
Low Temperature Large-Area 
Brazing of Damage Tolerant 
Titanium Structures 

Propagating cracks can be arrested in 
laminated STA titanium structures 

BY R. R. WELLS 

ABSTRACT. In this program, various 
brazing filler metals were identified 
and brazing processes established 
for producing large-area damage-
tolerant laminates of Ti-6AI-4V, T i -
6AI-6V-2Sn, and Ti-3AI-8V-6Cr-4Mo-
4Zr (Beta C) for service between -50 
and 300 F (227 and 422 K). Low melt
ing temperature filler metals were 
identified to permit the fabrication of 
laminates in the STA condit ion, and 
the most promising systems were 
u s e d to f a b r i c a t e t h r e e - p l a t e 
laminates. 

Brazing filler metal 22 provided the 
highest lap shear strength, tensile 
strain to fracture, corrosion resis
tance, and S-N fatigue behavior. Frac
ture toughness and fatigue crack 
propagation tests on the laminates 
showed that, in the crack arrest orien
tat ion, the A l -Cu-Ag fi l ler metals 
stopped all cracks from propagating 
by delamination through the filler 
metal. Behavior in the crack divider 
orientation was similar to the be
havior of monolithic material. 

Brazing filler metal 22 provided 
better producibil ity than did the A l -
Cu-Ag filler metals. Placement was 
straightforward and joint quality was 
excellent based upon the nonde
struct ive test ing and mechanical 
properties tests. 

The results of this program indi
cate that titanium structures can be 
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produced in the STA condition with 
excellent damage tolerant properties 
in the crack arrest orientation and 
with no reduction in properties in the 
crack divider orientation. Consider
ing properties and producibil ity, the 
brazing filler metal 22 was the most 
attractive system for producing these 
laminates. 

Introduction 

This program was designed to 
evaluate brazing filler metals and es
t a b l i s h b r a z i n g p a r a m e t e r s fo r 
fabricating STA titanium laminates 
which would stop the catastrophic 
propagation of cracks in critical air
c ra f t c o m p o n e n t s o p e r a t i n g at 
temperatures between -50 and 300 F 
(227 and 422 K). STA titanium alloys 
provide a high s t rength- to-weight 
ratio but unacceptable damage toler
ance for most airframe applications. 
Therefore, laminating is an attractive 
approach for producing a damage 
tolerant structure using these alloys. 
Brazing of the laminates was desired 
to increase the strength and service 
temperature range beyond those 
which an adhesive bonded structure 
could withstand. 

The aging kinetics of the titanium 
alloys dictated a maximum brazing 
temperature of 1125 F (880 K). Since 
few of the commercial brazing filler 
metals which are suitable for joining 
titanium melt below this temperature, 
severa l new c o m p o s i t i o n s were 
evaluated. 

Laminates were fabricated using 
Ti-6AI-4V, Ti-6AI-6V-2Sn, and Ti-3AI-
8V-6Cr-4Mo-4Zr (Beta C), and sev
eral brazing filler metals. However, 
since the laminate fracture behavior 

was similar in the three base metals, 
o n l y t h e d a t a f r o m T i - 6 A I - 4 V 
laminates joined with two different 
brazing filler metals will be discussed 
in detail here. The two brazing filler 
metals discussed in this report rep
resent the two different types of be
havior observed in the program. Data 
for the other titanium laminate sys
tems will be described briefly. A more 
detailed treatment of these systems is 
contained in Reference 1. 

Experimental Procedure 

The Ti-6-4 was degreased, 
scrubbed with cleanser, rinsed, dr ied, 
and acid cleaned in 30% HN0 3 -2% 
HF. Brazing filler metals were de
greased as needed. Brazing experi
ments were conducted in a cold wall 
vacuum furnace which could be back
filled with high purity argon and it had 
provisions for viewing filler metal flow. 
Large area laminates were brazed in 
retorts placed between heated ce
ramic tools. 

Brazing fi l ler metals and their 
brazements were evaluated by com
paring flow temperatures, lap shear 
strengths, bend deflections, and cor
rosion resistances. Brazed laminates 
were evaluated by ultrasonic inspec
tion techniques and sectioned into 
specimens as shown in Fig. 1. These 
specimens were tested using appl i 
cable ASTM standard techniques or 
modi f icat ions of these s tandards 
where necessary. 

Discussion 

Brazing Filler Metal Selection 

Several commercial ly available 
aluminum or silver base filler metals 
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were evaluated along with several ex
perimental aluminum base alloy com
positions for low temperature braz
ing work between 950 F (783 K) and 
1125 F (880 K). These experimental 
a l l o y s w e r e b a s e d u p o n t h e 
aluminum-33 copper eutectic which 
has a melting temperature of 1050 F 
(839 K). 

Based upon prior experience and 
the objectives of this program, a 
systematic investigation of various 
ternary and quaternary al loys of 
aluminum was conducted. In most 
cases, ternary l iqu idus isotherms 
were constructed using the binary in
formation f rom the literature (Refs. 2, 
3,4) and the guidelines set forth by 
Rhines (Ref. 5). The liquidus iso
therms for the system Al-Cu-Mg and 
Al-Cu-Si were taken from Van Horn 
(Ref. 6). The ternary system used 
most frequently in this program was 
the aluminum-si lver-copper diagram, 
Fig. 2, which was constructed from 
binary data. There is a wide range of 
composit ions that will yield a melting 
temperature of less than 1015 F 
(818 K). Of these, three composit ions 
were selected: 

36AI-14Cu-50Ag 
50AI-25Cu-25Ag 
63AI-32Cu-5Ag 

These alloys permitted the study of 
flow effects and corrosion resistance 
as a function of composit ion in the A l -
Cu-Ag system. Variations of these 
alloys were obtained by adding mag
nesium, ge rman ium, s i l icon, and 
lithium. 

