~ Mairisz Or TAhe ilac Ma.l Fofi.

I 'IGtJRE 123. CYCLIC ANNEALED RM8/Ti.-5AI-2.5Sn BRAZEMENT AFTERI STRESS RUPTURE -TEST AT 100') F ,

FIGURE i24. MTS FATIGUE TESTING MACHINE
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FIGURE 125. SPECTMFN HOLDING FIXTURE (Hole-and-Pin) IN MTS FATIGUE
TESTING MACHINE
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3. 6 TASK VI - EXPLORATORY EFFORTS TO OPTIMIZE BRAZE MATERIALS AND
TESTING METHODS

3. 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 contm inants in-

advertently added through commercial purity m'elt sock. It is well documented that

small quantities of dissolved oxygen, nitrogen, or carbon in a -Ti (or P-T) cause

significant increases in harfness level (Fig. 130 and 131), frequently resulti"w in

undesirable p -transformation products and Impairment of matrix toughness. More-
over, all three interstitial element contaminants (0, N, t;) 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 nd

Ti-Zr-Be alloys therefore is the degradation of brazing cltaracterlstics as evidenced

hy sluggish braze flow, incomplete melting, and heavy residual, as well as the Im-

pairment of engineerlng properties of brazements.

It was the purpose ot this investt.Wn to determhLe whether or not the inter-

stitial contaminant leveiz derived from commercial purity melt stock are excessive

(i. e., for the candldate braze alloy TI- S7.2Zr-5. Be 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. C",-mercial purity zirconium has

ab)ut the same average oxygen eontent. Commerciz purity beryllium (AMV grdv) is
nmde by a powder metallurgy procew and is high in BeO content (typically . 5, 000 pm
oxygen'i. Fortunately, the beryllium addition tomal braw. alloys is small, other-

wit th. unintthntal addition of oqM vould undoubtedly become excessive. How-

ever, even t the S. 6 percent beryllium level, the om rcah Vwtre b6;vIhum

addition raitt the average otygan ooentratioa of TI-5. #I*-and TI-47. 2-5. $Ba
Xlloys to ,,, 2200 ppm. This oxygen lei need not neseaklly be eaxmcuive, althcugt

it ia suf!ft ie!4ly I4~h to wtrrant attstloa. Very hhlpy, the bal at the BeO added
during alloying remttiu as tiny, discrete, BO particlhs rater tha dist .,  wAn

dissolving In the it=ri.m or TI-Zr base alloys. This to da to the extremely great

stawiity of ato retlv*r t* Tr-o &Wi Z-O son~s ("g. IM2. ConswrosolY. the
true level of d t so.d oxypa lu the brae alloys W& well be cloer to the original

1600 ppm t= to 20 ppOW.



The actual degree of imjortance in restricting interstitial element contami-
nants was assessed by melti.,- TI- 5,6Be and Ti-47. 2Zr-5. 6Be alloys with ooth, corn-
mercial purity and high purity melting stocks in different combinations; then comparing
foil brazing characteristics, braze structures, and mnicroh~rdness of microstructural
components.

All of t$6he compositions listed In Table XVIII were arc-melted and prepared for
brazing. Brazing characteristics and minirium braze temperatures were determined
in both argon atmc sphere and high-vacuum environments on Ti-5A1-2. 5si (0. O"I.-Inch)
foil T-joints. The test braze cycie consisted of rapidly heating (.. 1000 F/minute) each
candidate brazeElloy to 1700 F (Ti-5. 6Be alloys) or to 1500 F (Ti-47.2Z-5. 6Be

alloys), holding for two minutes, then heating at a controlled rate (50 F/m'nute, 100~ F/
minute, or 300 F/minute) to the minimum temperature at which brazing cujid be ac-
coinplished. The relatively slow heating rate in the vicinity of the braze temperntur-.
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, amerage) to room temperature.

The braze alloy heat of each nominal composiltion exhibiting the best brazing
ctaracteristics and lowest average braze temperature was then subjected to an evenI longer braze cycle. The holding time at 1500 and 1700 F was extended from two
minutes to five minutes followed by heating at the median rate n'f l100 F/minute (bothIargon xnd via umn -envmmnnents) . Any dete rioration of, brazing obaracterl We s or
change in minimum flow temperature was then recorded. Finally, all test brazements
werm mounted for metalb1gm-phlfr examxnnAtIon. Typical brazemmwt mic rostructures
are, shown to Figures 133 through 136.

The results from the Ti-S. GR. modifications are ahown in Table LULI in
both argon and vactmm and at all heatizg rase, the beats with the lower Interstitial
element contents (No. !-23 and 1-24) yielded signicantly lower braze temparxturea
(typpicaliy, 50 degrees F lower within a ran&e of from 23 to 75 V). 7Uh eat with the
h4ghet Interstitial coatent (No. 1 -1) reqW red braze temperatures -a 2100 F for all
heating rates except owe. All braze alloys were shown capable of being used at each
heatIng rate; there being no strcmg trend relati4 hesting rate and intlmui braze
temperature. Hlowver, beats No. 1-23 a&d 1-24 woe "amble of Wigt brazed at i *t

1 : N at ei Oar 50 F/miat (vacum) or at 50 F/mloate sad 100 P/malvote faxgo).

AI



TABLE LII

* EFFECT OF BRAZE P URiTY ON BRAZE TEMPERATURE
AND BRAZIr- CHARACTERISTICS (Ti-5.6Be Alloy)

Vtr~e. 5 ru ,,... ~ faiaChanrghcg~ Upoa Ti 4AI -2. 3S roilsa

IAt Roa e epeam s a Illet R~est"~
Number covircemut deg (F/Miak3 (F) Fluidity_ rorwtiiion (size)

(1-1) Argon G0 xO
a (C2200 ppe02)I

Aron10 1360 G I-
va@xm 10IK-) 1i L

scu I"

(14 ~ Arga U 561

Agfa 1 .0 1"
30 I I -- K

1' 04-4) Araso Ilk"

Arpa 140 110 )

~Arwp 1401 low x
j Argon W3) j N

1a: IMI
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vaa so an. 5-2e -*ssM
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ahea% *Sadotaoo .wdtt
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At faster heating rates of 100 F/minute and 300 F/minute (vacuum) or 300 F/riinute

(argon), higher braze temperatures in the range of 1970 to 2000 F were required.

This rate-dependent behavior, although reversed frcrn the expected trend, suggests a

certain sensitivity to minor changes in braze surface composition (prt "umably Be
concentration). The phenomenon appeared to be exaggerated by vacuum environment,

inasmuch as the 5-minute hold at 1700 F resulted in aporeciable unmelted residue on

subsequent bra7ing in vacuum, but not for the same heat (No. 1-24) when brazed 'n

argon. Also, the heats brazed in vacuum exhibited higher minimum braze tempera-
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 charges

in braze surface chemistry (e.g., beryllium evaporation or surfice diffusion).

The most important observations, however, are:

" The heat wzth 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, anld ease
of brazing.

" The heat with &n lowest interstitial content (No. 1-241 tended to melt
and flew, leaving negligibie unmelted residue (one minor exception in
six attempts). This implied more efficient utilization of beryllium than
the other heats, all of whiuh displayed marked tendencies to leave tu--
melted residue.

" The minimum braze temperature of the high purity heat (No. 1-24.
varied between 1950 and 2000 F, dependng upon pr, ess teating rate
and environmnt.-

"he results from the TI-47.2Zr-5.6Be modifications shoed similar trends
with regard to the variables of interstitial element content and braze cycle jTable LTV).

Braze temperatures were considerably lower due to the zir-onun addition. With
but one excepto In six trials. the h.-2 with lowest Interstitial content (No. 13-4)

exhibited the lowest braze temperatures of the thiee heats in zach aeries (tougxh the
temperature progreseions were not bysekm&Uc in every casel. Reat No. 1 1-5 codd
nct be Included in thin general mvestigaion bea&u*e the high-purity Zr arriv;ed too
late. However, subsequent work with heat Ao. " 3-5 showed it to be very similar in

braze perforrmce and structure to Heat No, 13-4. Te mirimum braze temperature
wis observed to var-" tlr- ghout the gurey between 1600 and 1700 F. with the lower
minimum occurrlog in vacuum for Heat No. 13-4. (For the Ti-5.6Be heats, the lower

minimuns occurred in argon. ugest.g a reversal In braze surfatce effects at the

lower procea4 teuperatures.) The effe-t of hearing rate on minimmtn braze temperature

228
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IN

TABLE LIV

EFFECT OF MhAZE PURIT ON BRAZE TEMPERATURE

AND BRAZING CHIARACTERISTICSVK
(Ti-47. Zr-S.68e Alloy)

nriazing Characterisics iJpx Ti-5A1 -2.5, V-r Fds
Vat lableo in Braze Proocees Me'. mum -U -

Is I- re amt ti
"Anit Hesting Rate Tor.p*ature I s Zfillet ResUie

Numbet, ni ro1it dg(Futilty FormatkinW

;,11-1) Argon 501700 M

{2~~pn.1 Argon 100 1660 8 G

Aepx' 340 1700 G G N-M

Vaut 0 1850 8 G-9 M

Vacuumi 100 I 7Oti G G

300 1700 G G

(13-3) so' 5 65

1401rn,, 100 1650 5-0 G -

700 Mo G NU

t $-4) Ar,'- so G~iO

A)".0~i 2) Ag 0 '

1610 CN

4ru 100 3lOOC
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again was vague, and certainly not consistent frorr heat to heat nor from argon to

vacuum for a given heat. Good brazements were produced under all test copditions.

Corroborative evidence that the influenoe of braze or foil surface phenomena is neg- -
liqible at 1600 to 1700 F comes from i he extended hold test at 1500 F (5 minutes)

prior to brazing, In neither argon nor vacuum were the brazing characteristics

altered by extended holding; in .act, the braze temperature was 30 degres F lower

than anticipated in argon.

Again, the most impx~rt..nt observations were:

* The heat with the lowest interstitial content (No. 13-4) displayed the
most outstanding braze characteristics of all in terms of braze fluidity.,

smooth and continuous filleting, sound brazement structures, and ease

No. 1-2A,

* .qe heat w.ith the !owe!F interztitial content (No. 13-4 '9, -,;Ided to whlolly
melt and flow, leaving aegligible um'nelted residue, All other heats,
with the exception of Heat No. 13-3 in vacuum, left appreciable unmelted
resldue. (711z was invariably true at heating rate-- VJ 160 :tlrinate
and 360 F/miaute. At the siower rate of 50 F/minute, some moderate
urmnelted repidue an'i braze slugishness were noted, indicating che
adviaability of uutrollel heating rates In L. azing with No. 13-4.)

3. 6. 2 Effects of Braze Holding T and Cooling R~ate

The relative eftects and xwportam.t~e of braze purity, braze cycle heating rate.I and braze process environment were previously studied and discussed. n this follow-
up study on basic Ti-5. 6Be and TI-47. 2Zr-5. 6Be braze alloys, the effe.-ts of theI following process variables wore lrnvesiig'Ated

"Holding time at the minimum braze temperature. (Periods of 1, 5, and
25 minutes were- selected to represent a reasonable raige of actual braze
ttiIOs encountered in practice. All prior braze screening studies were
reb~tricted to 1 minute holding time.)

