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Brazing of Mo and Nb using two active braze alloys
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Abstract

The brazing of molybdenum and niobium using two active braze alloys, 63Ag–35.25Cu–1.75Ti and 68.8Ag–26.7Cu–4.5Ti, has been
extensively evaluated. Both infrared and traditional vacuum furnace brazing are included in the experiment. Two active braze alloys demonstrate
excellent wettability on Mo and Nb substrates, especially upon increasing the test temperature from 900 to 950◦C. For 63Ag–35.25Cu–1.75Ti
braze alloy, the brazed joint primarily consists of Ag-rich and Cu-rich phases. Because the Ti is completely miscible with Mo and Nb, there is
no reaction product at the interface among the braze alloy and two substrates. Accordingly, dimple-dominated fracture is extensively observed
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n the brazed joint. The brazed Mo/68.8Ag–26.7Cu–4.5Ti/Nb joint primarily consists of Ag-rich, Cu-rich and Nb-rich phases. A fe
ntermetallics are found in the brazed joint due to higher Ti content in the braze alloy. However, the presence of Cu–Ti intermeta
emonstrates little effect on the shear strength of the brazed joint. Dimple-dominated fracture is observed for the 900◦C brazed joint. Th
b-rich phase is found in both brazed joints, and its amount is increased with increasing brazing temperature and/or time. Acco
rowth of the Nb-rich phase is greatly inhibited during rapid infrared brazing. The coarsening of the Nb-rich phase significantly de

he shear strength of the brazed Mo/68.8Ag–26.7Cu–4.5Ti/Nb joint, and finally results in cleavage fracture of the brazed joint.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The refractory metals include those metals that have melt-
ng points in excess of 2450◦C [1]. The most important
efractory metals, from a structural standpoint, are molybde-
um (Mo), tantalum (Ta), niobium (Nb) as well as tungsten
W) [1–3]. In current applications of the refractory metals in
he aircraft, space, nuclear and electronic industries, joints
ust be of significant dimensions with properties that are ad-
quate to meet exacting requirements of strength, ductility,
orrosion resistance, etc.[3]. The welding of niobium does
ot present the brittleness problem associated with molyb-
enum. However, brazing must be considered if welding is

nappropriate[4]. Brazing has been widely adopted as the
ay of joining assemblies made from refractory metals due

o its limited effect on base-metal properties[3].

∗ Corresponding author. Tel.: +886 2 2702 3069; fax: +886 2 2363 4562.
E-mail address:rkshiue@ccms.ntu.edu.tw (R.K. Shiue).

The mechanical properties of refractory metals are gr
affected by ductile-to-brittle transition behavior[1,2]. For ex-
ample, the molybdenum is brittle at room temperature,
it must be brazed in a stress-free condition. The strengt
ductility of refractory metals are adversely affected by
microstructural changes that occur when the recrysta
tion temperatures of these metals are exceeded[3]. Recrys
tallization temperature ranges from unalloyed Nb and
are 985–1150 and 1150–1200◦C, respectively[1,3]. If the
maximum joint strength is required, refractory metals m
be brazed at temperatures below those at which recrysta
tion occur. In contrast, brazing at much higher tempera
may be necessitated by service requirements, and som
crease in joint properties can be expected[3].

Refractory metals can be brazed with gold, pallad
platinum, reactive metals and nickel-based braze alloy
high-temperature applications[3,4–10]. In contrast, coppe
and silver-based braze alloys can be applied in brazin
fractory metals for low-temperature service. The succe
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Table 1
Summary of the process variables used in the experiment

Composition of braze alloys (wt.%) 63Ag–35.25Cu–1.75Ti 68.8Ag–26.7Cu–4.5Ti

Solidus/liquidus temperature (◦C) 780/815 830/850
Furnace brazing temperature (◦C) 900, 950 900, 950
Furnace brazing time (s) 600, 1200, 1800 600, 1200, 1800
Infrared brazing temperature (◦C) 900, 950 900, 950
Infrared brazing time (s) 180, 300 180, 300

brazing of Ti–6Al–4V and molybdenum alloy using three
silver-based brazes has been accomplished in previous stud-
ies[11–13]. The eutectic composition of Ag and Cu in weight
percent is 72Ag–28Cu, and it exhibits a low melting point
(780◦C) as well as excellent fluidity upon melting[3,5].
However, the molybdenum alloy is not effectively wetted by
the molten braze even upon increasing the temperature up
to 900◦C [11]. It has been reported that active-metal mod-
ification, e.g., titanium additions, of the silver–copper eu-
tectic braze may be useful for brazing refractory metals[4].
Two active braze alloys with the chemical composition of
63Ag–35.25Cu–1.75Ti and 68.8Ag–26.7Cu–4.5Ti in weight
percent are chosen in order to improve the wettability of the
molten braze on both refractory substrates.