Other experimental brazing filler 
metal systems studied were: 

Aluminum-copper-si l icon 
Aluminum-copper- t in 
Aluminum-copper-si l icon-t in 

Many other alloy addit ions were in
vestigated and rejected based upon 
the binary phase diagram informa
t ion, cost (i.e., gold), corrosion be
havior, and embritt l ing effects on 
t i tanium. 

Brazing Filler Metal Flow 

Preliminary flow evaluations were 
made with a brazing filler metal chip 
supporting one edge of a 0.5 in. (12.7 
mm) square section above a 1 in. 
(25.4 mm) square of the titanium 
alloy. 

These specimens were heated in 
vacuum to 600 F (589 K) and then, in a 
partial pressure of argon, to the flow 
temperature. The melting temper
ature was taken as the temperature at 
which the filler metal changed shape, 
normally into a ball. The flow point 
was taken as the temperature at 
which fillets were formed around the 
specimen. It is important to note that 
these tests were conducted with the 
brazing filler metal already between 
the titanium surfaces (at one edge) 
such that a mechanical squeezing 
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took place which aided the wetting, 
flow, and fil leting. In addit ion, no at
tempt was made to control the thick
ness of the gap between the titanium 
surfaces. 

Pertinent information relating to the 
melting and flow behavior of the 
various candidate filler metals on T i -
6-4 are shown in Table 1. These tests 
were conducted in 300 torr (4 X 10" 
Pa) of argon. The wetting and flow be
havior of the brazing filler metals 
varied somewhat between the three 
base metals. Alloy addit ions of sil i
con, magnesium, germanium, l ithium, 
and tin were made to the Al-Cu and 
Al-Cu-Ag type alloys. Of these, the 
silicon and/or tin containing filler 
metals formed weaker joints or ex
hibited flow temperatures of 1090 F 
(860 K) or above. The magnesium 
additions improved the flow charac
teristics but significantly decreased 
the corrosion resistance of the Al-Cu-
Ag fi l ler metals. German ium im
proved the corrosion resistance but 
fo rmed very fragi le jo ints. Smal l 
lithium addit ions improved the flow 
cha rac te r i s t i c s w i thou t ser ious ly 
affecting joint strength. Of the various 
fi l ler metals evaluated, the only 
promising commercial ly available one 
was aluminum filler metal sheet, 24, 
which melted and joined the titanium 
at 1130 F (883 K). This sheet has an 
AI-10%Si alloy clad to a core of 
aluminum alloy 6951. All of the other 
commercial ly available systems had 
flow temperatures in excess of the 
an t i c i pa ted m a x i m u m a l l owab le 
temperature to retain an STA treat
ment. 

Effects of Heat-Treatment 
on Base Metal Properties 

Before brazing systems could be 
selected, it was necessary to deter
mine the effects of the brazing cycle 
on the properties of the aged titanium 
alloys. This was accomplished by a 
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1292F (973K) 

I112F (873KI 

CONSTRUCTED 
FROM 

BINARIES 

1022F (823K) 

11T2F (873KI 

Fig. 2 — Ternary liquidus diagram for 
aluminum-copper-silver system 

determination of tensile properties 
after various aging cycles. A brazing 
cycle was constructed based upon 
typical heating rates which could be 
achieved with large components . 
When a large mass is heated, heating 
rates on the order of 300 F/h (170 
K/h) can be achieved up to 50 F 
(28 K) below the flow point of the 
brazing filler metal. For the remaining 
50 F, the heating rate is drastically 
reduced so that the desired holding 
temperature will not be exceeded. 

The transformation kinetics of Ti-6-4 
have been published by Fopiano, 
Bever, and Averback (Ref. 7). Based 
upon the aging kinetics reported in 
this work, it was anticipated that the 
aging effects which occur in 4 h at 
1000 F (811 K) would occur in ap
proximately 35 min at 1050 F (839 K) 
or 10 min at 1075 F (908 K). In order to 
allow for the contribution of the heat
ing and cooling port ion of the cycle, 
the times at the brazing temper
atures were reduced for this program. 

Sheet tensile specimens of Ti-6-4 
were exposed to various aging-braz
ing cycles and tested. From these re
sults, it was determined that it is 
possible to braze either standard 
aged Ti-6-4 STA or solution treated 
Ti-6-4 at 1075 F (853 K) for 5 min. 

The Ti-6-6-2 alloy is normally aged 
between 1050 and 1150 F (839 and 
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894 K) for 4 h, thus indicating slug
gish aging kinetics in the desired 
brazing range. Tensile tests con
f i rmed that the Ti-6-6-2 could be aged 
at 1050 F (839 K) for 4 h prior to being 
brazed at 1125 F (880 K) for 5 min 
without affecting the strength. 

The aging kinetics of the Beta C 
alloy are not well established. How
ever, it was theorized that an initial ag
ing treatment of 8 h at 900 F (755 K) 
would form a fine, stable precipitate. It 
was found that this treatment allowed 
a brazing temperature of 1100 F (866 
K), whereas the use of a 1050 F (839 
K) aging treatment restricted the Beta 
C brazing temperature to 1050 F. 
Brazing cycles with solution treated 
Beta C resulted in low base metal 
strength. Therefore, the 900 F (755 K) 
aging treatment was used. 