" Cooling rate from the braze temperature to 1500 F (Ti-47. 2Zr-5. 6Be)
or to 170)0 F (TI-5.6Bo). Disparate i-tes of 1000 F/mInume (natural
furnace cool) and 25 F/minute (controlled furnace cool) %,-ro chosen
for the aforementioned temperature ranges, characterized by the
occv rencc of brazement solidification.

The high purity heats (No. 1-24) and (Nu. 13-4) were used in this stildy. Six-

mil foil T-Jolnf a of Ti-5A-2.158n aloy were brazed in a high-vacuum environment.

This was the same T-Jofnt configuration used in previous tests. A constant heating

rate of 100 F/minute was employed from the 1500 F or 1700 F equilization tempert"-

tures, as in previous work. Braze temperaturce of 2000 F (No. 1-24) and 1700 F

(No. 12-4) were used.
230



- -H3ldinplg tiine at the braze temperaturv was considefed an important variabie

to be checked For tiua reasons. Ftrat, the pot-eotfal for contamination of the liqdd

braze syatem sand the titaniur foils increases sysiernatically with increased process

time. Virtuda leak sources of iwtevetitial element contam-Anants abotnd even in high

vacuum. &nd thie liquid Utaardum-a- aze T1-7r base braze alloys (and prog-ram alloy fofls)

provide an immense sl-rk for ther- Sec-ond, incl1!-ased braze holding time nerm~t& the

liquid braze/solid foil svat-er gxreier opportunity tr., reach thermodynamic (compoaM-

zional and sqrucbirai) equ:1librium. Fo~e '%he liquid braze alloy- whose composition

j * pacee it iar fronm therntd'namlc emallibriuni wih the olid fWil9 it is to Join, thle

ultimate result is often severe ereion and discolution of the foils by the liquid braze.j Howev-r. this requires th-.- atiowance of sufficient ",ime for the mechanism of braze

* iv,~ activated,)~ Naturally, tWe higher~ the braze 'mperaturav'or a giv~en

&egree of thermodynAmic t-mabalance. jhe shorter the-requir,,:d time.

-IThe results of the subject itnvestigation are, shawn in Figures I3-V and A 38.
- jif the case of the higher temper~ature branze alioy. Ti- 5. 16BI (No.. I-24 . nrarked

I ~ advanccs in the degree of f~ai erosion with praceas time Were Roted. 11i'oslon at the

1-minute braze cycle ws negligible (Filg. 137). After ihie 5-minute braze cycle, the

rirx nim.:dtaely adj,&cent to the liquid. braze appeared to be c41*41umdd (ay estimatati

15 to 20 percent, mninimum), Some tninor surface roughne*7s was ohaervec, b2ut ttere

was no undercuttig of the foil or thinning of the fillet. After the 2S-niinute hraze

cyclo,- the vertical MWd horizontal foil members in tte jcint region w~ere lIstgely con-

sr-ed by, the braze, ini few discerrable vestiges of the foils remaidned in the braze

joint, (Thi, joirt sicure was eqvenffAlly that of, a couting, rather than a braze.-)f In sp~ite of the oondition descrtbed, no a~ierse waahing, undsrcutting, or foil

thiniog effeets .w~le noted.

Metal~ographic ea, iui-tion ot the Ti-47. 2 Zv~-5 6Be (No. 1 3-4f -brazernents

rr, ade at 1700 F revealpA no sericub alteratioa of thebttanim ftoU microstructure,

teven after the 25 minute braze octe (Fpg, 138). In .xontrast, all of the titanium foils

brazed with Ti-5. Be at 2000 F shcwed a grossat W~mntte arn. of coairse alpha

1..,ChalN"-1,ristic eC4 titanium alloys heated 1W 'vertentty Into th beta ombrittle-

ment range (above the beta tranaus). Thisi foil structurp wat Vident even after the

1-minute braze cyc~e at 2000 F.

231

7 77.



7%e most Imtportant difference, however, was in the degree -and nature of foil

* eroston. Nop sigaficsnt erosion was noted for the 1-minute braze cycle at 1700 F.
After lt~e 5-ndnute braze cycle, the vertical foil members in contact with the liquid

braze were observmed to be uniformly thinner, some 8 to 17 percent. AWt, the 25-

ailnute braze cycle., the unaffected portion of each vertical foil member grew still

th;h.Ier (an average 25 percent, to a thickness of about 4-1/2 mile). These amounts

of f~oil dissolution were significantly less than those sxperierfoed with *he Ti-5. 6e-e

alloy. If paramount Importancd, the braze fillet surface (No. 13-4) remained smooth

wi~ere it initially met the foil isurface. with no sign of foil undercutting, washing, or

toil thinriing. An interesting atructural feature of the brazements madt vvi~b" :: t,

No. 13-4 was the uniform, primary beta solidification occurring on titanium foil sur-
face contacting the liquid braze. The presence of pro-'outectic beta solidification

indicated that the braze (originally a e~4ectic) was made progressively hypoeutectic

with regard to beryllium by continutng foil. diorolution. The volume of primary beta
obviously increased wihh longer braze times. Primary beta was strongly promoted
also by the slower solidification rate, the fast solidificaton rae clearly suppressed

primary beta. As shown in Figure 138, solidification fronts (from vertical and

horizontal foil members) actually met and fused together for combinations of long

brazing time (25 minutes) and slow solidification rate (25 F/mirstte). These solid

"bridges" of primary beta a.re structurally similar to the foils themselves and might

tend to negate any detrimental effe t of f(partial titarnium foil dissolution. In fact, the

"bridges" of the primary beta, phase tconstitute a rudimentary farm CIA solid-state band,

hence joint strength and reliability could well be enhanced by their preaence.

3. 6.3 Effect of Braze Process vrer.-Temps,,rature

To ensure overall attainment of the minimum braze temperature in in atzing

large foil structures by radiant heating, it Is often ne~oesary to overheat portions of

each structure as much av 100 to 200 degrees F beyond the minimum braze tempera-

ture, and to hold at this temperature for as long as 30 to 60 minutes. This situation is
the result of some fbil struetures &'ottng as large, natural beat shields (e. g. , tube-

ind-fla beat exchatgers). To detennilne the effects of such extended overtemperaturv

cycles on braze structure, it was decided to braze and evaluate Ti- SAl- 2. S& f& I
T-.jointn using selected CS and RM series alloys.
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The following program was conducted:

Minimum Braze
Temperature

Braze Alloy (F)

C813-5 1620

RM1 1650

RM8 1470

RM12 1670

Actual Braze Cyclos S6udied

Temperature Braze Time
(F) (min)

1825 60 All alloys

1700 30

1600 30 IM8 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, '.,aough actual bridging of the beta

solidification fronts was Imperfect in all cases. Because of the high braze tempera-

ture and the P sabilization afforded by zirconium, beryllium, and nickel infiltration

from the braze alloys, the 1825 F bre&r o .. Wiously placed the primary beta

sok& well above the beta transus tempe r . rer. This r ,sultd In a coarse Widman-

s tstn pattn of (6 + ) In tiv bridge strcturem on cooling. Although the uneroded

portions of foils remained all-alpha during the braze cycle, the severe foil erosion in

the fillet rvgxions coupled wth the presence of beta-embrlttlement type structure in

the primary bridge woerial (aloo in the fillet reg, uu ;-uld readl prove deleterious

to brazement strength and toughness. No marked tendency towa-d foil undercutting

* was obornr , but he fWat sudaces appaued moderately rough, which also was a

ba Utruc umrl spect. The RMI alloy appeare the wo.vt offender in all the structural

charbnp discusse jt 141).



Brazements made at 1700 F for 30 minutes also underwent rignficant foil

erosion as well as similarly undesirable structural transformation in beta bridges,

but to a lesser degree than at 1825 F. At, shown in Figures 142 and 143, the structures

appeared marginal an, 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-

marlly functions of the braze temperature for the family of titanium-zirconium base

compositions studied. (Even at 1600 F, the titanium foils suffered vasily ioce'gnized

erosive attack by RM8 in 30 minutes (Fig. 144); however, as 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.

S.6.4 Study of Microstructural Components

To better understand the behavior and predict the applicability of the candidate

braze alloys (TI-5. 6Be an MTi-47. 2Zr-5. 6Be), a study was conducted of their micr-

structural components as well as those of braze-affected foils (Ti-5AI-2. .OSn). 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 indenter load).

The Ti-5. 6Be braze ingot structure is composed predominantly of a very

finely divided eutectic, the phases involved being the terminal titanium solid solution

(A0. 1 to 1. 0 percent beryllium in solution) and the first titanium beryllide (TIBe2 )
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 eutectic,

real or apparent. An apparent variation could arise from different berylide particle

1. DPHreadings were converted to the Rockwell"C" scale for more practical com-
varisaw
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sizes, orientation, and 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 ingot structure, and not necessarily pro-eutectic by nature. The hardness of

the beryllide is quite high, as anticipated (R c63 to 71). Occasional isLads of primary

titanium solid solution (aor P -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 qualifcation, "before the brazing cycle"

must be used because the 2000 F, 1-minute braze treatment can result in appreciable

hardening of the exposed fr 1 members in and adjacent to the braze. This hardening

was due presumably to interstitital element contamination and beta embrittlement

pher -nena at this high temperature (both argon and high vacuum environments). Foil

hardness post-brazing varied considerably, but readings as high as RC47 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-minvite, 2000 F braze cycle. The prolonged

vacuum braze cycles (5 and 25 milnutes) evaluated later 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 decreased by the longer braze cycles, being replaced by a titanium-

rich conglomerate with variable structure and variable hardness (Rc35 to 45). The

foil hardness continued variable with numerous high readings (a RC40) for the five-

and 25-minute cycles. After the 25-minute cycle, surface zones of highly contami-

* n~ted, untransformed alpha phase also were observed upon the exposed foil surfaces.

This surface phenomenon indicated that the Increased concentration of alpha-stabillzing

Interstitials had served to boost the new beta transus z 2000 F. The hardness of these

alpha bands was found to be RC40 t 45.
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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

fineiy divided eutectic and a light etching region (Fig. 135 and 136). A dark etching,

filigreed region (about one-fourth the area of the light regan) frequently was observed

in intimate association 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 tht bardnesses of the two regions

were similar and their microstructures also similar, the two regi3 Is are discussed

here as a unit (the eutectic structure).

A cireful study of the eutectic structure in arc-cast button ingots (Heat

No. 13-4) revealed two important features:

" The Ti-Zr solid-solution Phase predominated volume-wise in the eutectic,
and was the continuous matrix phase (Fig. 147). Therefore, it 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 i, connected-network form,
would tend to cancel out the toughness advantage of the eutectic structure.
Consequently, it was also felt that a s31ghtly hypoeutectic braze might be
more advisable than a straight eutect ,c. from the standpoint of promot-
ing a safety margin for toughness.