The development of high-intensity quartz lamps and the
availability of suitable reflectors have made infrared heating
an important source of heat for brazing[6]. Compared with
the conventional vacuum furnace brazing, infrared vacuum
brazing is characterized by a very rapid thermal cycle with the
heating rate as high as 3000◦C/min [14–17]. Decreasing the
brazing temperature and/or time is always recommended with
the advantages of decreased interfacial reactions, decreased
erosion of substrates and minimum loss of base-metal prop-
erties [3,5,11]. Therefore, infrared brazing of Mo and Nb
metals is also included in the experiment in addition to con-
v ated
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Fig. 1. Schematic diagram of the shear test specimen[17].

[18,19]. The heating rate of the vacuum furnace was main-
tained at 30◦C/min, and the average cooling rate was approx-
imately the same as heating rate. The braze alloy with near
spherical shape used in the sessile drop test was prepared
from the braze alloy foils by vacuum arc remelting (VAR)
with an operation voltage of 60 V and a current 130–150 A.
The weight of each spherical ball was approximately 0.12 g
[18,19]. The spherical ball was placed on the molybdenum
and niobium substrates, respectively. The image of the molten
braze on the substrate was recorded simultaneously using
an Olympus C-5050 digital camera during the wetting angle
measurement.

Both furnace brazing and infrared brazing were performed
in the experiment with a vacuum of 5× 10−5 mbar at various
specified temperatures. The heating rate of infrared furnace
was kept at 600◦C/min throughout the experiment. Addi-
tionally, all brazed specimens were preheated at 600◦C for
600 s before the brazing temperature was attained.Table 1
summarizes all brazing process variables used in the study.

Specimen was cut using a low-speed diamond saw, and
subsequently processed by standard metallographic proce-
dure prior to inspection. The cross-section of the brazed
specimens was examined using a Hitachi 3500H scanning
electron microscope (SEM) with an accelerating voltage of
15 kV. Quantitative chemical analysis was performed using
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entional furnace brazing. This investigation is concentr
n vacuum brazing of molybdenum and niobium below t
ecrystallization temperatures. Two active braze alloys
elected as the brazing filler metals. Wettability of var
razes on both substrates, microstructural evolution and
trength of the brazed joint have been extensively evalu

. Experimental

The base metals used in the test were pure molybde
nd niobium disks with the dimension of 25 mm in diam
nd 3 mm in thickness. Both substrates were polished
iC papers up to grit 1200, and subsequently cleaned
n ultrasonic bath with acetone as the fluid prior to braz
3Ag–35.25Cu–1.75Ti and 68.8Ag–26.7Cu–4.5Ti in we
ercent were selected as the brazing filler metals. They

n the form of foil with a thickness of 50�m and a width o
0 mm.

Sessile drop tests were performed using a convent
acuum furnace with various temperatures for 0–24
JEOL JXL-8900R electron probe microanalyzer (EPM
ith an operation voltage of 20 kV and spot size of 1�m.
Shear tests were performed in order to evaluate the b

ng strength of selected (infrared) brazed specimens[15,17].
ig. 1shows the shear test specimen used in this exper

17]. The middle shaded area is the Nb substrate and tw
ubstrates are the outer shaded areas next to the Nb. Th
art of the layout is the graphite fixture used in the infra
razing. Additionally, two bold black lines with 2.0 mm wi

n the middle of the graph indicate the location of braze
oy, and the specimen is sandwiched between two gra
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Fig. 2. The sessile drop tests of 63Ag–35.25Cu–1.75Ti braze alloy on (a)
Mo and (b) Nb substrates at various temperatures for 0–2400 s.

plates. The shear test was performed by the Shimadzu AG-10
universal testing machine to evaluate the bonding strength of
the infrared brazed joint. A Shimadzu AG-10 universal test-
ing machine with a constant crosshead speed of 0.5 mm/min
compressed the brazed specimens. The fractured surfaces af-
ter shear tests were examined using the SEM.