Flow Over Large Areas 

Based on the above data, four 
brazing filler metals were selected for 
use with each of the three base metals 
for further evaluation. In this study, 6 
X 6 in. (152 X 152 mm) lap specimens 
were brazed in stainless steel retorts. 
These specimens were evaluated for 
flow and joint quality and then they 
were sectioned for lap shear and 
bend tests. Addi t iona l spec imens 
were made to evaluate the cross-
tension strength of the brazements. 

Prior to brazing the 6 x 6 in. 
specimens, an investigation was per
formed to establish the opt imum gap 
spacing between the titanium sur
faces for good flow of the brazing filler 
metal. Gap spacing between mating 
titanium surfaces was controlled by 
means of small t i tanium foil spacers 
with sufficient force applied to pre
vent floating of the upper t i tanium 
part on the brazing filler metal. 

Brazing filler metal flow behavior 
was controlled by the temperature 
and gap spacing. As the temperature 
was increased, the wetting angle be
tween the liquid filler metal and the 
titanium decreased such that the l i 
quid flowed through smaller gaps. 
Since the aging behavior of the Ti-6-4 
restr icts the brazing tempera tu re 
which can be used, flow was im
proved by widening the gap between 
the surfaces to be brazed. The re
sults of these tests showed that, 
when brazing at these low temper
atures, the titanium surfaces must be 
spaced apart by at least 0.006 in. 
(0.15 mm). Flow was adequate at 
0.010 in. (0.25 mm) and at 0.015 in. 
(0.38 mm), but the quantity of braze 
alloy used becomes high at 0.015 in. 
Therefore, 0.010 in. ± 0.004 in. (0.25 
mm ± 0 . 1 mm) was used for the spac
ing tolerance. This thickness range 
agreed with that given by Reynolds 
(Ref. 8) for o p t i m u m lap shear 
strength when brazing titanium with 
3003 alloy at 1240 F (942 K). 
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During the various large area flow 
experiments, it was found that the 
flow temperature for the Al-Cu-Ag 
alloys varied with the atmosphere em
ployed. Flow temperatures were 200 F 
(111 K) higher in vacuum than in 500 
torr (6.6 X 10" Pa) of argon. Experi
ments showed that this effect was not 
caused by gross changes in the filler 
metal composit ion due to vaporiza
tion. However, other possibilities were 
not fully explored. This requirement 
for an argon atmosphere affected 
joint quality due to uneven flow and 
the subsequent entrapment of argon 
in the joints produced with the Al-Cu-
Ag alloys. 

Twelve combinations of brazing 
filler metals and base metals were se
lected for further evaluation based 
upon the aging kinetics, the flow 
temperatures, and joint quality. For 
the preliminary large area flow tests 
on Ti-6-4, four brazing filler metal sys
tems were selected. These were 50AI-
25Cu-25Ag-0.01Li, 63AI-32Cu-5Ag-
0.01 Li (7 + Li), and 49.5Ag-27.9AI-
12.6Cu-10Ge (10) on bare surfaces, 
and 36AI-14Cu-50Ag (5) on a silver 
plated Ti-6-4 surface. Each of the four 
brazing filler metal systems exhibited 
satisfactory flow in the retort. How
ever, filler metal 5 on the silver plated 
titanium required 1160 F (900 K) to 
achieve large area coverage. Subse
quently, it was found that filler metal 
10 produced very low joint strength 
and it was dropped from further tests. 
Table 2 shows the mechanical be
havior achieved on these 6 x 6 in. 
specimens. Of these, only the filler 
metal 7 + Li appeared to be satisfac
tory for further testing. Filler metal 4 + 
Li formed brittle joints, causing a high 
spec imen loss dur ing mach in ing . 
Filler metal 5, on the plated surfaces, 
was only as strong as the mechanical 
bond between the plated layer and 
the t i tanium, and all failures occurred 
at that interface. 

An additional problem with the T i -
6-4 brazing systems was that the 
alloys 4 + Li and 7 + Li f lowed at ap
proximately 1090 F (860 K), which is 
above the desired maximum temper
ature of 1075 F (852 K) required to re
tain fully aged properties in Ti-6-4. 
Thus, for final evaluation, it appeared 
best to select one of the four sys
tems, i.e., 7 + Li, and one other braz
ing filler metal with a higher flow 
temperature which would provide a 
higher joint strength, i.e., braze alloy 
24, at the expense of slightly over
aging the Ti-6-4. 

The preliminary selection of four 
brazing filler metals for joining Ti-6-6-
2 were 63AI-32Cu-5Ag-0.01 Li (7 + Li), 
63AI-32Cu-5Ag (7), 50AI-25Ag-25Cu 
(4), and commercial alloy 24. Those 
selected for joining Beta C were 63AI-
32Cu-5Ag (7), 50AI-25Ag-25Cu (4), 
50Ag-36AI-14Cu (5), and 50Ag-36AI-
14Cu-0.01Li (5 + Li). Each of these 

Table 2 — Mechancial Behavior of Ti-6-4 Joints 

Brazing 
filler 
metal 

No. 5 (50Ag-36AI-
14Cu)on 
Ag/Cu Plate 

No. 10 (49.5 Ag-
27.9AI-
12.6Cu-10Ge) 

No. 4 + Li 
(50AI-25Ag-
25Cu-0.01Li) 

No. 7 + Li 
(63AI-32CU-
5Ag-0.01Li) 

For mechanical tests designated: 
Cross-tension Lap shear, 0.2 in. overlap 

strength As- After 50 h Guided bend test 
peel-tensile brazed salt spray Deflection Type 
psi (MPa) psi (MPa) psi (MPa) in. (mm) of fail. 

