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SECTION 1

INTRODUCTION AND PROGRAM SCOPE

The two primary incentives for titanium alloy usage (vis-a-vis steels) In both
commercial and military aircraft are superior intrinsic corrosion resistance in
industrial , salt-desert and maritime environments and the prospect for lighter weight ,
higher performance aircraft and power plants. Pertinent high-tempe rature brazed
structures in advanced aircraft designs Include lightweight titanium heat exchangers
and titanium jet engine components such as stator vane assemblies, compressor wheels,
hydraulic ducting, honeycomb shrouds and skins, nozzle fairings, and acoustic sand-
wich panels.

The actualization of many advanced concepts involving brazed titanium structures
has been deferred for years by the generai unavailability of all-around suitable braze
materials. “Suitable” in this context means operable to 800°F, the usual maximum
service temperature contemplated for titanium-base engineering alloys. The most
notable deficiencies of currently available braze alloys are poor inherent salt-corrosion
protection, Inadequate long-term oxidation resistance and thermal stability for service
to 800°F, low ductility and fracture toughness, and agressive erosiveness. No single
developmental braze alloy to date has (universally) solved these shortcomings, although
such an alloy should be feasible through the application of alloying logic and metallur-
gical principles.

The existing commercial braze systems have limited application potential for
highly stressed titanium structures operating long-term and cyclically over the
elevated temperature range, 500—800° F. This Is largely due to the fact that most braze
alloys were developed for special (often extraneous) purposes, and none were designed
to address all the shortcomings noted above. For example, the Ti-Zr-Be arid Ti-Zr-
Ni-Be braze alloys pioneered by Solar (Ref. 1) were developed within an AFML-
sponsored program for the conventional braze-joining of thin-foil honeycomb structures,
where titanium-foil erosion and resistance to salt corrosion were the overriding design
considerations. However, the problem of Be toxicity has been a major deterrent to
their use. The many silver-base braze alloys, still infrequently employed for titanium,
were adapted to titanium from other braze technologies, primarily because of their vast
commercial utilization (with steels and superalloys) and not for sound metallurgical
reasons. Not surprisingly, a number of serious deficiencies have surfaced with their
use. The silver alloys exhibit good brazeability and adequate initial joint strength, but
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are severely time- and stress-limited because of interface embrittlement related to
the TLAg intermetallic , accelerated crevice corrosion in salt—spray environment,
deleterious oxidation effects in the range of 600-800~ F, hot-salt stre~~~porrosion and
substrate erosion (Refs . 2, 3).

The first-generation Ti- and Ti-Zr-base braze alloys developed over the past
decade by Solar, G. E., WESGO and AMI also show desired low-braze temperatures,
good brazeability (conventional procedures) and high joint strengths (Refa. 4, 5, 6).
More importantly, they possess markedly improved resistances to erosion, salt-
spray corrosion , elevated-temperature oxidation, (and in some cases hot-salt
corrosion ) due to their more balanced metallurgical designs. However , levels of
braze ductility and toughness leave something to be desired because of the high con-
centrations of brittle intermetallic phases within the braze microstructures.

A novel and unconventional type of braze system, under development by Rohr
Corporation , tends to minimize embrittling effects associated with dissimilar—metal
conventional brazements by drastically limiting the amount of filler (braze) metal
available for intermetallic compound formation (Ref. 7). This special method , called
“diffusion brazing”, requires rapid Inward diffusion of certain elements plated upon the
titanium faying surfaces to (transiently) form miniscule quantities of low-melting
titanium eutectics. Although metallurgically sound, the practical application of diffusion
brazing is very often restricted by the inordinately difficult surface preparation, the
ultra-precise fitup requirements, and the interface pressure controls necessary to
assure the formation of a satisfactory bond .

In view of the Inadequacies cited above, the subject program was contracted,
with goals of designing and developing high-temperature (500-800° F) brazing systems
for joining titanium and its alloys and of defining their performance characteristics
and limitations. The new braze systems were to be adaptable to bonding the wide
variety of faying surface joints found In aerospace applications using conventional
brazing (in situ or external braze placement, 100% llquation [Ref. 8J) or diflusion
brazing (minimal braze , in situ placement, total or partial liquation [Ref. 7, 8J)
techniques. Conventional brazing with external placement (requiring substrate
wetting and capillary flow) was employed in the subject work.

Unlike existing high-temperature braze materials, the new braze systems were
to be designed to attempt combination of three important attributes:

1. High resistance to environmental reactants In service (aqueous salt
spray, hot salt corrosion , air oxidation to 800° F)

2. bnproved toughness and ductility levels, approaching commercial
titanium substrate alloys

2



3. Good brazing characteristics in the desired process temperature
range of 1600° to 1750° F, to enable good retention of braze strength
to 800 F without adversely altering the substrate alloy properties
or structures.

Corollary program objectives include the accurate definition of preferred pro-
cessing and performance characteristics provided by the new braze systems.
Mechanical properties and microstructural characteristics of lap-Joint and T-joint
brazements would be determined over the entire service temperature range (RT-800°F).
Effects on the above performance characteristics of extended , simulated service
environments (aqueous salt spray, hot salt coating and air oxidation) were to be
closely monitored by further mechanical testing and metallography. Ultimately, the
two most promising braze alloy candidates would be identified and usable quantities
of each provided to the sponsor.

As to scope, the basic program was one of fundamental metallur~ ical alloy
development. Candidate braze alloys were designed upon metallurgical principles
and screened for suitability to elevated-temperature service. In Phase I, Braze Alloy
Design and Screening (Fig. 1), preliminary screening and evaluation of several hundred
exploratory braze alloy designs commenced with brazing parameter and microstructure
studies using simple T-joint brazements (see Fig. 2). The 26 most promising braze
systems were narrowed next to 12 through mechanical property (tensile shear strength)
tests and environmental exposure tests upon single lap-joint brazements, per AWS
Spec. C3. 2-63/60. 105 (FIgs. 1 and 3). Phase II, Braze Optimization followed with
iterative attempts to optimize brazement strength, toughness, ductility, oxidation-
corrosion resistance and brazeability (viz., stated program objectives) through
special alloying and heat treatment procedures listed in Figure 1. These included
rare-earth and trace element alloying additions as well as post-braze heat treatments
to disperse and spherotdlze hard intermetallic compounds and to promote favorable
matrix transformations. The three most responsive and promising braze alloys were
selected finally for more thorough mechanical property and environmental testing.
This final work constituted Phase III, Braze Characterization (see Fig. 1). Advanced
characterization tests :u re programmed to Include comparative tensile shear
strength, fatigue strength and stress rupture strength determinations to 800°F upon
single lap—joint brazements (Fig. 3); peel strength and peel energy (toughness)
determinations upon double lap-Joint brazements (Fig. 4), and flexure strength
determinations upon four-point bending, single-lap flexure beams (FIg. 5). After
complete data analysis, Solar and the sponsor agreed to define the one or two most
acceptable braze systems evolved from the program.

The sponsor requested the adoption of mill annealed Ti-6Al-4V and annealed
Beta C (Ti—3A1-8V—6Cr—4Mo—4Zr) alloy sheet stocks as test substrate alloys. Arrange-
ments were made to procure sheets of these titanium alloys in the requested 0.
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Figure 2. T-Joint Specimen
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ALL DIMENSIONS IN INCHES (AW S SPEC . C3.2-63/60 .105)

Figure 3. Finished Single-Lap Shear Test Specimen

and 0. 062 Inch thickness. The lean alpha-beta alloy, TL-6A1-4V, possesses good
inherent oxidation-corrosion resistance and elevated temperature strength, both due
mainly to the high aluminum content. In the annealed condition, TI-6A1-4V possesses
outstanding fracture toughness among titanium alloys. (The beta transus teniper*ture
Is high, -1825 F, which should permit brazing to 1750°F wIthout risk of beta enibrittle-
ment. ) Because of these features, Tl-6A1-4V Is by far the most popular high-temp era-
ture titanium alloy In aerospace and is felt to be a good program choice for braze
joining, e. g. • 90 percent of the titanium applications in the B-i aircraft are assigned
to TI—6A1-4V, (Ref. 9). The sponsor also requested that the Tl-6A1-4V alloy substrate
be emphasized In braze alloy screening work (Phase I, Fig. 1).
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Figure 5. Schematic of Four-Point Bending Flexure Beam

The annealed Beta C Is a highly formable and crack-resistant, all-beta alloy
with good prospects for brazed component applications in advanced aircraft propulsIon
systems. General corrosIon and stress-corrosion resistances are reported to be
excellent (Ref. 10). Although the beta transus temperature Is low, ~.1450 F, annealing
and hot-working operations are reported permissible as high as i800’F without
adversely affecting the excellent cold formability, strength, and ductilIty properties
(Ref. 10). Consequently, It was correctly anticipated tMt short-term brazing cycles
at temperatures to 1750 F could be tolerated without excessive grain growth or beta
einbrittl ment.
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SECTION II

ALLOYING APPR OACH AND RA TIONA LE

As the number and quality of high-temperature, creep-resistant and oxidation-
resistant titanium alloys keep increasing (Ref. 11, 12, 13), the technology for effectively
braze-joining aerospace structures of these alloys has not advanced perceptibly since
the mid-1960’s. This is regrettable because intermediate temperature (1600-1750°F)
brazing and braze-assisted diffusion bonding offer the best opportunities for reliably
joining titaiiiuin alloys below their various beta-transus temperatures and/or grain-
coarsening temperatures, thereby avoiding the joint embrittlement frequently assoc-
iated with higher temperature joining processes. Early brazing work with titanium in
the 1950’s and 1960’s concentrated upon commercial Ag-, Au-, Cu- and Pd-base braze
alloys for service up to 600-800°F, and Al-base braze alloys for lower temperature
service (RT-400°F). All of these brazements constituted dissimilar metal combinations.
Serious problems of joint embrittlement and joint dete rioration were related to the
formation of hard , continuous Intermetallic reaction films at the Joint interfaces. The
combination of insulating or barrier films and dissimilar metals also promoted accel-
erated interface (crevice ) corrosion , noted even during short-term service. In the
mid-to-late sixties, several series of intermediate-temperature melting TI- and Ti-
Zr-base braze alloys were developed (at Solar, Northrop, General Electric, WESGO)
with closely matched surface emf ’s and good metallurgical compatibility with most
titanium structural alloys (Ref. 4, 5, 6, 8). (The braze alloy development work at
Solar was sponsored by the Air Force under AFML Contract No. AF33(615)-3137,
Ref . 1.) The metallurgical and thermodynamic (quasi-) equilibria between similar
braze and substrate fostered by these more logically designed braze alloys ostensibly
solved the aforementioned joint stability problems. Intermetallics did not normally
form at interface zones. The potential for long-term, inherent resistance to stress-
corrosion and crevice-corrosion cracking (even in severe salt spray environments)
was confirmed (Ref. 1). Former problems of substrate erosion and beta-embrlttlement
also were resolved, even for titanium foil structures, with proper temperature and
time cycle controls. However , these first-generation Ti- and Ti- Zr-base braze
alloys are not perfect. (See Table 1 for typical Solar braze compositions.) Some
cri tical concern has been expressed about the friability and marginal ductility of these
braze materials, due apparently to the appreciable volume percentages (-.25-45%) of
hard, high-modulus Interinetallic compounds developed within the various eutectic
structures. Although the subject Intermetallics are in metallurgical equilibrIum with
the ductile metallic Ti- and Ti-Zr-base terminal solid solutions, the associated9



Table 1.

BRAZE ALLOYS FOR Ti FOIL STRUCTURES

Nominal Composition , Wt % Mtntmum Flow
Alloy Braze Alloy — ______ ______ ______ — — — Temperature
No. Designation TI Zr N! Be Al Co St Cu Ag CF)

1 RM8 Sal 43.0 12.0 2.00 1625
2 RMI2 Sal 45.0 8.0 2.00 1660
3 RM4 3 Bat 20.0 12.0 5.00 1680
4 RM33 Sal 40.5 7.2 1.80 -— -— -— —— 10.0 1580
5 RM32 Bat 38.7 12.6 —— -- —— -— -— 10.0 1720
6 RM2S Bat 36.9 16.2 —— -— —— -— -— 10.0 1620
7 R!~123 Sal —— 17.2 4.00 1700
8 RM26 Sal —— 16.9 3.90 -— —— 2 .0 1660
9 RM4O Bal 20.0 8.0 5.00 1700
10 RM42 Sal 20.0 12.0 4.00 1700
Ii R!~t44 Sal 18.0 7.2 4.50 —— —— —- —— 10.0 1700
12 C813—5 Sal 47.2 —— 5.60 1620
13 CS217 Bal 47.5 —— 5.00 1640
14 C8217C Sal 45.1 —— 4.75 5.0 1700
15 C8217E Sal 45.1 5.0 4.75 1600
16 CS217F Bat 45.1 —— 4.75 —— 5.0 1620
17 CS217G Ba! 46.6 -- 4.90 -- -- 2.0 1680
18 CS2171 Sal 42.9 —— 4.50 —— —— —— 9.6 1520

Inservice potentials for high-stress concentrations and the (possible) resultant
initiation of matrix cracking are obvious. Significant alloying additions of potent
melting—point depressants such as beryllium, copper, silver, silicon and nickel were
utilized singly and combined in the first generation of Ti- and Ti-Zr base alloys, in
order to obtain melt and flow temperatures below - 1800°F. This unavoidably resulted
in the typical networks of eutectic beryllide, nickelide, sUicide and cupride Inter-
metallics which generally detract from braze reliability and integrity in high-stress
applications. These beryllide and nickelide intermetallj cs, however, frequently in
the form of lamellar eutectic structures, do help provide braze shear strengths and
ultimate braze-bond strengths (-320°F to +800°F) approximately two to three times
greater than competing Ag-base or other noble-metal braze alloys (see Table 2 and
Ref. 1).

The alloying approach and rationale leading to the current series of candidate
braze systems (Phase 1) adhere closely to the proven alloying concepts just discussed
for the first generat ion braze alloys. Specific aspects of new braze alloy design are
discussed below.
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Table 2

RESULTS OF LAP-SHEAR TESTS FOR SOLAR-DEVELOp !~D BRAZE ALLOYS;
BRAZE-BONDED VERSUS SELF-DIFFUSION BONDED SPECIMENS

(Ti—6Al—4V Foils; 2t Overlap; t = 0. 010 in. )

Average Foil Str ee,, kit , for Failure of Lap Shear Specimens at Various Test Temperatures

-320’ F 75’F 800 F

(a) 1000’ F (a) l000’F (a) 1000’F
C andidate or 100 Hour, Percent or 100 Hour s Percent or 100 Hour s Percent

Braze Alloys B (v( Exposure Change~~ B (v) Exposure Change 121 B lv) Exposure Change(2
~

CS217 102.0 (a) 106.6 + 4.5 95.5 (a) 94.8 Nil 92.6 (a) 90. 1 — 2.2
Percent (v) 129.0 +26.5 (v) 105.5 +10.5 (v) 98.0 ÷ 5.8
Cbange 11~ —17.4 — 10.1 — 8. 1

CS2I7C 112.0 (a) 99.1 —1 1 .5 107.7 (a) 79.6 —26. 1 97.2 (a) 76.3 —21.5
Percent (v) 117.0 + 4.5 (v) 88. 5 —17.8 (v) 84. 3 —13.3
( barge111 -15.3 —10.0 — 9.5

CS217F 97.4 (a) 73.2 —24. 8 97.8 (a) 76. 1 —22.2 77.8 (a) 71.3 — 4.5
I~~rcent (v) 117.9 +21. 0 (v) 88.0 -10.0 (v( 77.9 Nil
Ch ange(1) -37.9 —13.5 — 4.8

CS2I7G 105. 1 (a) 402.9 — 2.1 100.9 (a) 87.3 —13.5 79.6 (a) 71.4 —10.3
Per cent (VI 94.5 —10.1 (v) 101.6 Nt! (v) 90. 0 ÷13.1
ciiarge(1~ * 8.8 —14. 1 —20.7

RM8 110.8 (a) 75.5 —31.9 85.1 (a) 67. 1 —21.1 80.7 (a) 64. 1 -20.6
Percent (v) 309.8 NIl (v) 62.9 —26.1 (VI 81.5 NIl
cbaz-~ge~

1
~ -23 .2 + 6.7 — 21.3

RM12 106.6 (a) 93.3 —12 . 5 100.0 (a) 89.3 —10. 7 87.7 (a) 67.3 —23.3
Percent (v) 101.3 — 5.0 (v) 79.0 —21.0 (v) 70.6 —19.5
change111 7.9 +13.0 — 4.7

Self diffusion
hoisted
Tt —6A1—4V 170.0 (a) 138.3 —18.6 123.0 (a) 148.0 +20.2 —— - 93.2 —-

B - Aa-br.z.d
(a) — As air oxidlaid 1000 P - 100 hours
(v) - After 1006’ F - 100 hours thermal exposu re to high vacuum (10-s torr)

1. Percent change due to air oxtdstion only at 1006’ F (difference between brazement strength afte r 1000’F - 100 hours the rmal
exposure in vietnam and after 1000’F - 100 hours air o4ddation). + denotes an Increa se and - denotes a decrease In brazemen t

2. Percent change due to post-braze thermal treatment at 1000’T - 100 hours (static air environment or high vacuum )

BASE SELECTION

As a first consideration (base selection), Solar favored the retention of the
proven TI-, TI-Zr, and Zr-Ti bases for long-term metallurgical compatibility with
the tItanium-alloy substrates, joint ductility and innate corrosion protection (Ref. 1).
INote the better-matched standard potentials of the Group lVb metals - TI, Zr , Hf -
versus other plausible bases such as NI, Cu or the noble metals (Table 3).] That is,
specifically, the BCC-A2 crystalline allotropic form or (

~) beta-phase structure of

Ii -_~i__~



Table 3

STANDARD OXIDATION - REDUCTION POTEN TIALS
OF CANDIDA TE BRAZE BASES

Most Common Voltage
Valences (v)

TI = T1~~ + 2e +1.63

Ti = TI~~ + 4e +1.90

Zr = Zr~~ + 4e +1.53

Hf = Hf~~ + 4e +1.70

Be = Be~~ + 2e +1. 85

Al = A1~~~ + 3e ÷1.66

Ni = Nf~~ + 2e +0. 25

Cu = Cu~~ + 2e -0. 34

Ag = Ag~~ + e  -0.80

fki = Pd~~ + 2e -0. 83

Au = Au+ + e -1.68

Ti and Ti-Zr, analogous to (and metallurgically compatible with) the ductile, isotropic
and highly deformable solid-solution matrices of Beta-C and the other all-beta commer-
cial titanium alloys (Ref. 10). This approach Is termed “similar-m etal braze design”.
Beta stabilization to retain a high proportion of the beta terminal solid solution over
the entire service temperature range (RT-800° F) is preferred inasmuch as the lower
temperature allotropic form (hexagonal alpha phase) Is quite anistropi c with regard to
deformation potential and ductility and is more susceptible to embrittlement by inter-
stitial-solute contamInants (0, N , C). (A small amount of equilibrium alpha might
prove useful as a scavenging phase or “sink” for such contaminants.) Beta stabIlization
without intermetalllc formation can be achieved by alloying with ductile beta-structure
isomorpha such as Zr and Hf (Group Wb) and/or Cb, V and Ta (Group Vb). This has
led to the inclusion of candidate TI-Zr, Ti-V5 Zr-Ti, and Zr-V-Ti bases In the
subject work (see section “Braze Alloy Design and Screening (Phase I)”, page 31).

There are other valid reasons for selecting the TI and TI-Zr bases over com-
peting systems. 01 all the tough and ductile metallic bases (with potextial for
liquatton in the desired temperature range), only titanium and zirconium are actively

12



self-fluxing and seif-surface-gettering, normally displaying superb wetting, flow and
filleting cha racteristics over a wide variety of difficult brazing conditions. This is
normally true in both vacuum and inert-gas process environments (Ref. 1). As
implied earlier , the greater opportunities for modulus matching and surface emf
matching of substrate and braze (where both are Ti-base or Ti-Zr base) should
enhance intrinsic strain accommodation and insensitivity to corrosive media in service.
Of equal im portance , the potentials for elevated-temperature braze strengths (500-
800°F) are much greater for the high -melting Ti and Zr bases than for the softer,
lower-rn. p. and modulus, copper and noble-metal bases.

With regard to further consideration of noble-metal braze bases, the only
other significant development in ductile braze alloys for titanium (in the 1965-1974
interim) has been the study of Ag-Pd-Ga and Ag-Pd-Al braze systems by WESGO and
AM !, respectively, in an effort to prevent the interfacial formation of TiAg inter-
metallic (Ref. 5,6). Continuous film s of TIAg at the braze/substrate interface are
felt to be the root cause of the poor salt-corrosion resistance and rapid oxidation
attacks (500-800°F) of silver—base alloy brazements. Reportedly, both palladium and
gallium establish interfacial diffusion barriers to silver, thus preventing (or postponing)
the formation of TIAg films. The long-term effectiveness of this approach has yet to
be demonstrated for extended 500-800° F service. Solar also is wary of Ag-base braze
alloys for elevated temperature service because of the -‘900°F m. p. eutectic between
silver and silver oxide (Ag-Ag2O) (Ref. 15). The Ag2O oxide is unavoidable during
normal service in air environment, and the eutectic formation can be quite rapid and
structurally invasive, even during short-term excursions of overtemperature
(�900°F). Solar has experienced a number of silver-braze failures due to structural
damage arising from this low-melting eutectic, and no longer recommends Ag-base
braze alloys for service ~600°F.

BRAZ E TOUGHNESS

A second major consideration in braze alloy design is that of improved tough-
ness*, m elding reduced vulnerability to geometric stress raisers and cast inter-
metallic networks. One logical approach is the development of more strongly hype-
eutectic braze structures, with higher volume proportions and continuity of the tough
metallic, ~-terin inal-solid-so1ution base (as pro-eutectic matrix phase) and less
euteotic (and associated Intermetallic) volumes. This desirable structural modification
should be accomplished ideally without appreciably raising liquidus and flow tempera-
tures. This might possibly be achieved by backing off controlled amounts on the

* Material “toughness” in the abstract sense, meaning relative (a) insensitivity to
notch effects and other high strain gradients (b) high energy requirements to initiate
and propagate joint cracking.
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eutectic—forming, strongly-inte rmetallic-forming m.p. depressants (e.g. , Cu, Ni ,
Be) while substituting the synergistic effects of multiple , weak intermetallic forming
and/or beta-isomorphous melting-point depressants. Elements with significant a-phase
and o-phase solubilities would be preferred, e.g., V , Zr , Nb-Z r, Mn , Pd, Cr , Fe,
Sn, Ga (see Tables 4 and 5). Multi-component alloy ing of this nature can become
quite complex and require extensive exploratory effort . It should be remembered
(hypoeutectic approach) that the spread between solidus and liquidus temperatures
should Ideally be maintained �50°F to obtain uniform braze filleting and homogeneous
braze microstructures along the joint line, and to avoid clumps of unmelted braze
residue . (In actual fact , all of the superior braze alloys developed in Phase I work
are representative of hypoeutectic alloy design. )

A good example of a notably tough, very strongly hypoeutectic braze design
with wide solldus-liquidus spread is the commercial alloy , TJCUNI (Ti-l5Cu -l5Ni)
(Ref. 5). This ternary alloy exhibits minor eutectic melting at ‘-1650°F, but on fu rther
heating still retains ‘-50 percent tmmelted solids at 1850°F, and -.20 percent unmelted
residue at 1900°F. Because of the residue problem , this alloy is usually considered
unsuitable for conventional brazing with external braze placement, but is frequently
used for conventional brazing with In—situ placement, where the braze flow requirement
is negligible or minimal. TICuNI was suggested as the baseline braze alloy by the
sponsor , and is discussed further in “Alloy Guidelines”, page 18 and “ Braze Alloy
Design and Screening (Phase 1)” , page 31.

Another logical approach to Improved braze toughness is that of developing a
low-melting, essentially single-phase (~ ) braze alloy with negligible or only minor
intermetallic c~mtent. A great deal of effort was expended (Phase I) in exploring and
evaluating the Zr-V-Ti system which (alone among preferred bases) has shown the
potential for liquidus temperatures well below 2300°F (e.g., as low as 2230-2260° F)
while maintaining a soft , ductile (stable ~ ) single-phase structure. (The three beta—
structure lsomorphs, TI , Zr and V, all possess individual melting temperatures well
above 3000°F. ) Minor fourth- and fifth-element alloying was attempted to lower the
liquldus � 1750° F without excessive intermetallic formation or solidus—liquldus sp”~ead .

ME LTING-POINT DEPRESSION

The third major consideration in the subject braze alloy design is attainment
of 100 percent liquation and flow within the desired range of brazing temperatures
(viz. , 1600-1750° F). This objective is undoubtedly the least amenable to compromise.
Without melting, there can be no brazing. Inasmuch as the preferred similar-metal
bases have elemental melting temperatures well above 3000° F, alloying with strong
melting point depressants becomes imperative. A review of binary equilibrium ala-
grain s with Ti and Zr as bases (Ref. 14, 15, 16) reveals the following first eutectic
or peritectic systems with liquidus temperatures depressed �2150°F. (Table 4.)
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‘lable 4

BINARY SYSTEMS SHOWING STRON G MELTING POINT DEPRESSION

Maximum
Invar iant F irst Solid Solubility

Temp. (° F) Interinetallic 13 Phase
Base Composition Type (100’~ Liquatlon) Formed (Wt. %)

TI TI—32Fe Eutectic 1985 FeTI —25 (Fe)
Zr Zr—l6Fe Eutectic 1720 Fe2 Zr --.4.2 (Fe)

TI Tt—2 8. SN( Eutecttc 1740 TL 2NI —13 (N i)
Zr Zr—17N1 Eutectic 1765 Zr 2Ni — 2  (NI )

TI Tt-27Co Eutectlc 1870 Tt2Co —1 1 (Co)
Zr Zr-l5Co Eutectic 1800 Zr2Co —3 (Co)

TI ‘P1-42. 5Mn Eutectlc 2150 TIMn 2 
... 33 (Mn)

Zr Zr—22.5Mn Eutectic 2080 ZrMn2 -7 (Mn)

Ti T1-36Cu , or Eutectic or 1850 T12Cu — .17 (Cu)
TI-4OCu peritectic 1815

Zr Zr-.22Cu Eutectic 1820 Zr 2Cu — .4 (Cu)

TI TI—S. 6Be Eutectic 1887 T1Be2 -.1.0 (Be)
Zr Zr— 5.5Be Eutectlc 1780 ZrBe2 <0.3 (Be )

TI Tl-48Pd Eutecttc 1975 Pd3TI —46 (I~I)
Zr Zr— 27 FkI Eutectie 1890 lkIZr2 —12 ( PtI )

Binary systems with euteetic or peritectic temperatures �2150°F were arbitrarily
regarded as representing strong melting-point depression , and favorable starting
points for accessory alloying to further depress liquidus temperatures.

Candidate strong melting point depressants for both bases appear restricted
to Ni , Co, Fe, Mn , Cu , Be and RI , all inte rmetallic forin ers and beta stabilizers.
This Is admittedly an arbitrary list (based upon the 2150°F cut-off temperature), but
the requ i rement of strong melting point depression (even with the anticipated aid of
synergistic alloying effects) logically mandated starting with at least one strong
melting point depressant. Possible accessory melting point depressants , which
received attention , Include the following (Table 5): Al , Sn , Si , Ge, Cr, V and Ga.
Note that nearly all the melting point depressants listed in Tables 4 and 5 exhibit
potential to form intermetallics (during melt solidification) at alloying levels signifi-
cantly less than those required for maximum melting point depression . Further ,
many are reported to precipitate similar or less temperature-stable intennetal]ics
or to fo rm hard , ordered solutions at temperatures within the service range; or to
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Table 5

BINARY SYSTEMS SHOWING WEAK-TO-MODERATE MELTING
POINT DEPRESSION

Invariant Maximum
Temperature First Solid Solubility
or Minimum Inte rmetalllc 13 Phase

Base Composition Type Melting Point (‘F) Formed 
— 

(Wt. %)

TI Tl—35A1 Peritecllc 2675 TIA1/TI4AI —31 (Al)
Zr Zr— h Al Eutectlc 2460 Zr3AI/Zr2 AI .~.9 (Al)

Ft Tl-33Sn Eutectlc 2895 TI 3Sn —28 (Sn )
Zr Zr-23.5Sn Eutectlc 2895 Zr4Sn —21 (Sn)

TI TI—S. 5St Eutectlc 2430 TI5SI3 �3 (SI)
Zr Zr-2.9S 1 Eutectlc 2930 Zr4SI �0.2 (SI)

Ti TI-2 1.5Ge Eutectlc 2570 TI5Ge — 13 (Ge)
Zr Zr-7.7Ge Eutecttc 2800 Zr 3Ge —0.4 (Ge)

TI Tt-47Cr M m .  m. p. 2535 TICr2 —25 (Cr) (1850°F)
Zr Zr—l8Cr Eutectlc 2320 ZrCr2 —4.5 (Cr)

Zr Zr-Hf (No m.p. -- -- Unlimited (Hf)
depreBston)

TI TI-35Hf M m .  in. p. 2980 None Unlimited (Hf)

TI T1-5OZr Min. in. p. 2950 None Unlimited (Zr)

TI TI-30V M m .  in. p. 2950 None Unlimited (V)
Zr Zr—30V Eutectlc 2250 ZrV2 ‘-10 (V)

TI Tt—39Ga Euteetlc 2735 T120a —38 (Ga)
Zr Zr—18Ga Euteettc 2520(?) Zr3Ga/ —6 (Ga)

Zr5Ga3

TI Tt-Cb (No in. p. -- -- Unlimited (Cb)
depression)

Zr Zr-22Cb M m .  m.p. 3165 -- UnlimIted >1800°F
(Cb)

induce partial transformation of the beta terminal solid solutions to potentially
embrittling transition products , such as omega-phase or orthorhombic martensite.
Consequently, there exists In braze alloy design an underlying conflict between needed
melting point depression and undesired , excessive interinetallic formation, matr ix
instability, etc. A workable compromise is frequently not feasible, so that much
invention and exploration are necessary to Identify the best alloying combinations.

Promising single-phase base compositions upon which to seek fu rther m. p.
depression (in addition to pure Ti and pure Zr) are represented by the minimum
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melting point (beta Isomorphous) alloys found in the Ti-Zr and Ti-V binary systems,
viz., Ti-5OZr (2950°F) and Ti-30V (2950°F) (Ref. 14, 15, 16). Both are comprised
of about 67 atomic percent titanium and are strongly beta stabilized. As it developed ,
the most promising braze alloy candida tes evolved from the TI-Zr minimu m m.p. ,
as base. Another promising low-melting braze base was that suggested by the identi-
fication of a marginally -ductile ternary eutectic in the system, Zr-V-Ti , with eutectic
temperature 2090°F, viz., Zr-28V-16T1 (Ref . 17,1)3). It was proposed that a single-
phase or near single-phase (metastable~~), hypoeutectic base with liquidus �2300°F
could be defined by minor alloy modification adjacent to the ternary eutectic , to suppress
the intermetallic, ZrV2, or its ternary variant . This objective was met successfully
during studies early In Phase I , but subsequent attempts to lower the liquidus further
(� 1750°F) by fourth- and fifth-element alloying were not successfu l (see “Experimenta l
Results and Discussion, Braze Alloy Design and Screening (Phase 1)” , pp 32—37).

Striving for adequate melting-point depression proved one of the most difficult
tasks in braze alloy design . Whereas similar-metal braze designs for most nickel— ,
iron-nickel, aluminum— and copper-base substrates safely permit brazing as near as
200°F to the substrate solidus temperature, the peculiar problems of beta—embrittle-
ment, grain enlargement and/or interstitial contamination encountered with commercial
titanium alloys mandates brazing at least 1300-1500°F below the titanium substrate
solidus. ( This translates to a maximum braze process temperature of 1750°F for Ti—
6A1-4V and Beta-C alloys.) Meeting this requirement for 1300-1500°F depression of
melting point (and flow point) in a similar-metal braze design can entail considerable
compromise in braze microstructure and properties. (These compromises and efforts
to o)~aln the best compromise, will be described in detail in the sections entitled
“Braze Alloy Design and Screening (Phase I)” , page 31; “Braze Optimization Studies
(Pha se II)” , page 71; and “Braze Characterization (Phase Ill)”, page 112.)