F specimen at (a) 900◦C × 180 s, (b) 900◦C × 300 s, (c) 950◦C × 180 s and (d) 950◦C
×

Fig. 3. The sessile drop tests of 68.8Ag–26.7Cu–4.5Ti braze alloy on (a)
Mo and (b) Nb substrates at various temperatures for 0–2400 s.

3. Results and discussion

3.1. Sessile drop tests of two active brazes on Mo and
Nb substrates

Based on the previous study, the wettability of Ag–Cu eu-
tectic braze (72Ag–28Cu, wt.%) cannot effectively wet the
molybdenum alloy at 900◦C, and the wetting angle of molten
ig. 4. . The SEM BEIs of the infrared brazed 63Ag–35.25Cu–1.75Ti
300 s.
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Fig. 5. The liquidus surface of Ag–Cu–Ti ternary alloy phase diagram in atomic percent[21].

Ag–Cu eutectic braze on the molybdenum alloy is approxi-
mately 75 at 900◦C for 1800 s[11]. Fig. 2shows the sessile
drop test results of 63Ag–35.25Cu–1.75Ti braze on molybde-
num and niobium substrates at 900 and 950◦C for 0–2400 s,
respectively. It is apparent that 63Ag–35.25Cu–1.75Ti braze
alloy demonstrates excellent wettability on both substrates,
especially upon increasing the test temperature to 950◦C.
The addition of 1.75 wt.% titanium into the Ag–Cu braze al-
loys significantly improves its wettability on both refractory
substrates.

Fig. 3 displays the sessile drop test results of
68.8Ag–26.7Cu–4.5Ti braze alloy on both substrates at 900
and 950◦C for 0–2400 s, respectively. Similar toFig. 2, the
addition of 4.5 wt.% titanium into the Ag–Cu braze greatly
decreases the wetting angle of the molten braze on both sub-
strates at 950◦C. Complete spreading of the molten braze
on both substrates is easily achieved in 1200 s. In contrast,
the decrease of wetting angle is less effective as the temper-
ature is decreased from 950 to 900◦C. The wetting angles
on both substrates are between 20 and 25◦ for the specimen

tested at 900◦C for 2400 s. Additionally, the increase of Ti
additions into the Ag–Cu eutectic braze alloy from 1.75 to
4.5 wt.% demonstrates no significant improvements upon the
wettability of the molten braze on both substrates.

3.2. Evaluation of (infrared) brazed
Mo/63Ag–35.25Cu–1.75Ti/Nb joints

Fig. 4 shows the SEM backscattered electron images
(BEIs) of the infrared brazed 63Ag–35.25Cu–1.75Ti spec-
imens at various brazing conditions. There are at least
two types of images in SEM observations, including: sec-
ondary electron image (SEI) and backscattered electron im-
age (BEI). The SEI is very sensitive to the topography of
the sample surface. In contrast, the brightness of BEI is
sensitive to the atomic number of the specimen. The spec-
imen area containing high-atomic number element(s) ap-
pears light micrographs, whereas an area with low-atomic
number element(s) appears dark[18,19]. Based onFig. 4,
the infrared brazed joint is mainly comprised of Ag-rich
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and Cu-rich phases alloyed with Ti, Cu and Ag, respec-
tively.

The molten braze may react with both substrates, and both
substrates are dissolved into the molten braze during (in-
frared) brazing. According to the related binary alloy phase
diagrams, the solubility of both Mo and Nb metals in liquid
Ag and/or Cu matrix is extremely limited[20]. Additionally,
no intermediate compound has been reported for the Ag–Mo,
Ag–Nb, Cu–Mo and Cu–Nb systems[20]. In contrast, Mo,
Nb and�Ti are completely miscible, and there is no interme-
diate compound in Nb–Ti and Mo–Ti binary phase diagrams
[20]. Consequently, only Ti in the active braze alloy can be
dissolved into both substrates due to complete miscibility

F
6
1

among Mo, Nb and�Ti [20,21]. Accordingly, the Ti content
in the molten braze is depleted during (infrared) brazing.