170 avg 
(1.2) avg 

253 avg 
(1.7)avg 

420 avg 
(2.9)avg 

2,500 avg 
(17) avg 

3,100 avg 
(21)avg 

0.045 avg 
(1.1) avg 

Delam
ination 

Alloy rejected prior to testing 

3,200 (a) 

(22) 

5,0001") 
(34) 

No Test (a) 0.043 avg Part. 
(1.1) avg delam. 

4,800 avg 
(33)avg 

0.088 avg 
(2.2) avg 

Part, 
delam. 

(a) Range 500 to 5860 psi (3.4 to 40 MPa), lost several specimens during machining 
(b) Range of 730 to 10,000 psi (5.0 to 69 MPa) 

systems was evaluated by brazing 6 x 
6 in. and cross-tension specimens. 
These specimens were also evaluated 
by conducting lap shear, bend, and 
cross-tension tests as on the Ti-6-4. 

While experimental quantities of 
brazing filler metal 24 had been ob
tained, sufficient quantities were not 
available to complete the program. 
Therefore, the similar brazing sheet 
alloy 22 was substituted for fabricat
ing the large laminated plates. Alloy 
22 has an AI-7.5%Si alloy clad to a 
core of aluminum alloy 6951. 

Brazed Large-Area Laminates 

Based upon the above preliminary 
test results, the following systems 
were selected for brazing 1-1/8 X 12 
X 24 in. (28.5 X 300 X 600 mm) three-
plate laminates: 
1. Ti-6-4 ST with filler metal 22 — 

1120 F (877 K) 
2. Ti-6-4 ST with filler metal 7 + Li — 

1100 F (866 K) 
3. Ti-6-6-2 1050 F (839 K) STA with 

filler metal 22 — 1125 F (880 K) 
4. Ti-6-6-2 1050 F (839 K) STA with 

filler metal 7 — 1130 F (833 K) 
5. Beta C 900 F (755 K) STA with filler 

metal 7 — 1100 F (866 K) 
6. Beta C 900 F (755 K) STA with filler 

metal 4 — 1100 F (866 K) 
Two laminates each were made 

with T i -6-6-2 STA and Ti-6-4 ST 
plates and brazing filler metal sheet 
22 in a retort evacuated to less than 1 
torr (1.3 X 102 Pa). The laminates 
made with the other brazing filler 
metals were brazed in an a tmo
sphere of 500 torr (6.6 X 10" Pa) 
argon. 

Two plate arrangements were used 
for brazing. With the brazing filler 
metal 22 sheet, the plates were mere
ly interleafed with a layer of brazing 
filler metal sheet and no additional 
spacers were used. Three thermo-

Fig. 3 — End view of Ti-6-4 STA laminates 
showing tongue-and-groove arrange
ments with alignment foils and brazing 
filler metal covers 

couples were used to monitor the 
laminate temperature inside the re
tor t . Four teen ex te rna l t h e r m o 
couples were used to monitor thermal 
gradients across the retort. 

A d i f f e r e n t a r r a n g e m e n t was 
necessary to allow for brazing with A l -
Cu-Ag filler metals. In this case, small 
squares of 0.010 in . (0.25 mm) 
titanium foil were used to separate the 
p la tes. These 1/8 in . (3.2 mm) 
squares were located on a 2-1/2 in. 
(63 mm) square grid pattern. In addi 
tion, the center plate was staggered 
by 3/4 in. (19 mm) in order to allow for 
brazing filler metal placement. This 
provided a tongue-and-groove ar
rangement, as shown in Fig. 3. The 
plates were aligned using titanium foil 
on the sides and the brazing filler 
metal was kept in place before and 
after melting with t i tanium foil covers. 
These covers completely enclosed 
the brazing filler metals along both 
the tongue and the groove. 

Laminate Inspection 

Excess brazing filler metal was 
used with all of the laminates to 
assure completely filled joints. This 
excess liquid was squeezed out of the 
joints made with filler metal 22. The 
laminates brazed with the Al-Cu-Ag 
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filler metals showed a gravity effect in 
that some liquid collected at the low
est points, and the bottom braze joint 
had fewer and smaller voids than the 
top ones. Figure 4 shows a com
parison between the joint quality pro
duced with filler metals 22 and 7 + Li 

on Ti-6-4. The void with filler metal 22 
is assoc ia ted w i th a su r face ir
regularity. Those voids in the 7 + Li 
filler metal are from nonuniform wet
ting, causing the entrapment of argon. 