GENERA L ALLOYING APPROACH

The planned genem I approach consisted of probing and exploring for eutectic
and near-eutectic low-melting troughs (liquldus � 1750°F) within the binary-to-quinary
systems of expressed interest . The actual systems explored are described In detail
in Section IV; however , all alloys employ one of the following bases (TI , Zr , Ti-Zr ,
TI-V, Zr-TI , or Zr-V-Ti) in conjunction with one or more of the strong m.p. depres-
sants listed in Table 4. (With the Zr-V-Ti base alloys, the starting liquation tempera-
tures were sufficiently low that even the weak-to-moderate m. p. depressants were
evaluated singly.) When a promising low-melting trough was detected , alloy modifica-
tion was then redirected toward hypoeutectlc or single-phase structures. This re-
direction was done by either of two methods. One was to systematically decrease the
level(s) of melting-point depressant(s); the other wa s to Increase the ratio of TI to Zr ,
or to V, or to (Zr + V) in the base. (In some instances, both methods were worked
concurrently.) If these procedures resulted in an alloy with significantly lower hard-
ness and/or appreciably greater resistance to comminutlon than the eutectic , while
maintaIning stated solidus-Hquldus temperature objectives, then a candidate braze
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alloy had been created for furthe r study . If Intermetallic compound levels were still
too hi gh and/or the liquidus temperatu re rose too much , synergistic alloy ing effects
were then sought by substituting partially (for the principal m. p. depressant) with
low-melting binary or ternary alloys based upon the principal depressant (See Section
IV) . In essence , these are ltc?rative or trial-and-error methods for backing off on
the effective amount of intermetallic forming , m.p. depressants added , without mater-
ially reducing the overall Influence on solidus—liquidus depression . They are frequently
successfu l in braze alloy design.

AL LOYING GUIDELINES

The guidelines established at the outset of the program were primarily lists
of rational alloying priorities and constraints .

• Substitutional Alloying in the Terminal Solid Solution

The extent and nature of alloying was governed primarily by the quest for
adequate m. p. depression, so long as compatible with the stated objectives
of enhancing braze matrix toughness, ductility, and corrosion resistance,
and inducing strong beta-phase stabilization. Alloying purely to augment
matrix strength was subordinate to the above.

• Interstitial Solutes

Interstitial alloying elements such as LI, C, B, 0 and N were avoided
because of extreme grain-boundary and phase-boundary mobilities and
well documented adverse effects upon matrix ductility and stability.

• Low Melting Solutes

Very volatile, low-melting, m. p. depressants such as Zn, Cd, P, 5, Se,
As, Pb, Sb, etc. were prohibited because of the potential hazards of
poisoning superalloy or iron-base alloy components in proximity to the
braze.

• Beryllium

Beryllium, although a potent m. p. depressant , was not seriously con-
sidered because of well-publicized toxicity problems associated with
Be vapors.

• Precious Metals

Very high priced metals such as Pt, Iki, Hf , Au and Ag were de-
emphasized as alloying agents in order to keep the starting material
costs from becoming prohibitive. Palladium , a promising major m.p.
depressant was therefore not seriously considered (see Table 4).
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• Vapor Pressures

Alloying agents with vapor pressures in the brazing temperature
range (1600-1750°F) hIgher than manganese were not considered.
Experience has shown that vapor pressures � 1.0 x 10 2 Torr frequently
cause problems of reduced braze fluidity , rough fille t surf aces, braze
porosity and extensive vapor deposition of the volatile species on all
proximate surfaces.

• Baseline Braze Alloy

The sponsor requested that a commercial braze alloy , Ti -l5Cu-
l5Ni , be adopted as a comparison baseline for the subject developmental
braze alloys. TI-l5Cu-l5Ni was reported to exhibit the highest tensile-
shear strengths over the service range, RT-800°F, of all the corrosion-
resistant braze materials currently available. A marked tendency for
shear—strength levels to drop with decreasing temperature in the service
range is felt to be an indication of marginal braze toughness. (This has
been supported by the ease of RT comininution in the subject work. )
The commercial designation for Ti-l5Cu-15N1 is “TICUNT” (Weste rn
Gold and Platinum Company). Major drawbacks for conventional brazing
are the very high liquldus temperature (21900°F) and the wide spread
between solidus and liquidus temperatures (�250°F). (Tt—l5Cu-15N 1 is
a strongly hypoeutectlc alloy.

19



SECTION III

EXPERIMENTAL MATERIALS AND PROCEDURES
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SECT ION III

EXPERIM ENTAL MATERIA LS AND PROCEDURES

Candidate braze alloys were (TIG) arc melted in the form of 5.0 gram buttoningots, using precision pre-weighed elemental charges (cold -crucible method ; water-cooled copper crucible) (see Fig. 6). The weights of total charge and each alloyingconstituent were measured to the nearest milligram . Button ingots ~‘ere also weighe dafte r final melting to ensure retention and assimilation of all charge constituents. Themelting chamber environment was static, titanium -gette,,~d argon (one aimosphere).Each button ingot was turned over and remelted three times to promote chemical andstructural homogeneity. Base elements and principal alloying agents were typically99. 9 (+) percent purity. (See Table 6 for cha racterization of elemental charg e stocks.)

Manual ingot comminution (tool-steel mortar and 3. 7 pound tool-steel pestleswas generally employed to obtain small chunks of braze suitable for specimen brazingtests. A good semi-quantitative estimate of relative braze toughness was derived fromobservations of apparent resistance to manual ingot crushing (e. g., “brittle , easy tocrush manually”, “tough, difficult to crush manually”, or “very tough, requireshydraulic press to initiate ingot cracking”). (For Ingot Comminution Ratings (ICR),see data tables, Section IV .) Very tough Ingots which could not be crushe d manually orcracked on the press were drilled to obtain chips for braze screening tests. Inasmuchas the alloy design process was largely exploratory in nature , the application of theingot comminution test (in conjunction with solidus-liqu idus determination and generalbrazing characteristics; see below) were employed to cull out unpromising compositionsas well as to identify promising directions for alloying expe rimentation.

The screening test configuration for solidus-liqu idus temperature determinationsand appraisal of general brazing characteristics was the foil T-.j oint illustrated inFigure 2. Inasmuch as neither program substrate alloy (Beta-C or Ti-6A1-4V) ineither 0.050— or 0.062—inch thickness had been received at commencement of Phase Iwork , available 6-mU (0. 006—inch) foil of Tt-6A1-4V alloy * was enlisted for allPhase I braze screening work. Particles or chips of braze alloy graded to -12/+20mesh were positioned along and adjacent to the joint line on one side of the T-jotnt only .With this one—sided loading pattern and net fit-up of faylng surfaces , uniform filleting

*TL_6A1_4 V (AMS-4911A); Rodney Metals , Inc. , Heat No. D8941 (mill annealed).
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Figure 6. Controlled Atmosphere Arc Melte r

and homogeneous microstructures (both sides) could be achieved only by total and near
simultaneous braze melting and good-to-excellent braze flow. Most candidate braze
alloys tested were culled out of contention by displaying poor brazing characteristics
(see Appendix) and/or by not melting and flowing � 1750° F. Each braze-loaded T-
joint specimen was radiantly heated to the brazing temperature in high vacuum (1.0 x
io~ Torr or better), inside of a transparent Vycor glass tube, so that the braze
particles and the joint region could be viewed directly at all times (see Fig. 7). An
inductively heated columbium or tantalum foil susceptor around the specimen served
as the radiant heat source (FIg. 7). Normal heating rate was controlled at .—100°F/min
above 1000° F. (This was to simulate a typical production braze heating rate. ) Viewing
with a Pyro Micro-Optical Pyrometer, Model No. 95, through a small~hole In the
susceptor (FIg. 7) permited direct observation and measurement of initial braze
melting (solidus temperature) and total braze melting (liquidus temperature) as well as
flow and filleting behavior at the selected braze temperature. Brazing in the subject
work ( Phase I) was usually confined to the liquldus temperature plus -40-30°F, with
brazing times at maximum temperature on the order of 15-30 seconds. Calibration of
the pyrometer for the specific brazing environment described was carried out against
the known melting temperatures for (particles of) pure copper (1981°F), pure silver
(1761°F), and the minimum melting point alloy in the Cu-Mn system (viz. , Cu-35Mn,
1600°F).
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Table 6

HIGH-PURITY ELEMENTA L MELT STOCKS

Typ~cai
Guaranteed Interstitial

Purity Concentrations
Element Source Grade (~ Wt) (~~sn-Wt)

Titanium Atomergtc-Cbametala Crystal-Grade 99.95 (+) (01 5 100
(New York, NY) Granule. (Ni *20

(Cl S 100

Zirconium W.h-Chang Iodide-Crystal 99.9 (~) (O~ 5 150
(Albany, Ore. ) Hsr (N I 5 40

(CJ ~~100

Vanadium Atom. rgic-Cbemet.la ElectrolytIc 99.9 (+)
Granules

Nickel Atom. rgtc-Chemetals Nickel 99.98
Platelets
(Electrolytic)

Cobalt Atomergic-Chemetals High-Purity Melt- 99. 9 (+)
big Grade

Iron Glidden Metals Electrolytic Chip. 99.95
(Denver. Colorado)

Chromium Atoniergic-Cbemetals Chromium Flake 99.95 (+)

Columbium Atomergic-Chemetal. Cb Nuclear-Grade 99.8 (+) (O( ~ 1000
Pellets (Ni ~ 200

IC) ~~3OO

Tantalum Atomerglc-Chemetale Ta CapacItor- 99.9 (~) (0) 5 500
Grade Pellet. (N) 530

(CI s 5°
Copper MARCO SpeCial HIgh-Purity 99.99 (+)

(Denver, Colorado) Platelets (Spectro—
gra~9iic.lIy pare)

Silicon Research Organic! High-Purity Silicon 99. 7 (+)
Inorganic Chemical. Lnmp
(sin Valley, CA)

Manganese Foote Mineral Electrolytic Chip 99.99 (+)
(Exton, PA)
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Table 6 (Contd)

Typical
Guaranteed Interstitial

Pun t1 Concentrations
Element Source Grade (% Wt) (ppiu-Wt)

Beryllium Kawecki-Reryico Be ingot-Sheet 99. 8 ~ ) (0) 5 100
(Reading, PA) (Type IS) (C) ~ 400

Germanium Atomergic-Chemetals Semicoaductor 99.99 (i- )

Grade (Ingot)

Gallium Atomergic-Chenietals Semlcoaductor 99.99 (+)
Grade (Ingot)

Palladium Engelbard Industries High-Purity Wire 99.98 (+)
(Newark, NJ) (C. P. Grade)

u n Atomerglc-Cbeinetals High-Purity Ingot 99.999

Aluminum ALCOA High-Purity PIg. 99. 99
(Pi ttsburg, PA)

Neodymium
Cerium Lunex, Co. Nuclear Grade 99.9 (+) (01 ~ 100—500Gadolinium ( Pleasant Valley, IA) (N I ~ 0-10Lanthanum
Ytt rium

Scandium Research Organic! Nuclear Grade 99. 5 (+)
inorgmn~c Chemicals

Single - lap tensile shear specimens (FIg. 3) for Phase I and Phase II tests also
were vacuum brazed by induction heating, inside a longer tantalum susceptor in the
manner described above (Fig. 7). Shear specimens were positioned vertically (length
axis) for brazing. Heating rate was similar to that for T-jo lnts , and holding time at
braze temperatu re was varied between 20 seconds and 5 minutes. For reasons of
significantly greater economy of preparation, better adaptability to induction brazing
and variable processing, and the need to rapidly screen and modify large numbers of
braze alloy candidates within reasonable time schedules (Phases I and II), the standard
shear specimen design (per AWS C3. 2-63/60. 105) was altered slightly to minimize
machining, brazing and testing times. (See the dashed outline of the screening test
specimen in Figure 3). The test section configuration and dimensions were maintained
exactly the same as the standard specimen , but the grip ends were simplified to permit
rapid positioning and tensile loading (wedge grips) by Hounsfield Tensometer. (In
Phase UI, Braze Alloy Characterization, the full size pin-loaded standard shear
specimen was employed . See below for qualification. ) The substrate sheet thickness
is nominally 0. 062-Inch , per sponsor request, instead of the 0. 125-inch thickness
called out in the referenced AWS specification. For screening studies and all mechanical
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VYCOR TUBING

COLUMBIUM T-JOINT BRAZE SPECIMEN.
ALLOY TITA NIUM ALLOY FOI L
SUSCEPTOR

HOLE FOR VIEWING
SPECI MEN TEMPERA TUR E

INDUCTION coii~s 
DURING BRAZE TRIA LS

COLUMBIUM ALLOY
HONEYCOMB

SLISCEPTOR AND
SPECIMEN SUPPORT

FIgure 7. Schematic Diagram of the Laboratory Brazing Furnace

tests, joint overlap (A/t; Fig. 3) was held constant at 2t (1. e., 0. 125-inch) and faying
surface clearance (gap) at 0. 002-inch. Strain rate over the shear area was maintained
at —1. 0 x io-~ in. un .  1mm in all-tensile shear testing.

The principal substrate sheet alloy used In Phase I and Phase II tensile and
shear tests and all Phase III tests Is Ti—6Al—4V , RMI Ingot No. 295406 (lot 13). It
was obtained through the auspices of the sponsor. Certified chemical analysis is as
follows:

Element % Weight

C 0. 02
N 0.013
Fe 0. 17
Al 6. 30
V 4. 20
0 0. 016
H 0. 0040
Ti Balance
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h eat Treat Condition: Duplex Annealed

(1) 1725° F, 10 nu n. , air cool , plus
(2) 1250° F, 4 hrs. , air cool

Nominal Thickness: 0.062 inch

Some of the tensile shear tests in Phase I were conducted with Beta C alloy
sheet. This 0. 062 inch sheet stock was obtained through the auspices of the sponsor
and General Dynamics, Convair Aerospace Division , Fort Worth , Texas. It was
identified as Beta C, R MI Ingot No. 600393 (lot 04). Certified chemical analysis is
as follows

Element % Weight

C 0.02
N 0.014
Fe 0. 06
Al 3.40
V 8. 20
Cr 5.90
Zr 3.70
Mo 4. 10
H 0.0084
0 0. 104
Ti Balance

Heat Treat Condition: H. R., STA and Cl (RMI designation)

Nominal ThIckness 0.062 inch

Full size single-lap shear speetmens for tensile-shear tests and stress-rupture
tests ( Fig. 3, Phase Ill) and double-lap-joint specimens for braze peel tests (Fig. 4,
Phase UI) were brazed by radiant heating in an NRC Model 3114 Vacuum Furnace ,
employing tantalum-strip resistance heating elements. Chamber vacuums of 1.0 x
i0~~ Torr or better were maintained throughout the braze cycles. The NRC furnace
is a small production-type brazin g and heat treating furnace , which provided close
simulation of the typical heating and cooling rates experienced in production vacuum
brazing (viz. — 100-135°F/mm ., heating from 1000° F to the actual braze tempera-
ture.) Holding time at the braze process temperature for specimen brazing was
standardized at 15 mInutes , to better simulate typical braze practice (Cf. short-
braze cycles for T-jolnts In prior Phase I and Phase IT work). Except early in Phase
I work where a light braze loading was evaluated (viz. 0. 010-0. 020 gm of braze alloy
per shear specimen), heavy braze loading was made standard in all (other) Phase I,
U. and UT tensile-shear specimen preparation (viz. 0. 120-0. 140 gm of braze per

26



specimen). The heavier braze load s were selected to better simulate conventional
braze processing. In all cases , candidate braze particles graded to -121÷20 mesh
(-0. 065 In. /i-0. 033 in.) were used . No organic braze binders were em ployed in the
subject program . All mill-finish faying surfaces were cleaned prior to brazing by:

• Acid etch; RT (61% dIstilled H20 - 35~ HNO3 - 4% HF)
• Distilled water rinse

• Acetone rinse

In the course of work , it was determined that the sequence of machining and
brazing of single-lap shear test specimens is very important. Shear test specimen s
in Phases I and II were n~~chined to finish dimensions , assembled , and then brazed
(all without problems). However , in Phase III work, finish specimens for tensile shear
and stress ru ptu re tests were machined from pre-brazed , nominally 1-1/8 in. wide x
9-7/8 in. long blanks (per AWS Spec. No. C3. 2—63/60. 105; see Figure 8). Attem pts
to gang-mill clam ped stacks of specimens (each stack consisting of 5-8 brazed speci-
men blanks) to final gage dimension s resulted in significant damage to braze joints , of
both candidate braze and baseline braze alloys. The tool-steel milling cutter used
was contoured to provide final gage dimension and radii , as is common specimen-
machining practice for superalloys and steels at Solar. Braze joint cracking was
prevalent , whether milling cuts were made across the specimen length direction or
along the length direct1o~; true even at very low feeds. Consequently, it was decided
to change to an electrochernfcal m achining method (i.e. , ECM), to avoid the tool-
induced stresses associated with milling and other mechanical methods of machining.
(This was a proper selection , inasmuch as it was learned subsequently that even
finish hand filing or finish hand grinding can result in apparent braze damage and
resultant premature test failures for ECWd specimens (cf. Ref. 19). Therefore, all
Phase UT tensile-shear specimens and rupture specimens were tested with as-ECM’d
finish surfaces. 1 The following ECM equipment and parameters were used for contour
machining of gage dimensions:

• Basic ECM Facility: Cincinnati Milling Machine Co. ; Model 2PS
Elektrodyne Grinder

• Power Supply and Control: Anocut Engineering Co. : Model No. 600.

• Electrolyte: Cimlyte #7 (CincinnatI )

• Working Voltage: 16 volts

• Working Current: 300 am peres

• Maskant (applied to braze fillets) Organoceran i Translucent Maskant
#1—2021

27



9 7/8
ONE OR TWO TA CK WELDS EAC H SiD E;
0 .002 CLEARANCE

IL - - _
APPLY FILL ER M ETAL H ER E , ONE SIDE ONLY

I I
, ~~~~~~~~ 

I I I

2t OVERLAP (0.125)
j—i. 5~’

Figure 8. Pre-Era zed Shear Specimen Blanks

In the as-ECM’d condition , all brazenuents were found to be extremely brittle;
apparently due to hydrogen generation and absorption during ECM (Ref. 20). This
condition was corrected by vacuum dehydriding all specimens post-ECM in the NRC
vacuum fu rnace (1 hour at 1025°F). In adopting ECM for Phase HI specimen machining,
two compromises were unfortunately found necessary in shear-specimen dimensions
due to electrode and equipment limitations:

• Length of the gage section was reduced from 4 inches to 2 inches (cf.
Fig. 3)

• Width of the gage section was maintained between 0.40 and 0.65 inch,
rather than controlled at 0. 50 inch (cf. Fig. 3)

However, by comparing tensile-shear data from Phases I, H, and Ill, it
was concluded that the real effects of the above dimension changes upon shear
properties were negligible.

Salt-spray conditioning of selected shear specimens prior to test was carried
out In accordance with ASTM Specification Number B1117, using a 5 percent NaCl
aqueous solution at a chamber temperature of 95-100°F. One-hundred hour exposures
were made standard. Shear specimens were hung vertically in the salt-spray chamber
with nylon cord.
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Environmental conditioning to simulate the oxidation effects of service in 800°F
air was carried out by suspending selected shear specimens in a Leeds and Northrup
Porno circulating-air furnace, set at 800°F. Exposures for this 800° F air-oxidation
(conditioning) were also standardized at 100 hours.

The environmental effects of hot—sal t accretion in service were simulated by
brush coating a slurry of 75 percent (vol. ) NaCI-25 percent H20 over all exposed
joint regions of select shear specimens, then exposing the salt—coated specimens for
100 hours in 800°F air, as in the air-oxidation tests above. Salt coatings were oven-
dried in air at 300°F, prior to 800° F exposures. Total NaCl applied per specimen was
approximately 0.7 gm. This salt coating also covered all exposed substrate surfaces
within —4/4 inch of the braze fillets.

Isothermal aging treatments and cyclic annealing treatments of braze ingot
were conducted in an NRC Model 3114 Vacuum Furnace , employing tantalum-strip
resistance heating elements. Chamber vacuum s of 1. 0 x i0~~ torr or better were
maintained th roughout the heat treatment cycles.

All tensile shear tests at 800°F were conducted upon an Instron Universal
Testing Machine , Model TT-D. Initial strain rate within the gage section was con-
trolled at — 1.0 x i~-~ in. /in. 1mm . A SATEC Power Positioning Furnace (Model
SF-15P) was employed.

All tensile shear tests and double-lap peel energy tests at room tempe rature
(Phase HI) were conducted upon a Tinus-Olsen Universal Testing Machine , Model 6000.
Initial strain rate within the gage section (tensile shear) was cont rolled at --1. 0 x 10~~ in.
in. /min. Rate of crosshead motion in double-lap peel-energy testing was maintained at
—‘5. 0 x 10’~ in./ in./min. (Initial distance between crossheads ; — .2.0 inches.)

Stress rupture tests of select single-lap shear specimens were conducted at
800° F in air , using Arcweld Creep-Rupture Testing Machines (Model JE). SATEC
Power Positioning Furnaces (Model F6— 1) were employed to maintain specimen
temperature at 800° F ± 15°F.
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Section IV

EXPERIMENTAL RESULTS AND DISCUSSION

BRAZE ALL OY DESIGN AND SCREENTNG (PHASE I)

Salient experimental data derived from Phase I work (Braze Alloy Design and
Screening) are given here. (Results of screening all of the 300(+) braze alloy designs
are tabulated in the Appendix) Solidus, liquldus and flow temperatures, brazing and
comminution characteristics, brazement microstructures as well as room temperature
and 800°F shear strengths (as-brazed) are discussed for the most Interesting candidate
braze alloys, categorized into compositional systems. Over 300 alloy compositions
were melted and screened in the quest for promising new braze systems applicable to
800°F servIce.

The main elements of the screening test regime for each braze candidate were
as follows:

1. Determination : Solidus, liquidus, minimum flow temperatures

2. Determination: T-Joint brazing characteristics

• Uniform flow and filleting

• Absence of unnielted residues, shrinkage, surface roughness

3. Assessment: Relative resistance to RT comminutton (cast button-ingot
structures)

4. Single-lap tensile shear strengths

• As-brazed condition (teas at RT and 800° F)

• Afte r 100 hours of 800°F air oxidation (RT tests)

• After 100 hours of 100° F salt spray (RT teats)

5. Brazement microstructures.

Existing commercial braze alloys for titanium (i.e., the inherently corrosion-
res.stant varieties with TI- or Zr-base and liquidus �1750°F) are all characterized by
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high intermetallic contents , consequent high hardness relative to the substrate (Rc
45-58), and poor-to-marginal toughness and ductility levels. The new Ti-base , TI-
Zr base and Zr-TI base braze alloy designs which were explored and evaluated in the
subject work sought to achieve required melting-point depression combined with
improved intrinsic “ductility-toughness ” by eliminating (single-phase alloy approach)
or minimizing (hypoeutectic alloy approach) the int ermetallic compounds within the cast
braze structures. This was the principal underlying theme in braze design.

There exist about seven (plausible) strong melting-point depressants capable
of lowering liquidus temperatures of the above similar-metal (elemental) bases down
fai rly near to the desired 1650-1750°F range (see Table 4). In this context , “fairly
near ” means attainable liquidus temperatures of from 1720 to 2150°F. BeryllIum was
de-enu phasized because of its toxicity ; the precious metal palladium because of its
high cost. Of the remaining five elements, most omphasis for study (especially in
hypoeutectic-alloy design) was placed upon copper (Cu), nickel (Ni), and manganese
(Mn); evaluated both for single-element alloying effects and in various combinations,
searching for synergistic effects. The reasons for this selection are that these three
melting point depressants display wide ranges of mutual miscibility in binary combina-
tions, with little or no inte rmetallic-fornu ation tendencies; and, in two cases, provide
interesting low-melting combinations (troughs) of their own - viz. , Cu-35Mn; minimum
m.p. , — 1600°F and Mn-39.5N 1, minimum m.p. , —1870°F.

Single-Phase Alloy Designs

Zr-V-Ti System. One of the most promising systems for use as a braze alloy
base, from the combined viewpoints of (potential for) melting-point depression, beta-
phase stabilization , corrosion resistance, and low hardness, high-toughness matrix ,
is Zr-V-Ti (see sections entitled “Melting—Point Depression”, page 14 and “General
Alloying Approach”, page 17). In this system, 56 candidate base compositions were
formulated and screened by hardness and visual solidus-liquidus temperature deter-
minations (see Appendix) . The screening objective was to define the most promising
single-phase base compositions, i. e., those combining liquidus temperatures (on a
T1-6A1-4V substrate) below 2300° F, with hardness �Rc 30. Low-meltIng base com-
positions within this hardness limit (the maximum found in the single-phase Ti-Zr
system) can reasonably be assumed single-phase metastable beta, with negligible
intermetallic content (Ref. 14). (This assumption was later confirmed through metallo-
graphy.) The candidate ternary base compositions are arrayed around the ternary
eutectic point at Zr—28V- 16T 1 (2090°F) (Ref. 17 and 18). Figure 9 illustrates the
individual hardness and liquidus temperature for each candidate base , as well as
estimated isoliquldus lines (viz. , 2200°F, 2300° F, 2400° F and 2500°F). Note the shaded
area in Figure 9 whIch indicates the most promising base compositions as previously
defined . (Incidentally, those bases with hardness �Rc 34 proved too tough to be crushed
to produce small particles for brazing tests; instead, drilling chips had to be used.)
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The most interesting compositional points, with no apparent high-hardness regions
between them and the Ti-corne r of the ternary , are Zr-30V-20T 1 (2260° F liquidus ,
Re 28) and Zr—32. 5V-20T1 (2230°F liquldus , Re 29). Note also that the subject low—
melting regions (liquidus ~ 2300°F) with low base hardness (�Rc 30) occur immediately
adjacent to equally low-melting regions with much higher base hardness (Re 36-43).
Apparently , the 5. 0-17.5 percent Ti added to candidate base alloys in this general
eutectic region has variable effectiveness in suppressing the formation of hard ZrV 2
intermetallic (or the ternary variant), the effectiveness being dependent upon the Zr/V
ratio. The ternary eutoctic itself falls within the zone of high hardnesses.

Plans were drawn next to pursue still further depression of the liquidus tem-
peratures of the most promising base compositions described above through 4th and
5th element alloying (i.e. , into quaternary or quinary hypoeutectic regions with
liquidus �1750°F , with hopefully only minimal increases in hardness and intermetallic
content). Tentatively, any candidate braze alloy which melts and flow ~ 1750°F and with
hardness �45 Re would receive attention and further evaluation. The base composition
with the lowest level of the intermetallic-former vanadium (viz. Zr-30V-2OTi ) was
chosen for this effort . Because the liquidus temperature of this base Is already low
(2260°F), it was hoped that only very minor alloying would be necessary. Alloying
designs consisted of minor single element additions of Ni , Co, Fe Cr , Cu, Pd, Al ,
Sn, Cb, Be, Si, Mn, Ga, and Ge, and select low-melting binary combinations of these
elements (see Table 7).

Progressive single-element additions were made over the ranges of 2-6 percent
up to 2-20 percent (wt.), the actual maximum limit in each case tied to the anticipated
capability for liquidus depression of each single element (see section entitled “Melting-
Point Depression”, page 14 and Table 7). In fact , the following elements demon-
strated little or no potential for effectively depressing the llquidus of the Zr-30V-2OTi
base up to a maximum induced hardness of Re 45: viz. , Ga, Pd, Ni , Cr , Co, Fe, Al ,
and Mn. Similarly, no marked melting point depression was achieved by programmed
additions of Cb, Sn, Ge or Si, although only moderate hardening was observed with
these elements (Table 7). A beryllium (Be) addition of 4 weight percent reduced the
liquldus to 1800°F and increased the hardness to Re 45. The near-eutectic at 6 percent
Be showed a liquldus of 1780°F, but proved quite brittle. (However , the toxicity problem
makes Be unattractive.) Note that the low-melting, dual-element combinations, Cu-
5OMn, Pd—50N 1, and Cr-5ONi also showed little promise (Table 7). Systematic (low)
copper additions demonstrated the most promise initially for the Zr-30V-20T 1 base.
Note that just 6 percent Cu reduces the liquidus to 2040° F with moderate hardening to
Re 39. If this rate of liquidus depression held at somewhat higher copper levels, then
15-20 percent Cu should have been adequate to achieve brazing In the 1600-1750° F
range. Unfortunately, progressive alloying additions in the range of 10. 0-40. 0 percent
weight copper yielded no liquidus temperatures below 2000°F, and all alloys proved quite
brittle In comminutlon studies (see Appendix) .
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Table 7

SUMMARY OF ALLOYING RESULTS WITH THE Zr-30V-20T 1 BASE

Alloy Composition Melting Temperature
(Wt. %~ CF) Ingot

Hardness Comminutlon
Zr-30V-20 T1 Base Alloy Addition Solidus Liquidus (Re) ~~ 11~ (a)

Balance 2.0 - Ni 2090 >2200 38 3
Balance 4 . 0 -  NI 2090 >2200 40 3
Balance 6.0 - NI 2070 2200 45 2
Balance 10. 0 — Ni 2100 2190 48 1
Balance 1 5 . 0 -  Ni 2050 2130 >48 (very brIttle) 1
Balance 20. 0 — NI 2020 2090 >48 (very brIttle ) 1

Balance 2 . 0 — C o  2050 2170 40 3
Balance 4 . 0 — C o  2030 2100 41 3
Balance 6 . 0 —  Co 2025 2090 47 2

Balance 2.0— Fe 2100 2150 40 3
Balance 4.0— Fe 2150 2200 48 2
Balance 6.0 — Fe 2190 2200 49 1(+)

S
Balance 2.0— Be 1800 1975 39 3
Balance 4 . 0 — B e  1750 1800 45 2
Balance 6.0—Be 1750 1780 47 2

Balance 2.0- Cu 2170 >2300 31 3
Balance 4.0 — Cu 2050 2120 35 3
Balance 6.0 — Cu 2000 2040 39 3
Balance 1 0 . 0 — C u  1860 >2110 44 2
Balance 15.0 - Cu 1780 >2150 45 2
Balance 20.0 — Cu 1910 >2000 43 2
Balance 30. 0 - Cu 1860 2000 46 (very erosive) 11+)
Balance 40. 0 — Cu 1845 2020 49 (very erosive) 1(+)

Balance 2 . 0 -  Mn 2150 2170 41 2
Balance 4 . 0 - M n  2165 2180 45 2
Balance 6 . 0 — M n  2120 2140 48 1(+)

Balance 2.0 — Sn 2230 2250 30 4
Balance 4 . 0 — S n  2230 2270 32 4
Balance 6 . 0 — S n  2230 2250 33 4
Balance 10. 0 — Sn 2270 >2290 36 3(+)
Balance 15. 0 — Sn 2250 >2280 37 3
Balance 20. 0 — Sn 2225 >2300 39 3

Balance 2. 0 — Al 2200 2220 42 3
Balance 4.0 - Al 2200 2250 49 2
Balance 6.0 — Al >2300 —- 51 l(+)

Balance 10.0 - Cb >2300 -- 32 4
Balance 15. 0 - Cb >2300 -- 34 4
Balance 20. 0 - Cb >2300 -- 36 4

Balance 10.0 - Pd >2300 -- 45 2
Balance 15.0 — Pd 2200 2225 47 1(+)
Balance 20.0 - Pd 2220 2280 48 1(+)
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Table 7 (Contd)

Alloy Comp osition Melt ing Temperature
(Wt. ‘I) (‘F) Ingot

— —— Hardness Comminut ton
Zr-3 0V-20T 1 Base Alloy Addition Solfdu s Liqu idus (Re ) Rattng(a)

Balance 2.0 - Ga 2160 2200 39 2
Balance 4 . 0 - G a  2160 2175 44 • 2
Balance 6.0 - Ga -- -- 47 1(+)

Ba lance 2.0 - SI >2300 -- 38 3
Balance 4.0 — SI 2200 >2300 39 2
Balance 6 . 0 - S I  2200 >2300 41 2

Balance 2 . 0 - G e  2150 2170 36 I 3(+)
Balance 4 . 0 — G e  2150 2180 38 3
Balance 

• 
6.0 - Ge 2160 2190 38 3

Balance 5.0 - Cu 5.0 - Mn 2000 2090 46 : 2
Balance 10. 0 — Cu 10.0 — Mn 2000 2025 47 1
Balance 15.0 - Cu 15.0 - Mn 1930 2020 >47 (very brittle) I

Balance 5.0 — IkI 5.0 - Ni 2070 2080 46 2
Balance 1 0 . 0 —  Pd 1 0 . 0 —  Ni 2080 2170 47 1(+)
Balance 15 .0 -  Pd 15.0-  Ni 2080 2180 52 1

Balance 5 . 0 -  Cr 5 . 0 —  NI 2000 2140 50 1
Balance 10 . 0 — C r  1 0 . 0 — N i  2000 2140 >52 1
Balance 15.0— Cr 15.0 - NI 2170 2240 >52 (very brIttle) 1
Balance 2.0 — Cr -— -- 32 4
Balance 4 . 0 —  Cr >2020 -- I 39 3
Balance 6 . 0 —  Cr 2145 I 2160 44 3

Balance 10. 0 - Cr 2220 >2250 49 2
Balance 1 5 . 0 —  Cr -— —— 50 1

1’1Reaistance to Cvushtng~
(1) Brittle ; easy to crush manually.
(2) MargInally tough ; moderately resist an t to manual crushing.
(3) Tough ; strongly resistant to manual cru shing.
(4) Very tough ; require s init ial crushing on the hydraulic press.
(5) Very tough and ductile ; cannot be crushed . RequIres dr illing or rollIng to obtain braze forms.