Fig. 5shows the liquidus projection of Ag–Cu–Ti ternary
alloy phase diagram in atomic percent[21]. The chemi-
cal composition of the active braze alloy in atomic per-
cent is 49.7% Ag, 47.2% Cu and 3.1% Ti as marked
by point A in Fig. 5. Since the liquidus temperature of
63Ag–35.25Cu–1.75Ti is 815◦C, the braze alloy forms a ho-
mogeneous liquid at the brazing temperatures of 900 and
950◦C, respectively. If the cooling path of the molten braze
follows the liquidus projection of Ag–Cu–Ti phase diagram,
point A in Fig. 5 will move towards to U6 and U7. The
ig. 6. The SEM BEIs and EPMA chemical analyses of the furnace brazed
3Ag–35.25Cu–1.75Ti specimens at 900◦C for (a) 600 s, (b) 1200 s and (c)
800 s.

F
6
1

ig. 7. The SEM BEIs and EPMA chemical analyses of the furnace brazed
3Ag–35.25Cu–1.75Ti specimens at 950◦C for (a) 600 s, (b) 1200 s and (c)
800 s.
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Table 2
Shear strengths of various brazed specimens

Braze alloy (wt.%) Brazing type Temperature (◦C) Time (s) Shear strength (MPa) Average shear strength (MPa) Standard deviation (MPa)

63Ag–35.25Cu–1.75Ti Infrared 900 180 186.9 201.7 14.8
180 216.5

Furnace 900 1200 191.4 186.0 5.4
1200 180.6

Furnace 950 1200 182.9 184.9 2.1
1200 182.8

68.8Ag–26.7Cu–4.5Ti Infrared 900 180 217.8 213.9 3.9
180 210.0

Furnace 900 1200 154.5 164.4 1.0
1200 174.4

Furnace 950 1200 97.8 92.7 5.1
1200 87.6

reaction scheme of U6 and U7 are listed below[21,22]:

U6 : L + Cu3Ti2(HT) ↔ (Ag) + Cu4Ti (808◦C) (1)

U7 : L + Cu4Ti ↔ (Ag) + (Cu) (783◦C) (2)

Therefore, the microstructure of the brazed joint is mainly
comprised of Ag-rich and Cu-rich phases. This is consistent
with the experimental observations.

Fig. 6 shows the SEM BEIs and EPMA chemical analy-
ses of the furnace brazed 63Ag–35.25Cu–1.75Ti specimens

F
a

at 900◦C for 600, 1200 and 1800 s, respectively. Similar to
the aforementioned results, the brazed joint is primarily con-
sists of Ag-rich and Cu-rich phases. Additionally, the spher-
ical Nb-rich phase mainly alloyed with Ti is also found at
the interface between the braze alloy and Nb substrate. As
discussed earlier, the addition of 1.75 wt.% titanium into the
Ag–Cu eutectic braze alloy can significantly improve wetta-
bility of the molten braze on Nb substrate.

Fig. 7 displays the SEM images and EPMA chemi-
cal analyses of the furnace brazed 63Ag–35.25Cu–1.75Ti
ig. 8. SEM BEIs displaying the cross-section of brazed Mo/63Ag–35.25Cu
nd d) furnace brazing, 900◦C × 1200 s; (e and f) furnace brazing, 950◦C × 1200
–1.75 Ti/Nb joints after shear test: (a and b) infrared brazing, 900◦C × 180 s; (c
s.
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specimens at 950◦C for various time periods. The brazed
joint is composed of Ag-rich and Cu-rich, Nb-rich and (Mo,
Nb) phases. Compared with infrared brazing, the amount of
interfacial phase(s), e.g., Nb-rich and (Mo, Nb), is signifi-
cantly increased for traditional furnace brazing due to its slow
thermal history. It is reasonable to conclude that the interfa-
cial reaction among the molten braze and both substrates are
greatly enhanced with increasing brazing temperature and/or
time as compared amongFigs. 4, 6 and 7.

Table 2summarizes shear strengths of all brazed spec-
imens for various brazing conditions. For Mo/63Ag–
35.25Cu–1.75Ti/Nb joint, the specimen infrared brazed at
900◦C for 180 s demonstrates the highest average shear
strength up to 201.7 MPa. Increasing brazing temperature
and/or time slightly deteriorates the shear strength of the
brazed joint. The cross-sections of above fractured specimens
are mounted in an epoxy, and examined by an SEM in order
to proceed failure analysis of fractured joints.

