
Microstructural Evolution and Mechanical 
Properties of Braze Joints in Ti-1 3.4AI-21.2Nb 

The process used to manufacture braze foils causes 
substantial differences in braze joint strength 

BY C. H. CADDEN, N. Y. C. YANG AND T. H. HEADLEY 

ABSTRACT. Braze joints in Ti-13.4AI- 
21.2Nb were made using several filler 
metal compositions based upon the Ti- 
Cu-Ni ternary system. Specimens were 
vacuum brazed, using filler metal pre- 
placed between bonding surfaces. Two 
types of braze foil, one produced by 
rapid solidification techniques and one 
formed by a roll bonding process, were 
examined. 

Mechanical test results indicated that 
substantial differences in braze joint 
strength could be obtained from speci- 
mens prepared using foil manufactured 
by the two different processes. Specifi- 
cally, for the higher alloyed composition, 
a laminated foil produced joints with 
lower room temperature tensile strength 
compared to its rapidly solidified coun- 
terpart. Specimens prepared using lami- 
nated foil typically failed through the 
braze joint and had low strength. This be- 
havior was related to the presence of an 
increased amount of centerline alpha- 
two phase in the braze joints made using 
the laminated filler metals. The formation 
of this microstructural feature was influ- 
enced by segregation of the filler metal 
alloying elements, nickel and copper. 
Braze joints prepared using laminated 
foils exhibited higher levels of segrega- 
tion, even after long hold times at the 
brazing temperature, than joints made 
using rapidly solidified foil. 

Introduction 

Recent advances in high-temperature 
titanium alloys, particularly the titanium 
aluminide intermetallic alloys, have led 
to their incorporation in products where 
their high specific strength can be ex- 
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ploited. To utilize the full capability of 
these alloys, joining techniques yielding 
high-integrity bonds are required. In 
some cases, vacuum brazing is the pre- 
ferred joining method. 

The ordered Ti3AI intermetallic 
composition, known as alpha-two, is 
characterized by good strength, but un- 
acceptably low toughness, particularly at 
ambient temperatures. Niobium addi- 
tions have been found to dramatically 
improve the balance of mechanical 
properties, although room temperature 
ductility remains limited (Ref. 1). Ti- 
14AI-21Nb (wt-%) is a first generation 
alpha-two composition that has been the 
basis of numerous detailed studies. 
While not considered a viable candidate 
for commercial applications, this alloy 
has provided a baseline for understand- 
ing the thermal and mechanical response 
of alpha-two titanium aluminides. 

Previous investigations (Ref. 2) have 
indicated that filler metals based on the 
Ti-Cu-Ni system can produce alpha-two 
titanium aluminide braze joints with 
good mechanical integrity. Due to the 
presence of brittle intermetallic com- 
pounds in the Ti-Cu-Ni alloy system, 
filler metals are not produced by con- 
ventional ingot metallurgy processes. 
Laminated foils are fabricated by roll 
bonding titanium sheets on both sides of 
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a copper-nickel core. Alternatively, rapid 
solidification technology (meltspinning) 
is employed to manufacture foil in the 
form of cast ribbons. The meltspun prod- 
uct is amorphous (or nearly so) with a 
high degree of chemical homogeneity 
(Ref. 3), while the laminated foils are very 
inhomogeneous, having all of the solute 
elements in the center between layers of 
pure titanium. It has previously been 
noted (Ref. 2) that substantial differences 
in mechanical properties can be ob- 
tained from joints fabricated using lam- 
inated vs. meltspun filler metal of the 
same composition. Reportedly, homoge- 
neous amorphous filler metal foils pro- 
duce superior braze joints in a number 
of alloy systems (Refs. 3-5), although 
reasons for this behavior are unclear. 

Detailed analyses were performed in 
the present study to characterize micro- 
structures formed in Ti-13.4AI-21.2Nb 
braze joints prepared using filler metals 
from the Ti-Cu-Ni alloy system. 

Experimental Section 

Ti-13.4AI-21.2Nb (wt-%) plate having 
a thickness of 2.5 cm (1 in.) was vacuum 
heat treated for 30 min at a temperature 
of 1150°C (2102°F), well above the re- 
ported beta transus temperature of 
1000°C (1832°F) (Ref. 6). A gas fan cool 
from the hold temperature produced a 
creep-resistant microstructure (Ref. 4) 
consisting of coarse, equiaxed prior beta 
grains of 2 to 3 mm (0.08 to 0.12 in.) 
diameter and plates of Widmanst~tten 
alpha-two (light phase) separated by thin 
ribs of untransformed beta (dark phase), 
as shown in Fig. 1. The heat-treated 
plates were then cut into 2.5-cm cubes 
for brazing experiments. One face of 
each cube was ground using 240-grit 
abrasive. 