" The semicontinuous, dendritic pattern of beryllide in the eutectic (ingot
form) could coalesce in certain regiors 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 from argon brazing using Heat No. 13-1, formulated from com-

merial purity stock, possessed the highest hardness (Rc54 .3 average). As the braze

purity was increased by using higher purity melt stock,, the eutectic hardness was

progressively reduced (Rc51. 8 average for Heat No. 13-3 to RC51.1 average for

Heat No. 13-4). A similar progression was noted for vacuum brazing. except that

the eutectic hardnesses generally were lower than for argon brazing (e.g., RC52.1

average for Heat No. 13-1, RC51. 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-

lmrLy melt stock reflects the corresponding reduction in hardness of the Ti-Zr solid
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solution (component 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 environment (10-4 to

10-5 Torr) is inherently a poorer source of interstitial contaminants than is the best

gettered argon atmosphere.

A considerably more massive beryllide phase (RC65 to 68) was observed in

TI-47. 2Zr-5.6Be braze Iructures than with Ti-5. 6Bo. The observation suggested

that the composition ;A-47.2Zr-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 one-

minute braze cycle. Of course, primary beta solidification was noted on foil surfaces

following prolonged interaction with titanium foils.

All of the preceding comments 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 some interest-

ing additional structures and results (one being the primary beta solidification fronts
just mentioned). For example, the rapidly cooled brazements (1 ) of Heat No. 13-4
showed a progressive increase in eutectic hardness with increased braze time

(1,49.1 average for one minute, P.52 average for five minutes, and RC56.7 for

25 minutes). This progression was expected due to atmospheric contamination; how-
ever, it was discovered th-. the eutectlc hardness for all braze times investigated

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 RC4 8 .7 for one minute, RC49. 8
for five minutes, and Rc51.5 for 25 minutes. This study outlined the two possible
advantages of controlled slow cooling post-braze; viz. reduced eutectic hardness and

promoted formation of primary beta "bridges", R also suggested the possibility that

even lower eutectic hardnesses might result from optimized &nnealing treatments,

post-braze, to relieve "casting" stresses and to coalesce and spheroidize the beryllide

particles in the euteetic. rendering them less effective as stress raisers. The

1. In all except special cases, test specimen braxements normally were rapidly
cooled (natUral furnmce ool at the rate of 1000 degr F/iute.
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combined effect of lower eutectic hardness and altered beryillide 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 variod considerably but ntver exceeded RC36, the ty"ical

range beiug RC25 to 35. The primary-beta structures of Heat No. 13-4 possessed

hardnesses intermediate between those 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 cooX - RC3 5 for one minute, R C38 for five minutes, and

RC40 for 25 minutes; and for the controlled slow cool - RC33 for one minute, RC39

for five minutes, RC35 for 2- minutes).

3.6.5 Braze Particle Size Effects

n was recognized that in-situ brazirv of titanium foil structures (Phase It)

would require finely graded braze particles (:S100 mesfh powders). Todetermine the

suitability of Ti.-47.2Zr-5.6Be braze alloy as a braze material in fine mesh sizes.

40-gra.n portion# of facsimile heats (No. 13-4 and No. 13-5) were mechanically crushed

and graded for brazing of Ti-foil T-Joints (0. 006-inch thick Ti- 5AI-2. 5% foils). The

mesh sizes used were:

Typical
Yield

Meth Size (wt ,) Comment

*12 14.4

- 12/+24 32.8 Size particles uned In conventionally

- 24/+35 24.9 loaded braze screening tests.

- 35/+48 10.2

- 48/+100 10.7

-100/+200 3.7 Applicable to in-situ brazing

-200/+400 2. 4 techniques.

-400 (fines) 0. 9

100.0
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It was evident that the greatest yield by mrchanical crushing 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 waz carried out using all graded
particle sizes except -400 %lines). Various braze loading arrangements were tried
(one lump on one side, one lump on each side, etc.), but the method settled on as

best was uniform distribution of particles along both sides. ThJR 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 charactezistics (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 dissolution, washing erosbt, and foil

undercutting.

The most logical expl~ation for this behavior called for the initial braze
liquid to be rich in beryllium and improverished with respect to titanium (the fraction

in question must be chemically segregated ad strongly hypereutectic vith respect to
beryllium). Brazing at 0700 " with such a thermodynamically ,mbalanced composition
would obvioualy tend to react with and erode the titanium foil as the solid/liquid

system is activated toward chemical eqilibrium. Chemical segregation of the type

described can be brought about by the physical aegvegation of two dissimilar phases
during crushing and screening of a multiphase structure (in tt'a --is., the eutectic
structure of Ti-47.2Zr-5.6Be). Having the two phases dissimilar in resistance to

mechanical disintegration would promote this segregation tendency. The softer,
titanium-rich solid solution actually does tend to flatten out and resist breakdown and
is coacentrated in the heavier, larger particle sizes. At the opposite end, the

beryllium-rich beryllide phase to hard and friable and does tend to concentrite In the
finer particle sizes. As long as intermediate to large particles are employed in
brazing, any segregation tendency is masked. This is true because the eutectic
structure is Mw (relative to the larger particle diameters) and the titanium matrix
phase is continwia. effectively barring the loss of tine splintered beryllide particles
except at expoed vArc .. button ingot &ructare Is show in Figure 150.)

Note that the -12/+24 particle siLe (average diameter a 0. 040 inch) Is gross compared
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with the fine detail uf the eutectic. However, the average diameter of the --100/+200

particle size. is only 4,mut 0. 004 inch, roughly the same order of magnitude as the

eutect,,c 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 fr.,ction piobably explains the oporadic

occurrence ot severe erosion, inasnuch as only normal foil dissolution was noted

for tht arne troublesome fraction (-100/+200) of Heats Nos. 13-5 and 13-4 du ing

most repeat runs (Fig. 151).

To circumvent the mechanism which promotes beryllium segregation in fine

particle sizes, Solar investigated the use of a hydriding process prior to comminution.

It was hopea that hydrogen absorption would render the titanium solid solution phase

brittle, therefore as friab'- and readily crushed to fine particle nizes as the beryllide

phase. In practice, coarse particles of Heat No. 13-5 were exposed to flowing dry

hydrogen in a Vycor tube furnace for a period of 0. 5 hour at 1330 F. (It was found

that the braze particlcs Increased 1 to 2 percent in weight because of hydrogen

absorption. ) All of the hydrided braze material was crushed to :s 200 mesh and

graded for brazing at -200/-400 mesh. High yields (>90 percent of original ;ngot

weight) were obtained for this particle size. In fact, the material was t - friable

that the -1004 200 mesh fraction could not be obtained. Next, hydrogen was removed

from the braze by beating in a high vacuum environment (1. 0 x 10 - 4 Torr or better)

at I 100 F. Braze holding times of 250 to 500 seconds produced the best results in

subsequent brazing trials. It was found t; .. this uniformily sized braze material

performed exceptionally well In T-joint oUl brazing at 1700 F, Only normal foil

dissolution occurred In five brazing attempts (Fig. 152). It was conciuded (tentatively)

that hyvdriding is a suitable, high-yield procedure for procuring uniform and unseg-

regated f'ne particle sizes of Ti-47.U Zr-5.6Bt alloy where required (as in-situ

brazing. However. hydriding was not incorporated as a standard procedure for

braze alloy production. Instead, homogenizatitn hest treatment of button it4ots

(prior to crushing) was developed and established as a means to minilmize beryllium

segregation.

3.6.6 Homogenization of Braze Alloy Powders Through Heat Treavt-rit of Button ingots

Differences in flow and erosion chLracteristics with differezt particle sil s

of arc-melted CS13-5 alloy were observed in precr.ding studies, and were found to be

the result of increasing beryllium cotent with finer mesh sizes (Table LV). It was,
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TABLE LV

CHEMICAL ANALYSES OF ARC-MELTED AND ARC-MELTED

PLUS HOMOGENIZED CS13-5 AND RM8 BRtAZE ALLOYS

* WeghtI'. Percent tJMB (homogenized'--
Beryllium egt Wih

[ -Percentl Percezt
MehSize ryc i S3- eg' Ul Wght
MeAre Meltad Hor- ardzed( t ) Nickel Beryiii

+12 4.901 5.90 0.5 .94

*-12/4+24 5.30 6.20 11.1 1 .09

*-24/+35 5.55 6.3:5 3 .86 2,07

-31 /+4 5.70 6.40 11. 2.10*
-48/+100 5.50 1 6 48 10 6 2.04

I-100/+211 6.60 1 6.50 5 i 2.03

I 200/+400 8.00 6.30 13.2 19

-400 (fines) 13. 4J 6 1.361

1. At 140 Ftfor 40hours 2. At 1-10F for65 hours

theefoeconsidered advisable to investigate tverisal homogenization of baealloys

prior to Ingot commainliton. The CSI-5, 04217, CS217C, C,11217G, R1MU. lM23 I
RIM32. IRM40, RIM42. And RM44 alloys were homogeniz-4' at 1450) F for 40 44ours, tn

high Vacumil (1. 0 x 10~ Torr). tin addition, the CS217E. ""81i7 F. C271 R11,jj

U1,12. RNIAOU RM28, ait RM33 alloys were twn genized at !ZOO F for 65 hou.rsi Ir

high vactum prior to cotrLninution iand brazing -ludi#~s. As shown in Table TV,.' the I
cheiical analyses ot .ornogvniz.Z C813-5 and RM-S retulted in very unffoA"';o,-

tiozis for the critical elements {berylli-m nd p i~ckel) in variou.s Ust2, '-'olri. Jf
The low nickel and be- vtn levels chtewv1-d in the coaraseb flnech 513@ (+121 afRM

* were ,Iot ly Air to Incomplete solxtior of tbe alloy &-6cd durilg aaa lye a~ s moar"

p~rtcles are qWte difficult to dissolve., A4Jerostrctjara' exminao>n oi honogenited
* bztlons (Fig. ISM~ showed considerabiy greater uniforz.Ilty In Ube stru*cture, 'whereas

exarnnation of a rc-r.=elf' buttooa (Fig. 1541 revealed wnnfriyi ray cases.
Thr -vacuum horaogl nkflag '-u~ainon tan promoted ui iwform alloy structure and

cop"ton, and was &&Wkid as a necqw-ary stop ftor all bra"e aloy angots pner i

cm- ~u~m m mL241
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I F 3. 3. 7 Prelfiminary Studi:- ".f Cyclic Annealing

moe One feasible nieans found for inducing beryllide spheroidization and obtaining

moeuniorni beryllide distribution ii, CR selies brazements was a special heat treat-

metcalled '!cyclic annealing". Cycli annealing takes advadntage of higAer beryllium

(and be.-yilide) solubility in the high temperature titanium. ( - phase) form than in~ the

low tcmpcratlne (a phase) korm (Ref. 103). Cyclic heating betixfcen two texnperaturm~

the higher of which progressively dissolves portions of both massive and eutectic

beryllides !r. the beta-titanium matrix, while the lower te-mperature reprecipitates

fir~e beryllides at differerit locations withlin the alpha matrix, was found to result in
eo,,nded ( ;phcr3.,z-idI1~d and mocre uniformlv redistributed berylies. (The analugy of

cyclic annealing low alloy steels to promote spheroidized ,arbides is well known.)

Exploratory test L e conlducted with 0. 006-inch Ti-5A1-2. 5Sn T-joints

which were vacuum brazed with CS13-5 and CS217C braze alloys (five minutes at

1620 and 1700 F, respectivel. Cyclic %nnealing over the temperature rango of

1300 to 1550 F was conducted to the following parameters.