The disappointing results obtained with the Zr-30V-20T 1 base were thought
possibly related to this soft base’s close proximity to the apparent boundary encom-
passing high-hardness, (probably) high-interiretallic-content compositions In the general
area between the ternary and Zr-V binary eutectics (see Fig. 9). That Is, the fourth
and fifth element additions may have shifted the aforementioned boundary toward and
beyond the subject (Zr-30V-20T 1) base, causing inordinate Intermetaltic compound
formation and Inducing brittle comminution behavior in the majority of cases (Table 7).
With this in mind , two additional Zr-V-TI base compositions were tested, both located
in (other) single-phase, low-hardness areas (liquldus ~ 2500°F S35 Rc) appreciably
farther distant from the boundary of the high-hardness compositions and the ternary
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eutectic. One new base was Zr—25V-3O Ti (2440° F liquidus , Rc 35), and the other was
Zr-20V-35T 1 (2490°F liquidus , Rc 33) (See Fig. 9). Near-maximal copper and nickel
additions were made to these bases (viz. 25 and 30% Cu; 15 and 20% Ni) to determine
whether intermetallic formation and embrittlement would be better suppressed than
with the Zr-30V-2OTi base. (see Appendix; Alloy Serie s E9 and E27 , respectively.)
In fact , comminution resistances of the new alloys were generally improved over
analagous alloys based on Zr-30V-20T 1 (cf. Appendix and Table 7). Respectable
degrees of melting-point depression also were obtained , but liquidus temperatures
were all still �1900°F , and the solidus temperatures recorded did not indicate any
eutectic troughs �1750°F (I.e. , of comminution-resistant nature ; which might warrant
fu rther exploration). Consequently , design and screening work on the single-phase-alloy
concept was suspended at this point in favor of studies of hypoeutectic alloys, which
showed much better potential for attaining melt-and-flow temperature objective s
(see below).

Hypoeutectic Alloy Designs

TI ~Zr-Cu System. Exploratory alloying was conducted in the ternary regions
nearest to the TI-Zr binary, searching for possible low—melting troughs between the
first TI—Cu and first Zr-Cu eutectics (refer to the AC1 Series of alloys in Appendix; and
Table 4). Starting with the Ti-5OZr base (minimum m. p., 2950°F liquidus; Table 5),
systematic copper additions over the range 10—50 percent Cu revealed a promising
near-eutectic behavior at 30 percent copper (solidus 1635°F , liquidus 1660°F) (see
Table 8). This can be compared favorably with the fi rst eutectics formed by copper
with the individual TI and Zr bases (viz. Ti-36Cu, 1850°F and Zr-22Cu , 1820° F) (see
Table 4). The hardnesses of the first (copper) Inte rmetallics formed with pure Ti and

• pure Zr fortunately do not appear to be very hard , based upon eutectic and near-eutectic
alloy hardness (Ti-3OCu , Rc 22; Zr-2OCu, Rc 33). (Analogous copper-alloying
sequences with the pure TI and pure Zr bases also show that good comininution resis-
tance and lower hardness are associated more with the TI base, Table 8.) The
corresponding first (copper) intermetallic formed with the TI-5OZr base, however ,
is ostensibly much harder [(T1-5OZr) + 30 Cu, ~ Rc 471 and definitely induces some
embrittlement, but melt temperatures potentially as low as 1630°F made fu rther
exploration worthwhile. The next alloying objective then was to find a suitable com-
promise among alloy hardness, comminution resistance, and low liquidus tempera-
ture, by systematically increasing the Ti/Zr ratio and/or altering (normally reducing)
the copper level relative to the ternary eutectic toward more hypoeutecttc structures ,
while retaining the liquidus temperature �1750°F. The most interesting hypoeutectic
compositions found were those in the ternary corridor between copper levels of 29. 0
percent and 31. 5 percent and TI/Zr ratios of 60/40 and 70/30 (See Fig. 10 and
Table 9 for specific compositions). Braze flow and filleting characteristics were
uniformly good brazing at or slightly above liquidus temperatures, in the range of
1690-1780°F. Solidus—llquldus spreads were reasonable. Microstructures in this

3’?



Table 8

SUMMARY OF ALLOYING RESU LTS WITH Ti, Zr , TI-V AND TI-Zr BASES

Alloy Com position Melting Temperature
(Wt. %) ~ F) Ingot

Hardness Commlnution
Base Alloy AddItIon Solidus Liquidus (Rc) Rat lng(a)

(I) Pure Ti Base

90. 0 10.0- Cu -- I -— 5
85.0 1 5 . 0 — C u —— —— 31 5
80. 0 2 0 . 0 - C u 2050 2080 20 5
70.0 30. 0 - Cu 1860 1880 22 (neap-eutectfc) 5
60.0 40.0 — Cu 1835 1885 6 (nea r-eutectic) 3
50. 0 5 0 . 0 —  Cu 1875 2000 17 2

80.0 10.0 - Cu 10. 0 — Ni 1760 ~~1900 30 4
70. 0 1 5 . 0 —  Cu 15.0-  NI 1750 )~ 190O 38 (baselIne) 3

(TiCuNi)

(2) Pu re Zr Base

90.0 1 0 . 0 — C u —— -- 14 5
85. 0 1 5 . 0 — C u —— — —  20 4(+)
80.0 20. 0 - Cu 1880 1940 33 (near eutectic) 3
70.0 30. 0 - Cu 1750 1860 29 3
60. 0 4 0 . 0 — C u  1675 1685 37 (very erosive ) 3
50.0 50.0 - Cu -- -- Very brIttle 1

80.0 10 .0— Cu 10.0 - NI 1700 1730 >46 (very brittle ) I
70.0 15.0-  Cu 15. 0 - Ni 1650 1690 46 (erosive) 2

(3) TI-SOy Base

90.0 10. 0 - Cu >2250 No Melt 31 4
85.0 15.0 — Cu >2250 No Melt 37 4
80.0 20. 0 - Cu >2200 No Melt 37 4
70.0 30.0 - Cu 2020 >2200 37 3
60.0 40.0-  Cu 1830 —1975 39 3
50.0 50.0— Cu 1850 —2075 31 2
70.0 15 .0— Cu~ 15.0 Ni 1950 >2070 42 3

(4) TI—5OZr Bass

90. 0 10.0 — Cu 1960 >2250 45 3
85.0 1 5 . 0 - C u  1950 >2250 47 3
80. 0 2 0 . 0 - C u  1880 2020 47 3
70.0 • 3 0 . 0 - C u  1635 1660 ?47 2
60. 0 40.0 - Cu 1660 1680 Very brIttle 1
50.0 50.0 - Cu -- -- Very brIttle 1

80.0 10.0—Cu 1 0 . 0 — N i  1725 >1880 43 2
70.0 15.0-Cu 1 5 . 0 — N i  1620 1675 38 2

~~R.sIatanea to Crushing:
(1) BrIttle; easy to crush manually.
(2) Marginally tough ; moderately resIstant to manual crushIng.
(3) Tough; strongly resistant to manual crushing.
(4) Very tough; requIres InItial crushing on the hydraulic press.
(5) Vezy tough and ductile; cannot be crushed . Requires drilling or rollIng to obtain braze forms.
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Table 9

PROM ISING INITIAL BRAZE MATERIALS: Ti-Zr-Cu SYSTEM

Alloy Composition Melt ing Temperature
(%Wt.) (°F) Ingot

Alloy Ti/Zr Hardness Comminutton
Designation Ti Zr Cu Ratio Soltdu s Liquidus (Rc) - Rating(a)

AC 1—8 46.0 25.0 29. 0 65/35 1 1650 1760 44 2

Ad —i 42.0 28. 0 30. 0 60/40 1650 1690 44 2

AC 1—2 49. 0 21.0 30. 0 70/30 1650 1760 42 3

AC1—9 45.0 25. 0 30. 0 64.5/35. 5 1670 1760 45 2

Ad —il 47.5 22.5 30. 0 68/32 1650 1780 44 2

AC 1—12 46.0 22.5 31.5 67/33 1700 1740 44 2

Ad — b 43.5 25.0 31.5 83. 5/36. 5 1670 I 1700 43 2

A2—4 35.0 35.0 30. 0 50/50 1635 I 1660 2(— )
(near-eutectic)

to Crushing :
(1) BrIttle; easy to crush manually.
(2) MargInally tough; moderately resistant to manual crushing.
(3) Tough; strongly resistant to manual crushing.
(4) Very tough; requires initial crushing on the hydraulic press.
(5) Very tough and ductile; cannot be crushed. Requires drilling or rolling to obtain braze forms.

alloying series exhibit development of proeutectic terminal solid solution (Figs. 11
and 12). Hardnesses are in the ac%~eptab1e range of Re 42-45; and all button ingots
showed fair to n~ oderate resistance to manual crushing [i.e., ingot com minution ratings
of 2—3 (see Table 8)1.

Ti-V-Cu System. Exploratory alloying was conducted in the ternary regions
nearest to the ‘Fl-V binary, searching for possible low-melting troughs between the
first Ti-Cu eutectic (Ti-36Cu; Rc 22; 1850°F) and the V-Cu monotectic (V-l7Cu;
2790°F) (see Tables 4 and 8). Refer also to the B2-Series of alloys in the Appendix.
Starting with the Ti-30V base (minimum m. p., 2950° F liquldus; Table 5), systematic
additions of copper (range of 10-50 percent Cu~ resulted in melting point depression,
but all rather high liquidus tempe ratures (~ l975°F) and an apparent minimum solidus
of 1830°F (see Table 8). These results indicated negligible advantage for melting
point depression over the simple Ti-Cu binary eutectic (melting at 1850°F). Solldus-
liquldus spreads in this region also were undesirably high. Although proving very
tough in commInutIn~ studies, the Ti-V-Cu system alloys appeared too refractory to
meet program melt-temperature objectives through further modification.
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Figure 11. Mlcrostructure of Tl—21. OZr-30. 0 Cu Brazement
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Figure 12. Mlcrostructure of Ti-40. OZr-20. OCu Bra zement
(A2-3); T-Joint Intercept and Fillet Region
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The Ti-Zr-Ni and Ti-Zr-Ni-Cu Systems. The first Ti-Ni eutectic (Tl-28. 5N1)
is reported to melt — 1750°F (Ref. 14 and Table 4). Current experimentation has shown
that this binary eutectic Is brittle , and does not flow or form fillets well below — 1900°F
(Alloy AC2-1/Appendlx). Preliminary work with the Ti-5OZr base indicates a first
eutectic point at approximately 20.0 percent Ni and 1700-1720°F (Alloy AC2—3;
Appendix) . This eutectic is not very fluid between 1720°F to 1750°F , but the ingot
structure is moderately resistant to manual crushing and therefore interesting.
(Resistance to comminution was found to be a rare virtue in candidate braze alloys
melting �1750°F). The circumstance of poor to marginal braze wetting and flow for
both the binary (Ti-Ni) and ternary (TI-Zr-Ni) eutectics , with both eutectic temperatures
so close to the maximum process temperature limit , dictated a different alloying
approach from that used with the Ti-Zr-Cu system. Consequently, work was under-
taken to improve the brazing characteristics of this system by partial substitution of
copper for nickel. (Copper is not only a strong m. p. depressant , but has been shown
to confer excellent brazing characteristics, as in the Ti-Zr-Cu system.)

Experimental alloying with both nickel and copper additions to the Ti—5OZr base
was carried out in the general compositional region between the [(Ti-5OZr) + 3OCul
near-eutectlc (1635°F solidus/1660°F liquidus) and the [(Ti-5OZr) + 2ONi] near-eutectic
(1700°F solidus/1720°F liquidus). Quaternary Ti-Zr-Ni—Cu compositions were
designed and plotted on a pseudo-ternary diagram with termlnii of (Tl-5OZr), Ni , and
Cu. [See Fig. 13 for a portion of this diagram , showing braze compositions of
greatest interest. 1 A variety of Ni/Cu ratios were studied , inasmuch as there is no
minimum m. p. in the Ni-Cu system . All qu aternary alloy designs are given in the
Appendix; Alloy Series A2 and AC5. Many of the quaternary alloys behaved very
similarly to the TI-Zr-Cu ternary eutectics , with regard to solidus and liquidus
temp eratu re s and short melt-down interval. Note the very flat liquldus surface
(hovering about 1650°F) between alloy AC5— 7 (12. 5Ni , 12. 5Cu), alloy AC5-2 (15. ONi ,
7. OCu) and alloy AC5-3 (15. ONi , 5. OCu). Alloys In this compositional region possessed
a very short interval between solidu s and liquidus temperatures (30-50°F), and exhibited
excellent brazing characteristics, as hoped for with the Cu admixture . (See Table 10.)
[With less than 5 percent Cu addition , brazing characteristics reverted to the sluggish
flow and marginal filleting behavior of the TI-Ni and Ti-Zr-NI alloys mentioned
above (see Fig. 13). ] The major problem with the quaternary near-eutectic braze
alloys described above (e. g., AC5-7) is marginal toughness, as measured by
comminutlon resistance (see Table 10, where comminution ratings of 2 (— ) were
common). By intentionally altering the near-eutectic compositions to more strongly
hypoeutectlc designs (moving in the direction of the Ti-Zr terminus), notably tougher
cast structures were developed without sacrificing any of the desirable brazing
characteristics. [Typical alloys of this type are AC5-4, AC5—~, ~nd AC5-21; with
ingot comminution ratings (ICR) of 2; see Table 10 and Fig. 13.~ Other promisin g
candidate alloys of hypoeutectic design were obtained by systematically increasing the
‘Ft/Zr ratio of the basic AC5—2 near-eutectic alloy, from the inItial 50/50 (AC5—2;
ICR 2—) to 55/45 (AC5—14; ICR = 2), to 80/40 (AC5—15; ICR = 2+), then to 65/35
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Table 10

RESULTS OF PRE LIMINARY SCREENING TESTS
THE Ti-Zr-Ni-Cu SYSTEM

Alloy Com position Melting Temperature
(% Wt. ) ~ F) Ingot

TI/Zr Hardness Comminution
Alloy Number TI Zr Ni Cu Ratio Solidus Liquidus (Re) Rating (a)

A2—8 40.0 40. 0 10.0 10. 0 50/50 1725 1880 243 2(+)

AC5-7 37.5 37.5 12. 5 12.5 50/50 1610 1640 ~~ 2(—)

A2—5 35. 0 35.0 15. 0 15.0 50/50 1620 1675 �45 2(-)

AC5— 1 37.5 37.5 15. 0 10.0 50/50 1625 1670 �45 2(-)

AC5— 5 40. 0 40.0 12.5 7.5 50/50 1690 1740 47 2

AC5—2 39.0 39. 0 15. 0 7.0 50/50 1600 1650 42 2 ( —)

AC5—3 40. 0 40.0 15. 0 5.0 50/50 1600 1650 �45 2(-)

AC5—4 41.0 41. 0 13.0 5.0 50/50 1625 1750 246 2

AC5—6 42.5 42 .5 10.0 5.0 50/50 1610 21920 44 2( +)

1
~~R istas to Crushing : 

-

(1) BrIttle ; easy to crush manually.
(2) MargInally tough; moderately resistant to manual crushing.
(3) Tough; stro ngly resistant to manual cru shing.
(4) Very tough; require. initial crushing on the hydraulic press.
(5) Very tough aed ductile ; cannot be crushed. Requires drilling or rolling to obtain braze forms.

(AC5—16; ICR = 3) and finally to 70/30 (AC5—17; ICR = 3). See the Appendix and Figure
13. Alloys AC5—15 and AC5—16 proved of greatest interest because they retained
excellent brazing characteristics �1750°F; while possessing improved comminutlon
resistance.

Of the Ti-Zr-Nt ternary alloy designs, the hypoeutectlc alloy AC5-18 [(Tt-5OZr) +
l8Nil showed the best brazing characteristics within this sluggish-flowing system;
with greatest interest centered on its relatively strong resistance to manual crushing
(ICR = 3; see Fig. 13 and the Appendix). Solidus temperature is 1650°F; liquidus
temperature Is 1730° F.

The Ti-Zr-Cu-Mn System. Low-melting braze alloy designs were developed
Initially around the [(Tt—5OZr) + 30Cu~ near-eutectic, wIth the objective of exploring
for superior braze alloys (in terms of coriminution resistance, lower braze tempera-
tures and/or Improved brazing characteristics) through partial substitution of manganese
for copper, as melting-point depressant. (See the Ti-Zr-Cu Systems, above.) A
variety or Cu/Mn ratios were evaluated around the (binary) minimum melting-point
ratio of 65Cu/35Mn (—1600°F). In conjunction, TI/Zr ratios were increased as high
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as 80/20 In an attempt to obtain desired hypoeutectic behavior while maintaining
liquidus temperatures �1750°F (see the Appendix; Alloy Series AC6). Promising braze
alloys In the quaternary TI-Zr-Cu-Mn system were found in the region of 25-30 percent
Cu , 8. 3-10.0 percent Mn and TI/Zr (base) ratios of 65/35 to 80/20 (Fig. 14 and see
Alloy Series AC5; Appendix) . Noticeable manganese volatilization was experienced
in arc melting Cu-Mn master melts with Cu/Mn ratios �65/35 (mixed with total charge).
Best results were obtained with a high Cu/Mn ratio of 75/25 where there Is definitely
no problem of manganese volatilization , either In arc-melting or brazing. In fact, braze
wetting, flow and filleting behaviors are among the very best noted for all braze
candidates. Braze liquidus and minimum flow temperatures for the four superIor
hypoeutectic Ti-Zr-Cu-Mn alloys (selected for advanced screening tests) lie in the
range, 1710—1750°F (see Fig. 14 and the Appendix) . The four Ti-Zr—Cu-Mn alloys are
described in Table 11.

The major structural problem with the preferred Ti-Zr-Cu-Mn alloys is believed
to be the extreme brittleness of their eutectic component and probably the intermetallic
involved. This Is reflected In the remarkably high alloy hardnesses (Ta ble 11), and
the notable brittleness of most alloys in and near the eutectic trough and in apparent
hypereutectic regions (see Fig. 14) . This, and possibly random ingot segregation,
probably accounts for the marginal to sub-marginal comminutlon ratings obtained
(Table 11).

The Ti-Cu-Ni System. Work on this system was restricted to two alloys because
of the system’s apparent refractoriness relative to the TI-Zr-Cu, TI-Zr-Ni-Cu, TI-
Zr-Ni, fl-Zr-Cu-Mn and Zr—Ni-Cu systems previously described (see Tables 8
through 11). The two alloys investigated were TI-b . OCu-lO. ONi and TI— 15. OCu-15. ONi
(the program baseine braze, “TICUNP ’). (See Table 8 and alloys C2-8 and C2-5,
respectively; Appendix.) The c~mmercial brochure on foil TICUNI from WESGO
(Ref. 5) Indicates a liquidus or flow temperature of 1760°F; however, the screening
tests at Solar on alloy C2-5 IndIcate a liquidus temperature >1950° F, and a mInimum
flow temperature of 1850-1890°F. At 1850°F the unmelted solid residue constitutes
roughly 50 percent of total braze volume (see FIg. 15 which shows typical unmelted-
braze residue on a lap—shear soecimen brazement). This proved true for arc-melted
button Ingots of C2—5 crushed to —12/+12 mesh and -100 mesh powders, as well as for
2.0 mu thick TICUNI braze foil purchased from WESGO. The soildus temperature
Is —1750°F. TICUNI displays very good resIstance to manual crushing (ICR = 3 to 3+) .

This Is undoubtedly due to the fact that It is a strongly hypoeutecttc alloy, based upon
the wide spread observed between solidus and llqutdus temperatures (viz., 1750 to
>1950°F) aM the typical strongly hypoeutectlc microstructure (Figs . 16 and 17). When
C2-5 is brazed at 1850°F, the TL-6A1-4V substrate invariably shows beta~-embrittlement
structure overall (Fig. 16).

V . V .T_~~~



U)
9
°

~~~~~~~~~~~~ 

.
.

~~~ 

n ..

—
~~ 1-~ .~~

U) ~~~~~ 
. .

01 .. . . . U)I .  . . I 01

-fi  5 , . ,~~~-1~_ l  P S —
0 f’   - I I ‘..

~~ 
~~~~~~~~~~~~~~~~~~~~ . ‘ .~~

._*- i/ _i- . . I
• 

V ~~~~~~

‘ .J$ .Lj (.L~J ~~~~~~~~~~~~~~~~~~~~~~~~

• . j

1~
? <-•.- J --~i•~•1~1 •~-- 

. 5 : . . <T~~I . ’ .
- 

~~
‘ : - -

~~~~~~
.

U) -‘ 
• •i-

_ V - • 14.4
1~ 

~~‘ . . ‘ 0
• .

.5 V 
~~~~ ~~~~~~~~ - 0

V . 
•‘SS

~ 
•
~U It)

- 
• -

~~~~~

U) ~-

It)

46

— .



V 1
Table 11

PROMISING INITIAL BRAZE ALLOYS: Ti-Zr-Cu-Mn SYSTEM

Alloy Composition Melting Thmperature
(% Wt. ) (°F) Ingot

Alloy — TI/Zt Hardness Conun inutlon
Designation Ti Zr Cu Mn Ratio Soitdua Uquidus C) Ratlng(a)

AC6— 15 42.0 18. 0 30. 0 10. 0 70/30 1680 1710 53 2 to 2(-)

AC6-16 48. 0 12. 0 30. 0 10.0 80/20 1660 1750 53 2 to 2(-)

AC6 18 46. 7 20. 0 25. 0 8.3 70/30 1675 1750 51 2 to 2(-)

AC 6—21 41.7 25.0 25. 0 8.3 65/35 1680 1710 49 2 to 2(-)

(a) Resistance to Cru shing :
(1) Brittle ; easy to crush manually.
(2) Marg inally tough ; moderately resistant to manual crushing.
(3) Tough ; strongly resistant to manual crushing.
(4) very tough; requires initial crushing on the hydraulic press.
(5) Very tough and ductile; cannot be crushed . Requires drilling or rolling to obtain braze

forms.

The TI-Zr-Ni-Mn System. Low-melting braze alloy designs were sought within
the fl-Zr—Nt—Mn quaternary system in the vicinity of the sluggish I(TI-5OZr) + 20 Ni)
near-eutectic, with the objective of enhancing braze wetting, flow and filleting behavior;
comininut lon resist ance and/or lowering melt and flow temperatures by partial
substitution of manganese for nickel , as melting-point depressant. (See the Ti-Zr-NI
and Ti-Zr-NI-Cu systems, above.) A variety of Ni/Mn ratios were evaluated around
the (binary) minimum melting-point ratio of 39. 5 Ni/60. S Mn (— 1870°F). (See the
Alloy Series AC3 ; Appendix) . It was learned that all quaternary alloys with ~ 5% Mn
were quite brIttle, along a compositional tie-line connecting RT1-5OZr) + 18N1J and
((fl-5OZ r) + 32. 5MnJ, on a pseudoternary diagram with terminti of NI, Mn, and (TI-
5OZr). Experimental alloys adjacent to the above tie-line on the side toward the Ti-Zr
terminus, were all marginally tough or better (I.e. , ICR 2 2); but all proved refractory,
with liquidus temper atures apparently ~ .1850°F. The lowest solidus temperature recorded
was 1780°F (AC3-8). Braze fluidity and filleting behaviors were uniformly poor, even
for liquid fraction s brazed >1800°F. Experimental alloys adjacent to the above tie—
line, on the side toward the Mn and NI terminli, are all very brittle. Because of the
general lack of promise exhtblted by the fl-Zr-Nt-Mn alloys, work on this quaternary
ayst~in was suspended.
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Figure 15. Lap-Shear Specimen Brazement, Made
With Ti-l5Cu-l5Ni Alloy (Baseline)

_ _  _ 

&rongly hypoeutecfic braze

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Note evidence of beta embrittlement

structure , TI-GAI-4V substrate.
-• 

___ _________ Braze Temp. 1850°F

~~~~~~~~~~~ 

‘
.. 

_____________________ Magnification : 500X

____  
Etchant: Kroll’a

Figure 16. Microetructure of Tt -15.OCu-15.ONi Brazement:
T-Joint Intercept and Fillet Region
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Bra ze Temp 1850°F
- 

Magnification: 50 X
- Etchant: Kroll’s

Figure 17. Cross-Section of T-Joint Brazement Remote
From Unmelted Residue (Ti-l5Cu-l5Ni Braze Alloy)

Advanced Screening Tests

Work was directed at this point to more thorough screening and characterization
of the most promisIng Ti- and Ti-Zr base braze-alloy desIgns identified thus far through
preliminary screeni ng, Phase I (Fig. 1). The screening test regime was expanded to

V include determination of single-lap tensile shear strength s (RT and 800° F), relatIve
sensitivity to 800°F aIr-oxidation and 100°F salt-spray environments , brazing on
Beta-C substrates , and metallographic anaiy sts of braze structures. The number of
candidate alloys was increased appreciably by this phase of work , through extensive
exploratory alloying around those candIdate hypoeutectlc alloy compositions found most
Intere sting during preliminary screening (See Section entItled “Hypoeutectlc Alloy
Designs”, page 37 and Appendix) . Concurrent screeni ng by solidus-liquidus-flow
temp erature determinations and assessment of brazing characteristics and comminu-
tion resistance eventually reduced the total number of hypoeutectic br aze candidates
from ‘-200 (see Appendix) down to the 35 alloys with most promise and potential
(See Table 12). These were the alloys subj ected to advanced screening . The most
critical appraisal was that concerning “braze characteristics”, which constituted
wetting, fluidity, fillet formation , and surface appearance. These perfor mance
characteristics and ratings naturally involve both objective and subj ective considera-
tions; the rankings becoming apparent after several braze runs. Representatives of
each ternary and quaternary alloy system evaluated were included throughout this
selection process , in order to permit continuing direct comparisons of the competing
systems through the semi-final and final stages of alloy design. In this manner , the
relative advantages and shortcomings of each alloy system were always In persp ective.
(Comparative baseline data are listed in Table 13.)
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Table 12

SUMMARY OF SCREENING TEST RESULTS (PHASE I) - SINGLE-LA P TENSILE
SHEAR TE STS (RI’) - CAND IDATE BRAZE ALLOYS/AS-BRAZED CONDITION

Substrate Sheet Alloy : Ti-6A1-4V (0.062-Inch Thick) Duplex Annealed
Lap Joint: 2-t Overlap, 2-mil Faying Surface Clearance

Shear sire.. aixi Fracture Location
I (ICR) Fracture (pelt Ft rat AudIble Crack (psi)

Braze Ingot Characterist ic Proc. 
- — ___________

lire,. (‘omx,Sitjon TI / Z r  Conimiimtton Temperaturss(’ F) __!_ ______ 
r.c.a.

Alloy No. (Wt. ~t ( Ratio Rating ta) Solkius/Uquldu./Ftow A B C A B C

ACI-4 fl—37. 5Z r-25.OCu 50/50 3 1640 28.600(1) 14,400(1)
(Tl—7r—CU) 1770 29, 500w 16,000(1)

5800

ACI-16 I TI—37. OZr-26 . SC, 10/50 3 1680 27,900(1) 15,800(1)
f l— Z r — C u )  1750 28.O00~~ 1,.800(1t

_ _ _ _ _ _-- -- 

1780 
___  ___  ___

ACI-17 fl_ 36.SZr_27 .GCu 50/10 2 1640 29.800w
TI —Zr—Cu t Good flow and 1725 ~ 500)1) 21,100(1)

______________ 
fIlleting 1760

A CI— IS TI—36.OZr-28.0Cu 50/10 2 1620 30,600)1) 18,200(1)

t TI-Zr-Cu) E.c.llent flow and 1695 30. O0O~~ 19,900 (1)
V filletIng 1710

A2—4 fl—35.OZr—30.OCu 50/50 2 1635 28,000(11 9.600~~
)

if l—7r-Cct Excellent flow .iW 1650 27,000(i) 15,900(1)

~ 
filleting 1 1680

ACI-lO fl_26 .8Zr_28.OCu 60/4~~T 1 1630 30,400(1( 16.000w
t Tt-Zr-Cu( Excellent floe ~~ 1740 3S,4O0(~t 27,400(1) 12,800)11 19,500(1)

_________ 
fiUettng (Nc 45 1750 

-
Act— SI Tl-28.4Zr—29.OCu 60/40 3 1620 24.500(1) 12,700(1)

(T I—Zr—Cu) Excellent flow mid 5730 31.200(1) 21,500(1)

_____________ 
filleting (Nc 461 1770

AC I-l TI-28.OZr—30. OCu 60/40 2 1650 33,500(
~t 1 13,100(1)

tTI-Zr-Cui Excellent flow sad 1690 S1,300(
~ l5,600P~

_________ 
fIllettag 5720

ACI—I 11—25. OZr—29. OCu 65/35 2 1650 29.200)1) l5,900(~
)

TI—Zr—Cu ) 1760 30,000)
~

) 20,600(0 )
1770

ACI—9 1i—25.OZr-IL OCu 64/26 ‘ 2 1670 31,100~~ 16,000(1)

~T i-Z r— cut Excellent flow J~I 1780 20,900w 18.400~~
fIlleting 1760

ACS-lO 11-ZS . OZr4l.5 Cu 61.5/ 2 1870 I6,800~~ 9,400~’~(Ti-Zr-Cu Excellent floe uid 16.5 1700 27,000)1) 13,200(1)

filletIng 5710

AC I—Il fl —32.8Zr—3 0.OCe 68/32 2 1650 31,200(1) j 3 590)l)
(fl -Zr-Cu) Excellent flow and 1780 27,700(1) 16,600(1)

ftllstlsg 1800

Ii) ReIISISIICS to CrmiM~~ Pyocea. A - Heavy braze toad (0.120-0.140 gm),

1. Dilttie1 .a.y to ~ruuh manually, time at braze iem,ieraturs, 20 asocial..

2. MargInally tough: moderaisly resistant to manual croaking. Pr,,ceu B - Light braze load (0,010-0.020 5m);
3. Tough; strongly resistant to manual crushing . time at bran temperatiale , 20 second..
4. Ve ry tougti; ,ei~~ir.s InitIal cnaehlr.g on the hydraulic press. Plo.... ~ - L~~~ bra,, load (0 050-0 020
5. Very to~~ I sad ductile; ominot be crushed. Re~ a1rea drilling or roll ing hi obtain braze form., time at braze temperatiare, 5 minute..

Fracture Locaticit (I) Itraze fracture
t t  Fracture through braze atfsetsd s,thstr.ss
fit flue-metal frictoru
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Table 12 (Contd)

Shear (trees anti Fracture loci ti on

(ICR) Frictore lye) Etrat 8jattbI~ Crack Ipat)
Braze Ingot Characteristic ~

_ _V _ _________

f’roceaa ProcessBra,e Compa.ition 11/Zr Commlmatioc Temperatiares(~F) ~~~~~~~~~ - ——~~~ —— ______ _______ _______

Alloy No. )Wt. Ratio nating~’~ Solldua/Liquklua/Flow A B C J B C

AC I— 12 Ti—22. SZr—3 1. 5Cu 67/33 2 1700 24, 500)1) 11, 100(1) —1
(11-Zr—C ia) 1740 30,500)1(

1750

ACI-2 11-21. OZr-30, OCu 70/30 3 1650 28,600t t )  1 
17. to0ti~ f

)11—Z r—(’u( 1760 25,600(1) 28,600~~ I 17,300i~ 22,2O0~~
(Re 42) 1780

ACI-24 Ti-20.7Zr-31.OCu 70/30 3 1650 
-

~~~ 39,5~~)1(
(11-Zr-Cu) Excellent flow end 1740 32,700 (1) 21,700~’~ 26,200)1) l6.700~’~ 15.700(1) 24.500”~

_______________ 
fIlleting 

- 
(Bc 411 1740—1160

ACI— 13 TI—20. tiZr—32.5Cu 70/30 2 1700 135,000(1) 31,500)1) 17,500(1) I 23.000)1)
(11—Zr-cu) Excellent flow and 1750 30.000(1) 25,300)1) l3,9OO~~ 21,000’~~

filleting j 
___________ 

1750 I ________ 
26,500Gt 16.200 (1)

ACt — IS Ti—17 .SZ r— 32.5 C 0 
1 

75/25 2 1740 130,500(1) — 
15,90&’~1

( 11—Zr — Cu ) Ezoellenl flow and 1775 3O.SOO(1) 30,500(1) t~,too”t I8. IO0 (~
filleting 

- 
1775 ~~~ 34 000~~ 19, 100w

A2—5 Ti —35,O Zr -15.ONI- 20/50 2 to 2)— ) 1620 30, 100(1) 16,000(1)
(TI—Zr— Nt—Cu ) 15.OCu 1675 30.100)1) 23,400(II

Good flaw mial 5690 V

__________ 
fi lleting 

_______________ _______ ______ ______ _______ _______

Act— I TI— 3 7.5 Zr— 12. 5N i— 50/50 2t0 2(-) 1610 34,35Q (1( 3o,8oo~’) 15,800)1) 19 ,100(1)

(11-Zr-NI —Cu t 12,SCu - 1640 36, 290
(1( 33, 590(1) 13,600~’~ ;s.l oo)~

Excellent flow and 1650—1670 —— 17,500)t t

_______________ 
filleting 

____________ _____________________ _________ _________ _________ _________ _________ _________

AC5—13 ‘1l—3LOZr—11.2N1— 50/50 2 1650 25,300~~ ~~~~~~~li—Zr— NI—Cu) 11. SC. 1740 36,800)1) 16, 100)1)
Falr to good flow 1190