Five commercially available Ti-Cu-Ni 
filler alloys were evaluated. Laminated 
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Table I - -  Melting Characteristics of Ti-Cu-Ni Filler Metals 

Thickness Solidus* Liquidus* 
Braze Alloy pm (in.) °C (°F) °C (°F) 

Ti-15Cu-15Ni 
Meltspun 40 (0.0016) 902 (1656) 932 (1710) 
Laminated 39 (0.0015) 912 (1674) 1007 (1845) 

Ti-20Cu-20Ni 
Meltspun 38 (0.0015) 915 (1679) 936 (1717) 

Ti-15Cu-25Ni 
Meltspun 38 (0.0015) 901 (1654) 914 (1677) 
Laminated 46 (0.0018) 912 (1674) 1007 (1845) 

*From Ref. 3. 

Fig. 1 - -  Ti-13. 4AI-21.2Nb plate microstructure following beta heat 
treatment: Widmanst~tten alpha-two plates (light phase) separated by 
untransformecl beta. 

TiCuNi® foils were procured from 
WESGO, Inc.; rapidly solidified Met- 
glas® ribbons were supplied by Allied- 
Signal, Inc. The laminated foils were 
produced in 101-mm (4-in.) widths 
while the meltspun foils were supplied 
in either 3.2- or 12.7-mm (0.125- or 
0.5-in.) widths. Composition and foil 
thickness for each fi l ler material are 
listed in Table 1. Attempts to determine 
solidus and liquidus temperatures for 
each braze alloy, using differential ther- 
mal analysis (DTA), produced data that 
were considered unreliable due to chem- 
ical interactions between the molten 
filler metal and the sample crucible. Pub- 
lished melting characteristics (Ref. 3) of 
the filler alloys are reported in Table 1. 

Prior to assembly of specimens for 
brazing, all materials were cleaned in 
acetone, rinsed in methanol and forced 
hot air dried. Laminated foil was cut into 
a 3-cm (1.2-in.) square, centered on a 
polished face of a titanium alloy cube, 
and resistance spot welded in place at 
one corner of the face. Because the 
meltpsun fi l ler metals were not suffi- 
ciently wide to allow the use of a single 
piece, 30.5-mm (1.2-in.) lengths were 
cut and placed on a cube face to ensure 
a uniform, single-layer coverage of the 
surface. The individual foil lengths were 
then resistance spot welded to the tita- 
nium. A brazing specimen was con- 
structed by stacking another titanium 
cube on top of the first so that the pol- 
ished sides were facing each other, sepa- 
rated by the layer of desired braze filler 
metal. Note that for both the laminated 
and meltspun foils, the spot welds were 
kept near the perimeter of the specimen 
and a slight amount [2.5 mm (0.1 in.)] of 
foil extended past the "joint" edge to en- 

sure sufficient braze 
coverage. The as- 
sembly was then 
loaded into an elec- 
trically heated vac- 
uum furnace; a 

22-kg (48.5-1b) tungsten block was 
placed on top to provide bonding 
pressure. 

The all-metal vacuum furnace was 
pumped down to a pressure of at least 
10 -5 torr (0.01 psi). Specimens were then 
heated at a rate of 5°C/min (9°F/min) to 
a peak temperature of 982°C (1800°F). A 
brazing time of 60 min at 982°C was cho- 
sen to allow for dissolution of the base 
metal with a goal of obtaining a strong, 
ductile joint. (Without substantial dilu- 
tion of the molten filler metal by base 
metal elements, a solidified braze joint 
would contain the brittle phases that pre- 
vent manufacturing of these filler alloys 
by traditional casting and rolling pro- 
cesses.) After holding at temperature for 
1 h, power to the heating elements was 
interrupted and the specimens were al- 
lowed to cool in vacuum to ambient 
temperature. A thermocouple placed in- 
side one assembly indicated that the 
cooling rate was approximately 40°C/ 
min (72°F/min) from 982°C to 800°C 
(1472°F). Typical vacuum leak-up rates 
were found to be on the order of 8 x 10 -6 
cm3(STP)/s (5 x 10 -7 in.3/s). 

Cylindrical transverse tensile test 
bars, 50 mm (2 in.) in length, were ma- 
chined from the brazed specimens with 
threaded grips and reduced gauge sec- 
tions measuring 17 mm (0.67 in.) in 
length by 4 mm (0.16 in.) in diameter. 
Duplicate tensile tests were conducted at 
room temperature, 649°C (1200°F) and 
760°C (1400°F) using a servohydraulic 
machine with a crosshead speed of 
0.127 mm/min (0.005 in./min). Figure 2 
shows a bond specimen in the as-brazed 
condition and a machined mechanical 
test bar. 

