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Abstract

The microstructural evolution of infrared brazed joint is primarily depended upon redistribution of alloying elements such as Cu, Ni and Nb
across the joint. For the specimen infrared brazed at 970 °C for 180 s, the joint primarily consists of coarse eutectic Ti,Cu, Ti,Ni intermetallics and
transformed (-Ti. Increasing the brazing time to 600 s results in a fine eutectoid microstructure dominating the entire joint due to the depletion of
Cu and Ni from the braze alloy into Ti—-6Al-4V substrate. Ti,Cu, Ti,Ni and transformed 8 phases are almost absent from the specimen infrared
brazed for 3600 s, and the (3-Ti is stabilized by alloying high concentration of Nb. Based on the shear test result, all cracks propagate along the
Nb substrate with typical ductile dimple rupture appearance. Consequently, Ti—-6Al-4V and Nb can be vacuum brazed by Ti—15Cu-15Ni foil with

good joint strength.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The importance of Ti alloys is increasing in the past decade
due to structural demanding from aerospace applications [1,2].
Ti—6Al-4V is a type of a—f titanium alloys, which can be
strengthened by solution and aging heat treatments. The Nb
metal belongs to refractory metals with the melting point of
2468 °C [3]. It has been applied for its corrosion resistance in
chemical and nuclear applications or for its low density and high
melting point in aerospace and propulsion applications. Accord-
ingly, joining of Ti—6Al-4V and Nb has potential applications
in industry.

Ag-based braze alloys are featured with low melting points,
and they have been successfully applied in brazing Ti-6Al-4V
and Nb metal in the previous study [4]. However, many Ag-
based braze alloys are suffered from insufficient oxidation
resistance and low creep strength [5—8]. It has been reported that
Ti—6A1-4V and Nb are vacuum brazed using the Ti-based braze
alloys [9,10]. The Ti-based braze alloy provides an alternative
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approach in brazing the Nb and Ti alloy. A cold roll-bonding
process is applied to combine Ti, Cu and Ni strips into a lay-
ered composite that allows conventional cold rolling process
to produce the clad Ti—15Cu-15Ni brazing foil studied here
[11,12].

The development of high-intensity quartz lamps and the
availability of suitable reflectors have made infrared heating an
important generator of heat for brazing [13]. Compared with the
conventional furnace brazing, infrared brazing is featured with
an extraordinary heating rate as high as 50°C/s [12—15]. The
microstructural evolution of the joint, especially for the very
early stage of brazing, can be well examined in the experiment.
Accordingly, infrared heating is a very powerful tool in studying
the reaction kinetics of brazing. The purpose of this investiga-
tion is focused in infrared brazing Ti—6A1-4V and Nb using the
Ti—15Cu-15Ni foil. Both microstructure and reaction sequence
of the brazed joint are extensively studied.

2. Experimental procedures

The base metals used in the experiment were Ti—-6A1-4V
plates and Nb rods. Both were machined into the dimension
of 10mm x 10 mm x 3 mm. Ti—15Cu-15Ni (wt%) foil with the
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thickness of 50 um and 50 mm wide was used as the brazing
filler metal. Infrared brazing was carried out in a vacuum of
5 x 1073 Pa at 970 °C for 180-3600 s, respectively. The heating
rate of infrared brazing was kept at 10 °C/s throughout the exper-
iment, and the average cooling rate between 570 and 1000 °C is
roughly 1.3 °C/s. All infrared brazed specimens were preheated
at 600 °C for 600s.

The cross-section of the brazed specimens was examined
using a LEO 1530 field emission scanning electron microscope
(FESEM) equipped with an energy dispersive spectrometer
(EDS). Its accelerating voltage was kept at 20 kV and minimum
spotsize of 1 wm. Quantitative chemical analysis was performed
using a JEOL JXA 8200 superprobe with a minimum spot size
of 1 pum. A Rigaku RINT 2100 X-ray diffractometer (XRD) was
applied for structure analysis of selected infrared brazed speci-
mens. The Cu Ka was chosen as the X-ray source, and its scan
rate was set at 4°/min with the scan range between 30° and 90°.
The X-ray diffraction pattern was recorded and identified based
on the powder diffraction file (PDF).