_____- ~~~fflletlng _t~~ACS—2 T i— S9 .OZr— 15.ONI— 50/50 2 to 2(—) 1600 34,200(1) 14 ,000~~
t fl—Z r—N)—Cu) 7.OCu 1650 34,800w 33,700)1) 12,900’~

) 22,40011)
Excellent flow and 1650-1610

_____________ 
filletIng 

___________

AC5—3 ti—40.OZ r—t5.0Nt — 50/50 2 to 2)—) 5600 34,600(i) t4 .400)~
11—Zr—NI—Cu) 5.OCu 1650 V 24.500(1) 27,900(1)

Goad floe sawS 1690

____________ 
filleting 

_______ _______

ACt—iS 11-31.3Zr—i6.ONI- 80/40 2 5040 35 500(lt t8,400~’~(Tt-Z r-Nt-Cat 7.OCu 1730 36,900(1) 33,600(1) 14,400m i9,800~~
Very good flow and 1130-1765

___________ 
filleting 

_________ _______________ _______ ______ ______ ______ ______ _______

ACS- t6 TI—17.Str-IL tiNt— 65/15 3 1030 34 .800(1) 19,000~~( 11-Zr—NI—Cu) 7.OCtu 1750 82,700(1) 31,300)1( t6 .000(1( 50,300(1)
Excellent flVO’W end 1750-1180 4l,600)~

) 24,300(1)
fIlisting 

_______ _______ _______ _______

ACS—55 ii—40 07r—18.ONI- 50/10 2 1640 35.300(1) 18,400(1t
tTl-Zr-N)-Cu) LSCu 5650 33,390(1) 15.600~~

1140

Ac t—b Tl-41.OZr—16,ONl— 50/50 2 1675 35,000(1) 12 ,400w
)ii—Zr-Nl-Cv) SOC. 1150 51.100~~ 2*,SO0~~

1175

Act—IS ‘fI-40.ti1,r-IS.ONi- 10/50 
- 

2to1(.) 1640 32,800(1) 80,000i~
)

(‘fl—Zr—N I—Cut 4.OCu 1100 35, 500(11 30,600~’~ 15,800(1) 15,S00~~Very good floe and 1700-1770 -- 20,500(1)
flllatiag

V 
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Table 12 (Contd)

Shear SIred ~nd Fracture LocatIon

) ICR) Fracture (pal) FIrst Audible Crack (pal )
Braze bigot Characteristic ~~~~~~~~~~Process ProceaaItrane Compaaiti.n TI/Zr Commtnut ion 1emperaiure.CF( — ______

Allow N .  N~,
V
t 1) Itatto Rattng(a) Solidua/ ’ ,fldua/FIoe A B C A It C

AC5—lS T1-40 .SZr-17.O Nt— 50/50 2 1640 34 ,800~~ 
- 16.900(1)

(It—Zr—NI — Cu ) 2.lCu 1780 3l.000~~
Good flow antI 5775
fIlleting 

_________ ______ ______ _______ _______

ACS—i l T)-23.3Zr-15.ONI- 70/30 3 
- 

1650 ,4,600m 14,3O0~’~T 1_ 7r_ N)_ t u 7 .OCu 1775 28,600(ti 22,200(1)

____________ .1. ____________ 

1790

Ac2—3 T Tt-40 OZr-20, ONt 50/50 3 1700 32,t00~’~ 

-— 

14.300~~
) 

—

11— Zr—Ni) 1720 33,7®~~ 17,0O0’~
1140

AC S— Iti TI—41.OZr-18.ONl 50/50 3 1650 31,000t~
)

T1-7r-Nt) Octal flow and 1730 32,400(1) 29.000(i) l4,600~~ 21.500’~filleting 1750 
—— 

34 .10O~~ 17.200)1)

f
~~~ACS-tS li -182r-SOCu -tOMn 70/30 210 2)-) 1680 34.700w 11,400”~

(11—Zr—C ia—Mn) Excullent flow and 1710 35.200w

_____________ 
fIlleting 1710

A C6—16 TI—I2Zr-30(’u-lOMn tSO/20 2 to If—) 1660 32,500~~ 12, 400~~
TI-Zr—Cu-Mn) Excellent flow and 1750 34,400t~

) 12, BOOt’)
____________ 

fIlleting 1750 
_______ _______

AC6—18 11-2OZr—$SCu- 70/30 2 to 2)—) 1675 S4,900~’~ 13.800(i)
(Ti—Zr— C u—Mn ) 8,SMn 1750 35 ,790(1) 13,700(1)

Excellent floe and 1150
_ _ _  

(h inting 
_ __ __ __ _  _ _

ACO—Il 11—*SZr—2SCu— 63/31 2 to 2)- )  1680 80,800)1) 12.600(1)
TI—Zr—Cu—Mn) 8.3Mn 1710 32,50O~’~ 13,5OO~’~Excellent flow and 1710

fIlleting

The following general comments can be made regarding the relative rankings
of the 35 candidate alloys and 5 alloy systems listed in Table 120 Twelve alloying
designs appeared superior in all or most re spects . In the Ti-Zr-Cu system (Fig. 10) ,
alloys AC1 -20, AC1 -21, AC1 -2, and AC1-24 exhibited very good comminution resis-
tances (IC R = 3), perhaps the best of all hypoeutectic alloys meeting the flow-tempera-
ture objective. High toughness levels and low hardnesses were later attributed to the
lowest primary intermetal lic contents of the subject braze finalists (-~23-29%, vol. ;
through metallography). Alloys AC1-20 and AC1-24 appeared to offer the best com-
bination of desirable brazing characteristics , comminution resistance and high as-
brazed shear strength. (Table 12). In the Ti—Zr-Ni-Cu system (Fig. 13) , alloys
AC5-7 , AC5-2 and AC5—16 offer excellent brazin g characteristics (well illustrated in
Fig. 18), but superior comnilnut ion resistance only in the moderately hypoeutectio
alloy AC5-16 (ICR = 3). Alloy AC5-16 displayed an outstand ing combination of excellent
brazi ng characteristics (perhaps the best of all in the advanced screeni ng group) , good
comminutlon resistance and high shear strengths (Table 12) . Fillets are extremely
uniform and well-formed, and have a very smooth , mirror-like surface (Fig. 18), even
after long—term environmental conditioning In 100°F salt spray or 800°F air. In spite
of the marginal commlnut ion resistances of the aforementioned near-eutectic alloys
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Afte r 100°F Salt Spray After 800°F Air Oxidation
(100 Hours) (100 Hours)

Alloy No. AC5—16
Tt—27. 2Zr— 15. ONI-7. OCu

Note Smooth Uniform Fillets

FIgure 18. TypIcal Lap-Shear Specimen Brazenients Made With No. AC5-16
Experimental Braze (1750°F)

(AC5-7 and AC5-2), they retained interest because of their very low melt and flow
V temperatures (1670°F) combined with high shear strength levels. Alloys AC5-15 and

AC5-2 1 appeared to offer somewhat lower-m elting (but similar-strength) alternatives
to the promising AC5-16 alloy, which melts and flows in the high-limit range of 1750-
1780°F. Both alloys AC5.-15 and AC5—2 1 have very good brazing characteristics , and
melt and flow In the ranges of 1730-1765°F and 1700-1770°F, respectIvely. Comminu-
tion resistances of these two alloys were rated margina l (ICR = 2) .

In the TI-Zr-Nt system (Fig. 13), only alloy AC5-18 was rated as having
adequately good brazing characteristics to warran t advanced screen ing. AC5-18 has
good commlnut ion resistance (IC R = 3) In spite of high tntermetalltc content (—45%
vol. ); and shear strength s comparable to the Ti-Zr-Cu and TI-Zr -Nt-Cu alloys
mentioned above (Table 12) . AC5-18 is related generic ally to the better-flowing
TI-Zr-NI- Cu a1ioys, and therefore of design interest. In the TI-Zr-Cu-Mn system
(FIg. 14), alloys AC6—15 and AC6—21 (1710°F) and alloys AC6- 16 and AC6— 18 (1750°F)
revealed outstanding brazing characteristics, flowing and filleting superbly at their
own liquidus temperatures. Brazi ng characteristi cs on all fou r are rated excellent and
comparable to alloy AC5-16, the superior brazing alloy found In the TI-Zr-Nt-Cu
system (see FIg. 18). As-brazed shear strengths are uniformly high (Table 12-) .
The common shortcoming of TI-Zr- Cu-Mn alloys Is marginal commtnut ion resistance
11CR 2 to 2(-)1 (see Section entitled “Hypoeutectic Alloys Designs”, page 37).
Also included In the advanced screening group were several alloys with highe r flow
temperatures, In the range of 1850-1950°F, as comparison exemplars of more strongly
hypoeutectic structures than those given in Table 12. The strongly hypoeutectlc alloys
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could logically represent ultimate compositions and microstructures of diffusion-brazed
jo ints made with preferred candidate alloys. These inclusions also were felt to be
justified for screening and comparison purposes, inasmuch as the strongly hypoeutectic
TI-l5Cu-15N1 baseline braze alloy itself exhibits minimum flow temperatures of 1850-
1890° F. In this advanced screening work, both the arc-melted baseline alloy (C2-5)
in powder form and the 2-niil TICUNI foil from WESCO were evaluated. For results
with these strongly hypoeutectic alloys, see Table 13.

Room Temperature Shear Strength Determinations (Correlations with Braze
Ductility and Toughness). Room-temperature, single-lap shear strength tests were
conducted to advance braze screening into the areas of relative mechanical strengths
and ductilitlea (Tables 12 and 13). Single-lap tensile-shear specimens were fabr i-
cated with the principal process variables of braze loading and braze process time
(Fig. 3 and Section III). Rather heavy conventional-placement braze loads were employed
in the first test group (0. 120-0. 140 gms) resulting in fillet legs typIcally 0.040—0.050—
inch long (Process A). Braze process time was intentionally kept short (—.20 seconds)
to minimize braze dilution and other possible braze/substrate interaction effects. The
employment of heavy braze loads and short prccess times was designed to assess best
the mechanical strengths and ductilities afforded by the essentially unreacted candidate
braze structures. In the second and third test groups , the possibly beneficial aspects
of braze dilution and braze/substrate interaction were emphasized by employing minimal
(order-of-magnitude lower) braze loading, combined with short (20 seconds, Process B)
or long (5 minutes, Process C) bra ze times. This was done to simulate diffusion -
brazing processes. The minimal (conventional) braze loads of 0. 010-0.020 gm are of
the same order as braze loads used with the in-situ placement of WESGO “TICUNI”
braze foil (Table 12) . Fillet legs typIcally (only) 0.005-Inch long were formed with
these minimal braze loads.

Single—lap shear test specimens were fabricated and brazed with test section
configuration per AWS Specification No. C3. 2-63/60. 105 (single exception - Ti-6Al—4V
substrate alloy thickness was 0. 062—inch rather than 0. 125-inch, per sponsor ’s
request). Overlap was controlled at 2—t (0. 125-inch) and faying surface clearance at
0. 002-inch. Strain rate over the shear area was maintained at 1.0 x io’~ in. un .  /inin.
The single-lap tension test not only loads the braze joint progressively in shear, but
exerts a atgntftcant bending or peel moment as well , which results In quite high peel
stresses and surface strains (local; braze fillet region) as the joint rotates. Eccentric
loading of the brazement derives from the fact that the tensile axis are not designed
to be untaxtal (0. 062-inch offset). (Joint rotation becomes Increasingly apparent at
nominal shear stresses �10, 000 pal. Permanent bend -deformation of the substrate
sheet Is obtained at nominal shear stresses ~30 ksi. ) This test then offers an assess-
ment of relative braze ductility and strain accommodation (as well as braze strength)
by measuring the nominal shear stress at which audible fi llet cracking first occurs.
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Ta ble 13
SUMMARY OF SINGLE-LA P SHEA R TESTS (RT) - BASELINE AND STRONGLY

HYPOEUTECTIC BRAZE ALLOYS/AS-BRAZED CONDITION

Substrate Sheet Alloy: Ti-6Al-4V (0. 062-Inch Thick) Duplex Annealed
Lap Joint: 2-t Overlap, 2— mil Faying Surface Clearance

_________ _______________ — 
(I(~() Shear Stres. .nd Fracture Locution

Braze togae Ch.racieri ,tlc Fracture (pal) Fl rpt Audible Crack (put)
Braze Coapo.itkai Ti/Zr Comminutk~~’ Ten1~rraturea 4SF) 

— 
Prooe, ______ ______ Pracsai ______

Alloy No. (WI. ~5) Ratio Ruttii~~~1 soliduu/uqu du./ Flow A B C A B C

C2—5 Ti— 15.OCu—15 . ONI — 3 to 3(+) 1750 34.700(1) 18.900(1)

(Baseline) >1900 36,700(1) 35 490(1) 13.100(1) 29 100w
(TI—Cu— HI) 1850—1890 37.20041) 26.3 o(1~

WESG() TI-l5.OCu-15.ONI - - 1750 - -
TICUNI >1900 36,400(1) 38,000(e)

(Ti-Cu—NI) 1850— 1890 37.60011)(~ 2T.0004~)
Foil (2—mi))

( Baseline)

C2-4 TI-30.OCu - 5 1860 45,30042) 34,8oo(~)
(TI—Cu) 1880 40,900(1) 36,590(5)

___________ 
1940 

________ _______ _______ _______ ________ _______

Ad —S TI-14.OZr--30. OCu 80/20 3 1650 38.20041) 19,70041)
(11— Z r—Cu) 1850 34 ,600(1) 24,000(1)

1870

Ad —S TI—30 .OZr -25. OCu 60/40 3 to 3(+) 1660 30,500(1) 17, 000(1)

(Ti—Zr—Cu ) 1880 26,500(1( 19,6(N)~
1
~

1900

C5—2 Ti—30. OCu- 10.OMn — 3 to 3(+)  1840 44 , 200(1) 24 , 200(1)

(T(—Cu46n1 1880 40,00041) 56,100(1)

1890

ACI—2 TI—42 . OZr—1 6.ONI 50/50 3 to 34+) 1150 36.20041) 24 , 500(1)

(Ti—Zr —Nt) 1910 30, 800(1) 22 .000(i)

1900

C6—2 TI—30.OCu-3. 061 - 4 1650 41,200(1) 24,100(1)
(TI-Cu -Si) 1900 39,590(1) 37,100(1)

1940

(a) Resistanc, to Cru.Id:~~ 
-— ____________________ ________ — 

Process A - Heavy bra ze load (0.220—0. 110 gm);
I Brittle; Wy to crush minoally. time at braze temperature, 20 a.co~~~ .
S Mar~iuslly tOU~~~l modseatuly r..iutani to manual crs.hii~ . Proc.,. B - LI5ht braze load (0. 010-0. 020 $m);
3 TongS; .iroir ly re.leizut to manusi ctushlr~. time at braze temperatur.. 20 seconds.
4 V.ry to~~~; r.qatr.. IrAttal crosideg on the hydraulic pnss. ron... c - Ligig braze load (0.010-0. 020 gm);
S Vary to~~~ and ductile; cannot be cru.h.d. Require. driUhilg or rollir4 to obtaIn braze tons., t ime at brig. t.mperaiur.. S mtnut.a.

~~~~~~~ Locatlo., (I) Brag, fracture
(2) Fracture through braz.-iO,ct.d substrate
(8) Bu.—metaI fracture
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Addi tionally, relative resistance to catastrophic braze crack propagation at progressively
higher stresses (above the stress for first cracking) becomes an indirect measure of
braze toughness. For these reasons, braze fil let size was maintained uniform through
equivalent braze loading; and the fillets were designed fairly large (.—0. 050-inch leg) In
the first test group, Process A, to preserve unreacted cand idate braze structure in the
fillet regions. As the unreacted braze fillet should possess the least hypoeutectic struc-
ture in the finished brazement , the lap-shear test (as described) becomes a stringent
evaluation of the Intrinsic ductility and strength of each candidate braze microstructure.
Inasmuch as first fillet cracking was typically observed anywhere between about one-third
to two-thirds the ultimate stress for brazement (i.e. , braze joint) failu re; and additional
fillet cracking continued from this point on, the large fillets did not actually augment
the effective joint area at the moment of failure over that obtained by the simple over-
lap consideration. This has been verified metallographically by examining fillet
structures of shear specimens pulled only to the point of first audible cracking (Fig. 19
and 20). In spite of eccentric loading, there was not wide scatter noted in stress levels
required to initiate cracking or to cause ultimate joint failure.

As a point of interest, the variable of braze loading was also found to influence
the brazing characteristics of certain candidate braze alloys, some considerably more
than others. With heavy braze loads, the ratio of braze-fillet volume to braze-joint
volume (I. e. , braze material located within the 2—mil gap zone) Is -10/1. With the
light braze loads, which are probably somewhat more typical of actual braze practice,
the same ratio is appreciably smaller, — 10/25. The strong capillary attraction afforded
by the 2-mu gap tends to pull In liquid braze material , often as rapdily as It is formed,
during braze heating above the solidus. Consequently, with light braze loads and
moderate to strongly hypoentectic braze alloys, significant liquid braze can be extracted
(isolated ) from the total br aze load upon attainment of the solidus temperature, effect-
ively disrupting the desired equilibrium between solid and liquid braze fractions in the
fillet regions. The frequent end result is moderate to heavy residues of unmelted braze
material at the normal liquidus temperature. Good examples are alloys with wide
temperature interval between solidus and liquidus , such as AC1-4, AC1-8, AC1-2 and
AC5-13. (With heavy braze loads, the influence of liquid —braze extraction upon solid —
liquid equilibrium and effective liquidus temperature in the fillet region is logically not
nearly so serious, because of the higher braze volume ratios mentioned. ) Fortunately ,
it was found that certain hypoeutectf c braze alloy s (even with wide solidus/liquidus
spreads) do braze consistently well, leaving no unmelted re8tdues with light braze
loading . The most reasonable ex,lanatton for this preferred behavior Is that braze flow
(into the joint capillary) is deferred until attainment of the liquidus temperature, possibly
by the stronger capi llary attr action of the braze alloy ’s own pro-eutectic solids. Good
examples are AC 1—2 0, Ad -il, AC1-24 and AC5-16 (Fig. 18). All of the 12 candidate braze
alloys selected from the subject advanced screening studies for Phase II optimization
work were shown to possess good to excellent brazing characteristics , even with light
braze loads.
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Condition: a) Loaded in shear to first audible crack (20,000 psi).
b) Loading increased to 26,000 psi (seven additional

audible cracks-) ; held 2 mInutes under stress.
C) Unloaded; sectioned for metallography.

Note that ~re-fallure) braze cracking is restricted to
the fillet region and edge of faythg surface jo int.
Cracks are apparently arrested by the substrate BAZ,
(Ti-6A1-4V) which shows no evidence of beta enibrittlement.

Figure 19. Mieroatructures of Braze Fillet Region; Single—Lap
Shear Specimen Bra zement , Braze Alloy AC5-21
(Ti —4OZr-l6Ni-4Cu : 1770°F , 20 Seconds)
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Note: Shear loaded to 25, 500 psi without failure or crackin g
in faying-surface region. First audible cracking (fi llet
region) at 17, 500 psi. Tt-6A 1-4V subst rate has retained
the typical duplex annealed inicrostru ctu re ; no evidence

• of beta embrittlement. Braze eutectic structure Is
extremely fine .

Figure 20. Microstructures of Single-Lap Shear Specimen Brazement
(Faying Surfac e Regions); Braze Alloy AC5-7 (TI-37. 5Zr-
12.5Nt—12 ~5Cu; 1670°F , 20 Seconds)
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I.

To ascertain the probable maximum shear strengths obtainable from the
candidate braze systems described , some very strongly hypoeutectic braze materials
in these and related systems were also evaluated by lap-shear tensile testing (see
Table 13. Thi s grou p included the TICUNI baseline braze alloy . Their compositions
and mtcrost ructure s were chosen to simulate those developed in candidate alloy braze-
ments due to substrate-braze interaction and dilution effects. Braze tempe r ature s
were in the range of 1850—1950°F .

Pertinent shear-strength data comparisons are as follows (Process A is
discussed first; Tables 12 and 13). It is evident that taken together, the hypoeutectic
braze candidates in the Ti-Zr-Cu system yield nominal shear strengths in the range of
—25, 000-35, 000 psi; those in the Ti—Zr-Cu-Mn, Ti-Zr-Ni and Ti-Zr-Ni-Cu systems,
somewhat higher shear strengths more typically in the range of —30,000—37,000 psI
(Table 12) . (Single exception; Alloy AC5-13 at 25,300 psi.) The maximum strength
values are comparable (all systems; Processes A and B) to the strength ranges
exhibited by the TICUNI baseline braze materials (Table 13). Shear strengths
(Process A) of the 12 candidate braze alloys deemed most promising In the preceding
commentary and rep eated below * are all �30, 000 psi (range of — 3 0 , 000—3 7 , 000 psi),
and were considered sufficiently close to the strength levels of the TICUNI baseline
(-.35,000—37 ,000 psi) and the other strongly hypoeutectlc high—melting-point alloys
studied (typically 35,000-45,000 psi, Table 13) to warrant continued deve lopment
interest. The candidate braze alloys , additionally, braze some 100-200°F below the
minimum braze temperature for TICUNI (1850°F), thus minimizing the likeithood of
Inducing beta enibrittlement and grain coarsening in the Tt-6Al-4V substrate alloy.

Unfortunately , for the candid ate alloys and baseline, there proved to be no
• sensitive , narrow -band , useful.correl atjon between their nominal shear strengths (all

were uniformly high) and commlnution resistance as a measure of toughness (ICR’s
ranged from 2(-) to 3(+); or submarginal to very tough). This was true within each
alloy system and overall (Table 14 and Fig. 21). Similarly , neither the-average stress

* Tentative alloy selections for furthe r screening work In Phase I and Phase if included
the following twelve braze candidates: Alloy numbers AC1-20 , AC1-24 (Ti-Zr-Cu);
AC5—7 , AC5—2 , AC5- 15, AC5-2 1 and AC5—16 (Ti—Zr -Ni—Cu); AC6— l5 , AC6- 16, AC6—
18 and AC6-2 1 (Ti-Zr-Cu-Mn) ; and AC5-18 (TI-Zr-Ni) Table 12). These braze
alloys were felt to offer the best combinations of good to excellent brazing character-
istics (the ftr ~t consideration) , toughness as measured by crushing resistance, and
potential s for mechanic al strength and ductility. Strength and ductility potentLal~
were believed especially good because these moderately hypoeutectlc compositions
possess the lowest levels of major melting-point depressants (Cu, Ni , Mn) and highest
Ti/Zr ratio s capable of providing acceptable braze characteristics (with light or heavy
braze loads). These selections were approved by the sponsor at the completion of
Phase I.
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Table 14
COM PARISON OF NOM INAL RT SHEAR STRENGTH (a), STRESS FOR FIRST

CRACKING (b) , STRESS INTERVAL f(a) MINUS (b) 1, AND COMMINUTION
RESISTANCE FOR TWE LVE PROMISING ALLOYS (PROC ESS A)

((a) - (b)1
(a) (b) Stress Interval

Nominal 5~ear Stress for First Between First Ingot Coxnnilnutlon
Strength (Average) Cracking (Average) Crack and Fracture Resistance (ICR)

Braze Alloy (pal) (pal) (psi) (See Table XII)

C2—5 35,700 16,000 19,700 3to 3 (+)
(baseline)

AC5-16 33,800 17, 500 16,300 3

AC5—18 31,700 15,200 16,500 3

AC 1—20 31,400 14,400 17, 000 3

AC1—24 31,100 17, 900 13, 200 3

AC5—21 32,000 19,100 12,900 2 to 2 (+)

AC5— 15 36,200 16,400 19,800 2

ACS—7 35 , 300 14,800 20,500 2 to 2 (-)

AC5—2 34,500 13,500 21,000 2 to 2 (—)

AC6—15 35,000 11,600 23,400 2 to 2 (—)

AC6—16 33,500 12,600 20,900 2 to 2 (-)

AC6—18 35, 300 13, 800 21, 500 2 to 2 (—)

AC6—21 $1,700 13,100 18,600 2 to 2 (—)

to induce first crack ing nor the average stress Interval between initial fillet crack ing
and ultimate joint failure , taken as a rough measure of the energy necessary to propagate
the Initial subcritical cracks to fracture , showed any logical or useful narrow-band
correlation with comminut ion resistance. (See Table 14 and Fig. -21 .) The lack of
correlation noted may be due to the obvious dissimilarity In strain rate s between the
two tests -- the shear strength tests conducted at a very slow strain rate of 1.0 x
io-3 in. un. 1mm ., requIring several minutes to Induce cracking; contrasted with the
shock loading of the Ingot comminution tests , resulting In crack ing In less than a
second. Consequently, testing for comminutto n resistance (ICR) took on appreciably
greater importance in subsequent Phase fl work , as a more sensitive gage of cast-
structure toughness, I .e., under the condition of high-rate, shock loading. Cast-
structure toughness (ICR ) appeared also to be the property moat needy of improvement
In most of the promising braze candidates (Tables 12 and 13) and this logically
became the primary objective of Phase II, O~*tmIzatIon of Braze Structure (see section
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LEGEND:

•TI-Cu-Ni BASELINE

is O TI-Zp-NI-Cu SYSTEM
S TI-Zr-NI SYSTEM
OTI- Zr-Cu SYSTEM

13 - OTI-Zr-Cu-Mn SYSTEM

(+) 2 (+) 3 (+)
INGOT CO M MINUTION RATING (ICR)

Figure 21. Variation in Shear Stress Parameters With
Ingot Comminut ton Resistance (ICR)
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entitled “Braze Optimization Studies (Phase II)”, page 72). Braze ductility and strain
accommodation, as gaged by stress to cause first cracking, etc. , proved similar for
all promising candidates to the baseline and were therefore secondary objectives
(FIg. 21).

In a standard brazement shear test using more rigid 0. 125-inch thick sheet (per
AWS Specification No. C3. 2-63/60.105) rathe r than 0. 062-inch sheet (as In the subject
tests), true shear strengths might well prove higher. Joint failu re by shear in the
subject tests was felt to be premature, due to the unavoidable eccentricity of j oint load-
ing and the resultant (and very obvious) joint rotation at shear stresses �10, 000 psI.
Sheet bending, principally adjacent to both braze fillets , was on the order of —15 to 20
degrees from the tensile axis (100% elastic deformation) at nominal shear stresses of
15, 000-25,000 psi; and ‘-25 to 35 degrees (5-15 degrees permanent deformation , balance
elastic) at applied shear stresses of 30,000-40,000 psi. Surface strains were undoubt-
edly very high In the braze fillet, as evidenced by audible and visible initial fillet
cracking at stresses from —.1/3 to 2/3 the fracture stress (Fig. 19). Consequently,
braze ductility and related abilityof the braze fillet region to deform plastically and
thereby accommodate high surface strains become of prime Impo rtan ce to avoid pre—
mature braze cracking and failure. (For this reason, the subject eccentrically loaded
shear specimen was preferred for determining relative braze ductility in the advanced
braze screening work. ) Weakly hypoeutecttc (i. e., near eutectic) braze alloys, which
can be assumed to possess the least developed proeutectic beta-solid-solution networks,
show the lowest stresses for initial cracking. They are therefore the least ductile.
Typical are alloy numbers A2-4 (9,600 psi) and Ad -b (9,400 psi) (Table 12).
Fortunately, the better hypoeutectic alloys commented upon earlier* all exhibit much
higher stresses for initial cracking (e.g. , -.13,000-21,000 psI, heavy braze loading)
(see Table 14). With minimal braze loads and associated dilution effects, stresses
for initial cracking were very frequently increased (typical Increase of from 3,000 to
10,000 psi) (Table 12 and 13).

In contrast , minimal braze loading (short- or long-braze times) did not induce
any major improvemen t in ultimate shear strength for the great majority of braze
candidates. (This refers to Process B and C.) However, the potential for improve-
ment with proper controls undoubtedly exists and Is displayed by the two chief exceptions,
recorded in Table 12, viz., the near -eutectic Ti-Zr-Cu alloy Ad -b and the moderately
hypoeutectic Ti-Zr-Ni-Cu alloy AC5-16. With AC1-lO alloy, minimal loading (Process
B) increased the stress for first cracking from 9,400 psi to 13,200 psi; and the ultimate
shear strength from 16,800 pet to 27 ,600 psi. These improved levels now approach
those of the better hypoeutectlc Ti-Zr-Cu alloys such as AC1-20 and AC1-24 (Process
A). With AC5-16 alloy, Process C increased the stress for first cracking from a
maximum of 19,000 po~ to 24,300 psI; and the ultimate shear strength from a maximum

*5~~ foothote, page 59.
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of 34,800 psi to 41,600 psI. These improved levels are now comparable to those of
the best strongly hypoeutectic alloys (Process A; Table 13).

Environmental Conditioning and Elevated-Temperature Strength Tests. The
twelve most promising braze alloy candidates discussed in the preceding section are
characterized in Table 15, in terms of braze system; nominal compositions; solidus,
liquidus and minimum flow temperatures; comminution resistance (ICR) and macro-
hardness. These are the twelve braze alloys evaluated in the subject task for relative
resistances to long—term 100°F salt-spray- ( ASTM Spec. B1117), long-term 800°F
air oxidation, and determination of 800°F shear strengths. The actual effects of long-
term environmental conditioning were assessed by visual examination and RT testin g
of single-lap tensile shear specimens. Tensile shear specimens for these evaluations
were vacuum induction brazed for 20 seconds at minimum flow temperature s (Table
15) , using heavy braze loading (equivalent and comparable to Process A of the
preceding section). The substrate sheet alloy was Ti-6A1-4V.

Brazing character istics of all 12 braze alioys in Table 15 have proven out-
standing , with both rapid heating rates of 100-135°F/minute to the braze temperatu re
(as in standard vacuum induction brazing tests and the subject specimen brazing runs)
and in subsequent vacuum furnace brazing tests, at slower rates of 25-50°F/minute.
Holding times up to 15 minutes at braze temperatures (1650-1750°F) have not resulted
in any apparent grain growth or beta embrittleinent in the Tt-6A1-4V substrate foils.

Table 16 lists the nominal RT shear strengths of the 12 candidate braze designs
followIng 100 hours of 800°F air oxidation and 100 hours of 100°F salt spray, compared
with corresponding stren gths for the as-brazed condition (Process A, preceding section).
The TICUNI baseline was evaluated in foil form , per sponsor requ est.

All braze alloys and lap shear specimen brazements have exhibited extraordinary
resistances to 100°F salt-spray corrosion and 800°F aIr oxidation effects during
programmed long-term environmental conditioning (Table 16). This was as antici-
pated. Retention of RT shear strengths , following both the referenced environm ental
conditioning regimes was excellent for all braze candidates (range of —.30 to 43 ksi),
Table 16.