# Hold ten minutes at 1550 F, cool at rate of 12-1/2 degrees F/minute to
1300 F.

*1300 F, hold ten minutes, then reheat to 1550 F at 12-1/2 degrees F/
minute.

* Iepeat the preceding steps 'LhroAgh 12 cycles (4 hours total time), then
furnace cool to rom temperacure.

As shown in Figures IA55 and 1.56, the cyclic anneaimng resulted in a very

marked definition of P-bridge structures, 9,; well as an obviously spheroidized eutetc ic

structure. Spheroidization later was confirmed by electron microscope. No decrease

in eutectic hardness due to beryllide spheroid'.zation was detected. However, cyclic

annealing braved T-joints of CS13-5 ior a four-Wi~r period permitted very good re-

tention of joint strength throughout a 62-hour, 1000 F aging treatment in argon, ,Vhile

the as-brazed specimens suffered appreciable strength deterioration (Table LVI).

3. 6. 8 Effect of Salt Spray Environment Upon Bre -e Joint Strength

Although i he braze alloy Tl-47. 2Zr-5. 6Bt- appeared promising from the view-

points of adaptable braze proceL. ing ad apparent reiAstance to Salt spray corrosion,

no weasurement was available to gage br, ze joint strength (baseline) and retention of
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TABLE LVI

CHANGE IN MNECHANICAL PROPERTIES OF BRAZED
T-JO!NTS EFFt.CTED BY AGING

IAfter Cyclic AtrCcic Annealing
~AfLoDY Teat As-Brazed IAfter Aging () Anneia~lrgWAgn

C513-5 T-joint tensile 107.5, 107.5 6 ,3,3 1 150,3 168.0(PKI) 139.0

CS15Lap--joint 8el174l/u 20, 67lb/in. 950 Wi.670 lb/In.

i. 1000 F for 62 hours in Argon.

bra.7e strength following exposure to salt spray. To mneasure these properties, large-
b)ase T43i),nts were made of 0. 010-inch Ti-6A1-4V foils which were adaptable to

ter-sile tiisting, Brazements were made in high vacuum at 1700 F, using Heat No. 13-4I
(-12/424 meslh particle size) and a five-minute braze cycle (rapid cooling rate).

Comparable large base T-joints were vacuum brazed with Ag-lOSn alloy.f using the same braze cycle at 1700 F. These silver-base joints were considered
skandards for cornpailson of strength and corrosion-influenced properties. Standard

ioi t I. sile specimens of 0. 010-inch Ti-6,A-4V alloy also were included' to determine

the eff-ets of salt spray in the absence of braze. Tensile tests were conducted at

room~ temperature; T-johit tensile tests were conducted both in the as-brazed condition

and after exposure to salt spray for various times up to 238.5 hours. Results are

te in Table LVI!.

As expected ffG: the Ti-6A1-4V foil specimens (P series), the salt spray ex-

posui up to 238. 5 hours had no effect upon fully heat treated strength or ductility

properties (e. g. , -. 150, 000 psi, ultimate tensile strength,; 10 percent elongation).

The T-jolnts brazed with Ti-47. 2 Zr-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 -'-±32, 000 psi was

good indication of the high inherent strength of the eutectic braze structure. How-
tvo'r, the erratic and uinsystematic vari~tion ot T-jolnt strength following different
exposures to salt spray served to point out problems of structural instab'dity, marginal
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TABLE LVII

ROOM TEMPERATURE TENSILE STRENOTH OF TI-AI-4V T-JOINTS
BEFORE AND AFTER SALT SPRAY EXPOSURE

I 1ultimnate 0.2 Percf'nt
Wtspa Tuaflla V eldsp n ren S na Fracture

Number ( 0 Bm. Alloy ( I 04 M ___

P4 0.0 T-) 150,900 144.200 11. Foil

Ce 0.0 Tt-4*'.2Zr--.6B* IM,400 -- Brae

C10 0.0 (Heat 13-) 132,800 - Bra"

D9 0.0 -108a 5,900--- Braze

P7 70.0 (1) 140,500 142,900 10. Foil

C3 70.0 Ti-74.Zr-6.0Be 41, 200 - -
C7 70.0 jTI-47.MZ-5.63e 74.30 -gat

D5 70.0 Ag-lOon -- (Bre," nI falU apart on
removal from eWt spray.)

M-3 88.5 (1) 15,700 146,700 10. ?oIl

C5 88.5 Ti-47.2Zr-6.61Pe 80,900 - - Braze
C12 88.5 Tl-41.2Zr-56.Be 106,300 - Braze

DIli 83.5 Ag-105u - (Bruzement fell apart on
renoval from salt spray.)

PS 112.5 (1) 151,100 142,000 12. Foil

C 112.5 TI-47.2Zr-6.6B 125,100 - - Braze
ClI 112.5 TI-47,2Zr-5.69Be 126,100 - - Braze

P8 136.5 (1) 149,300 141,800 13. Foi

C4 136.5 Ti-47,Zr-6.6Be 33,300 - J - Braze
C13 i36.5 Ti-472.r'6.6B 63,900 - I - Braze

D7 13605 Ag-106a - (Bresement fell apart on
removal from salt spray.)

P5 160.5 (1) 149,300 143,100 10. Foil

C2 16J.5 Ti-47.2r-5.Oe 75,200 - - Braze
C14 160.5 Ti-47Zr-.613e 559.900 - - Braze

P2 235."5 (1) lk.300 148,300 11. Foil

Ca 238.5 Ti-47.2Zr6.3e 44,200 j - - Bra.e

1. FUt tenile specimen (not brazed).

2. Stress in foil mamber at specimw failure.
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Lhr--e toughness, and notch Fensitivity (TableNI) T-joint testing imposed a Strin-

gnant zaluirement upon braze toughness because of the natural stress concentration

introduced by the T-joint geometry itself, and the easy possibility of ioading the joint

eccentrically through slight grip misaliganent albr braze line being off-center.

This was suppo~rted by the f~i t that-eli T-joint specimens invarlpbly failed in the Joint

region rather ; han in the foil over a wide renge of failuwre, sireoss (33, 000 teo 132, 000 psi).

That the braze toughness is only marginal and capabl~ of in,,provemn~et was boryne Out

* by two observations:

Following 112. 5 houirs exposure, dupicate tensfie strength deticmninp.tlons
\ ~ ~ a~~e~~ag!~~Ig 4 125, 000 psi shows-d that good srnt eeto sp~il

if load alignment and other rest conditions are just right. Other strengfr
readings at different exposure times varied erratically between 33, 000
and 105, 000 pfi;, the lowest strt-kngth after salt spray still being higher

than the highest strength of as-brazed Otver joltts.

aIn spite of the high gtress levels frequently imposed upon the braze
itself, in only one specimen (No. CIO1) were cleavage cracko noted in
the massive beryllide particles (Fig. 158). rbe important observation
was, however, that not one r! thelie cleavage cracks extendd into the
surrounding eut, ctlc stuc f, ~though many cracked beryllides weire
seen and a nominal filure stress of 132, 800 psi was recorded. There-
fore, the eutectic braze structure itself possesses a fair degree of
toughness and notch insensitivity, with 0l-, possibility of Improvement
through heat treatment.

Whatever the interpretation of test data, one co~aciusion was evident; the

Ti-Zr-Be alloy brazernents exhibited vastly superior --fstance to balt spray corro-

sion relative to the Ag-1O8n brazements. All silver-.brazed specirnens exposed

2t70 hours suffered severe crevice corrosion, predominantly along the TIAg/Ag

interface, rendering them incapable of beiaig tested. Simply touching them for visual

examination resulted In their falling apart at the braze joint lines.

*3.6. 9 Preliminary Assessment of Elevated Temperature Bra2,ement &tre-gth

To gage the applicability of Ti-4?. 2 Zr-5. 6Be brazements at elevated tempera-

tures, duplicate T-joint tensile tests were conducted at both room temperature and

* 800 F (an-brazed condition). The T-ioint specimens consisted of 0. 004-inch

Tl-SAI-2. 58n foll alloy brazed to a 0. 0125-inch base of the same alloy; the re~sults

ar'e shown in Table LVIII.

* Obviously, the Ti-47. 2Zr-S. 6Be alloy provided sufficient brazement strength

at the elevated tempo ratwre of 800 F to warraxit its further evaluation In Pha,4e I

studies.
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TABLE LVIII

ELEVATED TEMPERATURE STRENGTH OF Ti-47.2Zr-5,6Be BRAZEMENTS

Test Stress level in
Temperature Foil at Specimen

Braze Alloy (F) Failure (psi) Failure Location

Ti-47.2Z4-5.6Be Room 111,100 Braze material
(Heat No. 13-4)

Room 74,600 Braze material
temperature

800(1) 77,300 Braze material

800(1) 90,700 Braze material

Baseline Po" Room 115,000 to
Properties (typical temperature 120,000
values)

800 70,000 to
75,000

1. Held 0.5 hour at temperature (in air) prior to tet.

2 10 Strain Accommodation Ability of Braze Alloys

Under ordinary circumstances, greater interest is expressed in the shear

sarengb or toughness of a braze joint than in the ability of the braze alloy to withstand

largc strains Imposed by loads. Braze alloys for foil structures must operate in the

sarne strain field as the foil without failure. It, therefore, becomes necessary to

devise some method of determining the maximumn 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-S. 6Be and Ag-10Sn braze alloys were applied to 'he specimens by the

developed vacuum brazing processes. As each specimen was loaded in t-nsion, a

linear stress a" strain gradient existed along the tapered section in ac~ordance with

the charge In cross-sectional area. The specimens with the Ti-47.2Zr-5.6Be alloy

were then tensile loaded until plastic deformation occurred at the minimum cross-

section. Exmination of the specimen using the dye penetrant system revealed the

crack pattern 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 psi,

corresponding to a strain of 6700 micro in. /in. A test on a second specimen gave
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identical results. 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) stopped at the interface layer of the braze alloy; however, the larger

crack (Fig. 162) extended approximately 0.003 inch into the paret 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 9GAg-1OSn silver braze alloy showed no braze

cracking at all after testing to specimen failure.

The hardness of the parent material on the specimen with the Ti-47.2Zr-5.6Be

braze alloy was RC40, comparid to RC41 on the as-received material. The closeness

of the two hardness values suggested little or no oxygen pickup during brazing.

The tapered tensile test is a measure of the f.-ain sensitivity, rather than

the strength of the braze aloy. Although during the teRt the braze alloy is required

to conform to the strains in the parent material, the stresses in the braze al oy can

be far different from those in the parent material. For example, the relatively

weak 90Ag-10S 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 po!nt of parent material failure. In contrast, the 9tronger Ti-47.2Zr-5.6Be

alloy (with a higher modulus due to the berylli,', content) tends to cracK instead of

yieding at strains somewhat below the yield point of the parent material.

The tests indicated that the Ti-47.2Zr-5.6Be braze alloy is canable of accom-

modating substrate strain almost to the point of plastic yield of the parent material.