Cross sections of brazed specimens 

were metallographically mounted and 
polished. Microstructures and compo- 
sitions were analyzed using optical 
microscopy and a JEOL 733 electron 
microprobe equipped with energy dis- 
persive X-ray spectroscopy (EDS). For 
selected braze joints, thin foils were 
prepared by ion milling for observation 
in a Philips CM30 transmission electron 
microscope (TEM) also equipped with 
EDS. 

Results and  Discussion 

All brazing trials produced joints 
whose microstructures were similar to 
those shown in Fig. 3. Within the joints 
there appeared to be nearly equal 
amounts of light and dark lamellar 
phases. Epitaxial growth was occasion- 
ally evident at the base metal interface, 
but other areas exhibited no obvious ori- 
entation dependence. The joints were 
characterized by large grains [upwards 
of 150-200 pm (0.006-0.008 in.) in 
width]. At some locations, these lamellae 
spanned the entire joint; in others, the 
grains met near the braze centerline, cre- 
ating a continuous phase oriented more 
or Jess parallel to the braze joint. Braze 
joint widths were found to be between 80 
and 100 lam (0.003 and 0.004 in.) for all 
of the nominally 40 pm (0.0016 in.) thick 
filler metals, indicating that the molten 
filler metal had indeed been substantially 
diluted. Note that despite a brazing tem- 
perature 25°C (77°F) below the reported 
liquidus temperature of the laminated 
filler metals (982 vs. 1007°C), there was 
no evidence of incomplete melting of 
these foils. 

Results of tensile testing are shown in 
Table 2. At elevated temperatures, all fail- 
ures were associated with the braze joint 
and strengths were considerably below 
the values listed for the parent material. 
At room temperature, the lower alloyed 
filler metals produced joints possessing 
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Fig. 2 - -  Bond specimen in the as-brazed condition and a machined 
mechanical test bar. 

Fig. 3 - -  Microstructure of specimen brazed using meltspun Ti- 15Cu- 
15Ni. Rectangular area represents orientation and size of microprobe 
sample area for compositional analyses. 

parent material strengths, with failures 
located outside of the braze region. 
However, the more highly al loyed Ti- 
15Cu-25Ni composit ion produced 
mixed results. Specimens made using the 
meltspun foil produced base metal fail- 
ures, whi le the laminated Ti-15Cu-25Ni 
produced joints with poor room temper- 
ature strength, characterized by braze 
joint failures. 

Several room temperatu re fractu re su r- 
faces from the laminated Ti-15Cu-25Ni 
joint were mounted in an epoxy. A plane 
was ground and polished perpendicular 
to each fracture surface to reveal the pre- 

cise location of failure in the braze joint. 
After dissolution of the epoxy material, 
examination of the specimens (Fig. 4) re- 
vealed a predominant ly transgranular 
fracture, through plates, with distinct 
areas of intergranular failure. Fracture sur- 
faces were completely contained within 
the braze joint. The intergranular surfaces 
appeared to be associated with the con- 
tinuous centerline phase. The amount of 
this centerline structure was quantified by 
examining at least 25 mm (1 in.) of braze 
joint microstructure for each of the filler 
metals. The segments of centerline phase 
were then totaled and compared to the 

total joint length examined. Table 3 lists 
the quantities of centerline phase associ- 
ated with each filler metal. The laminated 
Ti-15Cu25-Ni joint length contained al- 
most 50% of this feature; all other joints 
exhibited lesser amounts. 

The electron microprobe was used to 
characterize solute segregation within 
the braze joint. This was accomplished 
by measuring the composition of a 3 x 
25 pm (0.00012 x 0.001 in.) area and in- 
dexing the location of that area in 1-pm 
(0.00004-in.) increments across the braze 
joint. The 25-pm dimension was oriented 
parallel to the braze joint, effectively in- 

Table 2 - -  Tensile Properties (al for Ti-13.4AI-21.2Nb Joints Brazed at 982°C (1800°F) for 1 h with Various Ti-Cu-Ni Filler Metals 

22°C (72°F) 649°C (1200°F) 760°C (1400°F) 

0.2% Ultimate 0.2% Ultimate 
Filler Yield Tensile % Failure Yield Tensile % 
Metal Strength Strength R.A.  Location Strength Strength R.A. 