Fig. 8 shows the cross-section of Mo/63Ag–35.25Cu–
1.75 Ti/Nb joint for various brazing conditions after shear
testing. It is clear that failure of the brazed joint occurred in the
braze alloy close to the interface between the braze alloy and
substrate. Additionally, significant distortion of the eutectic
Ag–Cu brazed alloy due to high flow stress during the shear
test is also widely observed as illustrated inFig. 8(a)–(d). The
b ses.
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Fig. 9. SEM fractographs of the brazed 63Ag–35.25Cu–1.75Ti specimens
after the shear test: (a) infrared brazing, 900◦C× 180 s; (b) furnace brazing,
900◦C × 1200 s; (c) furnace brazing, 950◦C × 1200 s.

molten braze tends to separate into two liquids during braz-
ing. One is rich in Ag, and the other liquid is rich in both
Cu and Ti[21]. For instance, the reaction scheme of two im-
miscible liquids, L′′1 and L′′

2, at 900◦C is illustrated as below
[21,22]:

L′′
1 + CuTi ↔ L′′

2 + Cu4Ti3 (900◦C) (3)

According toFig. 5, the L′′
1 liquid is rich in Cu and Ti. It is ex-

pected that the existence of L′′
1 liquid significantly promotes

wettability of the molten braze on both substrates due to the
presence of active ingredient, titanium. Complete miscibil-
ity among Mo, Nb and Ti is achieved from consulting the
Mo–Nb–Ti ternary alloy phase diagram[21]. If the L′′

1 liquid
follows the cooling path towards to point c1, and its reaction
is shown below[21,22]:

l ↔ Cu4Ti3 (∼ 850◦C) (4)

Both CuTi and Cu4Ti3 phases are observed at the interface
between the braze alloy and the substrate as illustratedFig. 10
razed joint mainly consists of Ag-rich and Cu-rich pha
t is reasonable to conclude that the eutectic microstru
ith finer grain size demonstrates higher strength. Th

rared brazed specimens have the finest microstructure
ordingly, they show the higher shear strength amon
razed Mo/63Ag–35.25Cu–1.75Ti/Nb joints.Fig. 9 shows

ractographs of Mo/63Ag–35.25Cu–1.75Ti/Nb joints a
hear testing. Accordingly, dimple-dominated fracture is
ensively observed for most fractured surfaces.

.3. Evaluation of (infrared) brazed
o/68.8Ag–26.7Cu–4.5Ti/Nb joints

Fig. 10 displays the SEM BEIs of the infrare
razed 68.8Ag–26.7Cu–4.5Ti specimens for v
us brazing conditions. Similar to the microstruct
f brazed 63Ag–35.25Cu–1.75Ti joint, the bra
8.8Ag–26.7Cu–4.5Ti joint is mainly comprised
g-rich (marked by A), Cu-rich (marked by B) and Nb-r
hases (marked by E and G). However, the existenc
iCu (marked by C) and Ti3Cu4 (marked by F and H

n the infrared brazed 68.8Ag–26.7Cu–4.5Ti joint is v
ifferent from those in brazed 63Ag–35.25Cu–1.75Ti jo
he formation of TiCu and Ti3Cu4 can be explained by th
g–Cu–Ti ternary alloy phase diagram[21,22].
The chemical composition of the active braze alloy

tomic percent is 55.3% Ag, 36.5% Cu and 8.2% Ti as ma
y point B inFig. 5. There is a huge miscibility gap among

iquids as demonstrated inFig. 5, and the chemical comp
ition of 68.8Ag–26.7Cu–4.5Ti braze alloy is located ins
he huge miscibility gap. Consequently, it is expected tha
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Fig. 10. The SEM BEIs and EPMA chemical analyses of the infrared brazed 68.8Ag–26.7Cu–4.5Ti specimen at (a) 900◦C × 180 s, (b) 900◦C × 300 s, (c)
950◦C × 180 s and (d) 950◦C × 300 s.

(marked by C, F and H). Therefore, it is in accordance with
the experimental observations.

On the other hand, the L′′2 liquid is rich in silver and copper
as demonstrated inFig. 5. Consequently, it has little contri-
bution for the molten braze to wet both substrates due to
very limited solubility of Mo and Nb in molten Ag and/or Cu
[20]. Both Ag-rich matrix and Cu-rich phases are formed in
the joint after solidification of the L′′2 liquid during brazing
as displayed inFig. 10.