The braze joint quality in the Ti-6-6-
2 plates was quite similar to that 

shown for Ti-6-4. However, th joints 
in the Beta C plates were o, poorer 
quality. This apparently was caused 
by the poor f it-up between the warped 
Beta C plates before brazing and the 
formation of stable entrapped argon 
pockets due to nonuniform wetting. 

f 

^^J\ 

BRAZING FILLER METAL 
63AI-32Cu-5Ag-0.01 Li 

BRAZING FILLER METAL 
22 

Fig. 4 — Comparison ot ultrasonic inspection results between joints In two Ti-6-4 laminates 

Laminate Properties 

Tensile Tests — Tensile tests were 
c o n d u c t e d us ing f lat s p e c i m e n s 
oriented such that the brazing filler 
metal was forced to strain along with 
the titanium (see Fig. 1). Thus, due to 
their relative moduli and strength, in 
many cases the brazing filler metals 
were strained to failure before the 
base metal reached its yield strength. 
After the brazing filler metal failed, the 
three legs of the specimen yielded 
and failed independently. Therefore, 
the data for Ti-6-4 in Table 3 are 
presented as the stress at which braz
ing filler metal fracture occurred and 
the ultimate strength of the laminate. 
Data for the other laminates showed 
similar trends. However, the higher 
yield strengths of the Ti-6-6-2 and 
Beta C widened the gap between filler 
metal fracture and base metal yield 
strength. Of the systems tested, braz
ing filler metal 22 withstood the high
est strain before failure. In several 
cases, filler metal 22 did not fail until 
the titanium base metal was plas
tically deformed. Brazing filler metal 
7 + L i also withstood high strains on 
the Ti-6-4. 

Lap Shear Tests — The data in 
Table 3 show that brazing filler metal 
22 produced stronger joints than the 
7 + Li filler metal on Ti-6-4. Notice 
also that there is a correlation be
tween lap shear strength and brazing 
filler metal failure in the tension tests. 
The same trends and similar lap 
shear strengths were observed with 
the Ti-6-6-2 and Beta C laminates. 

Stress Corrosion Tests — Lap 
shear specimens were used for the 
stress corrosion testing. Two types of 
stress cor ros ion tests were con 
ducted: one in 3.5% NaCI solution at 
room temperature, the other with 
NaCI-coated spec imens at 300 F 
(422 K). In each case, the specimens 

Table 3 — 

Brazing 
system 

Mechanical 

Ti-6-4 ST 
Filler Metal 22 
Ti-6-4 ST 
Filler Metal 7 + Li 

Properties of Three-Plate Laminates 

Ult. strength 
brazed base 

metal, ksi (MPa) 

300 F 
RT (422 K) 

173 148 
(1,193) (1,022) 

173 148 
(1,193) (1,022) 

Stress in specimen 
at filler metal 

failure, ksi (MPa) 

300 F 
RT (422 K) 

138 135 
(953) (934) 
110 90 

(758) (624) 

Ult. strength 
3-ply specimen, 

ksi (MPa) 

300 F 
RT (422 K) 

158 135 
(1,087) (934) 

148 141 
(1,120) (972) 

Fracture toughness 
3-ply specimens 

ksi v i n . (MNm-3/2) 

Crack Crack 
divider arrest 

orientation orientation 

K Q = 36 K Q = 25 
(40) (28) 

K _ = 38 K = 25 
(42) u (28) 
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Table 4 — Summary of Stress Corrosion Results of Lap Shear Specimens 

Specimens tested at RT in 3.5% NaCI, stressed to NaCI coated specimens 

Brazing 
system 

Ti-6-4, filler 
metal 22 

Ti-6-4, filler 
metal 7+L i 

50% of RT lap shear strength 

Hours 

500, NF 
500, NF 

328 failed 
500, NF 

Residual 
lap shear 
strength 

ksi (MPa) 

14.0 
13.8 

(a) 

(97) 
(95) 

(a) 

% o f 
area 
cor

roded 

0 
0 

20 
20 

80% 

Hours 

500, NF 
500, NF 

500, NF 
500, NF 

of RT lap shear strength, 

Residual 
lap shear 
strength 

ksi (MPa) 

13.3 
13.1 

8.0 
6.7 

(92) 
(90) 

(55) 
(46) 

% o f 
area 
cor

roded 

0 
0 

5 
15 

at auu I- stressed to 
50% of RT lap shear strength 

Hours 

500, NF 

Residual 
lap shear 
strength 

ksi (MPa) 

15 (103) 

%o f 
area 
cor

roded 

0 

(a) No test, as specimens broke during handling after 500 h exposure 
NF = No failure 

were under constant stress in the test 
environment through use of a dead
weight lever arm loading system. 
Specimens that did not fail within 
500 h were removed and tested at 
room temperature in air to determine 
residual shear strength. The test re
sults for Ti-6-4 are summarized in 
Table 4. Fractographic analyses 
showed no stress corrosion in any of 
the specimens. However, the Al -Cu-
Ag filler metals did corrode in the 
3.5% NaCI solution. 

S-N Fatigue — The S-N fatigue 
specimens (Fig. 1) were oriented such 
that the brazing filler metal was forced 
to strain along with the t i tanium. 
Limited S-N fatigue results from the 
Ti-6-4 laminates are presented in Fig. 
5 along with base metal data. These 
data show that the laminates joined 
with brazing filler metal 22 exhibited a 
fatigue strength of 36.3 ksi (250 MPa) 
at 106 cycles, which compares favor
ably with published (Ref. 9) base 
metal data. The laminates joined with 
filler metal 7 + Li exhibited a fatigue 
strength of about 29 ksi (200 MPa) at 
106 cycles. Since these tests were 
conducted with equal stresses in the 
Ti-6-4, the difference in fatigue life re
flects an effect of the brazing filler 
metal. Possibly, the higher strength 
filler metal 22 distributes the stresses 
better in the notch region than does 
the Al-Cu-Ag filler metal. The Ti-6-6-2 
S-N fatigue data were almost ident
ical to the Ti-6-4 data with very similar 
fatigue life and mode of failure. The 
Beta C specimens exhibited fatigue 
properties essentially equal to the 
other Al-Cu-Ag filler metal joints in 
the Ti-6-4. 