Ti-15Cu-15Ni 
Meltspun 465 (67) 516 (75) 1 Base Metal 253 (37) 464 (67) 17 
Laminated 433 (63) 518 (75) 1 Base Metal 253 (37) 429 (62) 12 

Ti-20Cu-20Ni 
Meltspun 481 (70) 547 (79) 2 Base Metal 243 (35) 485 (70) 22 

Ti-15Cu-25Ni 
Meltspun 482 (70) 548 (80) 2 Base Metal 243 (35) 485 (70) 22 
Laminated - -  400 (58) 1 Bond 256 (37) 480 (69) 15 

255 (37) 472 (68) 18 

305 (44) 540 (78) 

0.2% Ultimate 
Failure Yield Tensile % Failure 

Location Strength Strength R.A. Location 

Bond 248 (36) 312 (45) 5 Bond 
Bond 221 (32) 281 (41) 2 Bond 

Bond 221 (32) 344 (50) 6 Bond 

Bond 221 (32) 344 (50) 6 Bond 
Bond 240 (35) 302 (44) 5 Bond 

Bond 237 (34) 317 (46) 5 Bond 
Ti-15Cu-15Ni + Ni Coat 

Laminated 471 (68) 523 (76) 1 Base Metal 

Base Metal IbJ 455 (66) 526 (76) 

(a) Values reported in MPa and ksi. 
(b) Material previously exposed to 982°C/1 h brazing thermal cycle. 

278 (40) 472 (68) 
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Fig. 4 - -  Fracture surface from room temperature test o f  specimen brazed using laminated Ti-15Cu-25Ni. A - -  Fracture surface contained within 
braze microstructure. B - -  Failure exhibits both intergranular and transgranular components. 

cluding several of the light and dark 
lamellae as shown in Fig. 3. A plot of 
composition vs. location for the lami- 
nated Ti-15Cu-15Ni is shown in Fig. 5. 
(Titanium content was an almost con- 
stant 65 wt-% in the base metal and 
throughout the braze joint for all speci- 
mens; consequently it is not displayed on 
the microprobe traces reported here.) 
Near the joint boundary, there is a steep 
composition gradient of both copper and 
nickel, indicative of only limited diffu- 
sion of these solute atoms in the base 
metal. Within the joint itself, there is a 
nearly constant concentration of nickel, 
copper and aluminum, while niobium 
shows more of a compositional gradient. 
Joints made using both the laminated Ti- 
15Cu-15Ni and the meltspun Ti-20Cu- 
20Ni fi l ler metals exhibited similar 
compositional profiles. 

The Ti-15Cu-25Ni filler metals pro- 
duced joints (Figs. 6 and 7) having less 
compositional uniformity. In particular, 
the nickel content varied locally across 
the width of the joints. This effect was 
more pronounced in joints made with 
laminated foil where local concentra- 
tions of 13 or 14 wt-% nickel were mea- 
sured. (Note that in Fig. 7, a series of 
nickel "peaks" appears to be symmetric 
about the center of the joint, suggesting 
that this segregation phenomenon might 
be controlled by diffusion-limited pro- 
cesses.) Because the light and dark 
lamellae are likely to have different 
chemistries, the local composition mea- 
sured by microprobe analysis was be- 
lieved to be sensitive to the percentage of 
each constituent in the analysis. Conse- 
quently, several additional traces were 
performed for each specimen. Consider- 
able variability was observed regarding 

Table 3 - -  Fraction of Braze Joint with Continuous Centerline Phase 

% Continuous R.T. Tensile 
Filler Metal Centerline Structure Failure Location 

Ti-15Cu-15Ni 
Meltspun 29 Base Metal 
Laminated 24 Base Metal 

Ti-20Cu-20Ni 
Meltspun 15 Base Metal 

Ti-15Cu-25Ni 
Meltspun 30 Base Metal 
Laminated 47 Bond 

Ti-15Cu-15Ni + Ni Coat 
Laminated 39 Base Metal 

the number and location (relative to 
bond width) of the nickel "spikes" shown 
in Figs. 5-7. However, the trends were 
consistent, with the laminated Ti-15Cu- 
25Ni filler joints invariably exhibiting 
greater scatter in local nickel content. 

An average of all of the data points 
taken between the braze joint bound- 
aries provides a bulk composition of the 
melt zone for each joint. These data, 
shown in Table 4, indicate that the joint 
compositions were very similar for all of 
the filler metal compositions. Note that 
the average nickel content was nearly 
constant despite a considerable differ- 
ence (15, 20, 25%) in original filler metal 
nickel content. However, increasing filler 
metal nickel content resulted in joints 
with decreased amounts of copper and 
increased niobium content. Despite the 
dissimilarity in tensile properties, melt- 
spun and laminated Ti-15Cu-25Ni foils 
produced joints with very similar bulk 
compositions. The observed disparity in 
mechanical properties is evidently the re- 

suit of localized chemical or structural 
differences. 