Fig. 11 displays the SEM images and EPMA chemical
analyses of the furnace brazed 68.8Ag–26.7Cu–4.5Ti speci-
mens at 900◦C for various brazing time. Similar to the afore-
mentioned result, the furnace brazed joint is primarily con-
sists of Ag-rich (marked by D and E), Cu-rich (marked by H)
and Nb-rich (marked by B, C, F and G) phases. Additionally,
Ti3Cu4 (marked by I) is also observed in the furnace brazed
joint. It is also noted that the Nb-rich phase close to the Mo
substrate is alloyed with high content of Mo as marked by F
and G inFig. 11. The amount of Nb-rich phase is increased
with increasing brazing time at 900◦C.

Fig. 12shows the SEM BEIs and EPMA chemical anal-
yses of the furnace brazed 68.8Ag–26.7Cu–4.5Ti specimens

at 950◦C for various brazing time periods. Similar to the
joint brazed at 900◦C, the joint brazed at 950◦C consists of
Ag-rich, Cu-rich and Nb-rich phases. The amount of Nb-rich
phase in the brazed joint is greatly increased with increas-
ing brazing temperature. Accordingly, the wettability of the
molten braze on both substrates is further improved as the
temperature increased from 900 to 950◦C. Additionally, a
phase mainly alloyed with Mo–Cu–Ti is observed along the
grain boundary of Mo substrate as marked by E inFig. 12(b).

Table 2shows shear strengths of 68.8Ag–26.7Cu–4.5Ti
brazed joint for various brazing conditions. The infrared
brazed specimen at 900◦C for 180 s exhibits the highest av-
erage shear strength of 213.9 MPa. Increasing brazing tem-
perature and/or time significantly deteriorates shear strength
of the brazed joint. According toFigs. 10(a), 11(d) and 12(c),
the amount of Nb-rich phase is increased with brazing time
and/or temperature, especially for the specimen brazed at
950◦C exceeding 1200 s. The Nb-rich phase becomes the
dominant phase in the brazed joint as illustrated inFig. 12(c)
and (d). It is reasonable to deduce that the significant loss
of shear strength for the brazed joint at 950◦C is caused by
excessive growth of the Nb-rich phase.
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Fig. 11. The SEM images and EPMA chemical analyses of the furnace brazed 68.8Ag–26.7Cu–4.5Ti specimens at 900◦C: (a) SEI, (b) BEI for 600 s; (c) SEI,
(d) BEI for 1200 s; (e) SEI, (f) BEI for 1800 s.

Fig. 13 shows the cross-section of brazed Mo/68.8Ag–
26.7Cu–4.5Ti/Nb joint after shear test. The fracture of in-
frared brazed specimen with the highest shear strength is
located at the interface close to the Nb substrate. For spec-
imen furnace brazed at 900◦C is fractured at the interface
between the braze and Nb substrate. The distortion of braze
alloy due to huge plastic deformation is observed inFig. 14(b)
and (c). Different from the above cases, the specimen furnace
brazed at 950◦C is fractured at the braze alloy, and very lim-
ited plastic deformation is found inFig. 13(d). It is clear that
the prominent Nb-rich phase is detrimental to shear strength
of the brazed joint.

Fig. 14 displays SEM fractographs of the brazed
Mo/68.8Ag–26.7Cu–4.5Ti/Nb specimens after the shear test.
Dimple-dominated fracture is observed for specimen brazed

at 900◦C as illustrated inFig. 14(a) and (b). In contrast, the
fractograph demonstrates brittle fracture for the specimen
furnace brazed at 950◦C (Fig. 14(c)). The dominated spher-
ical Nb-rich phase is responsible for the inherent brittleness
of the brazed joint.

3.4. Discussion of experimental results

Based on the previous study, Ti–6Al–4V and molybdenum
are successfully brazed using the Ag–Cu eutectic braze alloy
[11]. The microstructure of brazed joint is mainly comprised
of Ag-rich matrix and interfacial Ti2Cu, TiCu and Ti3Cu4
reaction layers. The Ti–6Al–4V substrate readily reacts with
the molten braze, and forms reaction layers[11]. The thick-
ness of Cu–Ti interfacial layer is increased with increasing
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Fig. 12. The SEM BEIs and EPMA chemical analyses of the furnace brazed 68.8Ag–26.7Cu–4.5Ti specimens at 950◦C for (a, b) 600 s, (c) 1200 s and (d)
1800 s.