However, the braze was not as crack-resistant as the 90Ag-10Sn alloy. rhe tests

showed alao that cracks in the braze alloy can propagate into the parent material when

plastic deformation occurs. The tapered tensile test specimen appeare I u be a good

tool for evaluating the relative strai' accommodation of the braze alloye when subjected

to strains from the parent material.
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AMapitcationi: 250X

FIGIURE 139. CS13-5 BRAZE JOINT; 1825 F for 60 Minutes
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FIGURE 140.
p'I RZ JT:~T 1.895 F

- - ~~for U 10 I~e

FIGL-2.E 14.1.

R1\1 I'TiAZE JOINT; 1825F
forG 60Minutes A

~ ~ FIGUR~E 142.

CS13-5 BRAZE JOINT; 1700 F
for 30 Mirutes
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FIGURE 143,

RINIS BRAkZ E JOINT: 17 9 ) F
for 30 Alnutes

Nlavni fic;ation OWN I)

FIGURE 144.

TE\18 BRAZE JO)INT:r 1600 P
for 30 Minutes______________

M1agilifjc~ition: 10

FIGURE 145.

RM S BRAZE JOINT; 1500 F
i fr 30 Minutes
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Magnificntion-; 100X

FIGURE 146. TYPICAL EuTECTIC SThUCTUIIES IN ARGON ARC-CAST INGOTS
OF Ti-5.6Be ALLOY
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Etchant: Kroil 's

MLagniflcaton: 250X

Continuous mnatrix phase is the
terminal 'ri-Zr SlASolution;
the light e-tchiig dend ritic
structure represents the firat

heryllide phase

Heat No. 13-1

Etchant: KrolI'a

Magnification; 100Y.~

F -FIGURE 147. TYPICAL EUTECTIC SiTRULCTURES IN ARGONARC-CAST INGOTS
OF Ti-47.2Zr-5.6B3e ALLOY
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A.

( 1~00 rw(h

FOILS: Ti-5A1-2.5£Sn

(0. 006 inch

Etchant: Kroll 's

FIGURE 146, FOIL T-4<IcNTS MADE WITH VARIOUS PARTICLE 3IZE OF HEAT

13-4; Vacuum Brazed, 1700 F - 5 Minutes (Sheet 1 of 2)
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FOILS: Ti-5[ S
(0. 006 inch)

Ife:ot No. 13 -4

I"4.gni ol: I 00X

*FIGURE 148. FOIL T-JOINTS MADF WITH VARIOUS PARTICLE SIZE OF HEAT
13-4; Vacuum BL'a~ed, 1700 F - 5 Minutes (Sheet 2 of 2)
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Noto porItionfl of hol-'otll~i
1

c,,rn mo ult of th o ,-.oin.
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l.'Ii flcttll : IWON

FI1 UIRE 1419. FOIL DISSOLUTION AND EROSION OB3iAINED WITH PARTICLE
SIZE -100/ 200 MESH Ti-47.2Zr-5.(Be ALLOY
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Ytchant: Kroll's

Magnification: I OOX

FIGURE 150.
RELATIVE Mtbn PARTICLE
SIZES IN A CAST STRUCTURE;
Heat No. 13-5
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Braze Alloy: TI-47.V7r-5.6Be
(IHat No. 13-4)

Foil TI~ckncaw' 0.010 Inch
Etchant! Kroll's

Magnification: 50X

INo rEviOdels. ux C. I.O~U Lrr.V-

FIGURE 157.

STRUCTURE OF Ti-SkA-AV
T-JOINT AFTER 112.6 HOUR~S

VIA! SALT SPRAY EXPOSURE

I4.

,t



fleat No,. 13--1

Magmiheation: 50X

Stress in Titanium Foil at Failure:
132, 800 psi Specimen No. C 10

Heat No. 13 -4 4

Etchantr Kroll'sii

Magnification: 250X

17IGURE 1,58. CLEAVAGE CRACKS IN MASSIVE BERYLLIDE PAR TICLES. WITHIN

! THE BRAZE
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xI

LOAD

-1 ~ ~ ~ ~ ~ 1 Y 0rr INCHLt~ .17IC

2.00 MATEMt7AI4 Ti-SAI-2. 6
2,00 INCHES

0.57 INC9f

a!

GROOVE Wrih BRAZE ALW1Y
APPROXYATELY 0.,004 INCIS
WIDE BY 0. 006 INCH DEEP

LOAD

FIGURE 159. TAPERED TENSILE SPECIMEN WITH GROOVE

Maganfication: 2X

FIGURE 160.
CRACK PATTERN IN T1-47.2
Zr-8.6 BRAZE ALLOY AFTER
TENSILE WAOiN
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MagtrifIcation: 250X

F;GURE 161.
CROSS SECTION OF CRACK
INBF, E ALLOY; Strain
Approximately 6700 Mlcroinches!
Incb

Magnificationl: 250X

FIGURE 162.

CROSS SECTION OF CRACK IN
BRAZE ALLOY AND PARENT
METAL; Stress of 120, 000 psi
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3.7 TASK VII - DIFFUSION BONDING DEVELOPMENT

The principal objective of the diffusion bonding study was to determine the

feasibility of making relible, leak-tight, tube-to-header joints u!3ing a self-diffusion

bonding process. The bonding processes were chosen to incorporate-

* A means of pressurizing the tube-to-header joint interface by expansion
of the tube.

e A means to heat the interface to the proper process temperature and for
the necessary time to permit bondipg.

An environment to prevent surface contamination which would inhibit
bonding.

The complexity of the joints precludes diffusion bonding by crnvent'.inzl

mechanical devices (anvil bonders); and the small diameter and tight spacing of the

tubes impose sever'e 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 functJon6 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 Wuward sticking or forming a low-

melting eutectic with the bonding tool. The ower limit is mposed by the relationship

of temperature and pressure which expresses the necessary minimum conditions for

bonc"ng. 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

controls are imposed by the need for active Inte 'iffusion of surface species without

dissipation 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 /itiated to develop the solid-state diffuaion bonding

parameters needed to Join Ti-3A1-2. 6V tubes to TI-6AI-4V headers. Other titanium

Alloy combinatos included for study are listed in Table LIX. Establahment of

maimtinn parametar ler els of bond pressure, time, and temperature waA ur,49rtaimn
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TABLE LIX

COMPLETE LIST OF DIFFUSION BONDED JOINTS

Bading -Tape red Lap

Log Joint Foil remperature Pressure Electrode Surfaces end Electrode Failure Load
No. Materials tFI (paii Stop Offs Used 111fcking LocatIoe (T) Mlcro-Structure

I12,02 T1 -5AI -2. 59a o 1325 1200 Wloo, 0. 004-inch 1010 steel No PM 0.04 -

TI-SAI-2. 55f and 0. 002 -tungsten backup.-

2.31650 2w11. Too 0. 004-inch 1010 steel No Ili 0, 10
and ",t 0. 002 -inch tungsten
bscitup.

1204 1650 500 Two, 0. 004-intch 1010 steel No PM 0.13

amd am 0.00M -in tttpten

1650 7500 Two 0. 004-inch 1010 steel No IRK 0.14 -

saM one 0. 002-inch tungsten
backup.

106 1600 $000 Two 0. 004-inch 1010 steel No PM 0.11 -

WAd one 0.0On2-tech tungsten
backup.

1207 1600 7500 Iodine, 0. 004-inch 1010 steel No - --

asid 0. 002-inch tw~ten
biwkup.

1125 1650 1200 0.002-Inch 1010 steew aWW yees- --

tungsten backup.

112111650 2400 0. 002-inck 1010 steel sNo Yes - --

tungsten backup,

1127 Ti-SAI-2, oftto 1600 5000 0. 002 -isch Oteesa Tee --o and y
Ti-SA1-2.58n uumpte backu .

1120 T1-4A14V to 1530 1200 0 002 -Inch 10 10 t"e and Too -- - Good bowd
Ti46Al.4V 0. 001 tungten backup.

1121 1550 Im0 0.001.4nachlO~tes 1010 -andye
0. 00 tangsen baecup.

1122 1650 2400 0. ON -Iakl)Ogsl 0ee moo and --

0.00M twageba backup

1123 15o0 3000 0.00M4 0 stol sao Tom -- ---

0. 002 ta~unse backup.

1124 1560 N 100 oft0-4b 101etlad Toe -- -

0.0on tefu adso.

1200 lilts 1300 to"e, 0.0061-Awk 1910 0te" we FM 0.301

110 IF*) 300 0.@11111-kk101 0 al1414 stsel 11e1 VIN OAK6
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TABILE LDC (Cont)

COMPLETE LIST OF DIFFUSION BONDED JOINTS

goadingTapered 1Iv.
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'r&BpLE LDC (Cant)

COMPLE2TE LIST OF DIFFUSION B3ONDED JOINTS
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TABLE LX

MINIMUM DIFFUSION BONDING PROCESS PARAMETERS

1Tempeirature Pressure Time
joiflt Materials (F)ee)I

Ti-5A1-2. ;Rn to TI-5AI-2. 58n 1600 300 to 5000 20
(vrable)

TI-6AI-4V to Ti-6AI-4V 1550 M3 t0 0 20

TI-5A1--2. 5Sn to Ti-6A1-4V 1550 300 20

TI-WA-lMo-IV to Ti-SA1-lMo-IV 1600 600 20

Ti-8AI-lMo--IV to Ti-6A1-4V 1600 300 20

11 -6A1-4V to TI-WA-2. 5V I As0 600 20

Ti-WA-2. SV to TI-3A1-2. 5V J1650 600 20

Varying degrees of interface bonding were otdned with the preceding parem-
eters, with the initil conclusion being that the approximate parameter levels of 300 psi,
20 seconds. a&W 1650 F are required to yi-eld acceptable 62nd, for the a&Hoy folls

(Fig. 164 and 1-65). Bonds can he obta.ined at blg'~r temperatures; howver, electrode
stking becom~es a problem. At lower temeratwre, cnsiderably higher process

APressures and Jlowr times are nnqured. The investiption bas beow restricted to
sbort-tlrne (s 60 secoadt) banding rnsw of the tyM us*Wly referred to "s 'y~olW

stre thW M~er~ d Re. 104). Sort process times are neoeuarm to obviate po

gresive~oaam~atlt an embritIwww at Wifusion bond ooi which beca-s o(
their wiasial smss wan sharp **oid gSemtrv 1 ewm* wisbetand a large awount of

c42mmlntlo. Tereorie. m~iavoA siuon boigpit"ameters W soa shed
for sAinu lap-*os (Auk. L14.

it is sawto asamm dthatNA 100064heei peramet~er f l6Mt (~aa"NW)t

609pet aaap~*stsaofO o aAlMidNO) wsosk ru"e laee ow ofo
* ~my otb o f wpi .ly0Uwte u eseae rne~ fga



TABLE LXI
RESULTS OF DIFFUSION BONDING USING 0. 3-MU TITANIUM FOIL INTERLEAF

LA jit o p~ea 2r. Presor. Electrode Ourik.. aid ciectncMe rflukrv Loid
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itt -leaf Approach

The use of an interleaf material was investigated to enable diffusion bonding

at iov er temperatures and prebsures to minimize electrode sticking. As shown in

Figure 173, good diffusion bonded joints of Ti-8AI-1Mo-IV to TI-6AI-4V were obtained

at process parameters of 1500 F, 300 psi, at 20 seconds. No significant advantage

was observed by the use of 0. mil thick pure titanium foil as interleaf on joints of

Ti-5A1-2.5Sn to 'ri-5AI-2.5Sn or Ti-6AI-4V to Ti-6A1-4V, however. In view of this

a. 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, 1Vype 1010 steel on the electrode surface and

0.002-inch tungsten as the backup -aterisl (to V,'-ten! sticking of the steel foil

to the tungsten anvil) resulted in excetsive electrode sticking in that the steel foil

could not be removed from the titanium program alloy. However, this problem was

eliminated by the use of two pieces of "cker (0. 004-inch) Type 1010 steel (back-to-

backi as the electrode surface anm' -en piece of 0. 002-inch tuqgsten as the backup.