Candidate brazement shear strengths at RT (Ti-Zr-Cu, Ti-Zr-Nt , and Ti-Zr-
NI-Cu systems), following 100 hours air oxidation exposure at 800°F, typically In-
creased ‘~-5 to 15 percent over the as—brazed strength levels (Fig 22). (The Ti-Zr-
Cu-Mn alloys and the baseline alloy typically showed lesser changes. A- . erage shear
strengths were maintained �30 ksi and �35 kst , respectively. ) Curiously, 100 hours
of 100°F salt spray exposure resulted In about the same ran ge of minor increases in
RT brazement strength for each affected alloy above, in the Ti-Zr-Ni , and Ti-Zr-Ni-
Cu systems. (See Table 16.) AgaIn, the Ti-Zr-Cu-Mn and baseline alloys were not
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Table 16

COM PARATIV E LAP-SHEAR STRENGTH DATA
(As-Brazed Condition vs. Long-’l’~ rm Environmental Exposures)

(Heavy Braze Loading) 2t Overlap, RT Tests

Nomtnal Shear Strengths (kit) IDuplicate Teate J

Alter 100 hrs Alter 100 bra
Braze Compoettice 100°F Salt Spray 800° F
Alloy System (Wi %) As-Brazed (5% NaCI) Air C~cIdstion

AC6— 15 Ti—Zr—Cu—Mn Ti—l8Zr .-3OCu-1OMn 34.7—35.2 32.7—32.8 31.9—32.6
(1710°F

AC6—16 Ti—Zr—Cu—Mn TI—l2Zr—3OCu—lOMn 32.5—34.4 29.5—31.4 32. 3—34.8
(1750° F)

AC6—18 TI— Zr—Cu—Mn Tt—2OZr—2SCu—8.3Mn 34.9—35. 7 30.4—31.4 34.4-35. 5
(1750°F)

AC6—21 TI—Zr—Cu—Mn Tt—2 SZr—2 5Cu—8. 3Mn 30.8—32. a 29. 8—30. 5 31.0—32. 8
(1710°F) -

AC5—15 Ti—Zr—Nt—Cu Tt—31.3Zr—15N1—7Cu 35.5—36 .9 42.0—43.0 40.0—41.4
(1Z~Q-1765°F)

AC5—16 TI—Zr—Nt—Cu Tt—27. 2Zr—15N1—7Cu 32.7—34.8 35.5—36.3 34.5—35.5
(~~~Q—1780 F)

ACS—21 fl—Zr— Nt—Cu T1—4OZr-l6Nt-4Cu 31.5—32. 5 32. 8—33. 6 35.1—36. 5
(fl~~—l770°F)

AC5—7 Ti—Zr—N i—Cu TI—37. 5Zr—12. 5N1—12. 5Cu 34.3—36. 2 38. 1—39.0 39.3—40. 1
(~~~Q—i670°fl

AC5—2 11—Zr—Nt—Cu TI—39.OZr— 15N1-7Cu 34.2—34.8 37.0—38.7 37.1—38. 2
~~~Q-1670°F)

ACS—18 Ti—Zr—Nt Tt—4lZr—18N1 31.0—32.4 33.6—33. 6 34. 2—35.5
(1750°F)

AC1-20 TI—Zr—Cu TI—U. 8Zr-28. OCu 30.4-32. 4 30.9—32. 0 33.1-34.9
(1750°?)

AC1—24 Ti—Zr—Cu 11—20. 7Zr-3lCu 29. 5—32. 7 34. 3—34 .5 35. 5—36.4
(LZIQ-1760°F)

TICuNI 11—Cu—NI fl -lSCu—I5Nt 30.4—37.6 35.6-36. 7 36. 1—36. 1
foil (1550°?)
bu sh es

aibstrats Ailcyt ThOAi-4V (0.062-’*acb thick)
Braze Loedtng: 0.120 to 0. 140 gui

• Commom Brazteg Proosdur.• Process A
(AU Braz. Fractur.i)
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significantly affected (Fig. 22). Largest strength increases and highest RT strengths
(both long-term exposures) were observed for the Ti-Zr-Ni-Cu alloys, especially AC5—
15, (40. 0 to 43. 0 ksl), AC5—7 (38. 1 to 40. 1 ksi) and AC5—2 (37. 0 to 38. 7 ksl). (See
Table 16 and Fig. 22.) (The TICUNI-foil baseline brazements , afte r both 800°F
oxidation and 100° F salt-spray exposures, maintained essentially, equivalent strength
levels with the as-brazed condition (viz., —p36 to 37 ksl). 1 The underlying cause of the
observed minor strength increases may be beta-matrix transformation effects ,
which were studied later (though indirectly) through post-braze thermal treatments in
Phase H. In any event , brazement shear strengths were not adversely affected by long-
term salt spray or 800° F air oxidation.

Of equal importance , none of the cand idate or baseline braze alloys tested have
shown any visible sign of structural deterioration due either to salt-spray exposure or
8000 F oxidation exposure. Surface oxides developed on the braze fillet surface s (800°F)
are very light , uniform , continuous , coherent , and tenaciously adherent (see FIg. 18).
(In all cases , oxidation of braze surfaces was less than substrate alloy oxidation; i.e. ,
Ti-6A1-4V.) Braze fracture surfaces (after test) reve aled no visible sign of internal
oxidation. Braze surf aces after 100° F salt-spray exposure (and test) showed no
evidence of general corrosion * or crevice corrosion , all surfaces retaining the bright
metallic lustre of the as-brazed condition (see Fig. 18). Three other favorable aspects
support the conclusion of general Insensiti vity of these similar-metal braze alloy
design s to long-term environmental expc sure (viz. , 100° F salt spray and 800°F
oxidation):

• No change in the apparent mode or locus of failure (invariably braze-line
fracture)

• Little or no change in first-fillet-cr acking behavior

• No reduction In RT joi nt strength due to exposure .

Elevated temperature brazement strength s were surveyed next . The shear
strength data listed in Table 17 shows the variation in strength between RT and 800°F
test tempe rature s for the 12 most promising braze alloy candidates. (Typical strength
comparisons are illustrated in Figure 22. ) All RT shear strengths (as-brazed
condition ) lie in the range of -.30 to 37 ksi , Inclu ding the TI CUNI foil baseline . Best
strength retention , with the test temperature increased to 800° F , Is exhibited by the
TICUN I baseline and the two Ti-Zr-Cu system alloys, AC1—20 and AC1-24. (Strengths

•Exceptions: Light superficial staining on the fillet are as and environs of brazements
made with the Ti-Zr- Cu alloys , AC1-20 and AC1-24 .
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Table 17

COMPARATIV E LAP-SHEAR STRENGTH DATA
(RT and 800°F)

(Heavy Braze Loading) 2t Overlap

Nominal Shear Strengths (Duplicate Tests)
Braze Composition
Alloy System (wt %) 

— 

RT (ku ) 800°F (ket)

AC6-15 TI—Zr—Cu-Mn Tt-l8Zr—3OCu-lOMn 34. 7—35. 2 27.4-28. 0
(1710°F)

AC6—16 Ti—Zr—Cu-Mn TI-l2Zr—3OCu—lOMn 32. 5-34. 4 28. 7-29.3
(1750°F)

AC6—18 Ti—Zr—Cu—Mn Tt—2OZr-25Cu—8.3Mn 34.9—35.7 24.9—25.7
(1750°F)

AC6—21 Ti-Zr—Cu-Mn Ti-25Zr-25Cu-8. 3Mn 30. 8—32. 5 25. 6-28.7
(1710°F)

AC5-15 Ti—Zr—Nt-Cu Tt—31. 3Zr—15N1—7Cu 35. 5—36.9 24.2—25. 0
(1730—1765°F)

ACS—16 Ti—Zr—Ni—Cu ‘11-27. 2Zr—15N1—7Cu 32.7—34. 8 24.4-25.3
(1ThQ-1780’F)

AC5-’21 TI—Zr—Nt-Cu Tt—4OZr—l6Nt-4Cu 31.5—32.5 22. 8—24. 4
(~~QQ-1770°?)

AC5—7 TI—Zr—Nt—Cu ‘11—37. 5Zr—12. 5N1—12. 5Cu 34.3—36.2 22. 6—22. 8
(~~~9,-1670°F)

AC5—2 TI—Zr—NI—Cu 11-39. OZr—15N1-7Cu 34.2—34. 8 22.5—24.4
(1~~~-1670°F)

AC5—18 Ti—Zr—Ni Tt -4lZr-18N1 - 31. 0-32. 4 23.4—24.1
(1750°?)

AC1—20 TI—Zr—Cu ‘11—28. 8Zr—28. OCu 30.4-32. 4 30. 5—30. 7
(1750°F)

AC1—24 Ti—Zr—Cu 11—20. 7Zr—3lCu 29. 5—32. 7 33.6—33.9
(11j9—1760°F)

TICuNI 11—Cu—Ni Ti—lSCu-l5Ni 36.4—37. 6 32. 7-35.1
foil (1550°?)
bsa.lins

Notes: Common Coedittons: As-brazed (Procsss A)
~~ strats Allay: TI-OAI-4V (0.062-tech thick)
Braze L.oadth: 0.120 to 0.140 gui
(All Bras. Fractures)
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are retained �30 ksl .) With the Ti-Zr-Ni-Cu , Ti-Zr-Ni , and Ti-Zr-Cu-Mn braze
alloys, 800° F shear strengths show moderate reductions to the -22.6 to 29.3 ksi
range.

A typical example of 800° F data is provided by the promising Ti-Zr-Nt-Cu
alloy, AC5—16, which experienced a drop in average shear strength (as-brazed
condition) from 33. 8 ksi (RT) to 24.9 kal (800°F).(see Fig. 22). However , in subsequent
work (see section entitled “Phase III, Braze Characterization”, page 112) it was learned
that 800°F shear strength s for alloy AC5-16 could be maintained ~30 kBi (range of 30-
37 ksi), even after long-term salt-spray and 800°F air-oxidation exposures , merely by
Imposing a post-braze thermal treatment of 1. 0 hour at 1025°F (high vacuum). [This
vacuum thermal treatment was not originally imposed for the express purpose of
improving 800°F strength, but only as a means of de-hydriding specimens afte r ECM
machining. I Therefore, the potential does exist for restoration of 800° F brazement
strengths through post-braze thermal treatment, and the examples of strength reduction
noted above for the as-brazed condition should not be considered irreversible on the

• basis of this screening data. The strong Indication that braze strength can be altered
by short-term thermal treatment suggested also that beta-matrix instability might be
a major determinant of braze toughness and ductility , as well as shear strength. This
possIbility was investigated systematically In Phase II, Braze Optimization (page 71).
Oxidation effects were not particularly suspect for the subject strength reductions at
800°F, because:

• Long-term 800°F air oxidation had no significant effect on braze shear
strength or ductility properties in prior tests at RT, where the embrittling
effects of interstitial-solute contaminants (if present) should have been
most pronounced (Table 16).

• Oxidation effects would be expected to affect adversely all of the composi-
tionally—similar candidate braze alloys; instead, some were affected,
and some not.

It should be remembered that the referenced single-lap shear tests (employed
for screening) do not provide design data for pure shear; in fact , considerable joint
rotation and progressive fillet cracking occur prior to joint failu re in all cases, due to
eccentric loading and high localized surface strains. (For example, at a nominal shear
stress of —30 kai , plastic bend-deformation of the substrate sheet first becomes
evident at and near the base of the lap-fillet, implying local substrate and braze fiber
stress �120 ksi (Ref. 20). For screening purposes, these pre-failu re phenomena are
useful in monitoring and comparing individual braze capabilities for strain accommo-
dation and resistance to peel cracking. However, Joint failures invariably occur by a
combination of peel and shear modes through the braze metal. Therefore, true “shear
strengths” determined under uniaxial loading conditions might be expected to be ranged
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somewhat highe r than the 30—37 ksi (RT) and 23-34 kst (800° F) recorded above.
Reasonable expectations for limiting maximum shear strengths were derived from the
aforementioned work of A. Freedman who conducted uniaxial shear tests on diffusion
brazed Ti-6A1-4V specimens (viz. , —.72 ksi at RT; -.56 ksi at 800° F). [True dIffusion
brazing studies and shear-strength determination under uniaxial loading conditions
were not carried out in the subject work, as this was bey ind the scope of our screening
studies.

Screening Tests With Beta-C Alloy Substrate. A final braze screening test was
the trial application of the 12 candidate braze alloys to make single—lap shear speci-
mens of 0. 062 Inch Beta-C alloy sheet. Brazing characteristics were uniformly
excellent for all 12 braze candidates on Beta-C, with flow temperatures and behavior
essentially identical to those observed with the TI-6A1-4V alloy substrate. Compara-
tive lap-shear strength tests (RT) were conducted using Beta-C sheet specimens, in
both the as-brazed condition and after 100 hours exposure to salt—spray environment.
Shear strengths for the as-brazed condition were in the typical range of 22-29 ksi ,
somewhat lower on average than those recorded for corresponding Ti-6A1-4V shear
specimets (cf. Tables 16 and 18 and Fig. 22). The TICUNI foil baseline also
developed lower shear strength with Beta—C (viz. , 28 ksi versus 37 ksi) . The
anomolous strength increases associated sporadically with long-term salt-spray
conditioning (see preceding section) improved the strengths of certain Ti-Zr-Ni-Cu,
Ti-Zr-Cu and TI-Zr-Cu-Mn alloys -- especially AC5-2 and AC1-24 -- but the overall
range of strengths (21 to 30 ksi) rem ained about the same as before salt-spray con-
ditioning. However, there was one notable high-strength exception, braze number
AC5—16 (35.3 ksl, as—brazed ; 43. 8 ksi, after 100 hours salt spray, 100°F). Thus
AC5-16 alloy proved superior all-around for both Beta-C and T1-6A1-4V substrates.
Also, braze alloys AC6-18, AC5-15, AC5-21, AC1-20 and the TICUNI foil baseline
braze yielded RT shear strengths �27 ksi for both test conditions; i. e., as-brazed and
after 100 hours of 100° F salt spray. These higher—strength braze alloys show most
consistent promise for Beta-C joining.

Metallography failed to reveal any significant structural differences between
the Beta-C brazements and the Ti-6A1-4V brazements tested previously. However,
inasmuch as specimen braze failures for both substrate alloys invariably occurred
through the braze-metal regions (all candidates), subtle differences In the degree of
braze dilution, due to braze/substrate interaction , can logically be considered
responsible for the noted shear strength differences.

Salt-spray conditioning of the Beta-C lap-shear specimens resulted in no
diacsrntbie evidence of general corrosion or crevice corrosion on any candidate
brazement. This was true even for the Ti-Zr-Cu alloys, AC1-20 and AC1-24, which
had shown very light, superficial staining on Ti—6A 1—4V substrates. First-cracking
behaviors (Beta—C specimens) were essentially the same as for corresponding Ti-6A1-

• 4V specimens.
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Table 18

COMPARATiVE LAP-SHEAR STRE NGTH DATA (BE TA-C SUBSTRATE ALLOY)
As-Brazed Condition vs. Long-Term Salt-Spray Exposure

(Heavy Loading; 2t Overlap; RT Test Temperature)
-— 

Nominal Shear Strengths ~(ksI)
(Single Test per Condttion)

System and - ____________________

Braze Braze Temperature As-Brazed After 100 hrs, 100°F
Alloy (°F) Condition Salt Spray

kC6-15 TI-Zr-Cu-Mn 24. 5 24.7
(1710)

AC6— 16 TI—Zr—Cu—Mn 25.2 28. 1
(1750)

AC6-18 Ti-Zr -Cu-Mn 27.2 29.2
(1750)

AC6-2 1 Ti-Zr-Cu-Mn 23. 2 21.4
(1710)

AC5—15 TI—Z r—Nt—Cu 27.5 27.9

(1730—1765)

AC5-16 TI-Zr -Ni—Cu 35.3  43.8
(1750—1780)

AC5—21 Ti—Zr—Nt—Cu 29.4 29.4
(1700— 1770)

AC5-7 Ti-Zr-Nt-Cu 25.3 28. 1
(~~~Q—16 70)

AC5-2 Ti-Zr -NI-Cu 22.6 30.2
(1650—1670)

AC5— 18 Ti —Zr—NI 27.5 23.4
(1750)

AC 1—20 Ti-Zr—Cu 27. 7 27. 0
(1750)

AC1-24 TI-Zr -Cu 21.6 26.2
(1740— 1760)

lICuNI TI-Cu-NI 28. 2 30.8
foIl (1850°F)
baseline

Substrate Alloy: Beta-C (0. 062-inch thick)
• Braze LeadIng: 0. 120-0. 140 gm (Process A)

(All Braze Fractures)
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Metallography and Mtcrohardness Surveys. Microstructural analyses were
conducted principally during Phase II, Braze Optimization Studies and are therefore
discussed under that heading below.

General Comments, End of Phase I

Exploratory alloying studies and selective screening tests had narrowed 300(+)
candidate braze compositions down to the 12 semi-finalIst braze designs listed in
Table 15. These 12 hypoeutectic alloys consistently demonstrated superior conven-
tional brazing characteristics with Ti-6A1-4V and Beta-C substrates (a primary
crIterion), combined with good RT strain accommodation and ductility (measured by
nominal shear stress for first fillet cracking In single-lap tensile shear tests) and
marginal-to--good levels of RT toughness (measured by relative resistance to ingot
comminutlon). (In this context , “good” signifies levels comparable to the TICUNI
baseline alloy. ) All candidate alloys are of similar-metal design, and all displayed
extraordinary resistances to structural deterioration and shear-strength impairment
related to long-term exposures in 100°F salt-spray or 800°F air oxidation. Shear
strength levels of all semi—finalist candidates at 800°F also were fair-to-good,
relative to RT strength levels (and baseline levels). The common characteristic most
needy of improvement or optimization (Phase II) was RT toughness, as gaged by resis-
tance to (hIgh-straIn-rate) ingot comminution . From an overall viewpoint (at this
stage), the two braze alloys with most outstanding promise were AC5-16 (Ti-Zr-Ni-
Cu system) and AC1-20 (Ti-Zr-Cu system).

BRAZE OPTIMIZATION STUDIES (PHASE II)

At the commencement of Phase II work, the twelve semi-final braze alloy
designs (Fig. 1 and Table 15) had passed advanced screening tests, but were not
regarded as finished or optimized braze materials, either as to composition or pro~-
ceasing. The purpose of Phase II was to attempt correction of structural shortcomings
made evident in Phase I work, through minor alioylng variation , alteration in braze
processing, and/or post-braze thermal treatment. Particular emphasis was placed
upon improving cast-structure toughness, as gaged by relative resistance to (high-
strain—rate) ingot comminution , I.e. , “ICR”, see Section 3. As discussed In the
section entItled “Braze Alloy Design and Screening (Phase I)” , page 31, ingot
comminution resistance (RT) was the common candidate property most in need of
enhancement, relative to the TICUNI baseline alloy ; and wa a also, in fact , a more
sensitive gage of cast-structure toughness than the various shear-strength parameters
evaluated in Phase I. Figure 23 illustrates the principal tools involved in manually
determining ingot co~ minutlon resistance of 5 gram arc-melted button ingots.
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Note relative size of 5-gm button
ingot.

0 

. .

.
.

.

Figure 23. Steel Mortar and Pestle Used to Determine ICR

Braze Design Problems and Possible Solutions

In the semi-final alloy designs, princIpal melting point depression Is provided
by the beta-eutectoid-type alloying agents, copper (Cu), nickel (Ni), and manganese
(Mn), used singly or in combination (see basic problem discussion , page 14). In simple
binary combinations with the titanium base, all characteristicafly exhibit both eutectic
and eutectoid formation, with appreciable associated generation of hard intermetallic
compounds (the first structural problem). Primary intermetallics constitute from 23
to 49 percent by volume of the subject braze structures (see section entitled “Post—
Braze Thermal Treatments”, page 76) .

Only minor melting point depression is provided by the beta-isomorphous agent,
zirconium, but this minor contribution appears essential to obtain the total depression
required (I.e. , for brazing �1750° F). However, all of the alloying agents used in this
study (Zr , Cu, Mn, Ni) are strong beta-phase stabilizers; with the total beta stabilization
in each of the 12 subject braze alloys undoubtedly much stronger than in any commercial
beta-stabilized alloy. It might be ideal from a braze ductility-and-toughness viewpoint
If the beta-pJlase could be retained untransformed; but this is not very plausible when
considering adaptability to long-term 800°F servIce. However, It does force consider-
ation of the (optimum) beta-transformatIon process, which constitutes the second
structural problem. Although the beta-transformation characteristics of the subject
alloys are not known, possible products (of an adverse nature) could include transition
or meta-stable structures such as omega phase or autoaged martensite (ci”>, and/or
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near-equilibrIum structures such as fine precipitates of alpha and intermetallic com-
pound(s) in partially transformed beta. (A plausible third structural problem related
to partial beta transformation might be partitioning and concentration of Interstitial-
element contaminants into relatively small volumes of alpha-phase product. ) To
circumvent and/or alleviate these hard, potentially enibrittling structures then was the
main underlying theme of Phase IT (Braze Structure Optimization).

Because of two key observations made early in the microstructural examination
of crushed braze ingot (Phase if), and another earlier macrostructural observation
from Phase I, work was concentrated first upon isothermal aging studies over a range
of temperatures (vIz. 800 to 1400°F) In the proximate vicinity of estimated beta-
eutectoid temperatures of the candidate alloys (see Table 19). The purpose was to
determine post-braze thermal treatments which best promote (tor each alloy) equilibrium
transformation of matrix beta culminating in the softest (and toughest) possible trans-
formation structure. The apparently dominant role of matrix beta in controlling
brazement ductility and “toughness” was inferred from the following three observations.
First, In prior tensile—shear tests of lap—joint brazements (Phase I; RT and 800° F),
initiation and primary propagation of shear cracking invariably occurred within the
microcast (i.e. , as—brazed) braze structures (FIg. 19). Secondary (tributary) cracks
were observed to be arrested by the braze-affected-zone structures (BAZ) for both
program substrate alloys; TI-6Al-4V and Beta-C (Fig. 19 and section entitled “Braze
Alloy Design and Screening (Phase I), page 31). Therefore , it was apparent that the
as—cast braze structures inherently possess the least useful ductilitles and strain-
accommodation capabilities of the three principal structures in each brazement ; viz.
the annealed substrate alloy, the BAZ , and the cast braze structure. A second
important general observation was made early In Phase ii during thorough metallographic
examination of crushed braze ingot (simulating im salve as-brazed structures). It was
that propagation of primary and secondary comminution cracks occurs preponderently
through the (proeutectlc) beta-matrix phases, and not through or along the Intermetallic
networks or their boundaries. In fact, comminution cracks often appeared to be
arrested upon encountering massive intermetallics (see Figs. 24, 25, 25). All of this
suggested that the weakest, most vulnerable structural link (common) In shear fracture
and In coniminutton cracking is the quasi-continuous beta-matrix phase; and optimiza-
tion studies should logically start with attempts to ductilize this structural component.
A third general observation made early In Phase IT was that most as-cast braze struc-
tures are typically quite hard (a. g., Knoop 475-510) and normally prove significantly
harder than most equilibrium-aged braze structures studied (of the same alloy chemis-
try). (Braze alloy hardness also varied markedly with different isotherm al aging
temperatures. ) (Fable 19). Indirectly, this suggested that the te rminal solid-
solution matrix phases have the potential to undergo undesirable modes of beta trans-
formation on solidification and rapid cooling from the brazing (or casting) temperatures
to RT. The capacity for appreciable transformation hardening on holding below estimated
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Alloy AC1-20 (TI-Zr-Cu)

~~~~~~ 
.
~~~~ ~ Matrix phase etches light,

primary Intermetallic dark

_____ 
Etchant: Kroll’s (+)H202

________ _____ 
Magnification: 500X

__________ 

____ 

(See Note Below)

Figure 24. Primary Comminution Crack Surfaces (Edge Mounts) in
As—Cast Braze Alloys

Mloy AC5-16 (Ti~ Z r M ~Cu)

Etchant KroU’s 
~~~ 2°2

#~~S~~ ~~~~
. ~~~~~ ‘. ?

~~ 
•
~~ 

‘1~” ~~ 
Magnification: 500X

~~~~~~~ ‘~~4i ~~~4~~~’ .

~~~ (See Note Below)
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Figure 25. PrImary Comminution Crack Surfaces (Edge Mounts) in
As-Cast Braze Alloys

NOTE: Note that the primary crack surfaces (edges) occur predominately along the
matrix phases (primary Intermetallica remain uncracked). The secondary
comminution crack In Alloy AC5-16 also initiated and propagated within the
matrix phase. The crack skirted nodular intermetallic particles in its path,
and was apparently terminated by one.
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~~~~~~~~~~~~ ~~~~~~~~ Alloy AC6-16 (Ti-Zr—Cu-Mn)
- - 

~~~~~~~~ 
Matrix phase etches dark,

- 
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.
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primary internietallic light

____ Etchant: KroU’s (+)H 0
• ,~ •., 2 2

Magnification: 500X

____ 

(See Note, Page 75)

I. 
~~~~~~~~~~~~~~ _

*

FIgure 26. PrImary Comminution Crack Surfaces (edge Mounts)
in As-Cast Braze Alloys

beta eutectoid temperatures was also strongly Indicated , for certain aging tempera-
ture ranges (Table 19). These corroborative observations all tended to support the
general advisability of controlling beta decomposition processes post brazing and
prior to service.

Post-Braze Thermal Treatments

This work addressed the first and second structural problems described in
the section entitled “Braze Design Problems and Possible Solutions”, page 72. The
critical problem of determining optimum beta-matrix transformations was studied
first. Three different approaches to design of post-braze heat treatment were con-
sidered In Phase II. First, intermediate- to long-term holding at sub-eutectoid
temperatures (directly after brazing and cooling to RT) might be applied to attempt
general coarsening, softening and overaging of autoaged a”, omega or other hypothetical
transition structure, assuming undesirable transition products to be the primary pro-
blem. Matrix transition structures in commercial titanium alloys are often quite
persistent and fine, however, so that even when softening by thermal treatment is
obtained, Improvement In ductility frequently is not a co-result (Ref. 22). A second
approach would attempt to circumvent undesirable transition structures by initially
heating to a beta-solution temperature above the eutectoid, post-brazing, followed by
furnace cooling to and long-term isothermal holding at a select sub-eutectoid tempera-
ture to obtain soft, coarse-structured equilibrium beta-decomposition products. A
ñirther benefit anticipated from beta-solutioning (e.g. , at 14000 F) as in the subject
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work) is the chemical homogenization and stress-relief of the cast beta matrix, to
promote a more uniform beta-transformation structure on isothermal aging. This
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second approach appeared to have advantages , and was the one evaluated In initial
studies (see Isothermal Aging Studies, this section). It was recognized that any
untransformed beta retained after isothermal aging might still have the potential to
transform to undesirable transition structures on subsequent cooling to RT , or later
during periods of elevated temperature service and/or stress. Therefore, the optimum
post-braze thermal treatment might consist of a combination of the second approach
with the first approach.

Precipitation of intermetailic compound(s) can be expected within the matrix
phase during the eutectoid decomposition of beta (as for example, during Isothermal
aging below the eutectoid temperature). If dislocation mobility in the matrix phase is
hampered by a fine , intense dispersion of Intermetallic precipitate, It was reasoned
that a corrective third heat-treatment approach might also prove effective in Improv-
ing matrix ductility. To this end, post-braze cyclic annealing treatments at alternate
temperatures just above and just below each alloy’s eutectoid temperature were
programmed to coalesce and spheroidtze intermetalltc particles, hopefully, to the
degree required to confer improved ductility. Cyclic annealing here would be some-
what analogous to certain spheroidization treatments used commercially to coalesce
carbides in steels (pearlite eutectoid ) or the spheroldization of lamellar cast beryllide
structures in Ti-Zr-Be and Ti-Zr-Nt-Be braze alloys (Refs. 23 and 24). This third
heat-treatment approach addressed both the first and second structural problems
defined in the section entItled “Braze Design Problems and Possible Solutions”, page
72.

Of actual pertinence to program objectives, the resistances to commtnution of
four of the Ti-Zr-Ni-Cu system braze alloys were significantly increased above the as-
cast ratings by isothermal aging in the vicinity of the beta-eutectoid temperatures;
viz. AC5—18 (1050°F), AC5— 16 (1025 and 1050°F), AC5— 15 (1025°F) and AC5—2 1 (1025
and 1050°F). (Details are given under Isothermal Aging Studies, this section. ) All
four alloys were rated “tough; strongly resistant to manual crushing” after isothermal
aging under the above conditions (see Table 19). (Alloys AC5-16 and AC5-18 were
given ICR ratings cl 3(+), post-aging; high levels of toughness equivalent to the C2-5
baseline alloy. ) The best previous ratings for AC5-2 1 and AC5-15 were “marginally
tough ; moderately resistant to manual crushing”. Although these comminution ratings
are based upon semi-quantitative measures of energy input to Initiate ingot cracking,
they have proved to be very reproducible and reliable gages of cast alloy toughness
in the subject screening studies.

Isothermal Aging Studies. The following is a discussion of results obtained using
post-braze Isothermal aging treatments (second approach , described in the preamble
of the section entitled “Post—Braze Thermal Treatments”, page 76) to alter cast micro-
structure in the direction of improved braze ductility and toughness. Arc-melted 5 gm 

-

button ingots of each candidate braze alloy were used to simulate (and isolate) as-brazed
braze structures, and to facilitate both heat—treatment and comminution studies and
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subsequent metallographic examination of braze structures, unaffected by braze/
substrate inte raction. Crushed ingot chunks were examined metallog raphically afte r
comminution testing (both as-cast and after thermal treatment) In an attempt to
correlate microstructural features with both primary (new surface) and secondary
(internal) comminution cracks . Post-braze thermal treatments showing the most
promise , in terms of reduced braze hardness and/or Improved resistance to comminu —
tton were identified . Lap-shear tests of brazernents (RT) were also conducted to
determine the possible beneficial influence of post-braze thermal treatment upon braze
strain-accommodation and strength properties.

Vacuum heat treatment of braze ingot started with common beta-solutioning
at 1400°F, 1/2 hr., followed by furnace hold or cool to a select isothermal aging
temperature in the range, 800 to 1400°F , and then isothermal holding for 24 hours.
Beta decomposition to equilibrium products on isothermal holding below the eutectoid
temperature probably proceeds very sluggishly, and may reasonably require from 2-5
hours for initiation and 10-20 hours for appreciable partial transformation, even at
the equilibrium transformation “nose” temperature (s) (Ref. 10). Because neither the
true eutectold temperatures (estimated range, 910 to 1290°F; Table 19) nor the TTT
transformation “nose” temperatures are known, 25-100° F temperature intervals were
used within the 800-1400° F range in the aging study. It was reasoned that the chances
for omega formation would be minimized by aging at or above 800° F, as would the
chances for martensite formation in the subject, highly-beta-stabilized matrices
(Refs. 10 and 25 and Section 2).

Isothermal aging data are listed in Table 19 and plotted in Figures 27 through
32. AnticIpated patterns of mlcrohardness versus aging temperature were obtained
for the Ti—Zr—Cu-Mn series alloys (AC6— 15 , -16, -18, —21; Figs. 27 and 28). Hard-
ness minimums (range of 434—451 Knoop; significantly below as—cast hardness levels)
were obtained by aging at 1025°F, just below estimated beta eutectold temperatures.
Metallography did not reveal any specific structural basis for the noted softening, but
it Is assumed due to extensive equilibrium transformation of beta matrix , under
conditions~wh1ch induce thermal overaging and avoid hard , undesirable transition
products. Hardnesses typically rise steeply on either side of the hardness minimum
for each alloy, presumably due to more intense and stable aging effects (lower aging
temperatures) and reformation of hard transition products on cooling (higher aging
temperatures, above the eutectoid). Generally, the higher the aging temperature In
this latter region , the lower the hardness on cooling, possibly due to increased matrix
enrichment and stabilization of (homogeneous) beta with temperature. (Because of the
rather high alloying levels of Mn , Ni and Cu, all braze alloys are believed to be hyper-
eutectold.) Variation in Ingot comminution rating with aging tempe rature shows• roughly an inverse pattern to that previously described for hardness versus tempera-
tore, particularly in the vicinity of each hardness minimum. That is, the lower the
hardness, the better the resistance to comminutlon, as a general rule. However,
there are some obvious exceptions , and there is obviously only a very broad-band
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relationship between microhardness and comminution rating, probably because all

hardnesses still range quite high . For the TI-Zr-Cu-Mn series alloys , resistance to

comminutlon was not notably improved (over the as-cast ranking) through Isothermal

aging below the eutectoid . In fact , all 4 alloys suffered appreciable losses in
comminution resistance at certain aging temperatures (especially AC6-2 1, see Figs.

27 and 28). Using the criterion of least susceptibility to embrittlement, particularly

at sub-eutectoid temperatures In the vicinity of the maximum service temperature

(�900°F), the alloy AC6-18 appears superior. (The Ti-Zr-Cu-Mn alloys were
particularly attractive because of their excellent brazing characteristics, but because

of their consistently poor to marginal rankings in comminution resistance , they were

dismissed at this point from serious eor.sideration in Phase fl studies.

The braze alloys containing nickel (Ti-Zr-Ni and Ti-Zr-Ni-Cu series; Figs.

29 , 30 and 31) show remarkably similar aging patterns to those containing manganese

(described above). Both nickel and manganese are known capable of promoting hard

transition structures in both Ti and Zr bases , under certain conditions (Refs. 14, 15,

16). Dips In aged hardness representing hardness minimums (Alloys AC5-7 , -15, -18)

or near-minimums (AC5-2 , -15, -21) and corresponding to maximums in comminution

resistance, were noted for the Intermed iate isothermal aging temperatures , 1025-

1050°F. (Aged microhardnesses for these holding temperatures were determined in

the range of 415-459 Knoop for the Ti-Zr-Ni and Ti-Zr-Ni-Cu alloys; again significantly

below as-cast hardness levels. See Figures 29 , 30 and 31.) These aging temperatures

(1025—1050°F) also lie at or j ust below the estim ated beta eutectoid temperatures for
three of the braze alloys; the moderately hypoeutectic AC5-18, AC5-15 and AC5-16;

and the aging patterns for these three alloy s proved similar to the aging patterns for

the fou r Ti-Zr-Cu-Mn alloys discussed previously . The estimated eutectoid tempera-
tu res for the remaining three Ti-Zr-Ni-Cu alloys (the near-eutectic AC5-7 , AC5-2

and AC5—2 1 lie 100°F below those suggested by the aging patte rns (viz. 1025-1050°F) .

Therefore , in these three instances , the estimated (computed) * eutectoid temperatures

are likely —.100°F below true va lues (see Table 19).