A pseudobinary equilibrium phase di- 
agram proposed by Bendersky, et al. (Ref. 
8), for the Ti3AI- Nb system is shown in 
Fig. 8. According to the diagram, the low- 
temperature equilibrium microstructure 
of the base metal composition (10.9 at. % 
niobium) should consist of both DO19, 
an ordered hexagonal close packed 
(HCP) phase, and an orthorhombic phase 
(O). However, TEM analysis of the base 
metal indicated that it consisted of pri- 
marily DO19 with small amounts of un- 
transformed body-centered cubic (BCC) 
phase (dark boundaries separating plates 
in Fig. 1 ). The importance of cooling rate 
on weld fusion zone microstructures in 
this alloy has been well documented by 
several investigators (Refs. 9-12). In the 
current study, the cooling rate from the 
initial heat treatment was measured at 
approximately 200°C/min (360°F/min), 
considerably slower than the rates found 
in most fusion welds, but apparently still 
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fast enough to prevent 
complete transforma- 
tion of the high-tem- 
perature phase. Even 
after the comparatively 
slow 40°C/min cooling 
rate associated with the 
braze cycle, the base 
metal microstructure 
showed a mixture of 
DO19 (also known as 
alpha-two) and the 
beta (BCC) phases, 
rather than the DO19 
and orthorhombic 
phase structure found 
by Bendersky (Ref. 8). 

A TEM image of a 
typical braze micro- 
structure from the melt- 
spun Ti-15Cu-25Ni foil 
is shown in Fig. 9. 
Three prominent phases 
were found in joints 
prepared using both 
forms of this f i l ler 
metal composition, 
rather than simply two 
lamellar phases as 
suggested in Fig. 3. 
Selected area diffrac- 
tion (SAD) permitted 

identif ication of the three phases; a 
fourth, which only comprised an esti- 
mated 3% of the overall volume, has 
not yet been identified. Table 5 lists the 
approximate relative amounts of these 
phases, estimated from TEM images, 
and their respective compositions. The 
results indicate that the dark contrast 
phase seen in Fig. 3 is the DO19 phase, 
which is separated by ribbons of both 
BCC and other intermetallic phases. 
The two intermetallic phases, identi- 
fied as 11 and 12, were found to contain 
most of the copper and nickel. The 11 
phase was found to have an or- 
thorhombic structure, although the lat- 
tice constants (a o = 0.972 nm, b o = 
1.004 nm, c o = 0.829 nm) indicate that 
it is not the same orthorhombic 
Ti2AINb compound (O) referred to in 
Fig. 8 (Ref. 13). These metastable 
phases are known to have inferior 
creep strength compared to predomi- 
nantly alpha structures (Ref. 14). The 
poor high- temperature tensile proper- 
ties of the brazed specimens can be at- 
tributed to the increased proportion of 
beta and orthorhombic phases present 
in the joint area. 
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M i c r o s t r u c t u r a l  E v o l u t i o n  Table 4 - -  Melt Zone Chemistries (w/o) for Ti-14AI-21Nb Braze Joints 

In titanium alloys, aluminum tends to 
stabilize the alpha (HCP) phase while nio- 
bium enhances beta (BCC) phase stability 
(Ref. 15). Nickel and copper are also beta 
stabilizers, although not as potent as nio- 
bium (in binary alloys). While the melt 
zone compositions (Table 4) show a de- 
crease in niobium content in the braze 
joint compared to the base metal, sub- 
stantial amounts of both copper and 
nickel are present. In fact, the sum of the 
beta stabilizers (copper, nickel and nio- 
bium) is nearly a constant 24 wt-% (15 
at.%) in joints prepared using the five dif- 
ferent filler metals. The combination of 
lower amounts of aluminum (9 wt%, 16 
at.%) with the presence of both copper 
and nickel in the braze joints undoubt- 
edly renders Fig. 8 inexact for these com- 
positions, but it retains some utility for 
describing microstructural events that 
occur during cooling. An increase in nio- 
bium (or beta stabilizer) content from 
10.9 toward 15 at.% will tend to change 
the balance of microstructural phases 
present at low temperatures by increasing 
the amounts of both beta (either BCC or 
the ordered B2) and O phases present 
during cooling. Additionally, the temper- 
ature stability of the orthorhombic phase 
increases with beta stabilizer content, 
thereby improving the probability of a 
BCC to O transformation during cooling 
from the brazing temperature. 