The thicker steel (0.004-Inch) foil* could be removed from the tUitwm alloys with

ease. Iron contamination of the titanitm foil surface. due to formatiim of a thin

iFe Latermetalc compound layer. was observed (Fig. 171) and confrmed by X-ray
flwveen-,e analysis.

Dissolved oxypgn tn the steel foil was ot the factor which prevented sticking,

as evidenced by tests of specialty preared 0. 004-inch, Type 1010 absel foIls (redced

ft hy*os at 1500 F for 0. 5 howrl. This material erAlbited no Smater teadecy to

stick than the u-recej ed mates .4,

Therefore, the uiecheai-n actoUly reaupssibe for absonaft the sucin

problem was the bmaton of a very the 1. 0. OOM-lnchb, v*ry 1tklt TIF* conpoud

(ilatart layer) which acts as .barier for ftrtber sof two Sad Ut~ima.

f Sae Ow 11?. compowdis so brftfle. it was esifl dmwqied after the bn-
."e"

n ln iag p to mm



TABLt~ LWM

TENSIL DATA OF TI-6AI-4V FOIL

Nominal 9train Ultimate 0.2% Reduction
Sp___ - Iecimn Rafte Tensile Yield of Appav '

STempeature 51108) ~(in.) l min S bal ___) M _.(si

170 760 (air) 0.1 0.12 166 1..10

Soo50 4x10- 0.010 0.2 14.8

1400 x 10~ 0.010 0.2 10.

1650 4 4x10j 0.010 0.26 j. t; .71
3.17. 3 Gew ration of Bwsli-, Da

Am maytiv£1al stion of th tU" strsa-jont. prommm re at1iow'p was

derivod for the ttitoedver joint (ANumdix A). Afthw*~ computted for &Iaatlc do-
formatM only, it de mcwtr,teit that tto* limltin factor of this typical ooafgwat~on

to the hoo aty,.. wicl cam be dw.Iapsd in the tWi will to&.

afedbuikAl prqweity tests wrm onKft~d an TI-WA-4V foi a=d xsheet s
*11gw s...re&ay stmilar to~ the tube &IIW~ to diimanm Its provertle. doring heatng

to and at tddusim bonding tepmur.Tese tests onat ed 34:

*T$.. dMA

ftEaw deca verl d1m.

r"e temoil&a da (raPPI'Md It ')ti. LjI). Jnod api joe or iAred% wit IIK??wa-

IM %saw . and, more xtpdftu*asthe varluc in okstl modhu w1Vh atain.

Lisa &"y. vere U& ON t dtrwI for 0. 020-teck 1I-A-4V

6011att"es hvaaw Ionm t 1144 F. no -ipckuMwm wf atsEad 1A
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TABLE LXIII

CREEP RELAXATION DA ?A FOR TI-6AI-4V FOIL

iInitai Decay Time to Lower Stress (sec)
Teraperature, Stress

(,F (ksi) 0. 5 ksi 1. 0 ksi 2. 0 kst 3. 0 kei. 4.0 ksi 6.0 ksi 10.0 ksi

1300 11.0 100 8

1400 16.0 100 30 10

150 50 100 35 7 1
1600 3'.5 100 12 4

1500 2.1 100 1

1 6 C,0 2 .2 20 10 2 J
400 1 2

to near the apperent proportional limit and then the machine cross head locked to fix

strain. The drop i- -tress was plotted against time. 't was found that relaxation in-

creases with temperature, is very rapid, and appears to progress by qa three-stage

-mechanism related to creep:

e First 30 percent drop - rapid decay rate, independent of initial stress

magnitude.

* Transition - rate of itress decay, an inverse function of initial stress.

* Last 20 percent drop - asymptotic decay, independep of initial stress
magnitude.

Typical strei relaxation values are given in Table LXIII, and an approximate plot for

|U 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 L-aterial to the point that slow str"in

rates (nrovided by differential thermal expansion devices) are unable to develop or

maintain much pressure at the header joint. Reduction of temperature will increase

the time for which the titanium will maintain a b.ress, but the time nec 3ary for
diffusion is similarly increased. Bot! creep rate and diffusion rate increase exponen-

tially, and any benefits derived from temperature change will be second order effects.
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3.7.4 Selection of Jo!nt Pressurization Technique

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 Pluli

Three differential thermal expansion plug designs were evaluated, which

included:

" Solid plugs

* Hollow plugs

" Encapsulated liquid metal plugs

Solid Plu__. The differential thermal expansion of titanium (- 5.5 x 10 - 6 in. /in. /deg F)

and high expans, on nickel alloys (.. 9.0 x 10 6 In. /in. /deg F) results in a diametral

strain of about 5 x 10- 3 In. /in. etween 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

essentially the same as for solid plugs. SelectIve reduction of the conductive area

by hollowing the plug was inte aded to amplify the presumed benefits of electrical

resistance heating.

Encapsulated Liquid Metal Plugs. Assembly of multiple tubes in a beat exchange-

configuration introduces severe limitatione on the tightness of fit which can be used
on the joints. Interface gaps of only 0. 0001-Ineb constitute a third of the potential

diaimotral expansion which one can expect from conventional high expansion 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:

AV AV+ AT& (room temperature to melting point) + ATaLead Fusion+

(melting point to 871C)

AVLead 3000 x 10- 6 + (327 -20) 87 x 10- 6 + (871 - 327) 120 x 10- 6

Lead 95000 x 0- 6  9.5 percent

'AV Fe = AT -- (871 - 20) 36 x 10- 6 = 30600 x 10- 6  3.06 percent

Bulk Modulu=X 3.8 x 10- 6

T -AP (atm)
3. 8 x 10 6  (95000 - 30600) x 106

AP= 1700 atm x 15 -P i -250,000 psi
atm.

Although the assumption of a value for the bulk modulus is only approximate(1)

it is apparent tfat the high internal pressure developed by the melting lead will be of

sufficient magnI ude 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 because of its high expansivity in

the molten state, its reasonably high melting temperature (which permits it to with-

stand a certain amount of beat during welding closure of the steel capsule), and

because it is mutually immiscible with iron (ASI 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 I constrained by

the AISI Type 321 stainless steel pin. The Type 321 stainless material bas a lower heat

1. The compressibility of liquid mercury at 160 F, 3.76 x 10 " , is taken to be ,'oughly
equivalent to that of liquid lead at 1600 F. This approach is justffod iInoo the den-
sitles, atomic diameters, and periodicity of the two are appm equal and
both are at a temperature about midway between their melting and boiling points.
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coblductivity and a much higher coefficient of thermal expansion than the Type 1010

steel, and is, therefore, effective in closing the gap between the pin-end and the steel

case, both during welding and during the diffusion bonding cycle. The entire assembly

ws held in a copper chill block previously cooled with liquid nitrogen during welding

(Fig. 180).

6-aging was found to be effective in minimizing internal voids which detract

from the expecteu thermal expansion. The lead-fillkd plugs were held in a Jacobs

chuck on a small horizontal mill and turned at about 200 rpm inside a four-step steel

die. which was struck and closed repeatedly with a pneumatic hammer (Fig. 181 and

182). As closely as could be detarmined by radiographic and metallographic studies,

the lead-filled cavities were frye of post-swaging voids.

Pneumatic Pressurization of Internal Capsules

Pneumatic pressurization theoretically provides a method of increasing the

plug diameter to match the c -eep in the titanium thereby maintaining relatively con-

stant pressure on the joint for extended time. The heated, unsupported, tube wall

will support only minimal internal gas p'essurization. and it is necessary to provide

an internal expansion rvlinder to concentrate the stress at the header joint. In order

to reuse the device, expansion ideally should be conducted in the elastic range, and

the cylinder material therefore must have a !ow elastic modulub 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 106 psi and 56 x 103 psi, respectively. Maximum strain within the

elastic range is therefore about 0.004 in. /in. or 0. 0005 inch over the diameter of

the plug. While slightly less than that developed by differential thermal expansion of

solid plugs, this pneumatically induced strain can be made more rapid and will result

in higher continuous stress and pressure ou the tube-header interface during the

20- to 30-se ,,,d bonding cyck desired.

Due to the immediate imavailability of the B66 alloy in a form suitable for

manufacture of the expansion plugs, it was necessary to substitute Inconel 600 alloy

in which permaent plastic deformation should occur in obtaining the necessary ex-

pasion. it was felt, nonetheless, 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 9000 to 15, 000 psi hoop stress, corre-

sponding to the yield and ultimate strengths of Inconel 600 at 1600 F. Under these

conditions, the maximum diametral strain produced by the plug is limited only 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 tubes

need not be pressurized to any great degree until the 1400 to 1650 F bonding range

is reached. It is therefore possible to delay the heating cycle at 1200 F long enough

to promote self-dissolution of the oxides without distorting the joint in creep.

3. 7. 5 Experimental Heating Methods

In addition to conventional iurnace heating of the entire tube-header-plug

assembly, it was decided to evaluate electrical 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:

" Faster heating rates, and therefore faster (thermal expansion induced)
strain rates, will develop higher joint pressures in the tube-header
structur than is possible with furnace heating. As a corollary advantage,
dwell time at intermediate temperatures, and consequent intermediate
c ep, is minimized.

" Resistance electrodes concentrate the heat in the tube and thereby im-
prove the rigidity of the cooler header as well as the differential tempera-
ture between the tube and header. These factors all favor m~aimum
differential strain and interface pressure.

3.7.6 Joint Design and Surface Cleanliness

The experimental work on basic bonding parameters was conducted with short

(approximately 1 inch), 0. 125 inch OD tubes and uingle-bole headers similar to that

shown in Figure 185. Only 0.006-inch wall thickness tubing was evaluated.

Because the time requirements of diffusion bonding are arply a ftiflon of

surface oxide elimition, the Joint design waa modified in some of the tots to ,uclude

beveld edges of the header holes (Fig. 186), This modification was to increase the

pressure at the jdat Interface, promoting a tendency for shearing of surb" oxides

which exposes the unoxidized substrate metl.
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Tubes were abraRive-sew cut to 1-inch lengths and the ends were deburred.

Header plates (0. nl, 5-Inch thick) were sheared to blanks approximately 1-inch square.

A central hole (to accommodate the tube) of 0.121-inch diameter wL.- 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 percent 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 0.1255 ± 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 before use. The cleaning procedure consisted of:

* Hand wipe with acetone to degrease
* OxIde conditioned in Kolene Alko salt for 60 seconds at 400 F

(proprietary product of Kolene Corporation, Detroit, Michigan)

* Quench ir: cold water

* Pickle, 10 aeonds in 5% HNO 3-20%RF; rinse in distilled water,
neutralize, rinse, and dry in air blast.