Of perhaps greater importance, the resistance to comminution of four of the

above nickel-containing braze alloys were significantly enhanced above the as-cast
ratings by isothermal aging; viz, the moderately hypoeutectic AC5-18 (1050°F), AC5-16

(1025 and 1050°F) and AC5— 15 (1025°F); and the near eutectic AC5-21 (1025 and 1050°F)

(Figs. 29 and 30). All four alloys were rated “tough ; strongly resistant to manual

*A rough estimate of each alloy’s eutectold temperature was computed by subtracting

weighted decrements in beta transus temperature attributable to each of the three

beta-eutectotd formers (Cu, NI , Mn) from the beta transus temperature for the Ti-Zr

base matrix. The TI/Zr ratio In the beta-matrix phase was assumed equivalent to

that of the alloy Itself .
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crushing” after isothe rmal aging under the above conditions (see Table 19~. Alloys
AC5—16 and AC5-18 were given ICR rankings of 3(+), post-aging; superior levels of
toughness equivalent to the C2—5 baseline alloy (cf Tables 15 and 19). The best pre-
vious ICR ratings for AC5—2 1 and AC5-15 were “marginally tough; moderately resistant
to manual crushing”. Although these comin inutton ratings are based upon semi-
quantitative measures of energy input to Initiate ingot cracking, they have proved to be
very reproducible and reliable gages of cast alloy toughness In screening studies (see
Section III) . A negative aspect which must be cons idered Is the appreciable reduction
in comminutlon resistance noted for certain aging temperatures, (for some alloys)
both above and below estimated beta eutectoid temperatures. Particularly vulnerable
are the weakly hypoeutectlc , near -eutectic alloys , AC5-7 and AC5-2; rated “brittle ”
over a wide range of post-braze aging temperatures (Fig. 31). In contrast, the
moderately hypoeutecttc alloys, AC5-18 and AC5-16, showed very little susceptibility
toward embrittlement due to aging (especially � 900° F); and, in view of their noted
ability to be “toughened” by aging treatm ent, were considered prime candidates for
further structural optimization studies (Phase IT). In a somewhat similar (favored )
category are the structurally intermediate alloys, AC5-15 and AC5-21 (Fig. 31),
although these alloys do experience embrittlement at certain elevated aging tempera-
tures [(900 , 975, 1100°F) and (900, 975, 1000, and 1100°F) resp. 1. Again , the TI—Zr—
Ni-Cu alloy, AC5-16, appeared most promising overall; with the TI-Zr-NI alloy, AC5-
18, a close second.

The two braze alloys containing only copper (beta-eutectold former; TI-Zr-Cu
system) exhibited appreciably lower mlcrohardnesses than those recorded for the
previously discussed alloys (both as-cast and isothermal-aged conditions) (see Fig. 32).
Minimum aged hardnesses (subeutectoid aging) also proved significantly lower than
as-cast hardnesses for both the subject alloys, AC1-20 and AC1-24 [(viz, minimums
of 379 Knoop (900°F) and 375 Knoop (800°F), resp.J. Aged hardnesses obtained for the
(subeutectoid) aging temperature range, 800-1100°F, all lie within the relatively low
and narrow range of 375-413 Knoop. (The absence of hardness peaks and valleys In
the vicinity of the eutectoid temperatures differentiate the subject copper-only alloys
from the preceding ones containing admixtures of nickel or manganese or nickel-only. )
However, there were not corresponding Improvements in comminutlon resistance
recorded at the noted low hardness levels post-aging (Fig. 32). In fact , only alloy
AC1-20 preserved the “tough; strongly resistant to manual crushing” rating after aging
it 975°F and 1025°F, dropping to a “marginally tough” rating for all other aging
temperatures. Alloy AC1-24 dropped to a similar marginal rating for all aging
temperatures. ~Fortunately, like AC5-16 and AC5-18 discussed previously, neither
AC1-20 nor AC1-24 showed any notable tendency toward serious embrittlement due to
aging. ) This overall behavior was surpriBing in light of the aforementioned low hard-
ness levels and associated relatively low volume percentages of primary intermnetallics
(viz. 23-29%, see Table 19). CurIously, the highest comminution rating for the Ti-
Zr—Cu alloys coincided with rather high levels of hardness.

87



There appear to be, In the overall scheme, expected general relationships
between microhardness and comminutton resistance as well as between tntermetallic
content and comminution resistance (i .e ., toughness) (Table 19 and Figs. 27—32) .
These relationships, however, are obviously quite broad -band and of limited usefulness.
This broad —band correlation , typical of the data presented , may be due to the fact that
alloy hardnesses , even after preferred aging, are still rather high for engineering
metals, per se. Examination of comminution crack paths in aged (“softened”) ingot
structures show essentially no change in propagation mode; the cracking still occurring
predominantly through the metallic terminal-solution matrix phases, as In the- as-cast
condition .

At this stage of Phase IT, a series of single—lap shear test specimens (Ti—6A 1—
4V; Fig. 3) were vacuum brazed and isothermally aged post-braze for comparison
tensile-shear tests versus the as-brazed condition (cf. Table 20 and Tables 12 and
13; screening test data , Phase I). Test brazements made with the more promising
alloys AC5-15, AC5-16, AC5-21, AC5-18 and AC1-20 were aged and tested. Alloy
AC6-16 was included to represent the TI-Zr-Cu-Mn system. The 1025°F aging treat-
ment was evaluated, inasmuch as it had been associated most commonly with increased
or stabilized comminutlon resistance and/or minimum braze hardness. Nominal shear
stresses at fracture and at the point of first audible braze cracking were compared with
corresponding stress levels for the as-brazed condition (Table 20). In overview, the
Ti-Zr-Ni and TI-Zr-Ni-Cu alloys experienced roughly a 5-10 ksi drop in fracture
stress and a 1-4 ksi drop in minimum stress for first cracking, attributable to 1025° F
aging (AC5—15 , —16 , -18, -21). Although these were rather minor (and largely
insignificant) changes, they are not in the direction hoped for. The TI-Zr-Cu and TI-
Zr-Cu-Mn alloys tested (AC1-20 and AC6-16) did not experience any significant changes
in shear properties due to 1025° F aging. All jo int fractures occurred through braze
metal, as in previous testing. As discussed first in the section entItled “Braze Alloy
Design and Screening (Phase I)”, page 31, shear-strength parameters still were not
showing any improvement of sensitivity relative to high-rate coniminutlon properties.

At this juncture in Phase if work, it was not clear what specific directions
might be most promising, in the areas of post-braze thermal treatment and/or minor
alloying, to develop optimum braze structures. The work to date had shown the
feasibility of obtaining significantly reduced hardnessea and , in some cases, Increased
resistances to comminution through selective heat treatments of as-cast ingot struc-
tures. Undesirable forms of beta-matrix transform ation were suspect for the rather
prevalent marginal toughness and strain accommodation ratings, but the exact
nature(s) of these transformations are undoubtedly subtle, and not apparent from
metallographic examination. (Suspect transformation products Include hard transition
structures; fine , homogeneous precipitation of Intermetallics within the matrix;
possible strong partitioning of Interstitial contaminents, etc.) In this regard , phase
analysts of transformation structures would have been useful in helping select and
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Table 20
COM PARATIV E RT LAP-SHEAR STRENGTH DATA~

1
~

(As-Brazed Condition vs. Post-Braze 1025°F Aging)

Nominal Shear Strengths (kit)

As-Brazed Condition Isothermally Aged, Post-BrazIng12
~

System and Braze
Temperature At First At First

Braze Alloy CF) At Fracture~
3
~ Aud ible Crack At Fr acthre 13

~ Audible Crack

AC6-15 TI-Zr—Cu-Mn 34. 7 11.4
(1710’F) 35. 2 11.8

AC6— 16 Ti—Zr—Cu—M n 32. 5 12.4 34. 8 13.7
(1750’F) 34.4 12.8 36.0 13.6

AC6—18 TI-Zr—Cu-Mn 34.9 13.8
(1750 F) 38.7 13. 7

AC6—21 TI—Zr—Cu—Mn 30.8 12.6
(1710’F) 32.5 13. 5

AC5-15 TI—Zr—NI—Cu 35.5 18.4 25.3 12.3
(Ii~2—1785~F) 36.9 14.4 26.4 12.4

AC5—16 TI—Zr—NI—Cu 32.7 16. 0 28.4 12.4
(IZOQ—1780’F) 34.8 19.0 29.3 13.9

AC5—21 TI—Zr—N I— Cu 31.5 18.2 25. 8 12.9
(3~flQ-177O’F) 32.5 20.0 26. 1 12. 8

AC5—7 TI—Zr—NI— Cu 34.3 15.9
(16~Q—1670 F) 36.2 13.6

AC5-2 Ti-Zr-NI-Cu 34.2 14.0
(1~~Q—1670°F) 34. 8 12.9

ACS—li TI—Zr—NI 81.0 15. 8 23.9 13.3
(1750 F) 32.4 14.6 24.2 14.0

ACI-30 TI—Zr-Cu 30.4 16. 0 29.3 13.4
(17WF) 32.4 12.8 31.0 13.6

AC1—24 TI—Zr—Cu 29.5 19.0
(UjQ—1760’ F) 32.7 16.7

C2-5 Ti-Cu-NI 34.7 18.9
(BaselIne) (18W F) 36.7 13. 1

TICuNI TI-Cu-NI 36.4 36.0
foil (1360’F) 37.6 27.0
bsasllne

Braze LoadIng (0.12 to 0. 14 gms); 2t overlap (0.125 In.); Sub.trst. A1loy~ fl-6A1-4V
(0.062 In. 1k.). (Process A)

~~l400°F, 1/2 hr; FC to 1025°F, 24 hr .; FC to RT (1.0 x 10~~ tort , vac ami).

~~All Braze Frsctures
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tailor most beneficial post-braze thermal treatments and minor alloying changes.
However, rigorous phase analysis was beyond the scope of the subject exploratory
alloying program ; and, therefore , optimIzation studies continued on an iterative
basis in Phase II.

Metallographic examination did reveal the following pertinent structural
inform ation on the more promising braze alloys.

The moderately hyporeutectic TI-Zr-Ni—Cu alloys, AC5-15 and AC5-16,
are characterized by moderate levels of (ostensibly) a single primary
intermetallic (33% and 31% vol. , respectively), which exhibits typically
nodular , round-edged particle shapes (Fig. 33). The as-cast and etched
matrix phases contain fine precipitates; which , on subsequent aging
(softening) at 1025°F , tend to coalesce into more visible, spheroidal
shapes (Fig. 34). These “globules” etch similarly to the primary inter-
metallic.

The moderately hypoeutectic TI-Zr-Ni and TI-Zr-Ni-Cu alloys, AC5-18
and AC5-21, with higher NI and lower Cu contents than the above, have
considerably higher levels of primary inte rmetallics (45% and 37%, vol. ,
respectively), but these intermetallics also exhibit rather rounded,
nodular shapes. In the as-cast condition, two different-etching inter-
metallics are evident (dark and light) (Fig. 35 and 36). On subsequent
aging at 1025° F, matrix softening is accompanied by coalescence and
spheroidization of matrix precipitates, apparently identical to the light-
etching primary intermetallic (as described above) (FIg. 37 and 38).
The proportion of dark-etching primary Intermetallic also decreases
noticeably during 1025°F agIng. On isothermal aging at 1200°F, above
the eutectoid temperatures, the trend toward edge—rounding coalescence,
and nodularizatlon of all intermetallics becomes very discernible (Fig. 39).

The weakly hypoeutectic (near-eutectic) TI-Zr-Ni-Cu alloys (viz. , AC5-
2 and AC5-7) are also characterized by high levels of primary inter-
metallics (42% and 38% vol. , respectively) but of a much finer texture
and morphology than AC5-18 and AC5-21. (See the fine , la~nellar, as-
cast structure of AC5—7; Fig. 40. ) On subsequent aging at 1025°F, braze
softening is again accompanied by visible trends toward coalescence and
apheroidizatlon of formerly lamellar intermetallics (Fig. 41). These two
alloys have low brazing temperatures, but are not promising from the
standpoint of toughness (FIg. 31).
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Figure 35. Mtcrostructurea of Alloy AC5-21 (TI-Zr-Ni-Cu)
(As—Cast vs. 1025°F and 1200° F Aging)
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Figure 36. Microstru ctures of Alloy AC5- 18 (TI- Zr —NI)
(As-Cast vs. 1025°F AgIng)
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J Figure 38. Microstructures of Alloy AC5-18. (Ti-Zr—NI)
(As-Cast vs. 1025°F Aging)
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(As-Cast vs. 1025°F Aging)
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Figure 41. Microstructures of Alloy AC5—7 (TI-Zr-Ni-Cu)
(As-Cast vs. 1025°F Aging)

The moderately hypoeutectlc TI-Zr-Cu alloys, AC1-20 and AC1-24,
have somewhat similar cast structures to AC5-15 and AC5-16, except
that there appear to be two primary tntermetallics (light awl dark
etching), and there is no discernible precipitation In the as-cast (or aged)
matrix phases. Primary intermetallic levels are 29% and 23% vol. ,
respectively; the lowest of all 12 braze candidates (Fig. 42). There
appears to be little tendency toward change of primary intermetallic
particle shape, etching characteristic, or dendritic pattern associated
with isothermal aging (cf. Figs. 42 , 43 and 44).

Cyclic Annealing Studies. The following is a discussion of results obtained using
post—braze cyclic annealing treatments (third approach , described above in the pre-
amble of the section entitled “Post-Braze Thermal Treatments”, page 76) to alter cast
microstructure in the direction of Improved braze ductility and toughness. Arc-melted
5 gin button ingots of each candidate braze alloy were used to simulate (and isolate) as-
brazed braze structures, and to facilitate both heat-treatment and comminutlon studies
and subsequent metallographic examination of braze structures, unaffected by braze!
substrate interaction. Crushed ingot chunks after comminutlon testing were exam ined
inetallographically (both as-cast and after thermal treatment) in an attempt to correlate
microetructural features with both primary (new surface) and secondary (Internal)
comminutlon cracks. In order to keep the number of program tests manageable for
the various optimization procedures, work was concentrated on those candidate braze
alloys in each alloy system which appeared to p s  seas best inherent potential for high
toughness and strain-accommodation, and,/or which have responded most favorably
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Figure 44. Microstructures of Alloy AC 1-20 (TI-Zr-Cu)
(As—Cast vs. 1025°F and 1200°F Aging)

to post-braze thermal treatment in prior study (I. e., Isothermal aging). The candidate
braze alloys examined were the four which showed most promise for Improved tough-
ness in Isothermal aging studies (viz. AC5-15, AC5-16 and AC5-21 (TI-Zr-Ni-Cu
system) and AC5-18 (TI-Zr-Ni system)], the best of the lower-melting-temperature
braze alloys [viz, the near-eutectic AC5—2 (Ti-Zr-Ni-Cu system)], and the most
consistent high-toughness alloy in the low-hardness TI-Zr-Cu system (viz. AC1-20).
Estimated beta eutectold temperatures are AC5-15 (1025°F); AC5-16 (1070°F); AC5_2 1
(—.1050°F revised); AC5— 18 (1030°F); AC5—2 (-.1025°F revised); and AC1—20 (1185°F)
(Table 19). Consequently, experimental cyclic annealing studies were conducted
between the temperature limits of 1000°F (common minimum temperature) and 1100-
1200°F (maxImum temperature range). (See treatment schedu le below) . Vacuum heat
treathient of braze ingot started with common beta-solutioning at 1400° F, 1!2 hour ,
followed by furnace cooling to one of the three different cyclic annealing schedules
tabulated below:

Schedule “A” 1100°F, 16 hours , FC to
(1100°F * 1000°F) 1000°F, 1 hour , FH to

1100° F, 1 hour , FC to
1000° F, 1 hour, FH to
1100° F, 1 hour , PC to
1000°F, 1 hour , FH to
1100°F, 1 hour , FC to
1000° F, 16 hours, FC to RT

Ii 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



• Schedule “B” 1200° F, 16 hours , FC to
(1200°F ~ 1000° F) 1000°F, 1 hour , FH to

1200° F, Ihour , FC to
1000° F, 1 hour , FH to
1200° F, 1 hou r , FC to
1000° F, 1 hour , FH to
1200°F, 1 hour , FC to
1000° F, 16 hours , FC to RT

• Schedule °C” 1150°F, 16 hours , FC to
(1150°F ~~ 1000°F) 1000°F, 1 hour. FH to

1150°F, 1 hour , FC to
1000°F, 1 hour , FL! to
1150°F, 1 hour , FC to
1000° F, 1 hour, Fl-I to
1150°F, 1 hour , FC to
1000°F, 16 hours , FC to RT

Schedule “D” indicates beta-solutloning treatment only (I. e. , 1400°F, 1/2 hour ,
FC to RT) . The objectives of cyclic annealing were to promote and accelerate the
coalescence and spheroldization of intermetallic precipitates through repeated employ-
ment of the energy of eutectoid reaction (Refs. 23 and 24). Although coalescence and
spheroidiz ation of intermetallic precipitates was observed to occur (especially with
Schedule “C” , 1150°F-1000°F), none of the cyclic annealed ingots showed improvement
in resistance to comminutlon over the respective as—cast ingot structures. In fact , In
all instances but three , the cyclic annealed Ingots suffered decreased resistance to
comminution (see Table 21). The generally superior alloy, AC5-16 , and the low-
hardness alloy, AC1-20, suffered the least serious impai rment to comminutlon resistance,
awl maintained ICR rankings of 2 or better throughout this cyclic-annealing work.

Metallographic examination of cyclic-annealed and crushed AC5-16 ingot chunks
have revealed the following relationships among microstructure, microhardness and
comminu tlon resi8tance. (AC5-16 Is felt to be the most promising candidate braze over-
all, based upon prior work.) The microstructu res of Schedule B (1200°F~~ 1000°F);
Fig. 45) , Schedule D (1400°F; Fig. 46) and the as—cast condition (FIg. 33) all show a
fairly uniform dispersion of the fine intermetallic precipitate within the matrix phase;
typical of homogeneous nucleation of precipitate following beta -solutioning at a tempera-
ture well above the estimated eutectold temperature (1070°F). The as-cast structure
of AC5-16 possesses the highest rating for comminution resistance among these three
conditions (viz. ,  3 rating versus 2), In spite of somewhat greater hardness (4~1 Knoop
versus 430/422 Knoop; Table 21). As expected , the lower beta-solutloning temperatures
employed in the cyclic annealing study promoted discernible coalescence (growth and

• spheroidization~ of structurally stable intermetallic precipitates. A rough estimate of
stable intermetallic-particle growth can be given in terms of the change in size range
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Table 21

INGOT COMMINUTION RATINGS FOR CYCLIC ANNEALE D
VERSUS AS-CAST STRUCTURES

Ingot Comminu ti on ~~~~~~~~

Bra ze Alloy As-Cast Schedule A Schedule B Schedule C Schedule 0

AC5—15 2 1(+) 20~
) 2~~ 2(— )