Microprobe analysis of selected braze 
joint features was used to characterize 
their microstructural evolution. Figure 10 
shows the composition at several loca- 
tions near the boundary between base 
metal and the solidified joint. Solidifica- 
tion at the base metal interface (indicated 
by arrows) is seen to have occurred epi- 
taxially as a two-phase alpha and beta 
front proceeding toward the center of the 
joint. However, this mixture of phases 
does not reflect the high beta stabilizer 
content of the solidifying liquid. Conse- 
quently, excess copper, nickel and nio- 
bium were rejected into the liquid ahead 
of the advancing solidification front. 
These increasing concentrations of beta 
stabilizers in the liquid caused an abrupt 
change in the solidification mode from 
alpha to beta. This transition area is evi- 
dent as a nearly continuous strand of 
beta/orthorhombic phase oriented paral- 
lel to, and within a few micrometers of, 
the base metal interface. (Note that the 
composition of Point 5 in Fig. 10 corre- 
sponds to that of a mixture of both BCC 
and O phases, consistent with the mor- 
phology observed using TEM.) The short 
distance between the base metal inter- 
face and the transition to beta solidifica- 
tion indicates that diffusion of beta 

Filler Metal Ti Cu Ni Nb AI Cu + Ni + 
Nb 

Ti-15Cu-ISNi 
Meltspun 66.7 4.4 4.5 15.4 9.0 24.4 
Laminated 68.8 3.9 3.9 14.8 8.7 22.6 

Ti-20Cu-20Ni 
Meltspun 66.7 3.8 4.3 16.0 9.3 24.1 

Ti-15Cu-25Ni 
Meltspun 65.6 2.5 4.8 17.5 9.7 24.8 
Laminated 65.5 2.5 5.1 17.1 9.9 24.7 

Ti-15Cu-15Ni + Ni Coat 
Laminated 65.7 3.0 4.8 16.8 9.6 24.6 

T(C) 
1300 

HCP ~ - 

I I 0 0  

DO19  9oo O 

7 ~ )  i i 
10 20 30  

Ti3A1 Atomic % Nb Nb3AI--~ 

Fig. 8 - -  Pseudobinary equilibrium phase diagram for Ti3AI-Nb (Ref. 8). 

stabilizers in the liquid, away from the 
solid-liquid interface, is limited. Figures 
6 and 7 suggest that nickel, with its par- 
ticularly pronounced concentration vari- 
ation (at least in the joints made with 
higher alloyed filler metals), diffuses the 
slowest. The wide range of allowable 
beta compositions (Fig. 8) suggests that 
the excess beta stabilizer can be accom- 
modated in the beta solidification. There- 
after, solidification proceeds as a leaner 
beta composition consistent with the 
bulk liquid chemistry. While cooling to 
room temperature, the large beta grains 
in the braze joint undergo solid state 
transformations to produce the mix of 
phases previously described, while the 
enriched transition area is less likely to 

transform to the DO19 structure. 
The continuous centerline phase (Fig. 

11) was found to have the DO19 (alpha- 
two) composition, while areas immedi- 
ately adjacent (light contrast) appeared 
to consist of predominantly the 11 ortho- 
rhombic composition. It is quite com- 
mon to find alpha phase decoration at 
prior beta grain boundaries in commer- 
cial c~ + 13 titanium alloys that have been 
quenched from above the beta transus. 
Because beta stabilizers in these alloys 
(generally vanadium and molybdenum) 
partition strongly to the beta phase, the 
beta grain boundaries consist of the 
most dilute beta obtainable, which read- 
i ly exhibit nucleation and growth of 
alpha phase on cooling (Ref. 1 6). How- 
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Fig. 9 - -  TEM bright-field micrograph of joint microstructure from 
meltspun Ti-15Cu-25Ni specimen. 

Point 1 68.0 0.5 0.4 21.5 12.6 
2 67.4 0.4 0,3 21.7 13.0 
3 70.5 0,6 0.3 17.9 12.9 
4 69.7 0.5 0.4 17.3 13,2 
5 62.0 3.7 4.0 21.7 13.0 

Fig. 10 - -  Microstructure and EDS analysis of boundary (arrows) 
between base metal and solidified joint for laminated Ti-15Cu-25Ni 
specimen. 

ever, the presence of 
the nickel-, copper- 
and niobium-rich or- 
thorhombic phase in 
close proximity to 
the grain boundary 
alpha-two phase sug- 
gests that evolution 
of the microstructure 
in these braze joints 
follows a different 
path. Electron micro- 
probe scans across 
the braze joints, par- 
t icularly those from 
the Ti-15Cu-25Ni 
filler metals (Figs. 6, 
7), show areas of 
high nickel concen- 
tration near the cen- 
ter of the joint. This 
effect could be the 
result of initial segre- 
gation in the braze 
joint (from incom- 
plete homogeniza- 
tion of the molten 
f i l ler metal) or it 
could be caused by 
solute partitioning 
during solidification. 