Detailed analysis of these results is 
not s t r a i g h t f o r w a r d because the 
failure mode of these specimens was 
different than that in monolithic mate
rial. In no case did the brazing filler 
metal allow a crack to propagate 
through to the center plate. Stated an
other way, all of the brazing filler 
metals slowed or stopped the fatigue 
crack growth in these laminated S-N 
fatigue specimens by delamination. 
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Fig. 5 — S-N fatigue behavior of brazed Ti-6-4 STA plates 

The cracks initiated at the notches in 
the outer two legs of the three-plate 
laminates. Thus, the outer two legs of 
the specimen failed first. After these 
l e g s f a i l e d , t h e f i l l e r m e t a l 
delaminated leaving an unnotched 
center section which could carry the 
entire load and still required a long 
time to fail. This center section nor
mally would carry 45% of the spec
imen load (due to the notches in the 
outer legs). Thus, even after the 
center section is carrying twice the 
normal test load, the lack of stress 
c o n c e n t r a t i o n a l o n g i ts e d g e s 
provides a long fatigue life. 

Fracture Toughness Tests — Frac
ture toughness data for Ti-6-4 in both 
the crack divider and crack arrest 
orientations are included in Table 3. 
The values are listed as K Qvalues for 
several reasons. While the tests met 
the criteria for a Ki c value in the crack 
divider orientation, they are listed as 
KQ because the s p e c i m e n s are 
laminates rather than monol i th ic 
material. In the case of the crack ar
rest orientation, the specimens did 
not meet various SEN design criteria, 
nor did the SEN specimen meet the 

ASTM E399-1972T requirements and, 
finally, the effect of the brazing filler 
metal is unknown. In the crack d i 
vider orientation, each plate of the 
laminate behaved as a separate plate 
being tested in parallel with the other 
two plates. The toughness values in 
Table 3 compare reasonably well with 
the literature values of 41 ksi \ in. (45 
MNrrv3/2) for Ti-6-4 STA. The Ti-6-6-2 
laminates had a toughness of 27 ksi 
\ in. (29 MNrrr3 '2) as compared to 30 

ksi s in. (33 MN"3/?) for base metal 
and the Beta C laminates had a 
toughness equal to the base metal 
value of 51 ksi \ in. (56 MNrrv3 '2). 

During tests of the SEN specimens 
in the crack arrest orientation, the 
crack propagated rapidly to the joint 
where the crack spread in the filler 
metal causing delamination. The re
maining lamina then carried the load 
while the crack opening displace
ment increased. Ultimately, the bend
ing was sufficient and the loads high 
enough that the second filler metal 
layer failed and a bearing failure oc
curred in the loading hole. Curves of 
crack opening displacement versus 
load are shown in Fig. 6. The KQ 
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values derived f rom these tests are 
probably low due to the nonstandard 
spec imen des ign and the r igidi ty 
problems. For comparison, Fig. 6 in
cludes a curve for a monolithic Ti-6-4 
STA specimen. Here, it can be seen 
that while initial crack propagation oc
curs in the laminate at about the same 
load as in the monolithic material, an 
equal or higher load can be carried 
due to the crack arresting action of 
delamination. Similar results were ob
tained from the Ti-6-6-2 and Beta C 
laminates. 

-
-

• / 

i' 
y '• 

\ 
\ 

i » 

Ti-6-4 STA THREE 
- - . WITH BRAZING Fl 

| c - « l KSI J~IH 

MS MN m - 3 ' 2 ) 

WITH BRAZING FILLE 

CURVE FOR MONOLITHIC 

PLATE LAMINATE 

TE LAMINATE \ l " 

PIN HOLE " 

FAILURES. 

K OPENING DISPLACEMENT INCHES 

Fig. 6 — Fracture toughness behavior of 
brazed Ti-6-4 STA laminates in crack 
arrest orientation 

Fatigue Crack Propagation Tests — 
Figure 7 shows the fatigue crack 
propagation (FCP) rates for the Ti-6-4 
brazements in the crack divider orien
tation. These FCP rates are equal for 
both brazements. Nevertheless, the 
FCP behavior of a laminate in this 
orientation is apparently control led by 
the properties of the base metal, with 
little or no influence from the brazing 
filler metal. However, the FCP rates 
are somewhat lower than published 
(Ref. 10). FCP rates for Ti-6-4 STA, 
probably due to some overaging of 
the Ti-6-4 STA plate material in the 
laminates. 

The Ti-6-6-2 data were also consis
tent between the two brazements. 
However, in this case, the FCP rate 
was slightly higher than published 
values above 4 x 10_b in./cycle (10 - 4 

mm/cycle) and equal or slightly lower 
than the published values at slower 
FCP rates. 

The Beta C data displayed greater 
differences between the two braze
ments than did either the Ti-6-4 or Ti-
6-6-2. However, in this case, the data 
are scattered about the published 
FCP rates. 