AC5— 16 3 2 2 2(’) 2
(48 )C (430)C (442) C (453)C (430)C

AC5—21 2 to 2(+) 1 2(b ) 1(+) 1

ACS— iS 3 2 1 1 1

AC5— 2 2 to 2(—) 1 1 1 1

AC 1—2 0 3 2 2 2 2

(a)
~~~1~~ to Crus hing
(1) Br ittle; easy to crush manually.
(2) Marginally tough ; moderately resistant to manual crushi ng,
(3) Tough; 8trongly res istant to manual crus hing.
(4) Ve ry toug h; requires init ial crush ing on the hydrau lic press .
(5) Very tough and ductile; cannot be crushed. Requires drill ing or

rolling to obtain braze forms,

~~No change in comminution ratin g over as—cast condition.

(C)
Knoup mfcrohard ness numbe r (500 gm) .

p.
S

- Schedule B
- 

‘ 

- 
Etchant: Kroll ’s (+~ H202

-

. 

Magnification: 1200X

a

Figure 45. Microstructure of Alloy AC5-16 (Ti-Zr-Ni-Cu) Cyclic
Annealed Between 1200°F and 1000°F (Schedule B)
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Schedule D
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Figure 46. Microstructure of Alloy AC5—16 (Ti-Zr-Ni-Cu) Beta-Solutioned
At 1400°F, 1/2 Hour , FC to RT (Schedule D)

of discernIble particles; for the as—cast condition (--0. 08—0.2/ 1) and following Schedule
“C” (—0. 2—1. 1/1). This effect was most pronounced with Schedule “C” (1150 ~~ 1000°F;
Fig. 47 and 48); and to a slightly lesser extent, Schedule “A” (1100°F ~~ 1000°F; Fig.
49). The degree of precipitate coalescence and spheroidizatlon (or nodularization)
noted here is similar to that obtained in prior work involving Isothermal aging of AC5-
16 at 1025° F (see Fig. 34). [This is an Important comparison because the 1025°F
isothermal age has developed the highest comminution resistance noted for AC5-16;
viz. 3+.] The mlcrohardness levels of these three spheroidized structures are also
fairly similar (vIz. , 453 Knoop for Schedule “C”; 430 Knoop for Schedule “A”; and 444
Knoop for 1025°F Isothermal aging). However in spite of these proximato similarities
in hardness and apparent structure, comminution ratings (ICR) are markedly different
(vIz. 3+ rating for 1025°F isothermal aging versus only 2+ for Schedule “C” and only
2 for Schedule “A”) (see Tables 19 and 21). Very probably, then, the apheroidized
intermetafltca In the 1025° F aged structure are only coincidental, and are not primarily
responsible for its superior comminution rating. Comminution cracks for all cyclic
annealed conditions invariably propagate through the matrix (terminal-solid-solution)
phase and interinetalllc parliculates are almost never cracked, as were the cases
noted previously for the as-cast condition and isothermally aged conditions in earlier
work. [See Figs. 25, 48, 50 and 51 which illustrate typical crack-propagation paths.
Consequently, it is felt that the above observations constitute further supportive
evidence Indicting the structure axxl heat-treat condition of the beta-matrix phase as
the principal determinants of comminution resistance (I.e. , of braze toughness, per
se). Phase analysis of beta transformation structures is again Indicated as the most
logical prerequisite for efficiently selecting and tailoring post-braze thermal treatments
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Figure 47. Microstructure of Alloy AC5-16 (Ti—Zr-Ni —Cu) Cyclic Annealed
Between 1150°F and 1000°F (Schedule C)
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Figure 48. Microstructure of AUoy AC5-16 (Ti-Zr-NI-Cu) Showing Secondary
Comminution Cracks; Cyclic Annealed Between 1150°F and 1000°F
(Schedule C)
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Figure 49. Microstructure of Alloy AC5—16 (Ti—Zr-Ni-Cu) Cyclic
Annealed Between 1100°F and 1000°F (Schedule A)
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Figure 50. Microstructure of Alloy AC5-16 (Ti-Zr-Ni-Cu) Showing Secondary
Comminution Crack; Cyclic Annealed Between 1100°F and 1000°F
(Schedule A)
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Figure 51. Microstructure of Alloy AC5-16 (Ti-Zr-Ni-Cu) Showing
Secondary Comminutlon Crack; Cyclic Annealed Between
1200°F and 1000°F (Schedule B)

most beneficial to braze toughness. However, in-depth phase analysis is beyond the
scope of the subject exploratory alloying program (Section I).

Coalescence and spheroidlzatlon of the Intermetallic precipitates has been
demonstrated feasible through cyclic annealing. However, Inasmuch as these
structural changes have not been associated with any corresponding Improvement in
ingot comminution resistance, no further study of internietallic coalescence and
spheroidization was conducted in Phase IL.

Rare-Earth-Metal Scavenging

Final studies in Phase II (Braze Optimization) were concentrated on minor
rare-earth (RE) metal additions made to melt charges of select candidate alloys, in
an effort to scavenge possibiy excessive interstitial element solutes (0, N, C) down
to very low levels. (This approach was chosen to address the third and last structural
problem cited in the section entitled “Braze Design Problems and Possible Solutions”,
page 72. ) The rare-earth (and rare-earth-like) metals adopted for this study include
representatives of both the yttrium subgroup (viz, yttrium and gadolinium), the
cerium subgroup (viz, cerium, lanthanum and neodymium) as well as scandium
(Ref. 26). The above rare earth metals are attractive as scavening agents due to the
very high free energies of formation of their extraordinarily stable oxides, nitrides
and carbides; and they are frequently employed in the melting practices of specialty

103



steels and superalloys and (occasionally ) titanium alloys (Ref. 27 and 28). in fact ,
rare-earth metals ~are just about the only reactive agents capable of scavenging inter-
stit ial contaminants from Ti and Zr alloys (see below).

The best rationale for RE scavenging can be made for oxygen removal.
Figure 52 Is a plot of the free-energies of formation of various oxygen solution s in
liquid Ti, TI-5OZ r , and Zr metals (1600°F), relative to the free energies of formation
of different rare-earth oxides (competitors for oxygen with the liquid-metal solutions).
Assuming that R20.3-type oxides are the stable forms and that the Ti-5OZr base
solutions fairly represent the subject braze alloys, one might expect effective oxygen
scavenging with adequate yttrium (Y) additions down to about 200-250 ppm (0), solute
limit at equilibrium , and with adequate cerium (Ce), lanthanum (La), neodymium (Nd),
scandium (Sc), or gadolinium (Gd) additions, down to 50-70 ppm (0), solute limit
(Fig. 52). Driving the interstitial solutes down to such low maximum levels, (actually
levels well below those normally found in commercial titanium alloys) should serve
to neutralize the problem of excessive interstitials , if this is indeed a pertinent
problem.

The key word here is “adequate” rare-earth addition -- too little addition , and
not all the available oxygen in solution can be reacted to form RE oxides for slagging
away; too much addition, and the solid-solubility limits for residual rare-earths In
the braze matrix may be exceeded , resulting in internal (RE/TI , Zr) intermetallic
formatiai and possible furthe r loss of ductility (Ref. 29). In the subject work, maxi-
mum additions of Ce, La, Gd, and Nd have been 0. 8 percent (wt. ) and of Y, 0. 50
percent (wt. ); theoretically adequate to react with —1300-1400 ppm dissolved oxygen ,
but believed low enough to avoid significant intermetallic formation based upon the
binary Ti-RE and Zr-RE data found in Hansen (Ref . 9), Elliott (Ref. 10) and Shunk
(Ref. 11). MInimum RE additions were scheduled from 1-2 orders of magnitude lower
than the maximum additions, in order to better assess the true value of RE scavenging
under conditions where RE lntermetalllcs should definitely not be found.

The following table (Table 22) shows the initial alloying plan for rare-earth
scavenging studies, indicating compositions of the 5.0 gm button tngots which were
planned for melting and comminution testing. The six candidate braze alloys selected
as alloying bases were those believed to possess the best combinations of good to
excellent brazing characteristics, innate resistance to comminution , high lap—shear
strengths and (in 4 cases) most favorable response to post-braze thermal treatment
In prior work (i.e. , repreaent’tlve of each alloy system; viz. TI-Zr-Ni-Cu. TI-Zr-
Ni, and TI-Zr-Cu). (See Table 22; also, cf. selection criteria in the section
entitled “Post-Braze Thermal Treatments”, Cyclic Annealing Studies, page 93. ) The
six base alloys were AC5-16, AC5-18 and AC1-20 (first tier) and AC5-15, AC5-21
and AC5-2 (alternates, or second tier). Braze alloys in the TI-Zr-Cu-Mn system
were omitted because of lowest potentials for comminutlon resistance.
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Tabk 22

INITIA L ALLOYING PLAN FOR RARE-EARTH SCAVENGING

Braze Alloy Bases
Alloy System (Designations) R. E. Additions (Wt. %) - Individual Lanthanides

Ce- La-Nd-Gd (Individual Additions)

Ti—Zr—Ni—Cu (first tier) AC5— 16 10.01—0.091; 0. 10; 0.20; 0.40; 0.80
Ti—Z r—N i AC5— 18 10.01—0.091; 0.10; 0.20; 0.40; 0.80
TI—Zr—Cu AC1-20 [0.01-0.091; 0. 10; 0.20; 0.40; 0. 80

TI—Zr—N i—Cu (second t ier) AC5— 15 10.01-0.091; 0. 10; 0.20; 0.40; 0.80
TI—Zr-Ni-Cu AC5-21 (0.01—0.09 1; 0. 10; 0.20; 0.40; 0.80
Ti—Zr—Ni—Cu AC5—2 10.01-0.091; 0. 10; 0.20; 0.40; 0. 80

Yttrium (Y) — (Individual Additions)

Ti—Zr—Ni-Cu (ftrst tter) AC5—16 10.01—0.091; 0.10; 0.30; 0.50
Ti—Zr-Nt AC5—18 (0.01—0.091; 0. 10; 0.30; 0.50
Ti—Zr—Cu AC 1—20 (0.01—0.09) ; 0.10; 0.30; 0.50

Yttrium (Y) - (Individual Additions)

Ti—Zr—Ni—Cu (second tier) AC5— 15 10.01—0.091; 0.10; 0.30; 0.50
Ti—Zr—NI—Cu AC5—21 [0.01—0.09) ; 0.10; 0.30; 0.50
Ti—Zr—Nt—Cu AC5—2 (0.01—0. 09); 0. 10; 0.30; 0.50

Test data derived from ingot-comminution testing of 5 gm button tngots con-
taining (high-purity) rare—earth metal additions are presented in Tables 23 through
28. Most complete studies were conducted on the first-tier base alloys. Without
exception, there was no improvement noted in comminution resistance (as a measure
of tougimess) attributable to any rare-earth metal addition. Invariably, comminution
resistances were impaired by RE additions (as-cast condition). In some instances,
particularly with cerium additions over a wide range, comminution resistance for
certain first-tier and second-tier braze alloys actually dropped to quite low levels;
but these losses in as-cast toughness typically showed no systematic variation or
correlation with the level of rare~-earth addition (see Table 23 (Ce), Table 24
(La), Table 25 (Nd) , and Table 27 (Cd). I lnasn uch as little or no rare-earth

intermeta,lltc formation should have been obtained with the smallest rare-earth
additions programmed, rare-earth intermetallics were not prime suspects for the
noted instances of embrittlement. Further, application of a “post—braze” (or “post-
casting”) thermal treatment to similar RE containing ingots (in many cases) restored
part to nearly all of the comminution resistance, relative to levels exhibited by the
respective base braze compositions (see Tables 23 through 28). In other cases,
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Table 23

RESULTS OF COMMINUTION STUDIES UPON CERIUM-
MODIFIED BRAZE ALLOYS

Base Braze Alloy Experimental Ii. E. Ingot Comininutlon Ratlng~~
Alloy Designation Admixture Aa-Caa t Cond . “Post-Ca sting ” Thermal

(% W t. ) Treat ment Q~
)

AC5-l 5 AC5- 15; Std. — ( e )  2 8
(Ti -31.3Zr —1 5.O NI-7.O Cu ) AC5— 15; Mod . Al 0.40 Ce 1 1

AC5-15; Mod . A2 0.80 Ce 1 1

ACS-16
(TI -27.2Z r- 15.ONL- 7.O Cu ) AC5—16; Std. —(Baseline) 3 3 (+)

AC5— 16; Mod . AS 0.10 Ce 1 2
AC5-16; Mod . A4 0.20 Ce 2 2 (+)
AC5-16; Mod. Al 0.40 C. 1 2
AC5-16; Mod . A2 0.80 C~ 1 2

AC5-2
(TI -39.OZr- 15.ONI-7.O Cu ) AC5-2; SW. —~~(BaseIlne) 2 2

AC5-2 ; Mod. Al 0.40 Ce 1 1
AC5-2; Mod. A2 0.80 Ce 1 1

AC5-21
(Tl-40.OZr -16.O NI- 4.OCu) AC5-2 1; Sid . ...... (Basellne) 2 3

AC5-2 1; Mod . Al 0.40 Ce 1 2
AC5-21; Mad. A2 0.80 Ce 1 2

AC5-18
(r i —41 .oZr -18.ONI) AC5-18; Std . —(Baseline) 3 3

AC5-18; Mod. AS 0.10 Ce 1 2 (+)
AC5-18; Mod . A4 0.20 Ce 1 2
AC5-18; Mod. Al 0.40 Ce 1 2
AC5-18; Mod. A2 0.80 C. 1 2

AC1-20
(Tt-28.8Zr -28.0~ u) AC1-20; SW. ...... (BaseIine) 3 3

AC1-20; Mod . AS 0.10 Ce 2 2
AC1-20; Mod . A4 0.20 Ce 2 2
AC1-20; Mod. Al 0.40 Ce 2 2
AC1-20; Mod . A2 0.80 C. 2 2

Notee: (a) Resistance to Crushing:

(1) BrIttle ; easy to crush manually.
(2) Marginally tough modsrat.ly resistant to manual crushing.
(3) Tough; strongly resistant to manual crushing.
(4) Very tough; require. Initial crushing on the hydraulic press.
(5) V.ry tough and ~ ictils; ommot be crushed. Requires drilling or rolling to obtain braze f orm..

(b) 14001, 1,l br., FC to 1OWY; hold 24 bra. , FC t0 RT
(Vie.: 1.0 a 10~~ Torr , or better)
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Table 24

RESULTS OF COMMINUTION STUDIES UPON LANTHANUM-
MODIFI ED BRAZE ALLOYS

Ingot Commlnutlon Ratlng(a)
Base Braze Alloy Experimental R. E. ____________ _________________

Alloy Designation Admixhi re As-Ca st Cond. “Post-Casting ” Thermal
_______________________ ________________ 

(% Wt. ) Treatmen tO’)

AC5-16 AC5— 1O; Bid . — (Baseline) 3 3 (+)
(T1—27.2Zr -15.O NI-7.OCU) AC5—16; Mod. C5 0.01 La 2 2 (+)

AC5-16; Mod. CS 0.05 La 1 2 (+)
AC5-16; Mod. CS 0.10 La 2 2
AC5—16; Mod. C4 0.20 La 2 2 (4)
AC5-16; Mod . Cl 0.40 La 2 2 (+)
ACS-16; Mod. C2 0.80 La 2 2 (+)

AC5-18 AC5-18; Bid. — (Baseline) 3 3
(TI -41.OZr -18.ONI) AC5-18; Mod. CS 0.01 La 2 2

AC5-18; Mod . CS 0.05 La 2 2 (+)
AC5-18; Mod. CS 0.10 La 2 2 (— )
AC5— 18; Mod. CS 0.20 La 2 2
AC5-18; Mod. Cl 0.40 La 2 2 (—)
AC5-18; Mod. C2 0.80 La 2 2 (-)

AC1—20 AC1—20; SW. —(Baseline) 3 3
(Tl —28.8Zr-28 .OC u) AC1-20; Mod. C5 0.01 La 2 2

AC1-20; Mod . CS 0.05 La 2 2
AC1-20; Mod . C3 O. IO La 2 2
AC1-20; Mod. C4 0.20 La 2 2
AC1 -20; Mod. Cl 0.40 La 2 2
AC1-20; Mod . C2 0.80 La 2 2

Notes: (a) Resistance to Crushing:

(1) Brltt l ; easy to crush manually.
(2) Marginally tough; moderately resistant to manual crush ing.
(3) Tough; strongly resistant to m*nual crushing.
(4) Very tough; requires Initial crushing on the hydraulic press.
(5) Very tough and àactile; cannot be crushed. Requires drilling or rolling to obtain braze forms.

(b) 14001, 1/2 hr., FC to 1025’F , hold 24 hr .., FC to RT
(Vie.: 1.0 a 10~~ Tor t , or better)

the same thermal treatment further Impaired comminutton resistance or resulted In
no change relative to the original as-cast levels. The thermal treatment employed
was that which showed most consistent promise In prior Isothermal aging studies on
base braze alloys (viz. 1400°F, 1/2 hr. , FC to 1025° F, hold 24 hr s. , FC to RT) .
(See section entitled “Post-Braze Thermal Treatments”, page 76. )

The observed variable and apparently unsystematic Influence of thermal treat-
nient on the levels of conuninution resistance of rare-earth containing alloys is a further
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Table 25

RESULT S OF COMM INUTION STUDIES UPON
NEODYMIUM-MODIFIED BRA ZE ALLOYS

Ingot Comm inut lon Rattng~~
R . E .

Experimental Adm ixture “POst-Casting” ‘~~er mal
Base Bra ze Alloy Alloy Designation (% Wi. ) As-Cast Condition Treatment

ACI46 AC 5—j 8; SW. — (Baseline) 3 3 (+)
(Ti_27. 2Zr —1 5 .O NI — 7.O CU AC5— 16; Mod. 83 0. 10 Nd 2 2 (+)

AC5-18; Mod. B4 0.20 Nd 2 2 (+)
AC5— t6; Mod. 81 0.40 Nd 2 2 (4-)

AC5—16; Mod . 82 0. 80 Nd 2 2 (+~

AC5— 18 AC5— 18; SW. — (Baseltne ) 3 3

(T i—4 1.OZr— 18. ONI ) AC5 — 18 ; Mod . 83 0. 10 Nd 2 2 (+)
AC5- 18; Mod. 84 0.20 Nd 1 2 (+)
AC5— 18; Mod. Bi 0.40 Nd 1 2 (+)
AC5-18; Mod. B2 0. 80 Nd 1 2 (+)

ACl .20 ACl~-2O; Bid. — (BaselIne ) 3 3
(Ti—28. 8Z r-2 8.OC u) AC 1-20; Mod. B3 0. 10 Nd 2 (+) 2

ACI—2 0 ; Mod . 84 0.20 Nd 2 (4-) 2
AC 1—20; Mod. 81 0.40 Nd 2 (+) 2
AC1—2 0; Mod. 82 0.80 Nd 2 (+) 2

Notes; (a) Resistance to Crus hing:

(~
) Brittle; easy to crush manually.

(2) MargInally tough; moderately resistant to manual crushing .
(3) Tough; stro ngly resistant to manual cru shing.
(4) Very tough; requires Init ial crushi ng on the hydraulic press.
(5) Very tough and ductile : cannot be crushed. Requires dri lling or rolling to obtain braze form s .

a)) 1400SF , 1/2 hr. , FC to t025~F, hold 24 hours . PC to WF
(Vac. : 1.0 x ~~~ Tor r , or bette r)

indictment of (postulated) unfavorable modes of beta-matrix transformation as the
probable cause of random cast-structure embrittlenient . Ostensibly, the exploratory
program of rare-earth alloying has aggravated , rathe r than resolved, the problems of
matrix Instability and marginal cast-structure toughness.

For the most part, experimental RE alloying of first-tier alloys adhered
closely to the original alloying plan given in Table 22. Plans to fully explore RE
alloying of second-tie r braz e alloys were cancelled (except for Ce additions) because
of the poor showing with first-tier alloys. The planned evaluation of very low-level
additions of rare earths (I. e. • 0. 01-0. 09% ) was de-emp hasized (except for La at
levels of 0. 01 percen t and 0. 05 percen t and for Gd and Y at the 0. 05 percent level),
because of the minimal scavenging potenti als afforded and because some embrittlenient

I
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Table 26

RESULTS OF COMMINUTION STUDIES UPON
YTTRIUM-MODIFIED BRAZE ALLOYS

Ingot Comm inut lon Ratlng (*)

R E .
Experimental Admixture “POst-Casting” Thermal

Base Bra ze Alloy Alloy Designation (% Wt. ) As-Cast Condition Treatmenta))

AC5—16 A C5—16; SW. — (Baseline ) 3 3 (1)
(Tt—2 7.2Zr—15.ONi — 7.O Cu AC5—16; Mod. 1)4 0.05 Y 2 2

AC5-16; Mod . 1)3 0. 10 Y 2 2
AC5-16; Mod. Dl 0.30 Y 2 2
AC5-16; Mod. 1)2 0. 50 Y 2 2

AC5..18 A C5—18 ; SW. — (Baseline ) 3 3
(T i—41 .OZr— 18.ON I) AC5—18; Mod . 1)4 0.06 Y 2 2

AC5- l8 ; Mod. 1)3 0.10 Y 2 2
AC5— 18; Mod. DI 0.30 Y 2 2
AC5-j 8; Mod . 1)2 0.50 Y 2 2

AC1-20 Act —B) ; sto. — (BaselIne ) 3 3
(11—28. 8Zr —28 . OC u) AC 1—20 Mod. 1)4 0.05 Y 2 1

AC1-20; Mod. 1)3 0. 10 Y 2 1
ACt— B); Mod. DI 0.30 Y 2 2
AC1-20; Mod. 1)2 0.50 Y 2 1

Notes: (a) Resistance to Crushing:

(1) Brittle ; easy to crush manually.
(2) MargI nally tough; mode rately resistant to manual c rushing.
(3) Tough ; strongly resistant to manual cru shing .
(4) Very tough; requires initial crushing on the hyd raulic press.
(5) Very tough and ductile ; ca,’not be crushed. Requires drilling or rolling to obtain bra ze forms.

a)) 1400’F, 1/2 hour, PC to 1025’F , hold 24 hour s, PC to RT
(Vac. : 1.0 a 10~~ Torr , or better)

was Invariably noted even at the 0. 10 percent RE level (Ce, Nd , La, Y, and Gd). In
place of this, It was decided to evaluate the very light rare—earth-like metal,
scandium (Sc). Scandium is the lowest atomic number RE , with atomic radius (1.64 A),
significantly closer to the atomic radii for both TI and Zr base elements (1.47 A and
1.60 A, respectively) than the other rare-earths evaluated (range of 1. 80 A to 1.88 A).
Consequently, much greater matrix solubility was anticipated , for the case of Sc In
the subject braze alloy bases, and correspondingly less probability for rare-earth
inte rmetallic formation than with the other rare-earth additives (based upon Se-TI
and Sc-Zr binary data in Ref. 9, 10 and 11). Because of this favorable relation ,
higher scavenging potentials were evaluated with scandium than in prior RE alloying
work . Scandium additions over the range of 0.30 percent to 2. 00 percent were
programmed (Table 28); levels theoretically adequate to react with from 1600 ppm
to 10,600 ppm dissolved oxygen In the liqu id braze. [Considering the very high puritles
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Table 27

RESULT S OF COMMINUTION STUDIES UPON
GADOLINIUM-MODIFIE D BRA ZE ALLOYS

________________________ — 

Ingot Comminution Ratin g (s)
R. E.

Experimental AdmI xture “Pos t-Casting ” ‘1,~~ermal
Base Bra ze Alloy Alloy Designation (% wt. ) As-Cast Condition Treatment ’

AC5— 16 AC5 —16 ; SW. — (BaselIne) 3 3 (+)
(F i—27 .2Zr —1 5. ONI- 7.O C u AC5-l6; Mod . E4 0. 05 Gd 2 2 (+)

AC5 — l6; Mod . E3 0. 10 Gd 2 2 (+)
AC5—16 ; Mod . El 0.40 Gd 2 2
AC 5—16 ; Mod. E2 0.80 Gd 2 2

AC5 —lS AC5 —18; SW. — (Baseline) 3 3
(T l—41 . O Zr— 18 .O Nt ) AC5— l8; Mod . E4 0.05 Gd 1 2

AC5 —l 8; Mod . E3 0. 10 Gd 2 2
AC5-18; Mod . El 0.40 Gd 1 1
AC5 —l 8; Mod . E2 0. 80 Gd 1 2 (+)

AC1—20 AC 1—20; SW. — (Baseline) 3 3
(Ti -28.8Zr -28 .OC u) AC 1—20 ; Mod . E4 0.05 Gd 2 2

ACI-2 0; Mod . ES 0.10 Gd 2 2
AC 1—20; Mod. El 0.40 Gd 2 2
AC 1—20; Mod. E2 0. 80 Cd 2 2

Notes: (a) Resistance to C nash1ng~
(1) Brittle; easy to crush manually.
(2) Marginally tough; moderately resistant to manual crushi ng.
(3) Tough: stro ngly resistant to manual crush ing.
(4) Very tough; requires Initial crushi ng on the hydraulic press.
(5) Very tough and ductile; cannot be crushed. Requires drilli ng or roll ing to obt a;n bra ze forms .

a)) 1400SF , 1/2 hour , PC to 1025’F , hold 24 hours, FC to RT
(Vac. : 1.0 x ~~~~ Torr . or better)

of elemental melting stocks used in current melting practice (typically � 200 ppm oxygen)
and the TI-gettered-argon melting environment employed , actual levels of dissolved
interstitial-solute contaminants are very probably much lower than 1600 ppm. 1

In spite of the high scavenging potentials availed by scandium , none of the
three first-tier braze alloy bases with Sc additions sh(w ed any improvement in
comminution resistance in the as-cast condition (Table 28). In fact , all Sc-
modified alloys exhibited some degree of toughness loss (typical of the experience
with other RE-containing alloys). Post—casting thermal treatment was not effective
In restoration of coniminutton resistance; in fact , partial restoration was obtained in
one case; no change or fu rther Impairment In othe rs (Table 28). In light of all the
evidence collected on RE alloying, the following tentative conclusions were drawn :
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Table 28

RESULTS OF COMMINUTION STUD IES U PON SCANDIUM-
MODIFIE D BRAZE ALLOYS

ingot Comm inut lon Rating (a)
Base Braze Alloy Rxperlmenta l R. E. 1

Alloy Designation Admixture As-Cast Coed. “Post-Cnat~~~” ‘~,bermal
________________________ ________________ 

(~ 
Wi.) 

_______________ 

Treatment~

AC5-16 AC S—16 ; SW . — ( Baseline) 3 3 (+)
( Tt -27 .2Zr- 15 .ON i—7.OCu) AC5-16; Mod . Gi 0.30 Sc 2 (+) 2

ACS-16; Mod . 02 0.50 Sc 2 2
AC5-16; Mod. G3 1. 00 Sc 2 2
AC5-16; Mod . 04 2. 00 Sc 2 2

AC5-18 AC5-18; Std . —(Baseline) 3 3
(Tl -41. O ZT - 18. O NI) AC5-18; Mod. Gi 0.30 Sc 2 2

AC5-l8; Mod . 02 0.50 Sc 1 2 (+)
AC5-18; Mod. 03 1.00 Sc 2 2
AC5-18; Mod. 04 2. 00 Sc 2 (+) 2 (+)

AC1 -20 AC1-20; SW. —(Baseline) 3 3
(TI—28.8ZT -28 . OCu) AC1-20; Mod. 01 0.30 Sc 2 (+) 2

AC1-20; Mod. 02 0. 50 Sc 2 (+) 2 (+)
AC 1—20; Mod . 03 1.00 Sc 2 (+) 2
AC 1—20; Mod . 04 2.00 Sc 2 (+) 2

Notes: (a) Resistance to Cruahing

(1) Brittle; easy to cru sh manually.
(2) M argInally tough; moderately resIstant to manual crushing.
(3) Tough; strongly resistant to manual crushing.
(4) Very tough; requires Initial crushing on the hydraulic press.
(5) Very tough and ductile; cannot be crushed. Requires drilling or rolling to obtain braze forms .

(b) 1400°F , 1/2 hr. , PC to 1025°F , hold 24 bra. , FC to RT
(Van.: 1.0 x 10~~ Torr , or better)

Intersitital-element contamination Is not likely a significant problem
with the subject braze alloys (current processing) and probably does
not contribute materially to the basic structural problem of marginal
toughness/ductility (current processing).

• Rare-earth metal additions apparently contribute to matrix instability
and act to aggravate problems of marginal toughness/ductility .

• Inasmuch as no benefit to comminutlon resistance (RT toughness)
was realized through Interstitial-contam inant scavenging, no further
study of rare earths or othe r scavenging agents was indicated for
this braze development program.
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General Comments, End of Phase TI

Braze optimization efforts to improve RT comminution resistance (as a measure
of toughness) were concentrated on post-braze Isothermal aging studies, post-braze
cyclic annealing studies, and rare-earth-metal ( Interstitial-solute) scavenging studies.
Cyclic annealing and Interstitial-solute scavenging were found to be generally ineffective
with the 12 semi—final braze candidates. However , specific isothermal aging treat-
ments (sub-eutectold temperatures) were found to significantly enhance RT comminution
resistance of certain TI-Zr-Ni-Cu and TI-Zr-Ni alloys; for two candidate alloys,
ACS—16 and AC5— 18, up to the toughness level of the T1CuNI baseline alloy [viz. ICR
3(+)J (see Figs. 29 and 30). ThIs trend. toward improvement In toughness was believed
to derive from favorable, more equilibrium modes of transformation of beta matrices.
[The Ti-Zr-Cu-Mn system alloys were ultimately dismissed because of invariably
marginal to submarginal ingot comminution resistances. 1 Because all 12 semi-final
braze designs suffered some impairment in comminution resistance (toughness at
high—strain—rates) following certain other isothermal aging treatments (see Figs. 27-
32); the advisability of attempting control of beta-matrix transformation to develop
optimum toughness appeared to be patently obvious. To Implement proper post-braze
thermal treatment(s), a future study of candidate-braze phase transformation(s) was
Indicated and recommended.

From an overall viewpoint, the following three (3) candidate alloys appeared
to possess superior combined potentials for meeting toughness and othe r screening
criteria (Phase I and Phase II) and were recommended as braze finalists for further
characterization in Phase III (Fig. 1 and Table 29) .

Table 29

RECOMMENDED BRAZE FINA LISTS

Ingot Coinminutlon Rating (ICR)

After Preferred
Candidate Alloy Nominal Isothermal Aging

(Finalist) Composition As-Cast (1025’F)

AC5— 16 Ti—27.2Zr —1 5N 1—7Cu 3 S(+)
(TI-Zr-NI-Cu)

AC5—18 TI—4lZr— l8Ni 3 3(~-)

(TI-Zr-NI)

AC I—20 Tl—28. 8Zr—28Cu 3 3
(TI-Zr-Cu)

Note : ICR • 3, signIfies “Tough, strongly resistant to manual crushing”.
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BRAZE CHARACTERIZATION (PHASE III)

In this final phase of work, more stringent assessments were made than before
of the candidate—braze potentials for useful , long-term RT-800°F service under applied
high shear stresses and/or strong peel moments , combined with adverse environmental
conditions (see Section III) . In particular , machined single— lap shear specimens were
tested under stress-rupture conditions at bOO °F (static air) , at graduated shear stresses
�70% of nominal (RT) shear-strength levels, for total elapsed rupture times on the
order of 500 hours. Double-lap braze peel specimens were tested at a slow-strain
rate (RT) to measure relative energy parameters to Initiate and propagate braze-line
peel cracking, and to initiate and propagate BAZ and ultimate substrate-sheet failure
for each candidate-braze finalist. Peel-energy testing also served to rank braze
candidates by the relative energy requirements to induce braze fracture under slow-
strain-rate, for comparison with their corresponding (energy-related) rankings of
Ingot-commthutlon resistance (ICR, or cast-structure toughness), obtained in prior
work at high strain rate. Finally, machined standard-size single-lap tensile-shear
specimens were tested at both RT and 800°F (air), in the as-brazed + dehydrided
condition (baseline) and also following 100-hour environmental conditioning (Section
3) at:

• 100° F, Aqueous salt spray

• 800° F, Moving-air oxidation

• 800°F, Hot—salt accretion in moving air

The three braze finalists recommended In the section entitled “General
Comments, End of Phase III”, page 113, were approved by the sponsor for Phase III
studies. These braze alloys were AC5-16 (Ti-Zr-NI-Cu system), AC5—18 (Ti-Zr-Ni
system) and AC1-20 ( TI-Zr-Cu system), tested versus the baseline alloy, C2-5
(TI -Cu-Ni system) (see Table 15). Original plans for comparison fatigue testing and
flexure-bearn testing were cancelled because of the inadvisability of employing con-
ventional machining techniques (necessary for dimension control) and tI~e related
present Inability to control precision braze specimen dimensions by any other
technique. (Reproducible specimen dimensions and uniform braze contouring were
felt to be much more critical considerations for surface—stress sensitive fatigue
testing and flexure testing than for the simple lap shear tensile specimens tested In
Phases I, II, and III.) (See Section III. ) Very long-term (500—hour) stress—rupture
test regimes were substituted In their place. At sponsor request, all Phase m tests
were conducted with specimens In the as-brazed or as-brazed + dehydrided condition
(Section III) .
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Double-Lap Peel-Energy Tests j )~~~

Because of the program emphasis on relative toughness rankings , the low-
strain-rate peel-energy tests were conducted first. Peel-test data for the as-brazed
condition are tabulated in Table 30, and typical specimen loading versus cumulative
crosshead movement plots are displayed in Figures 53-55. These curves show points
of occurrence of minor braze-line peel cracks (weakly audible, but not readily visible
by eye), major braze-line peel cracks (audible , and readily discernible), the stress
point (A) where the braze—line peel crack invariably terminates and cracking transfers
to the BAZ and substrate sheet, and point (B) where the specimen ultimately fails by
tensile fracture in the substrate sheet. In all test instances , the braze-line peel
cracks propagated about one-quarter the half-inch joint-overlap distance (i.e. , -.0. 12-
0. 14 in. ) before the locus of cracking transfer red to the substrate sheet (i.e. , at Point
A). The energy parameter correlatable with the mechanical energy expended to
initiate and propagate fillet and braze—line peel cracking was taken as the area under
each subject curve from test initiation to point (A). [(See Table 30 under column
(A). I The parameter representing additional energy expended (required) to propagate
BAZ and substrate-sheet cracking to the point of failure was taken as the area under
each subject curve between points (A) and (B). [ See Table 30 under column (B) -

(A). I See Figu re 4 for peel-test specimen confi guration .

The peel-energy data constitutes the strongest identifi cation and endorsement
(In the program ) of the innate high toughness potentials of the candidate TI -Zr  base
alloys. The three braze finalists, and especially alloy AC5-16, show marked
superiority In peel-energy requirements over the C2-5 baseline alloy (see Table 30
and Figs. 53-55). For example, the energy parameters for braze-line peel (Column A)
are about 1. 5 to 2.0 tImes greater for the braze-finalists versus the baseline alloy.
[The same favorable ratios are valid for the total-energy parameter , Column (B). 1
Highest values associated with braze peel were recorded for AC5-18 (40,200 lbs. x
in. x 10—3), contrasted with a top parameter value of only 22 , 800 lbs. x in. x i0~~
for the C2-5 baseline. The superior metallurgical compatibility of the AC5-16 braze
and its associated low-temperature braze processing (1750° F) with the TI-6A1-4V
substrate became evident when comparing the energy parameters for propagation of
BAZ and substrate-sheet fractu re ; Column [(B) - (A)1. Here , the energy parameters
for AC5-16 alloy specimens are consistently about 4.0 times greater In magnitude than
those for the C2-5 baseline. This high and favorable ratio is presumably related to
obvious grain coarsening and beta-embrittlement structures developed within the sub-
strate sheet of baseline specimens by the high braze processing temperature for C2—5
(viz. 1850° F). Note the low energy parameters for C2—5 specimens (4,300 and 5,500
lbs x in. x 1O~~). None of the substrate sheet components comprising the three braze-
flr~ lIst specimens showed any evidence of beta embrittlement or grain coarsening,
again because of the lower (common) braze process temperature of 1750° F. The
energIes expended to propagate substrate—sheet cracking were, in all cases, substan-
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tially greater for the three braze finalists than for the baseline. Highest energy
parameters for substrate fracture were recorded for the all-around superior AC5-16
alloy (vIz. 17,100 and 17,200 lbs x in. x 10~~). (See column [(B) — (A)) ; Table 30.)

Another set of energy comparisons considered auspicious, and indicative of
inherent braze toughness In each braze fInalist is that provided by measuring the energy
parameter for braze-line cracking [Column (A)) against the energy parameter for
substrate-sheet fracture [Column (B) - (A)J . For each braze finalist, appreciably
larger measures of energy are required to initiate and propagate braze-line peel
cracking (ove r an effective joint area about equal to the substrate-sheet cross~section)
than to subsequently propagate substrate-sheet cracking and fracture over the afore-
mentioned substrate cross-sectional area. This relation is also true for the C2—5
baseline alloy; but , as mentioned above, significant impairment of substrate strength
through beta-embrlttlement of the baseline specimens Is also Involved . The best
overall energy comparisons , balanced with high energy levels in all columns (Table 30)
are exhibited by the Ti-Zr-Ni-Cu alloy, AC5-16.

Other common observations made which were gratifying to the concept of
Intrinsic braze toughness are :

• The complete absence of unannounced catastrophic (autogeneous) braze—
line peel failures. (Such failures were common In Solar ’s experience with
Be-containing, Ti-base braze alloys; for example, see Table 1 and Ref. 1).
Evidently the critical crack length along the braze line Is considerably in
excess of 1/4 the overlap distance (i.e. , ~~ 0. 12-0. 14 in.) for all
candidate finalist braze alloys.

• The fact that all peel-energy specimens eventually failed by tensile fracture
through the substrate-sheet component; not by continued braze peel.

• The fact that the three braze alloy finalists, which earlier had exhibited
excellent ingot-comminutlon ratings, also displayed superior resistance
to peel cracking in the subject tests.

Single-Lap Stress—Ruptu re Tests (800° F)

To gage the relative abilities of the three braze finalists and baseline braze
alloy to sustain high-levels of applied stress for long periods of time (up to 500 hours;
under simulated service environment of 800° F static air), the following common
stress-rupture-test regime was devised:
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(1) 25. 0 ksi, nominal shear stress; hold 165 hours;
then increase to

(2) 27. 5 ksl, nominal shear stress; hold 165 hours;
then increase to

(3) 30. 0 ks!, nominal shear stress; hold 150 hours;
then increase toSequential Stress

RegIme (800° F) (4) 32.5 ksi, nominal shear stress; hold 100 hours;
then Increase to

(5) 35.0 ksi , nominal shear stress; hold 100 hours;
then increase to

(6) 37. 5 ksi , nominal shear stress; hold 100 hours ;
then increase to

(7) 40. 0 ksl, nominal shear stress; hold to failure.

Full-sized tensile-shear specimens were employed, in the as-brazed plus
vacuum dehydrided condition (Section III). Gage sections were machined post—braze
by ECM .

ft was demonstrated first that the C2-5 baseline brazements fall typically at high
rupture stresses in the range of 35. 0-40. 0 ksi, when subjected to the above testing
format (i.e., starting at a nominal shear stress of 25.0 ksl, which corresponds to
about 70 percent of average short-term tensile shear strength(s) for both the baseline
and candiuate braze alloys). In fact , nominal tensile-shear strengths (R T-800°F)
for the baseline braze also fall in the typical range 35-40 ksl. Under the above long-
term rupture testing regime, then, the baseline-alloy brazements tended to fal l over
approximately the same range of nominal shear strengths as recorded in prior (short-
term) tensile shear strength tests (RT and 800°F). With the exception of alloy AC5-18,
(see Table 31) the candidate braze finalists (AC5-16 and AC1—20) also exhibited the
same favorable and parallel relation between short-term (tensile) and long-term
(rupture) strengths (viz, common range of 30-35 ksi); again Indicating good potential
for braze strength retention under stringent conditions of long-term, high-stress
service at 800°F (see Section entitled “Braze Optimization Studies (Phase H~, page 71).
However, though the fai lure stresses are similar for the subject tensile-shear and
rupture-shear tests, the locU of ultimate brazement fracture shifted dramatically from
100 percent braze-line fracture (I. e., interface separation; for short-term tensile
shear) to 100 percent BAZ/PM fracture (for long—term stress rupture). (The single
exception noted was Alloy AC5-18, which persisted in 100 percent braze-line fracture
In rupture testing, and displayed extremely short rupture life at 800°F on initial
loading at 25 kal; see Table 31.] The obvious inference can be drawn from these
observations that long-term Isothermal holding at 800° F during rupture testing has
strengthened and toughened the braze structure In the braze overlap regions to the
extent that the locus of ultimate fracture Ii transferred from initial braze cracks to the
parent metal or substrate sheet (PM). This transfer of fracture location under shear
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Table 31

COMPARATIV E DATA: 800°F STRESS-RUPTURE TESTS

Envi ronment : 800° F Air (Static)
Specimen: Single—Lap Tensile Shear (T1-6Al-4V; 2t .Overlap)
Stress Level: Stressed sequentially from a base level of 25. 0 ksl,

nominal shear stress, in stress increments of 2.5
ksi to rupture failure (see holding-time regime below)

Nominal Shear SUe.. Level. (Sequentially Applied ) M Cumulative
Correaponding Holding Time. (Hour.) Holding

thcu. of 1~zn. U*iar Specimen
Teat 25.0 kit 27.5 kit 30.0 kit 32.5 kit 35. 0 ku 37.5 kit 40.0 kit Rupture Rupture Strei~ Width

Numbe r Braze Alloy (hour.) (btaira) (hou ru ) (hour.) (hour.) (hour.) (hour.) Failure (Hour.) (milE

H-i C2—5 165 165 150 100 6(1) -— — BAZ/ 586 481
(h aellne) PMt2

~

R-2 C2—5 165 165 150 100 100 100 ~~~~~~ BAZ/ 680 506
(teMIlne) py,~(2)

H-i AC5- 16 165 165 150 76(1) 
-—- BAZ/ 556 415

R-5 ACS-16 165 165 150 100 4 (1) --- BAZ/ 584 503
PM (2)

11-6 AC1-20 165 165 68(1) -—— --— Braze 398 520
(80%);
then
oppoalti
BAZ/

H-I ACI—2O 165 165 $9(~) _ _
~~- — —— — —— 419 519

It-S ACS—is Ø,4 (~) --- --- -—— --— Braze 0.4 518

1 1 9  ACS-iS 0.4w -—- --- --- --- Braze 0.4 540

failu re at time Indicated .

121Frac~~r. initiation In brag. fillet and BAZ; ultimate failure In adjacent Phi

loading occurred in every instance, even though (prior) braze-fillet cracking due to
joint rotation was invariably involved; and in the case of Alloy AC1-20 test brazements,
50 percent braze-line cracking preceded the transfer (see Table 31). It can be
reasonably assumed that the braze strengthening/toughening Is Induced by braze/sub-
strate Interdlifuelon and/or more favorable braze matrix (beta) transformation in the
narrow-gap (0. 002 In. ) overlap regions. If this assumption is valid, post-braze
diffusion treatments might profitably be employed to enhance braze toughness/strength
for the subject braze alloys in future develoj snent (see also section entItled “Single-
Lap Tensile Shear Thit.”, page 123 for possible confirmation of this assumption). It
should be noted that the nominal rupture stress in the parent metal or substrate sheet
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is exactly double the value of nominal shear stress applied to the braze joint , because
of the 2t overlap relation.

The subject long-term rupture tests performed an important function in ranking
the relative capabilities of the different braze finalist s for sustaining high shear loads
at the maximum design service temperature of 800°F. Duplicate tests were run . As
expected, the C2— 5 baseline braze alloy , with maximum primary terminal solid-solution,
exhibited the best stress-rupture perfo rmance; failing only after cumulative holding
times of 586 and 680 hours , and at final rupture stresses of 35 ksl and 40 ksl,
respectively , see Table 31. Of the braze candidate finalists , the usually superior
AC5-16 braze alloy (Ti-Zr-NI-Cu) proved again to be the best contender; failing in
rupture after 556 and 584 hours, at final rupture stresses of 32. 5 ksi and 35.0 ksi ,
respectively. The Ti-Zr-Cu alloy, AC1-20, provided a respectable second -best
performance; failing in rupture after 398 and 419 hours, (both specimens) at a final
rupture stress of 30 ksl. The above three braze alloys proved themselves capable of
sustaining high shear stresses (�70% of shørt-term shear strength levels) for long
periods of 400 hours or more at S00°F. In contrast, the Ti-Zr-Ni alloy candidate,
AC5-18, was demonstrated to be significantly weaker in stress-rupture at 800°F, (both
specimens) fai ling in only 0.4 hour at 25 ksi (Table 31). As mentioned previously ,
both rupture failures propagated through the braze jo ints, typical of tensile shear
testing. Although not apparently suited to high design levels of shear-stress, the
AC5—18 alloy might still be suitable for low—stress applications to 800°F.

None of the braze alloys tested showed any visible signs of structural deterior-
ation or other adverse reaction with the 800°F air environment , in spite of the high
stresses and long holding times experienced .

Single—Lap Tensile Shear Tests (Environmental Conditioning)

The final braze characterization tests Involved determination of tensile shear
strengths (RT and 800° F) following long-term , harsh environmental conditioning.
Full-size tensile shear specimens were employed, in the brazed plus ECM’d and
vacuum dehydrkled condition (similar to rupture-test specimen preparation). Vacuum
dehydrldlng* following ECM was found to be necessary because of very evident hydrogen
embrittlement of entire specimens occurring during ECM (Section HE). The three
diffe rent environmental conditions applied after specimen preparation were:

• 112 hours, moving-air oxidation at 800°F

• 112 hours, aqueous NaCI salt spray at 100°F (ASTM Spec. B1117)

• 112 hours, moving-air oxidation at 800°F (Joint regions encrusted with
with solid NaC1 salt.

“Vacuum-heat treatment: 1025° F, 1 hour , FC to RT.
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Details of environmental conditioning are described in Section 111.

Baseline tests were conducted first without envIronmental conditioning using
the following braze alloys: C2-5 (baseline) and the three braze candidate finalists
AC5-16 , AC5-l~ and AC1-20 (see Table 32). As mentioned in Section III, control
of gage-section width was difficult with ECM machining, yielding. random widths from
0.415 in. to 0.616 in. , in the subject instance. Fortunately, this variable did not
appear to be significant In tensile-shear testing, with very little data scatter attributable
to specimen-to-specimen width variation (see Table 32). RT shear strengths were
recorded in the rather narrow range of —p34—4 1 ksi , typical of comparable as-brazed
strength levels In prior Phase II screening work. Similarly, the effect of 2 In. versus
4 in. gage length was found to be small or nil, based upon testing in the as-brazed
plu s dehydrided condition (alloys .AC5-16, AC5— 18 and AC1-20; Table 32).
Consequently, all specimens for environmental conditioning were processed with a
2 Inch gage length, bec*use of much better gage width control within each specimen.
Another, and more significant processing variable , was that of hand grinding/polishing
specimen gage widths after dehydriding as one method of obtaining the desired (exact)
specifIcation width (i.e. , 0.500 in. ± 0. 002 in. ). Careful hand grinding/polishing with
120 to 320 mesh metallographic papers had no apparent effect on the strengths of the
C2-5 and AC5-16 alloys, but did drastically reduce the RT shear strengths of alloys
AC5—18 and AC 1—2(1 (levels of 10.6/14. 1 ksi and 12.9/19.9 ksi , respectively; Table
32. As described in Section III , all candidate braze aiioys and the baseline suffered
braze damage due to mechanical machining in early Phase Ill work (hence the subsequent
use of ECM); and the deleterious effects of even hand grinding on AC 1—2 0 and AC5-18
may be an additional aspect of this problem. At any rate , on the basis of these findings ,
the C2-5 baseline braze and the AC5-16 candidate braze alloy were selected for
environmental conditioning studies; and the AC1-20 and AC5-18 alloys were dismissed.

The results of environmental conditioning proved to be very encouraging, for
both the C2-5 baseline and the superior candidate braze, AC5-16. As expected , the
long-term salt spray exposure had no apparent visual effect on the braze specimens
(original surface or fracture surface). The long-term 800° F air exposures (with and
without hot-salt coating) developed a smooth black surface film and a light blue tarnisi
(respectively), but again no evidence of surface cracking or other structural damage.
The advantages of similar-metal braze design were fu rther supported by the RT and
800°F shear data. One can conclude (on reviewing all the data. in Table 32) that
the severe environmental conditions applied resulted in no significant changes in
tensile shear strength levels or in normal failure modes. Shear strength levels
following each of the three conditions simulating harsh service all fall within the range
of —30—38 ksi (AC5—16; RT and 800°F) and 34-42 ksi (C2—5; RT and 800°F). The C2— 5
baseline braze specimens invariably fall in the substrate sheet alloy (PM), after
cracking Initiates in the BAZ of the sheet. This is believed due to beta-embrittlement
of the sheet, occurring at the high 1850°F braze temperature. At room -temperature,
the AC5 -16 brazementa almost always fail along the braze line; but at 800° F there is
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Table 32

COMPARATIVE DATA: TENSILE SHEAR STRENGTH TESTS (RT AND 800° F)

Environment: Static Air (RT and 800° F)
Specimen: Standard size (Ti—6A1-4V ; 2t overlap, 0. 125 In. ) (Fig. 3)~,);test section machined by ECM post-brazing; vacuum

dehydridlng treatment applied after machIning (1025° F, 1
hour, FC to RT). No gage-section hand polishing after
dehydrid ing except as indicated.

o S . r 6 5 . o m  

- -

~~~
Br... At 0’r46Mr. ~ .l) At .9p.ol.tro t3.g. Wid th

T00.prrObtrO I54ic.tod 10~0 ~~~~~r.9,ro ________ ________

F~ Br.oo Alloy Pro-Trot C..olItlo09ng RI 000W RI Lb00~~~~J
5950 C2-5 A) M-br.,Ad (plo. ECM l.oi 40.0w 43.3w 0.610 0.548

(846018w) dohydrld o) 3 9 5 (3) 4I.4~~ 0.512 0.554

(B) Al .10005 . plo. 10-20 .,lI. 37. —— 0.499 -—
h.M p.ll.h. d fl ow .,e,lm,n 38. s ( 3 ( -- 0.409 --

- 
width (120 .54 320 WW,h pip.,.)