To investigate the 
transport of nickel 
and copper through 
the braze joint, spec- 
imens were prepared 
using both the melt- 
spun and laminated 
Ti-15Cu-25Ni foils, 
according to the pro- 
cedures detailed pre- 
viously. However, the 
thermal cycle was 
changed to limit the 
high-temperature ex- 
posure to a total of 

Table 5 - -  Composition (w/o) of Phases in Base Metal and Braze Joints Made with 
Ti-15Cu-25Ni Filler Metals 

Ti AI Nb Ni Cu 

0.2 1.7 
0.3 1.4 

2.0 1.7 
1.9 2.6 

22.0 13.9 
25.5 9.3 

16.6 23.4 
16.7 22.4 

DO19 Meltspun 68.4 14.5 15.2 
(0.50) Laminated 69.8 14.2 14.3 

BCC Meltspun 61.5 3.1 31.7 
(0.17) Laminated 62.7 3.7 29.1 

11 Meltspun 48.3 5.1 10.8 
(0.30) Laminated 48.3 5.3 11.6 

12 Meltspun 54.5 1.2 4.8 
(0.03) Laminated 55.0 1.1 4.4 

DO19 Base Metal 64.8 14.4 19.5 

BCC Base Metal 53.1 3.9 41.8 

2 min compared to the baseline of 1 h. 
Metallographic results (Figs. 12 and 13) 
indicated that the resulting joints were 
much narrower (-50 vs. -80 lam) than 
the baseline joints (1 h at 982°C), again 
indicative of the slow diffusion of solute 
elements and subsequent dissolution of 
base metal. Both of the 2-min joints con- 
tained considerable segregation toward- 
sthe center. Large but discrete particles 
were seen in the joint prepared with 
meltspun foil, while the laminated foil 
produced a joint that contained a con- 
tinuous region of two phases in the cen- 
ter. Chemical analysis indicated that the 
same nickel-rich phase was present in 
both joints. Additionally, the laminated 
joint contained an intermittent phase 
(Point 1 in Fig. 13) consisting of substan- 
tial amounts of both copper and nickel. 
It is clear from the figures that the melt- 
spun filler metal produced a more ho- 
mogeneous joint during the 2-min hold 
time at 982°C. Because both joints were 
formed using filler metal of the same bulk 
composition and experienced the same 
thermal history, the more pronounced 
segregation found in the laminated joint 
seems likely to be a result of the initial 
copper and nickel distribution in the cen- 
ter of the filler metal foil compared to the 
more uniform composition of the melt- 
spun foil. 

This characteristic slow diffusion of 
solute species through the liquid influ- 
ences microstructural development in 
the entire joint in two respects. The lim- 
ited transport of solute (particularly 
nickel) away from the initial solidifica- 
tion front has been previously described. 
However, the development of micro- 
structure in the center of the joint is af- 
fected in large part by the incomplete 
homogenization of the liquid phase at 
the brazing temperature of 982°C. As 
filler metal nickel content increases, the 
differences in solute distribution in the 
laminated vs. meltspun joints is magni- 
fied, resulting in the noticeably different 
terminal solidification microstructures 
shown in Figs. 12 and 13. 

The following solidification sequence 
near the bond centerline is proposed. 
With the approach of beta grains from 
opposing sides of the joint, the effect of 
nickel and copper rejection into the liq- 
uid ahead of the solidification front, com- 
bined with the high residual nickel in the 
center of the joint, can cause beta solid- 
ification to become unstable (as shown in 
Figs. 12 and 13). In areas of particularly 
high solute content, solidification 
changes to an orthorhombic structure (or 
B2, which subsequently transforms to O 
phase) to accommodate the increased 
nickel and copper levels. This ortho- 
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Fig. 12 - -  Microstructure and EDS analysis of meltspun Ti- 15Cu-25Ni 
specimen brazed at 982°C (1800°t:) for 2 min. 

Fig. 11 - -  Microstructure and EDS analysis of joint centerline features 
in meltspun Ti- 15Cu-25Ni specimen. 

Fig. 13 - -  Microstructure and EDS analysis of laminated Ti- 15Cu-25Ni 
specimen brazed at 982°C (1800°F) for 2 min. 

Fig. 14 - -  Selected area of  Ti-20Cu-20Ni jo int  showing lack of  
centerline features. 

rhombic (or B2) solidification, oriented 
parallel to the solidification front, then 
consumes the remaining solute content. 
The very last region to solidify, at the 
boundary between the two solidification 
fronts, would be less rich in beta stabiliz- 
ers. This narrow band of nickel-, copper- 
and niobium-depleted solid (compared 
to the bulk intermetallic composition) 
acts as a nucleation site for transforma- 
tion to the close-packed DO19 phase 
upon further cooling. Liquid regions, 
which have a lower solute content as the 
beta grains converge near the centerline, 

do not undergo the transformation to or- 
thorhombic (or B2) solidification. At 
these locations, a boundary is formed 
where beta grains meet. Subsequent 
solid-state transformations (beta to DO 19 
and beta to orthorhombic) remove any 
distinctive microstructural discontinuity; 
a smooth transition between orientations 
is evident in Fig. 14. 