Metal removal due to cleaning was zap than 0.0001 inch/surface.

The tubes were stiffened by a slip-fit, internal steel rod and then pressed into

the headers, suported on a steel block drilled to accept the tube. Te #mall. precl-

son drill press rhown In ipe 187 was used as an arbor preo. Epeaslon plugs

were similarly pressed into the tube, lipgft the raised diameter under the header

loint. Both tubes and headrs were arel bandiled to avoid ce-amlna.on of the

metal smrfaces at the joint.



3.7.7 Bonding Tests and Resu'l4 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 paragrphs.

Differential Thermal Expansion Methods

Electrical Resistance Heating. The expansion plugs (solid, hollow, and lead filled)
a-5 -6were heated by electrical resistance !n an NRC vacuum- furnace at 10 to 10 Torr

(Fig. 188). An Ircon, Model 300, indicating optical pyrometer was used for tempera-

ture measurement. The pyromneter was calibrated against a 0. 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 to

the Ircon pyrometer.

Subsequent to heating and bonding periods, vacuum was maintained until the
* assem~bly cooled to less th'an 500 F (about two minutes time).

The tube-header Joints were microsc'opically examined at a magnxificatiom. of

* 30X and manually flexed for evidence of diffusion bonding.

Results of-this procedure are summarized in Table LXlY. Efficient rudlation

from the 1-inch square header lowered the %Wxb surface temperature at the header
JoW,~ .o wtil below that of other sections of the tube. Coneentratipou of conducted heat

by the ralsed, diameter I-a the plugs and by greater resitabpce in the hollow or lead-.

tion was insufficien~t to overcome the extrem temptrAture PrAint crested by

radiation from the header.

When the electricsa power was Wnr~axed to raise the )otam termprature, to
*bo4t 1500 F, *'Wting occurred at other are"s of the tb by brwation of TI-Ve-Ni or

Ti-V. Fe *wU in, the bnconel 7-50 aod Ty'pe 1,010 stepi lu, respetively (Fig. too).
Paster b"ftno" rat.wie presusamy -MOM eslbr&Wi from the stadc'iat of header

* ri~14ty, &AIw less tme kit equ#Uzing ?eUPerstur. p'adient in the tube wA, ttwrefors,

*sOW444at t tendency for oVerheatin #bd melting.



TABLE LXIV

-FEST RESULTS OF ELECTRICAL RESISTANCE HEATING OF PLUGS

FORt DIFFERENTIAL THERMAL EXPANSION

hkwbw Typ g OB-0 156W w) (Ihi)
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TABLE LXV
TEST RESUL71 FOR FURNACE HEATINC OF SOID PLUGS FOR DIFFERENTIAL

THERMAL EXPANSON

1 Permp-nentI Diamtral
S)ecime. Atmoopherel Temperature ITIue Type Eipansion
Numnber (Torr) (F) (mini) Hesder (ift.) Comments

Si 5 x10-5 1650 5 Bveled Nil No bond

82 5 x 107-5  1650 40 Beveled Nil Setnibond
one side

835 x 105 1650 35 Beveled Nil Semibond
one side

S j 5 x j0 1660{ 35 Square Nil N- Nbnn

Whilep it may be poss .ible to effect- a natfactory compromise of thermal gra-
deno ty ad~usting the sizeor. rallatou efficiency of the header or by further regiziat.1on
Of heAMlIg rates amlk-t*MperatUre. this a.Iroach Is valid only for isingi teot specimens.
The complexiy di teruWal *W eWCVric4 petterns in multiple tbe*-t*-header assemblies
prchs*1e AW*lophnV a re*abletechnque for resistance hating the internal exin-
siou~ptlqo. Further, th EVltence iatsts that in -a workable resistance heating
--ycte the t4VrAtWre i the header would be so nearly that of the joint and the heating
Yr*tw so *WW 0w r*5stie beauin would otfer littis advantage over futrnace beating,

SkatWJ1y. **Wc'M b4 =el I&gmi be avokded by suitable cotings on the plugs.
hatb it is Ml~1Y tWe taupr itur. tould be bold below the ins trnw tIa all areas of
the: tubie.

~ Douwft b7dfsstlthra umo was eon&bced in a col-

* w~~Va ucwa~faruse MFg. 190, Usin both *olid &Md leed-fibW~ plug.. Temperature
wM5 nm50UrC by UMic 004i41 W~remsuir sOd adjtd with a usawia retat.

ftmft of te knowc heatig modiod Ind~cstd *a-t

. ~omatthe MWu piqa (TWaDl Ix") "Mein d ft pe mat *isaWra ft-
* j~otmsf or f3 984*~cmy homdbg. %camu 83 mai 64 **Ich Wa

bsveld and squo. bhtr-oe eoo r wpoo v*u, ieem nolmulat-
eenmy.Qm~ .I"Dew stcin rpetuneyerfictal bowling,

%&&ftg to an'm%*d lbs bmt 4sia Iru sufa"e pretssue
ow sbw an" t me ot.



TABLE 3.XVI
TEST RESULTS OF FURNACE HEATIIIG LEAD-FILLED

PLUGS FOR DIFFERENTIAL THERMAL EJ'ANSXON

Atmosphere DiAmetriJ
apc Aeun= Thu.-pmzure T~mo 7'"w ElpsManNumber Rmk____ rTorr ___)mo mne& _ __ Nti

Ll ~ -I x 013 2 91fte ,0 obn

u1 I Zx 1 1650 60 &MAre 0. 001 to . 003 Do eetfW1 circle'
51A 6 x 10- 1650 240 Develod 0O. 001 to 0. 0On Good bond 0cri

LS 4 x C 1650 15 Bevele Noh Pbburs cmss

S x10- 16ss 5 Beveled 0.S o .001 ft bwA

L? 7110- 165 00 ~ f ze .0016 tof~0 A aamlmdbmltldcakv

arw _ _ mft-wdrvew Figre IS3

LA 6 x 0-5 i1 k (t) 1 **pmaft 0.RM BCd pit a od oicfevt
qaaatlta"1bh clrca) wit a process ade

mimtss. ~.'cI had s -o vv f giprmtur.

to he E!' tiawua piM of he TI-A1-2.$ tlbtm 4mtIs 1Ti- SA-2 6r tnn.~,

Liet. a 6%c2no I'D 1615 ali &ar Is t"Aal had r~TsaIrtm.



TABLE LXV1I
TEST RESULTE OF PNEUMATIC PRESSMJUZA MTN PLUGS

Capsule Svwf I PwAvdlag~r SsAM pmeAre aa

V41 M10 a Tomwisrtuj'e ji~me *Pr.emur Vsawmm ?'rpe E ilun1-

Pi010 CIO'~ 1aio0 5- 2 ~0 SefA I'hcO d over-a tie kIflts9p

14N 13 40 0 2 c! Ao Dved 0. W7~ )~a c om d a-

~' I~ o1700 1 2w00 1 -,304 Rueeld -..003 Rta2~ emnosted

*Pt j 0.010 f 2000) ato Dvle 0. Mi Borste so .

N ~ ~ ~ ~ 9 a 7020 3 10-4 b~cs 0.001 Rua, ota1a

ptl 0&010 lie') 5 2040 (., 5wn x o e e 0.0041 0B utn* d WM

A). 10 1675 5 2" (1 Pw 4  square S.1 I% p 1caw ts. no ond
~. o~ 47I~~* ~ ~ gjW Qn3ctinn

5 1 al 7it 1-4 4%af 0. ftual b rngnaw F no*J0

105-V 6. S MI 9 0 af4mm 0.0015 fams canopm aid. m

Pt re-1 .64 ST I WI Ia o

Ps_ 1P 6- *am 0, Ul bS*w rmimow

iro~t'a 00*~4 aad FNb00Sd AM Iunpla., N &W~ ~1 ppeyewtvwW

PMaSte Pn~ariuUtim

A ohm ebsII-typ eoteae rmatams hwrum was awd W bwa a *Vytwo
glows or wmWaI tus #or tait so or 'cm) o0*tat Lb. pwmsatk P~a-
Msrintift rae and Uf.-bfttf-r MupM* I.11.Po. sa~itw a

* mad by a cbiuuml-awmi tbrooI wttk do turm bw eaxsrvm to tewoa*

a ohmb"i md was usatabjmd by an *-a& cmzur. Oomp. k .alavd

ft a So-ftmrr fthrmal ps&AmL bftween do o~sidn, of the chWr a d t oot
mw*sL Thre p~axmd vwirlswm oof tow7ratuvt amW jrmu were evabo~d

as lmsebtd fa TM II& md typkUyMubu i~w~sldL Freeo )i. J, &W 20.
101W pKmiWIfa vw emo. by azm. oconH" ty itg-u~.tq2
-b efmf ol bmeh4ftms e Vaaw. ts.



The results ilisted in Table LX'VII) indicate that pnetumittlc pressurization

plugs provide a controllable tube expansion process. Slight surface cintainination
prtve*ted bonding in the initial attetupti.' on 8pecimefl$ PI, P2, and P3. This dif-

fhulty was rectified in subsequent atis 'mptr on specimens P4 and P5. L.ack of bonding

ti these latteLr ape;4mens is Lvievedi du~e to the restriction of expansiori by the greater

rigklity of the 0. 003-Inch land on the expa isicin plug. over which the header was

positioried. The hcader of spe,",en P6 thcrefore was position.e'd over the small

ieiameter at the end of thu expansion p*u. Cons ider able 6sitortion resulted fron, the

une'ver re~t_!tiice to plug expainsivq, but thp' re was evide nce of bonding the tube and

headier by this approach (Fig. 201), The raiied band was elimninated from subteqient plugs.*

Temnperature and especially time requirements are considerably reduced by

this proefas which incorporates rapid~ expansion and is yihld-strength controlled.

Partial bonding of three camples are shown in Figures _02) through 2(N. The degre-

of exp.&nsion accompeanying the pr~qul.tin cyclc bz'eatE that th' q4"ity of thie

i)onds should be better t hn that observed in dyk, photrimic .-ogruphs. The exple nation

most !*kelyv Lar this behavior is in the r,-latively poor vacuum eivironment in which~

these Vpecimens were pi '-surized. --fe d-gret of magtiltude -:eparates the vacuu-m
pressure at which the pneumatic plug and lead-filled phkj specimens were dIffusior

bonded,

In all cases, Wtwas noted that .:-e diffusion fromt ,~ I~ pre- surt.lu

into r~be titxiium tubo was many tinwx greattr than for tQe Type 1016 steel ~ll~
plugs, alhcimii be Tyrpe 1010 plugs were a ubje x40l to ornci at higher Lemnr, erit-

tures. The Inconel 4- mo ti iatzrmetali( dilrslor t--I-rier u~ os thte i ri.

Thniumatic '-nsItr tet*s P1 I throuOt r" 8 4 orporat~d vqwsiu~ pihag_ of
T' 1 t- . vwl~ r-ather than Im'onl N~one of the. cyeie l ule in mre

than oupet'fic-1oJ Dnding. I?2a ~ttw h eal~ ~ a~~ ~~nent of

Pnematc ""rzatcmwhih, n anyoftke .pecimes. pre'iuuced dia

-,0 - 0' 5- to -02-fac) empasion -for bovidivg.