The fatigue crack growth behavior 
in the crack arrest or ientat ion is 
presented differently because the 
SEN specimen used was not of a stan

dard design, and the crack behavior 
in the brazing filler metal is difficult to 
present as da /dN data. Therefore, the 
curves in Fig. 8 present crack length 
(a) versus number of cycles (N) data 
for a given load. In most cases, the fa
tigue crack was propagating at ap
proximately 10~e in./cycle (2.5 X 10 - 6 

mm/cycle) as it entered the brazing 
filler metal layer where it was either 
retarded or arrested. Tests were ter
minated after the crack tip remained 
in the filler metal for 1,000,000 cycles 
for the Al-Cu-Ag brazing filler metal. 
However, after a delay of 100,000 to 
300,000 cycles in filler metal 22, a 
crack was initiated in the second 
plate. This crack propagated rapidly 
to the second layer of filler metal 22, 
fol lowed by delamination. 

Two basic types of behavior were 
seen in these tests. When the higher-
strength filler metal 22 was used, the 
fatigue crack always delayed for 100,-
000 or more cycles in the first filler 
metal layer. This was accompanied by 
some localized delamination. A new 
crack was then initiated in the sec
ond titanium layer. This crack propa
gated rapidly and caused large area 
delamination in the second filler metal 
layer. Normally, the a vs N curve turns 
sharply upward after growth rates of 
10~6 in./cycles are reached. There-
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Fig. 7 — Fatigue crack propagation in brazed Ti-6-4 STA 
laminates. Crack divider, LW orientation. Brazed with filler 
metal 22 and brazed with filler metal 7 + Li 
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Fig. 8 — Fatigue crack propagation in brazed Ti-6-4 STA laminates. 
Crack arrest, LT orientation, (a) Brazed with filler metal 22; (b) brazed 
with filler metal 7 + L i 
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fore, filler metal 22 provides signif
icant crack arrest behavior as com
pared to monolithic material. The 
damage tolerance behavior in the A l -
Cu-Ag filler metals was more pro
nounced with the crack arresting for 
at least 500,000 cycles in the first filler 
metal layer. Thus, these filler metals 
appear to offer a strong crack arrest 
capability. 

Program Summary 

The aging kinetics of the titanium 
alloys selected for this p rogram 
limited the maximum brazing temper
ature which could be used to pro
duce laminates in the STA condit ion. 
The Ti-6-6-2 permitted the highest 
brazing temperature which was 1125 
F (880 K), and the Ti-6-4 required the 
lowest brazing temperature which 
was 1075 F (853 K). When the Beta C 
alloy was pre-aged at 900 F (755 K), 
the brazing temperature was limited 
to 1100 F (866 K). The pre-age at 900 
F (755 K) produced a fine, well dis
persed precip i tate which l imited 
growth and coalescence of the pre
cipitate at the brazing temperature, 
thereby permitt ing a higher brazing 
temperature than a single 1050 F (839 
K) aging treatment. The aging kine
tics for the Ti-6-6-2 and Beta C per
mitted aging and creep flattening of 
the material before brazing. Thus, 
plate stock could be procured in this 
condit ion to take advantage of the 
substantially better flatness. The ag
ing kinetics of the Ti-6-4 required use 
of this material in the solution treated 
condit ion with substantial warpage 
contributing to difficult assembly for 
brazing. However, it apparently creep 
flattened before the brazing filler 
metal melted so that good quality 
joints were still produced. 

Two different types of brazing filler 
metals were used in this program. 
The commercial sheet filler metal 22 
is an AI-7.5% Si alloy clad to a core of 
aluminum alloy 6951, which does not 
melt during brazing. The other filler 
metals were derived f rom the Al-Cu-
Ag ternary eutectic system. These 
alloys were placed a longside the 
joints and allowed to melt, wet, and 
flow into the joints. Both of these filler 
metal systems were compatible with 
the titanium alloys. 

Three types of stress corrosion and 
corrosion tests were conducted on 
the laminates. None of the joints dis
played any susceptibil ity to stress 
corrosion. It was found that the joints 
made with filler metal 22 resisted cor
rosion in aqueous 3.5% NaCI at room 
temperature and in dry NaCI at 300 F 
(422 K). However, the Al-Cu-Ag filler 
metals did corrode in the 3.5% NaCI 
solution. These filler metals also dis
played a very slight corrosion effect in 
the dry NaCI stress corrosion tests. 

Since many of the Al-Cu-Ag joints 
survived 500 h in 3.5% NaCI solution, 
the rate of corrosion is not ca
tastrophic, although a protective 
coating would be desirable for some 
applications. 

In-plane tensile tests were con
ducted on laminates at room temper
ature and 300 F (422 K). Thus, the 
filler metal was forced to strain as 
much as the t i tanium. The filler metals 
failed before the room temperature 
yield strain of the titanium was 
reached with the Ti-6-6-2 and Beta C 
laminates, and half of the Ti -6-4 
laminates. At 300 F (422 K), the filler 
metal 22 specimens did not fail be
low the titanium yield strain. How
ever, all of the Al-Cu-Ag filler metals 
failed before the titanium yield strain 
was reached. 

The lap shear strengths of joints 
brazed with filler metal 22 were higher 
than those obtained with the Al-Cu-Ag 
alloys, both at room temperature and 
300 F (422 K). All joints were weaker 
at 300 F (422 K) than at room temper
ature. 