5700 ACS-14 (A) Ao—bro..d CCM 547~~ 37.0w O.5fl 10.528
dohydrld.) 34 .0 (2) 35.6w 0.470 0.505

36.6)2( 13) —— 0.463 ——
37 . 2 )2)13 1 — 0.442 ——

(B) A. .booe~ p1,. 50—20 mIS. 35•9(2) —_ 0.498 --
bawl p011.bad from q,o.t. n.. 38.6 (2) -- 0.502 --
lIdth (120 .54 320 mOlh )$porO(

Ad -b (A) A.-bra..d (plo. 0CM .54 36.0(2) 
- - 

-- 

- 
0.601 --

dehydrid.) 3 4 7 (2) -- 0.405 -
—— 0.464 ——

41.5(1)13) — — o.ou ——

(0) A. .bov.; plO. 10—20 mu. 59 9~~ —— 0.409
land p.Il.h.d Or,.. .p.oUoo. l2 .0~~’ — 0.490 —-
wldth (120 m.d 320 .o..h pIpOrl)

1750 AdO-Il (A) A.-bra..d pIt.. 0CM *54 35• 9 )2) —- 0. 616 I --
deOtyd.lds) ~s. 1(2) -— 0.608

3 5 9 (21)3) —— 0.4~9 I ——
34• 7~~ (3( —— 0.409 ——

10) A~ .bo,~ pIt.. 10—20 w h o  10.6 (21 —— 0.498 —
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-- 

.ridth (llO m4132O uomhp,p.r.) 
_____ _____
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(810.511.) d88ydrid.( P1.0)2 34.2)~
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(C) 115 bmir. .~~,..r. . 80(0 0
mooI.( .lt 10094.11..)
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(C) 512 bo~t. Olpomre, 800W
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about a 50 percent probability of failure in the BAZ/PM. The most gratif ying aspect
of the 800° F shear test data noted he re is the high level of 800°F strength exhibited by
the AC5-16 alloy , for all environmental conditioning. (In prior Phase 11 work , 800°F
shear strength levels were appreciably lower. See Section IV , page 69.) The diffe r-
ence is believed due to the 1025° F vacuum dehydriding treatment, which has apparently
(though inadve rtantly ) induced braze strengthening through substrate/braze inter-
diffusion and /or more favorable braze matrix (beta) transformation.

General Comments, End of Phase III

Phase Ill , braze characterization studies included the effects on shear strength
of severe long-term service environments (simulated*), of the types well known to be
life-limiting to many titanium-alloy substrate/commercial braze alloy combinations.
Specifically, the environmental conditioning consisted of 100 (+) hours exposures in
100°F NaCl salt spray , or 800°F moving air or 800°F moving air with NaC 1 salt accre—
tion on exposed joints. Of the three candidate braze finalists transferred from Phase II
work (viz. AC5-16, AC5-18 and AC1-20) , the alloys AC5-18 and AC 1—2 0 were dismissed
from this task of Phase III because of apparent extreme sensitivity to damage from hand
grinding and poli shing of shear specimens , preparatory to environmental conditioning.
The remaining candidate braze alloy , AC5-16 (Ti-27 .2Zr-l5Ni-7Cu), proved to have
superlati ve resistance to structural damage from 800°F oxidation and salt-corrosion
reactions , normally associated with the subject environmental conditioning . This can
be attributed to similar-metal braze design . Nominal tensile shear strengths (AC5— 16)
at both RT and 800°F test temperatures were maintained above 30 ksi in spite of the
prior harsh conditioning. These are essentially the same shear strength levels as
before environmental conditioning (Phase III , baseline), and they also compare favorably
with the levels obtained for the C2-5 baseline braze. Moreover , RT shear strength
data generated in Phase III with full size (ECM) machined specimens proved very simi-
lar to that from Phase I screening tests, which involved sub-size specimens with no
machining after brazing (true for all alloys concerned; as-brazed or with environmental
conditioning) . Of greater importance, the 1025°F, 1 hour vacuum dehydriding treatment ,
applied to AC5—16 specimens after ECM (Phase III) , served to augment 800°F shear
strengths to essentially the same levels recorded for RT tests (I.e., >30 ksi) . Thi s
short-term thermal treatment may have induced more nearly equilibrium transforma-
tion of beta matrix (than for the as-brazed condition); and certainly promoted a signi-
ficant improvement In 800°F shear strength over the as-brazed (AC5-16) specimens
tested in Phase I (see Fig. 22). Retention of higher 800°F shear strengths was excellent
even afte r the harsh environmental conditioning.

~e. g., turbine compressor simulation; maritime or salt-desert application.
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The AC5-16 lap shear brazements also exhibited superior long-term stress
rupture behavior at 800° F, at high sustained shear stresses �70 percent of average
nominal RT and 800°F shear-strength levels. The candidate braze, AC1-20, recorded
a reasonably close second place in stress rupture perform ance; but AC5-18 proved
very weak and wholly unsuitable for high rupture loading at 800° F.

Because of its strongly hypoeutectic cast structure , the high-melting C2-5
(Ti-l5Cu-l5Ni) baseline alloy exhibited typically a range of about 3 ksi to 12 ksi
advantage In fracture strength over candidate alloy brazements (both in RT-800°F
short-term tensile shear tests and 800°F long-term stress rupture tests, discussed
above). However , the moderately hypoeutectic, lower-melting candidate braze alloys
(especially AC5-16, but also AC1-20 and AC5-18) demonstrated marked advantages
over C2-5 in the test area of braze—peel toughness (RT) ; specifically, the intrinsic
energy requirements to initiate and propagate braze-line peel cracking. The input-
energy requirements for slow-strain-rate, braze-line peel were about 50 percent to
100 percent greater for the three braze-candidate finalists, relative to the C2-5 base-
line alloy. This favorable contrast in peel-energy requirements may also be related
to the absence of grain coarsening and beta-embrittlement structure in the BAZ and
general substrate associated with candidate-alloy brazing at 1750°F; as opposed to the
very evident substrate grain coarsening and beta enibrittlement obtained In brazing
C2—5 alloy at 1850°F.

The significant Improvements in 800°F tensIle shear strength (Phase III) and
high-strain-rate ingot-comminutlon ratings (ICR; Phase if) obtained through post-braze
vacuum heat treatment at 1025°F (AC5-16) prompted the cai tlnued recommendation to
the sponsor that constituent-phase analyses be conducted (see also ‘General Comments;
End of Phase II”). The purpose would be to determine the different characteristic
modes of beta-matrix transformation and (eventually) to select optimum post-braze
thermal treatments and associated braze microstructures. [“Optimum” in this context
would signify the best combination and levels of brazement strength, toughness and
other pertinent design properties. 1 To this end , the sponsor is currently conducting
constituent-phase analysis of AC5-16 braze ingot, under the direction of Dr. J. C.
Williams, Department of Materials Science, Carnegie—Mellon University , Pittsburg,
PA (April 1976). Ingot chunks in different heat-treat conditions have been provided to
Dr. William s by Solar Research.

One major processing problem which was not anticipated is the inclination to
braze-surface and -subsurface cracking exhibited by the baseline braze and the three
candidate-braze finalists during simple machining operations, such as machine milling
and grinding. Brazements of AC1-20 and AC5-18 alloys even showed similar sensitivity
to finish hand grinding and polishing operations; alth xigh C2-5 and AC5-16 brazements
could generally be hand ground and polished without inducing braze cracking (post ECM
and dehydriding). These limitations on machining precluded the preparation and testing
of fatigue and flexure-beam specimens (originally planned for Phase II!); which because
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of surface-stress sensitivity, require precise specimen dimensions and absence of
surface and subsurface cracking to generate reproducible and meaningfu l data . (It is
hoped that eventually , phase analysis work will evolve post-braze thermal treatment(s)
which might permit conventional machining with minimal risk of braze cracking. )

From a total-program or overall viewpoint, the AC5-16 braze alloy must be
considered the most outstanding similar-metal braze design for elevated-temperature
service. AC5-16 also demonstrates the most promise for improvement In toughness
and elevated-temperature strength through post-braze thermal treatment. The AC1-20
alloy Is a close second to AC5-16, being chosen over AC5—18 primarily because of its
superior long-term stress-rupture behavior (800°F).

A 
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Fusion Temperathes
Composition (% Wt. )

— — — Solidus Liquidus~
1)

Designation Ti Zr Co Cr Cb Ta CF) rF 1CR~~

A10—l 45. 0 45. 0 10. 0 2100 2280 -

A10—2 42.5 42.5 15. 0 
- 

1900 1950 -

A10—3 40. 0 40. 0 20. 0 1730 1800 -

A10—4 37. 5 37.5 25.0 1750 1770 -

All-i 45. 0 45. 0 6.0 4.0 1850 >2200 —

A1i—2 42. 5 42. 5 9.0 6.0 1850 2060 —
A1i—3 40. 0 40. 0 ~,2.0 8.0 1750 1840 -

All—4 37. 5 37. 5 15. 0 10.0 1770 1870 —

A12-1 45. 0 45. 0 7.9 2.1 1870 >2330 -

A12—2 42. 5 42. 5 11. 8 3.2 1870 >2250 -

Al2—3 40. 0 40. 0 15. 8 4.2 1770 1880 -

A12—4 37. 5 37. 5 19.6 5.4 1790 1840 -

A14—1 45. 0 45. 0 6.8 3.2 1970 >2300 -

A14—2 42. 5 42. 5 10. 2 4.8 1930 >2320 —

A14—3 40. 0 40. 0 13.6 6.4 1860 2030 —

A14—4 37.5 37.5 17.0 8.0 1780 1850 -

V

El 16.0 56.0 28.0 2070 2090 4/5

E17 19. 0 55. 0 26. 0 2150 2230 4/5

E7 45. 0 35. 0 20. 0 >2550 -- 4/5
E18 40.0 40. 0 20. 0 2550 >2600 4/5

E9 35. 0 45. 0 20. 0 2450 2490 4/5

E19 30. 0 50.0 20. 0 2410 2460 4/5
ElO 25. 0 55. 0 20. 0 2350 2480 4/5

E20 45. 0 40.0 15. 0 >2500 —- 4/5
E21 40. 0 45.0 15.0 >2550 -- 4 ‘5

E22 35.0 50.0 15.0 >2600 -— 4/5
E23 30.0 55.0 15.0 2450 >2500 4/5

EU 45.0 30.0 25. 0 2565 -- 4/5
E25 40. 0 35. 0 25. 0 2495 —— 4/5

E26 35. 0 40. 0 25. 0 2470 2520 4/5
E27 80. 0 45. 0 25. 0 2350 2440 4/5
E28 25.0 50.0 25. 0 2350 2390 4/5

~~i~atstaiuiteg braze characteristics (T-joint configuration)
~~~~~~~~~~~~~~~ to Crusbbg.

(1) Brtttls; easy to crush manually.
(2) Marginally tough; moderately resistant to manual crushing.
(3) Tough; strongly resistant to manual cru shing.
(4) Very tough; requires initial crushing on the hydraulic press.
(5) V.iy tough and ductile; caimot be crushed . Requires drilling or rolling to

obtain braze forms.
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Fusion Tempsrab&r..
Conipo.Itiou (‘ Wi.)

— -~~~ — — — Solid,,. LIqU4U.~
1
~

DeelgestIon 11 Zr V Ni Co F. BS Cu Mn eFI f?) lCH~
2
~

€ 18 48.0 25.0 30.0 >2500 -- 4/5
€8 25.0 46.0 30. 0 2240 2510 4/5

El 38 .0 35 .0 30.0 2400 2450 4/5
€30 90. 0 40.0 20. 0 2480 2660 4/6

€30 40.0 20.0 30. 0 2520 2590 4/5
£31 20.0 50.0 30.0 2220 2260 4/5

€32 25.0 40.0 35. 0 2350 2460 4/5
€33 20.0 45.0 38.0 2250 2280 4/5

€34 15. 0 50.0 35.0 2230 2260 4/5
€35 20. 0 47.5 32.5 2210 2230 4/5

€36 15.0 53.5 32.5 2200 2220 3./4
€37 15.0 60. 0 28.0 2260 2280 4/5

E3a 30. 0 67.5 22.5 2270 2310 4/5
€39 18.0 13.5 22.5 2190 2250 4/5

€40 30.0 60.0 30.0 2330 2380 4/5
£41 15.0 55.0 20. 0 2270 2340 4/5

€42 70.0 30. 0 2275 2275 3./4
£43 15.0 46.0 40.0 2230 2270 4/5

€44 10.0 60. 0 30.0 2180 2210 3./4
£45 10. 0 55.0 35.0 2170 2270 4/5

€46 10. 0 65.0 25.0 2220 2280 3./4
€47 20. 0 50.0 40.0 2170 2280 4/5

€48 10.0 70. 0 20.0 2220 2380 3./4
€41 10. 0 40.0 40.0 2220 2440 4/5

£50 10. 0 45.0 45.0 2300 2280 4/5
€51 5.0 50.0 45.0 2200 2250 4/5

€52 17. & 50. 9 32.5 2220 2240 4/5
£53 20.0 52.5 27.5 2530 2240 4/5

€54 5.0 45.0 66.0 2190 2250 4/5
£55 10. 0 4 2 5  47.5 2240 2310 4/5
£51 15. 0 41.0 46.0 2200 2410 4/5

£11-I 106  40.0 18.4 2.0 2000 >2200 3
E31-2 18 . 2  45.0 38. 8 4.0 2066 >2200 3
£31—I 18. 0 47.0 28.2 6.0 2070 2200 2

£31—4 25.6 49.0 2 8 . 4  2.0 2050 2170 3
£31-S 19.2 48.0 2 8 . 5  4.0 2030 2200 8
£31—I ILl 47.0 28.1 6.0 2095 2000 2

831-7 19.6 40.0 29.4 2.0 2100 2150 3
831-8 11.2 48.0 25. 8 4.0 2150 2200 2
€11—I 18.8 47.0 28.2 6.0 2590 2100 1(.l

€31-tO 29.1 48 . 0  19.4 2.0 1500 1975 3
£81—lI 19.2 40.0 88.5 4.0 1780 1800 1
ElI—il 15. 5 47.0 15.5 5.0 1750 1750 2

821-13 16.0 45. 0 *8.0 10. 0 2100 2190 I
€31—14 57.0 41.5 28.6 55.0 1060 2190 I
£31-I S 16.0 40.0 24.0 20.0 2010 1000 1

€31-SI 15.0 48.0 27.0 8.0 8.0 2000 2000 8
221-17 10.0 43.0 84.0 20. 0 10.0 2000 3025(5~ I
£31-IS 14.0 110 31.0 18.0 15. 0 51)0 2055 (1) I
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Fusion Temperatures
Composition (% Wt . )

— SoI1du~ Ltquldus(1)
Designation Ti Zr V Cu Mn Pd NI Cr Sn eF) rF) ICR (2)

E31—16 18.0 46. 0 27.0 5.0 5.0 2000 2090 2
E31—17 16.0 40.0 24.0 10.0 10. 0 2000 2025(1.) 1
€31—i S 14.0 35.0 21.0 15.0 15. 0 1930 2025 (1) 1

E31—19 18.0 45.0 27.0 5.0 5.0 2070 2080 (1) 2
E31—20 16. 0 40.0 24. 0 10.0 10.0 2080 2170 1(+)
€31.21 14.0 35. 0 21. 0 15.0 15.0 2080 2180

E31—22 18. 0 45.0 27. 0 5.0 5.0 2000 2140 1
E31-23 16.0 40.0 24.0 10.0 10.0 2000 2140 1
E31—24 14.0 35. 0 21.0 15.0 15. 0 2170 2240 1

E31-25 19.6 49. 0 294  2.0 2170 >2300 3
F.31—26 19. 2 48.0 28.8 4.0 2050 2120 3
E31—27 18.8 47.0 28. 2 6.0 2000 2040 3

E31—28 19.6 49.0 29.4 2.0 2150 2170 2
E31—29 19. 2 48.0 28.8 4.0 2165 2180 2
E31—30 18. 8 47.0 28. 2 8.0 2120 2140 1(+)

E31—31 19.6 49.0 29.4 2.0 2230 2250 4
E31—32 19.2 48.0 28.8 4.0 2230 2270 4
E31—33 18. 8 47. 0 28.2 — — — 6.0 2230 2250 4

Al ~b Os

E31-34 19. 6 49.0 29.4 2.0 2200 2220 3
E31-35 19.2 48.0 28.8 4.0 2200 2250 2
E31—36 18. 8 47.0 28.2 6.0 >2300 —— 1(+)

E3i—37 18. 0 45.0 27. 0 10.0 >2300 -— 4
E31—38 17.0 42.5 25. 5 15.0 >2300 —— 4
E31—39 16.0 40.0 24. 0 20.0 >2300 -- 4

E31-40 18.0 45.0 27.0 10.0 >2300 —- 2
E31—41 17.0 42.5 25. 5 15. 0 2200 2225 1(÷)
E31-42 10.0 40.0 24.0 20.0 2220 2280 l(+)

E3i-43 10.0 45.0 27.0 10.0 2270 >2290 3(+)
E31—44 17.0 42.5 25. 5 15. 0 2250 >2280 3
€31-U 10. 0 40.0 24. 0 20. 0 2225 >2300 3

€31.4.) 19.0 49.0 80.4 2.0 2160 2200 2
E31—47 19. 1 40.0 2€. )  4.0 2160 2175 2
Eli—U 10. 0 47.0 ~d .2 6.0 —- —— 1(+)

St 0. Cu

€31-U 19.6 49.0 21.4 2.0 >2300 -- 3
Eli-SO 132 41.0 20.8 4.0 2200 >2300 2
Eli-SI 15. 5 41.0 20. 2 0.0 2200 >2300 2

Eli—SI 19 6  49. 0 29.4 2.0 2150 2170 S(+)
€31-SI 19.2 40. 0 25. 0 4.0 2150 2180 3
Eli-SO 15. 5 47.0 25.2 6.0 2160 2190 3

€31—SO 10.0 40. 0 24.0 20.0 1910 >2000 2
€ 31—SO 14.0 35.0 21.0 30. 0 1800 2000 1(+)
€31—ST 13 0  30. 0 15.0 40. 0 1545 2020 i(+)
€31-OS 10. 0 16.0 15. 0 90.0 -- -- i(+)
€31-lI 15.0 41.0 11.0 10.0 1860 >2110 2
Eli-SO 17.0 42.5 25.5 15.0 1750 >2150 2
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Fusion Tempe ritures
Conipo.ttIce (WI. %)

— — — — Soltdus Llquidui (1)

Des gnatica TI Zr Cu Ni V Cr (V)  ( F )  lCR~
2
~

E31—61 19.6 49.0 29.4 2.0 —- -- 4
E31—62 19.2 48.0 28.8 4.0 >2020 —— S
ES1—63 18.8 47.0 28.2 6.0 2145 2160 3
€31—SO 18.0 45.0 27.0 10.0 2220 >2250 2
E21—55 17.0 42.5 25.5 1.5.0 -- -- 1

A2—5 35. 0 35.0 15.0 15.0 1620 1675(1) 2/2(—)
B2-5 49.0 15.0 15.0 21.0 1950 >2070 3
Cl—S 70.0 15.0 15.0 (Baaelibe) 1750 >1900 3
D2—5 70.0 15.0 15.0 1650 1690 2

A2— 1 45.0 45. 0 10.0 1960 >2250 3
A2—2 42. 5 42.5 15.0 1950 >2250 3
A2 -3 40.0 40. 0 20.0 1880 2020 S
A2—4 35. 0 35.0 30.0 1635 1650(1) 2
A2—6 30.0 30 0  40.0 1660 1680 1
A2—7 25. 0 25. 0 50.0 -— —— I

B2— 1 63.0 10.0 27.0 >2250 -- 4
B2—2 59. 5 15.0 25. 5 >2250 —- 4
B2-3 56.0 20.0 24.0 >2200 -- 4
B2—4 49.0 30.0 21.0 2020 >2200 3
B2—6 42.0 40.0 18.0 1830 —.1975 3
82—7 35.0 50.0 15.0 1850 -.2075 2

C2—1 90.0 10.0 —— —— 5
C2—2 85.0 15.0 —— —— 5
C2—S 80.0 20.0 2050 2080 5
C2—4 10.0 30.0 1860 1880 5
C2—6 60.0 40.0 1835 1885 3
C2—7 30.0 50.0 1875 2000 2

D2—1 90.0 10.0 —- -- 5
D2—2 85.0 15.0 —— —— 4(4 )
fl2—3 80.0 20.0 1880 1940 3
DI—) 70.0 30.0 1750 1860 3
DI-) 60.0 40.0 1675 1685 3
01—7 50.0 50.0 -- -- 1

Al—S 40. 0 40.0 1.0.0 10.0 1725 >1080 2
Cl-S 80.0 10.0 10.0 1760 >1900 4
D2-* 80.0 10.0 10.0 1700 1730 1

Ad —i 42.0 28.0 30.0 1650 1690(1) 2
AC1—2 49.0 21.0 30.0 1650 1760 3
Ad —I 50.0 14.0 30. 0 1650 1850 3
AD1—1 25.0 42.0 30.0 - -- 1
AD1—2 21.0 49.0 30.0 —- —— 1
AOl—S 14.0 56.0 30.0 —— —— I

Sn Ge

cl—I 71.4 20.0 0.6 1650 >2060 4
Cl—I 57.1 30.0 12.9 1650 >2040 1
Cl—I 42.8 40.0 11.2 1660 >2020 3
Cl-i 71.6 10.0 7.4 1840 >2000 4
Cl—I 50.9 30. 0 11.1 1835 >1980 3
C4—3 45.2 40.0 14.5 1850 >2010 3
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Fusion Temperature.
Composition (% Wt .) - _________

— — — — — — Solidus uqu idus (1)
Designation TI Zr Cu Ni Mn Si (} )  (3) ICR1

~

C5—i 13.3 20.0 6.7 1880 >2010 4
C 8—2 60.0 30.0 10.0 1840 1880 3
C5—3 46.6 40.0 13.4 1770 1840 2
C l—i 18.0 20.0 2.0 1900 >2050 4
C6—2 67.0 30.0 3.0 1900 1940 4
Cl—S 56.0 40.0 4.0 1850 21950 3/3(4)

AC1—4 37. 5 37.5 25. 0 1640 1770 3
AC1—5 45.0 30.0 25. 0 1660 21860 3
Ad —S 52. 5 22.5 25. 0 1725 21950 3
Ad —I 52.5 20.0 27.5 1710 21950 3
AC2—1 11.5 28.5 1850 1900 2/21—)
AC2—2 42.0 42.0 16.0 1750 1910 2(4)/S
AC2—3 40.0 40.0 20.0 1700 1720 2(.)/3
ACS— 1 33.8 33. 7 12.5 >1900 -- 1
AC3—2 37.5 37.5 25.0 >1850 —- 1(4)
AC I—3 36.5 36.5 7.0 20.0 >1850 -— 1
AC3—4 37.5 37. 5 10.0 15.0 >1850 —— 1
AC3—5 39.0 39. 0 12.0 10.0 >1850 —— 1
AC3—6 40.0 40.0 15.0 5.0 >1850 -- 1
AC3—7 40.0 40.0 8.0 12.0 1800 >1900 2(4)
ACS—8 40.0 40.0 10.0 10.0 1180 1880 2
AC3—9 35. 0 35.0 12.0 18.0 >1850 —— 1
ACS—lO 35.0 35. 0 15.0 15.0 >1850 —— 1
AC S— il 45. 0 45. 0 10.0 >1850 —— 3
AC3—12 41.3 41. 2 11. 5 >1850 —- 2

Ad —S 46~~ 25. 0 29.0 1650 1760 2
Ad —I 45. 0 25. 0 30. 0 1670 1760(1) 2
Ad — b 43. 5 25. 0 31.5 1670 1700(1) 2
ACt—li 47. 5 22. 5 30.0 1650 1780(1) 2
AC1—12 46.0 22.5 31.5 1709 1740 2
Ad —lI 47.5 20.0 52.5 1100 1750(1) 2
AC 1— 14 49.5 19.0 31.5 1100 1820 2
ACt— iS 50.0 17. 5 32.5 1740 1175(1) 2

ACS—1 37. 5 37.5 10.0 15.0 1625 1670 2
AC5—2 39.0 39. 0 7.0 15.0 1600 1650(1) 2/2(-)
AC5—3 40.0 40.0 5.0 15.0 1600 1650(1) 2/2(—)
AC5—4 41.0 41.0 5.0 13.0 1625 1750 2
AC5—5 40.0 40.0 7.5 12.5 1690 1740 2
AC5—6 42.5 42.5 5.0 10.0 1610 21920 2
AC5—7 37.5 37.5 12.5 12.5 1610 1640(1) 2/2(—)

Ad —i 32.5 32.5 $0.0 5.0 -- -- 1
AC6—2 30.0 30. 0 30.0 10.0 -- -- 1
AC6—S 35. 0 35. 0 15.0 5.0 —- -- 1
ACI—4 32.5 32. 5 25. 0 10.0 -- -- 1
AC0—5 10.0 30.0 15.0 15. 0 -- -- 1
ACI—4 57.5 57.5 20.0 5. 0 —— —— 1(4 )
ACI—7 35.0 38.0 20.0 10.0 — -- 1(k)
ACO—8 82.5 52.5 20.0 18.0 -- -- 1(4)
Ad —I 30.0 30.0 20.0 20.0 -- -- 1

Ad —h 17.0 37.0 26.0 1680 1750 3
AC1—17 30.5 35.5 27.0 1640 1725(1) 2
Ad —Il 30.0 35.0 20.0 1610 1895(1) 1
ACt-Il 43. 5 29.1 27.0 1615 21680 2
ACt-Il 43.1 28. 8 30.0 1830 1740(1) 3
AC1.—21 42.8 20.4 29.0 1820 1730(1) 5
ACt—Il 49. 7 21.1 290  1610 1530 1(4)/S
ACt—Il 49.0 31.0 30.0 1710 1780 2(+)/S
ACt—I) 45.3 20.7 11.0 1850 1740(1) 3
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Fusion Tempe ratures
Composition (3 W I. )

— — SoIldu. LI quId us (1
~

Designat ion Ti Zr Cu Ni V Fe (IF) ( F )  ICR (2)

AC5—8 2.5 2.5 47.5 47. 5 (Very erosIve) 1670 >1820 5
AC5—9 5.0 5. 0 45.0 45.0 (Very erosive) 1650 1780 4(4)

Ads—j O 7•5 7~5 42. 5 42. 5 (Very ero sIve) 1670 1750 4
Ad S— li 10.0 10.0 40.0 40.0 (Very erosive) 188G 1790 4(4)

AC5—l3 38.8 38.8 11. 2 11.2 1850 1740 2
AC5—14 42.9 35. 1 7.0 15.0 1650 1710 2
AC5—15 48.7 31.3 7.0 15. 0 1640 1730(1) 2
AC 5—16 50.8 27.2 7.0 15.0 1630 1730(1) 3
AC S—17 54.7 23.3 7.0 15.0 1650 1775 3
AC S—18 41. 0 41.0 18.0 1650 1730(1) 3
AC5—19 40.0 40.0 2.0 18.0 i$40 1680 2
AC5—20 41.0 41.0 2.0 16.0 1675 1750 2
ACS—2 1 40.0 40.0 4.0 16.0 1640 1700(1) 2/2(4)
AC5—22 40. 5 40. 5 2.0 17.0 1640 1750(1) 2
AC &— 23 40.0 40.0 3.0 17.0 1640 1700 1
AC5—24 39. 5 39.5 4.0 17.0 —— —— 1
AC5—25 39. 5 39. 5 3.0 18.0 —— -— 1
AC5—26 39.0 39.0 4.0 18.0 —— —— 1
AC5—27 39.5 39.5 2.0 19.0 -- -- 1
AC5—28 39.0 39.0 2.0 20.0 -- --
AC5—29 36.0 36.0 24.0 4.0 —— -— 1
ACS—30 36. 5 86.5 25.0 2.0 —— —— 1

E9—1 26.2 33.8 25.0 15.0 1780 21900 2
€9.2 24.5 31.5 30.0 14.0 1790 21900 2
E9—3 29.8 38.2 15.0 17.0 1860 22000 2
E9—4 28. 0 36.0 20. 0 16.0 1770 1970(1) 2
€27—i 22.5 33.7 25.0 18.8 1810 >2000 2
E27—2 21.0 3 1.5 30.0 i7.5 1800 >1960 2
€27—S 25.5 3S.~ 15.0 21.3 1180 1980 1
E27—4 24.0 38.0 20.0 20.0 1670 >2000 1

AB—1 59.5 15.0 25. 5 >2010 4
AB—2 56.0 20.0 24.0 1890 >2015 4
AB—3 49. 0 30.0 21.0 1870 1900 4
AB—4 42.0 40.0 18.0 1850 1940 4(4)
AB—5 52.4 25.0 22.6 1870 >2010 4
AD—S 56.0 24.0 20.0 >2000 -- 2
AB—7 49.0 21.0 30.0 >2010 —- 2
AB—8 50.0 15.0 20.0 15.0 —- —— 1
AB— 9 47.5 12.5 25.0 15.0 -- -- 1
AD—b 45.0 10.0 30.0 15.0 —- -- I
AD—li 47.0 5.0 30.0 18.0 —- -- 1
AB—12 48.0 20.0 20.0 12.0 ~~ —— -— 1
AB—13 45.5 17.5 23.0 12.0 —— —- 1
AB—14 46.0 25.0 20. 0 9.0 —- —— 1
AB—iS 44. 5 25. 5 23. 0 9.0 —— —- 1
AB—1 6 49. 5 7.5 25. 0 18.0 

— 
—— —- 1

Mn

AC)—hS 42.0 18.0 30.0 10.0 1680 1710(i) I/2(— )
ACe—Il 48.0 12.0 30.0 10.0 1660 1750(1) 2/2(—)
Ad —i? 33.4 33.3 25.0 8.3 1680 1730 1
AC 8—18 46.7 10.0 25.0 8.3 1875 1750(1) 2/2(—)
~C0—19 53.4 13.3 15.0 5.3 1730 1900 2
Ad —b 40.7 22.0 25.0 9.5 1670 1700(1) 1
ACe-It 41.7 ~~~ 25.0 8.3 1880 1710(1) 2/2 (—)
ACS—21 40.0 10.0 10.0 10.0 1700 1740 1
AdO—IS 37.7 25.0 10.0 9.3 1680 1730 1
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