To test the sensitivity of microstructure 
to nickel distribution, a second type of 
laminated Ti-15Cu-25Ni foil was fabri- 
cated. A thin nickel layer was sputter de- 
posited on both sides of a piece of 

laminated Ti-15Cu-15Ni foil. To obtain 0 
the desired bulk composition, it was first 
necessary to remove some of the pure 
titanium layer. After weighing a 100 mm 
x 100 mm x 37 Hm (4 x 4 x 0.002 in.) 
square of Ti-15Cu-15Ni, 7.3% of the 
weight of the foil (only titanium) was re- 
moved by chemically etching in a dilute 
solution of HNO 3 and HF. Subsequent 
controlled deposition of nickel on both 
sides of the foil produced a bulk compo- 
sition of Ti-14.5Cu-24.9Ni. A specimen 
brazed at 982°C for 1 h produced the 
joint microstructure shown in Fig. 15. 
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Fig. 15 - -  Microstructure of  jo in t  prepared using "custom" Ti-15Cu- 
25N i  layered foil. 
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Fig. 16 - -  Composit ional prof i le across jo in t  prepared using "custom" 
Ti- 15Cu-25Ni. 

This joint contained 39% of centerline 
DO19 phase, a value midway between 
those measured for meltspun and com- 
mercially prepared laminated foils. The 
nickel concentration appears to be more 
uniform than that found in the "standard" 
laminated Ti-15Cu-25Ni foil; micro- 
probe results (Fig. 16) also document a 
reduced nickel concentration toward the 
center of the joint made with the custom 
prepared foil (5% vs. 4-10%). The over- 
all braze joint composition (Table 4) was 

found to be slightly 
enriched in copper 
with a corresponding 
slight reduction in nio- 
bium compared to 
joints prepared with 
the commercial filler 
metals of this compo- 
sition, but well within 
the range found for 
the Ti-Cu-Ni alloys. Fi- 
nally, room tempera- 
ture tensile specimens 
prepared using the 
custom foil broke in 
the base metal at 
strength levels com- 
parable to those ob- 
tained with the 
meltspun foil (Table 
2). The elevated 
temperature tensile 
behavior was also 
comparable to earlier 
results. 

Conclusions 

The brazing studies 
conducted on Ti- 
13.4AI-21.2Nb in the 
current investigation 

N~ t j I L  _- have led to an under- A/-,ir~- - 
_ standing of some of the 

factors that determine 
microstructures and 
mechanical behavior 
of brazed compo- 
nents. The following 
conclusions are drawn 
from the results of this 
work: 

1) The use of filler 
metals based upon the 
Ti-Cu-Ni alloy system 
can produce braze 
joints with room tem- 
perature tensile 
strength comparable 
to alpha-two titanium 
aluminide parent ma- 
terial. However, at test 
tem peratu res of 649°C 
and 760°C, joints pro- 
duced with these filler 

metals have only 70-80% of base metal 
tensile strength. 

2) After a brazing cycle of 1 h at 
982°C, laminated and meltspun foils 
of the same alloy were found to produce 
joints with nearly identical joint com- 
positions, although the distribution of 
elements within the joints differed. Melt- 
spun foils, particularly at higher solute 
compositions, produced joints having a 
more uniform solute distribution than 

their laminated counterparts. 
3) Braze joint microstructure was 

shown to be controlled in large part by 
diffusion of solute elements, particularly 
nickel. It is proposed that residual solute 
content in the center of the braze joint 
determines the microstructure of the final 
regions to solidify. At those locations 
where the nickel content was particularly 
high, the solidification mode can change 
from beta to an orthorhombic structure, 
resulting in a final centerline structure 
that readily transforms to an HCP phase 
after cooling. 

4) Laminated and meltspun Ti-15Cu- 
15Ni foils produced joints with similar 
microstructures and chemical composi- 
tions using a brazing cycle of 982°C for 
l h .  

5) Commercial laminated foil of com- 
position Ti-15Cu-25Ni produced joints 
with particularly high nickel segregation. 
H igh levels of nickel near the center of the 
joint, a remnant of the initial solute distri- 
bution in the filler metal, is believed to 
have caused an unusually high amount of 
centerline alpha-two phase that con- 
tributed to poor room temperature tensile 
behavior. By changing the distribution of 
nickel in a laminated foil, the quantity of 
centerline alpha-two phase can be re- 
duced, thereby improving room tempera- 
ture strength. Meltspun foil of this 
composition exhibited less segregation 
and produced joints with good room tem- 
perature tensile properties. Considering 
the different microstructural features ob- 
served in the 2-min and 60-min braze 
joints (and probable differences in 
strength), brazing time and filler metal 
compositional distribution appear to be 
critical parameters. 
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