Fig. 13. SEM BEIs displaying the cross-section of brazed Mo/68.8Ag–26.7Cu–4.5Ti/Nb joint after shear test: (a, b) infrared brazing, 900◦C × 180 s; (c)
furnace brazing, 900◦C × 1200 s; (d) furnace brazing, 950◦C × 1200 s.
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Fig. 14. SEM fractographs of the brazed Mo/68.8Ag–26.7Cu–4.5Ti/Nb
specimens after the shear test: (a) infrared brazing, 900◦C × 180 s; (b)
furnace brazing, 900◦C × 1200 s; (c) furnace brazing, 950◦C × 1200 s.

brazing temperature and/or time. Additionally, it is also re-
ported that the growth of Cu–Ti intermetallics is usually detri-
mental to the bonding strength of the brazed joint, and the
cleavage-dominated fracture is widely observed in the brazed
joint [22].

In contrast, there is no continuous interfacial reaction layer
observed in the brazed Mo/63Ag–35.25Cu–1.75Ti/Nb joint.
Because the Ti is completely miscible with Mo and Nb, there
is no reaction product at the interface among the braze alloy
and two substrates. From the viewpoint of brazing technol-
ogy, it is preferred that the brazed joint is free of any brit-
tle intermetallic compound. Accordingly, dimple-dominated
fracture is extensively observed in the brazed joint as illus-
trated inFig. 9.

For the brazed 68.8Ag–26.7Cu–4.5Ti joint, a few Cu–Ti
intermetallics are found in the brazed joint due to higher Ti
content in the braze alloy. However, the growth of Cu–Ti
intermetallics is not prominent during brazing due to deple-
tion of Ti content from the molten braze. The presence of

Cu–Ti intermetallic phase demonstrates little effect on the
shear strength of the brazed joint. Dimple-dominated fracture
is observed for the 900◦C brazed specimen. Additionally, the
Nb-rich phase is found in the brazed joint. The amount of Nb-
rich phase is increased with increasing brazing temperature
and/or time. The coarsening of the Nb-rich phase deteriorates
the shear strength of the joint, and finally results in cleavage
fracture of the brazed joint.

4. Conclusions

Evaluation of the (infrared) brazed molybdenum and nio-
bium joint using two active braze alloys has been extensively
studied. The primary conclusions are summarized as below:

1. Both active braze alloys exhibit excellent wettability on
Mo and Nb substrates, especially upon increasing the test
temperature from 900 to 950◦C. The addition of minor
titanium into the Ag–Cu braze alloys can significantly
improve its wettability on both substrates.

2. The brazed Mo/63Ag–35.25Cu–1.75Ti/Nb joint primar-
ily consists of Ag-rich and Cu-rich phases. Because the
Ti is completely miscible with Mo and Nb, there is no re-
action product at the interface among the braze alloy and
two substrates. From the viewpoint of brazing technology,
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it is preferred that the brazed joint is free of any br
intermetallic compound. Accordingly, dimple-domina
fracture is extensively observed in the brazed joint.

. The brazed Mo/68.8Ag–26.7Cu–4.5Ti/Nb joint prim
ily consists of Ag-rich, Cu-rich and Nb-rich phases
few Cu–Ti intermetallics are found in the brazed jo
due to higher Ti content in the braze alloy. However,
growth of Cu–Ti intermetallics is not prominent duri
brazing due to depletion of Ti content from the mo
braze. Accordingly, the presence of Cu–Ti intermet
phase demonstrates little effect on the shear streng
the brazed joint. Dimple-dominated fracture is obse
for the 900◦C brazed joint.

. The Nb-rich phase is found in both brazed joint,
its amount is increased with increasing brazing tem
ature and/or time. Therefore, the growth of the Nb-
phase is greatly inhibited if the rapid infrared braz
is applied. The coarsening of the Nb-rich phase
nificantly deteriorates the shear strength of the br
Mo/68.8Ag–26.7Cu–4.5Ti/Nb joint, and finally results
cleavage fracture of the joint.
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