Vake beme of Type 1010 zU*1 spmanto capslea e~vii*, "IL d Lhe iWe r-
difftaaioa, suam t~emza prablem. the tf alt.v at seivdzic Othe ibe ftom the

2Xpaom csaadU *-%a rsll*yed a*~ in sasl mnevr md mwAw of the jwmtc

amh b rm..d.

SM



4 The technique da rtoita.nce heating interall esppansion plugs does not
prvide a reliable diffuson bodig pfpcsr I. Vte hea er plate acts as

a the--rmr, -&dI,.r, overcooig tihe Joint ansi indci~ng tNgh'thernal
grad~ients in th tube.,

No dion 6bonding reutp froan sold, iWgh-exparl'pon, -Ynckel-f-Ase
* ~cyplus.The evidc we ftidicati.e t" t thw thetn-Aal epannion ata1

i8 either sufflcientLy rapid n.or sufficierntly gx'vat to compens-te toT
dis~dpfktlon of pressure by crvep rcekxatioo at the joint.-

* . ~~Encapsailated liquid mretal plugs (icad-filledi are :apablc of dv~~n
up to 0. 003- rch Pernanett diarnelral a'.ain. Diftsion bonde joinis
were produced by this technique, joining tubea to headers tq a process
whicL-h is creep- iIrength zortroliled, requiring extended time -at tertipera-
ture.

ePnetumatic pres~url zation 34s effectlve in expanding internal plugs avdt appears capable of being developed into a reliable difusion bonding
process. A problemT is presented in removing the plu'gs sfter the
bonding cycle due to permanent diamretral expansion of the pressurIzatlen
plug, but The tech~nique appears fmlsicaily sound,

St'cking of the pressure transfer surfRace to the titanium foil workpiece
i emained a serious probleir LIII.lughout this study. -No perfect stop-
off material was founce to operate at the process temperatures and
pressures used. Rnwever, Type 1010 steel shim stock provided a
workable solution, in that the very thin film of iron-titanium Inter-
rnetalhcs frrmed at the shim/workpiece interface could be disrupted

La iuiew oi the axcellent prelim~inary resazlts and reliability of the brazed
heat exchanger maiufacturing process, further development of the
diffusion bonding prc-eig~ within tI.-, limited time av~thlble on thisIprogrm is rnot warranted, especially "r. consideration of the expansion
plug-to-tube sticking and other related problems.
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FIGURE 16-0. DIFFUSION BONDER
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Rond Pressure: a00 pot

Temperature 1650 F

Time: 20 sec

Magnlfication: 250X

Boad excellent - no electrode
sticking (iron).

Bond Line

FIGURE 164.

SOLID-STATE DIFFUSION BONDED
JOINT, Ti-5AI-2, 5Sn/TI-5A1-2.5Sn

Bond Pressure: 300 psi

Temperature: 1650 F

Time: 20 sec
Magnification: 250X

Bond excellent - no electrode
sticking (iron).

Bood LIftw

FIGURE 165,

SOLID-STATE DIFFUSION BONDED
JOINT, Ti-6A1-4V/TI-6A1-4V
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Iowl-
Bond Pressure: 1200 psi
Temperature: 1550 F

Trime: 20 sec

Magnification: 250X

FIGURE 166.

DIFFUSION BONDED JOINT,
Ti-8A1-lMo--iV/Ti-8A1-lMo-lV

Bond Pressure; 300 psi

Temperature: 1600 F

Time: 20 jec

Magnification: 250X

Band Line

DIFFUSION BONDED JOINT,
Ti-8A1-1 M0-1V/Ti-6A1-4V

Bond Pressure: 600 psi

oi mperature: 1600 F
ine- 20 sec

Magnification.- !50X

Bond Line

FIGURE 168.

DIFFUSION BONDED JOINT,
Ti-WA-W4/71-5AI-2. 5Sn
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Bond Pressure: 2000 psi

S Temperature: 1550 F

Time: 20 sec

Magniification: 250X

~ FIGURE 169.

DIFFUSION BONDED JOINT,

NOA i6I4/t6I4

Bond Pressure: 1200 psi

Temperature: 1600 r

Time: 20 secIMagnification: 25OX

FIGURE 170.

DIFFUSION BONDED JOINT,
Ti-8A1-1MO-1V/Ti-8A1-lMo-1V

Bond Pressure: 600 pi

Temperature: 1650 F

Time: 20 we

Magnification: 5OOX

FIGURE 171. DIFFUSION BONDED JOINT, Ti-6Al-4V/Ti-3AI-2. 5Sn/Ti-3A1-2. 5V
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FIGURE 17l. TAPERE!) LAP-JOINT
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~CXE174. Fl ,EXATED TEMlPF' ATITRE FOIL TESTER
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3.0 -

0~ 0.000U3

ALL DIj.ENSIONS IN INCHES

0.1 0.0010r

INCUNWL X 750 -. AI

FIGURE 176. S(X.II PLUG DESIGN

00 0.114 +00

0..1

rIOWI IT". HOLLOW PLUG DESIGN



3.o

-- TIGA

0.12 A A 0.117 ±002 A .f4 0.o

NOTES: 001 ALL DIMENSIONS IN INCztES

AISI 10.10 STEEL PLUG A MACHINE 0.W01-INCH INTERFERENCE FIT ON (HIGH
0Z. E XPANSIORY) 321 STAINLESS STEEL AND DRIVE IN

(D LEAD POINT TO EXPAND LEAD

321 STAINLESS Si EEL PIN IL)I OPRCILBOKCOE
0 WI1TH L142 CXC AVOID MILTINC LEAD)-/\ROUGH MACHINE TO 0.125 INCH 4 SWAGE TO 0.117 INCH DIAMETER

DIAETE P iX V LEAD AND A

TAMP SOLD FINISH MACHINE. TO 0.*14 INCHI DIAMETER

FIGURlE 178. ENCAPSULATED LIQUID METAL PLUG DESIGN

.31
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WEL DING THE LEAD-FILLED PLUGS

IN A COPPER BLO)CK COOLED WITH
LIQUID NITOGENI
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FIGURE UK IK>F ED PITC TN SOTTO2Il DIE OF SWAGING, TOOT

F7tURF I -2. SWACINC lEAD F1ILE I lU I iP\~l



+t~ 11 0,0000
OD 0, 1. 14 0. 00 1 1 ) A1 p

WAL L~ ThICKNE SST B

0. 5

I NC N E i ;0

0 j N-155 TUPFI, 0-37' BN 0065

PRESSURE

ROUGIH VACUUM r, RCDE

purge 4ys'em)

GETTERED
AR1GON
OR AROI- ~ ~VACUUMARN

I TO 000 P SIG

\CLAN SHELL
F U RNACE

iL1 PIMP NSiONi IN INCH

vICURE 183. PNEUMATIC EXPANSION PLUG DESIGN AND SYSTEM



~ ~ As Maci1ned

Welded to Pre:aure Tub-3

FIGURE 18 4.
PNEUMATIC FXPX,,NSIOrN PLUG

FIGURE 185.

TYPiCAL TUBE AND HEADER
TEST SPE'-TMEN

FIGURE 186.

BEVELED EDGE OF HEADER

315 HOLE
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FIGURE 187.

ASSEMBLING THE
TUBE -HEADER
JOINT

FIGUAE 188.

VACUUM FURNACE AND CONTROLS
USED FOR I. ZECTRICAL RESISFANCE
lEATING OF EXPANSION PLUGS
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FIGURE 189,
~ EUTECTIC MELTING OF

RESISTANCE-HEATED TUBE
AND PLUG

FIGURE 1-90.

COLD-WALL VACUUM
FURNACE
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Etchant: Krolla

Magnification: 400X

FIGURE 191.
TUBE-TO-HEADER JOINT
PREODUCED IN SPECIMEN
L4

Tl-GM-4V Header Ti -3SAl-2. 5Sn Tube Type 1010 Steel
Cae of Lead-Filled Plug
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Bonding Temperiture: 1850 F

Ti:. e: 30 min

Etchant' Kroll's

Magnifi cation: 250X

FIGURE 192.

RUBETO-HADERJOINT
PRODUCED IN SPECIMEN
L11

Bonding Temperature: 1650 F

T~rn#e. 90min

Etchant: Kroll's

Magnification: 50OX

FIGURE 193.

TUBE-TO-HIE! DER J1OINT
PRODUCED IN SPECIMEN
L7

Bonding Temperature: 1650 F

Time, 30 min

Etenant: Kroll's

Magnification: 10OX

FIGURE 194.

TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
Li0
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.. ~ B anding Temperature: 1700 F

BoTin: 30 mi

Etehail: KraIo'e

Magnification: 100X

FIGURE5

TUBE-TO-HEADER JOINT
PRODUCED TNSPECIMEN

Bonding Temperature: 1800 F

Time: 10min

Etchant: KroU's

Magnification: 500X

FIGURE 196.

TUBE-TO-HEADER JOINT
PRODUCED IN SPECIMEN
LB
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FICJ PP 197. PXSEUMATIC PRESSURIZATION EQUIPMEFNT
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DIFF USION
26 - ONDING

24

22 -ARGON FLOW

I TEMPERATURE FURNACE
- ,I,---' 0 P E N E D

- -....'ENE~N 16 -

. 14 \
12 (

I PRESSURE

0 10 20 30 40 50 60 70 80 90 100 110 20 130 140 150 160 70 180 !'{C 200210 22'}
MINUTES

FIGURE 198. PNEUMATIC BONDING CYCLE OF SAMPLE P2; Paressure Appi ad
and Released at Temperature

COOLED UNDER PRE VACU
30 -d
28 -
26 -i

24 -- O DIFFUSION II

o 22 -= S BONDING

. Is - TEMPERATURE
!IUR 196 Ree-da e~raue9~m~ L

20 ~ I

2 -410

706 9 001,l 10lO1o 01c1q0[I

8"" FUJINACE,
"Q" -68 ] / j OPENE D I "

4

0 0 20 30 40 5o 60 70} slo go to 0 0 10,1}40 15Ol0 ItLo iO u .

MINUTES

FIGURE 199. PNEUMATIC BONDING CYCLE OF SAMPLE P3, Cooled Unde"
Pressure
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10-5

VACUUM 4104

S3I EXPANSJON
24 TUBE

2 DIFFUSIO B5URST 10-3

2? ONDI NG ; 3

4 2I PRESSURE II" I z

E 16

*" I *\

8 TEMPEKATURE 10

~1 1 1

6 I

10 1.0 1 0 40 O 60 10 It0 90 10,0 110 120 1230 1401 10 160170 160 190 200 210 I-,,

-FICITEE 00 PNEUMATIC BONDING CYCLE OF SAM PLE P6-j Hes~tod Under

roll Ti-.4A-4V

"r.- IL.la

A I to~

F~a~ TKVP A.TTUR Ia
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ltvI~ng Temiperatu re: f; 7 F

Ti me~ : , nn

FIGURE 202.

DIFFUSION BOND IN
SPECIMEN P7

Rc~n'L ng F rcnpe ratu zvi K

FIGURE 203.

DIFFUSICNN BOND TN
SPECIMEN PS

SKro ii I'

S SX

DIFI --)N 8OND *D
SPECIMEN Pit,

3 24