The in-plane S-N fatigue tests, like 
the tensile tests, applied a load on the 
filler metal and forced it to strain 
a long w i th the t i t a n i u m . In th is 
manner, both the filler metal and the 
titanium were subjected to the same 
cyclic tensile strains. Both the Ti-6-4 
and Ti-6-6-2 laminates which were 
brazed with filler metal 22 exhibited 
better fatigue properties than the 
comparable laminates brazed with A l -
C u - A g . F u r t h e r m o r e , all of the 
laminates brazed with filler metal 22 
exh ib i t ed S-N fa t i gue s t reng ths 
reasonably close to those of mono
lithic material. In all specimens, the 
outer two notched lamina failed first, 
and the center lamina was capable of 
carrying the total load for many more 
cycles. This provided a dramatic i l 
lustration of damage tolerant be
havior in these laminates. 

Both fracture toughness and FCP 
tests were conducted on laminates 
oriented in the crack-arrest direc
tion. In all cases, the catastrophic 
crack growth of the fracture tough
ness test was stopped by delamina
tion at the braze joint. In the FCP 
tests, the crack growth was either ar
rested or substantially retarded at the 
braze joint. Thus, the damage toler
ance of these joints was clearly 
demonstrated for both static and 
dynamic load conditions. 

Both the fracture toughness and 
FCP tests in the crack divider orienta
tion showed that thick-plate laminates 
retained base metal properties and 
that the brazing filler metal had no 
significant influence on these proper
ties. 

The producibil i ty of these lam
inated structures depended upon 
several factors, many of which were 
interrelated. Slow heating and cool

ing rates were used for this program 
to correlate with the heating and cool
ing r a t es w h i c h w o u l d be e x 
perienced when brazing large com
plex parts. However, nothing was 
noticed during this program which 
would prevent the use of faster heat
ing and cooling cycles for a given 
component. 

Joint quality was influenced by sur
f a c e f l a t n e s s a n d s u r f a c e i r 
regularities. The limited amount of l i 
quid available f rom the brazing filler 
metal 22 provided a limited tolerance 
for surface irregularities and the A l -
Cu-Ag alloys were less sensitive to 
surface irregularities. However, the 
A l -Cu-Ag alloys requ i red a con 
trolled gap spacing of 0.010 ± 0.005 
in. (0.26 ± 0.13 mm) for proper flow 
into the joint. 

The flow temperatures of the A l -
Cu-Ag alloys were at least 200 F (111 
K) higher in vacuum than in argon. 
The reason for this is unclear; how
ever, it was determined that gross 
changes in the filler metal composi 
tion by vaporization were not re
sponsible for this behavior. Thus, 
argon is required to realize low flow 
temperatures on titanium with the A l -
Cu-Ag alloys. However, the argon also 
affected joint quality by entrapment of 
argon in the joints during brazing. Ap
parently, the liquid filler metal wets 
and flows into the joint by selecting 
the opt imum joint gap for flow. In this 
manner , some n o n o p t i m u m gap 
areas are encircled by the l iquid, and 
argon is t rapped. Filler metal 22 pro
duced excellent joints using a vacuum 
brazing environment, thus eliminat
ing the possibility of entrapped argon. 

An unsolved problem which was 
encountered with the Al-Cu-Ag filler 
metals was their tendency to use any 
capillary or wettable surface to flow 
downhill and drain the joints. The ul
t rasonic C-scan technique devel 
oped during this program provides an 
exce l len t i nspec t ion m e t h o d for 
determining joint quality in a laminate. 

The results of this program indi
cate that damage tolerant t i tanium 
structures can be produced in the 
STA condit ion with excellent damage 
tolerant properties in the crack arrest 
orientation and with no reduction in 
properties in the crack divider or ien
tation. Presently, the brazing filler 
metal 22 provides the best combina
tion of properties and producibil i ty to 
achieve this result. 

Further refinements in producibil i ty 
and properties could be achieved by 
modifying brazing sheet 22 using a 
cladding of 0.003 in. (0.08 mm) on 
each side of a core of 0.005 in. (0.13 
mm). This would provide more l iquid 
metal to fill t i tanium surface irregular
ities and provide a thinner filler metal 
layer for the laminate, thus increas
ing its structural efficiency. 

The development of an Al-Cu-Ag 
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foil would allow its use at a low braz
ing temperature to be more com
patible with the Ti-6-4 and Beta C 
aging kinetics. Also, an Al-Cu-Ag foil at 
a lower brazing temperature would 
minimize the drainage problem and 
might eliminate the need for an argon 
atmosphere. The requirement for gap 
control spacers would be minimized, 
if not eliminated. 

Further, the development of a clad 
brazing sheet using Al-Cu-Ag alloys 
as the brazing layer would combine 
gap con t ro l w i th the above a d 
vantages. This combination might be 
the best brazing filler metal for fab
ricating large area STA titanium lam
inated structures. 

Conclusions 

1. Brazing filler metals were iden
t i f i e d a n d p r o c e s s e s w e r e es 
tablished for the fabrication of large 
area titanium alloy laminates in the 
STA condit ion. 

2. Laminates made with filler metal 
22 exh ib i t ed the h ighes t shear 
strength, S-N fatigue strength, and 

strain-to-failure in tension, and ex
hibited good damage tolerance be
havior. 

3. Laminates made with Al-Cu-Ag 
f i l le r meta ls exh ib i t ed exce l len t 
damage tolerant behavior and had 
good shear strength, S-N fatigue 
strength, and strain-to-failure in ten
sion. 

4. Monolithic material and brazed 
laminates in the crack divider or i 
entation exhibited similar fracture 
toughness and FCP behavior. 
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