Shear tests were performed in order to evaluate the bond-
ing strength of selected brazed specimens [12—15]. A Shimadzu
AG-10 universal testing machine with a constant speed of
0.5 mm/min compressed the brazed specimens. Cross-sections
of above fractured specimens were mounted in an epoxy, and
inspected using an SEM in order to locate the crack site of the
joint.

3. Results and discussion

Fig. 1 shows the FESEM backscattered electron image (BEI)
and EDS chemical analysis results of the joint infrared brazed
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Fig. 1. The SEM BEI and EPMA chemical analysis results of the joint infrared
brazed at 970 °C for 180 s using the Ti—15Cu—15Ni braze alloy.

at 970 °C for 180s. At least three distinct regions are observed
in the figure as marked by A, C and D, respectively. The region
B shows transition from region A to region C. Ti—15Cu—15Ni
foil is readily melted during infrared brazing due to the disap-
pearance of original clad layers in the figure. The dissolution
of both Ti—-6A14V and Nb substrates into the molten braze is
demonstrated by EPMA chemical analysis results of points 3—6
in the figure. It is noted that the Nb substrate is not reacted with
Cu and Ni in the molten braze. In contrast, the Ti-rich phase is
alloyed with Nb to form (3Ti, Nb) close to the interface between
the braze alloy and Nb substrate as marked by 6 in Fig. 1. Both
Cu and Ni are reacted with Ti and form Ti;Cu and TipNi as
marked by 5. Additionally, the chemical composition of Cu and
Ni is decreased from point 5 to points 4, 3 and 1, and they are
depleted from the joint during brazing via diffusion from the
braze alloy into Ti-6Al-4V substrate only.

The transformation of B-Ti upon cooling cycle of brazing
significantly complicates microstructures of the brazed joint in
using the Ti-based braze alloy [9,10,12]. It is crucial to grasp the
reaction kinetics of the brazed joint prior to use such filler metals
in confidence. Cu—Ni-Ti ternary alloy phase diagrams are cited
here in order to unveil microstructural evolution of the infrared
brazed joint. Fig. 2(a) shows the liquidus projection of Cu—Ni-Ti
phase diagram, and the chemical composition of Ti—15Cu—15Ni
braze alloy is marked by point A in the figure [16]. According
to Fig. 2(a) and (b), solidification of the molten braze expe-
riences a eutectic reaction at 900 °C upon cooling cycle of
brazing:

L = TiCu + TioNi + B-Ti (1)

The infrared brazed joint consists of TipCu, TipNi and B-Ti
upon further cooling from 900 to 800 °C as illustrated in Fig. 2(c)
and (d). It is noted that there are two Ti phases, Ti(HT) and Ti, in
the Ti end of Cu—Ni-Ti isothermal sections due to the presence
of two allotropic forms of Ti. In Fig. 2, Ti(HT) stands for the -
Ti, and Ti is the a-Ti. Fig. 2(e) demonstrates another important
invariant reaction at 780 °C [16]:

TioCu + B-Ti = TioNi + «-Ti )

Based on the Eq. (2), the consumption of Ti;Cu and B-Ti
yields TipNi and «-Ti. Fig. 2(f) shows the Ti end of the Cu—Ni-Ti
isothermal section at 700 °C, and the brazed joint consists of
a-Ti, Ti;Cu and TipNi.

The presence of equilibrium phases can be predicted from
these phase diagrams. However, the morphology of various
phases in the joint cannot only be determined from the phase
diagram. The transformation kinetics always plays a crucial role
in determine final microstructure of the joint for many Ti alloys.
For instance, the redistribution of Cu, Ni (from the braze alloy),
Al, V (from the Ti—-6Al-4V substrate) and Nb (from the Nb
substrate) in the infrared brazed joint greatly changes the trans-
formation of 3-Ti upon cooling cycle of the brazing. The Al
element is the only « stabilizer for the Ti alloy among these
elements. All other elements such as Cu, Ni, V and Nb are B
stabilizers of the Ti alloy [2,3]. Cu—Ti and Ni-Ti are categorized
as the 3 eutectoid system. In contrast, V and Nb in Ti belong to
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Fig. 2. Cu—-Ni-Ti ternary alloy phase diagrams: (a) liquidus projection and isothermal section at (b) 900 °C (invariant reaction), (c) 870 °C, (d) 800 °C, (e) 780°C

(invariant reaction), (f) 700 °C [16].

the B isomorphous system. Accordingly, it is possible that the
[3-Ti is stabilized at room temperature by alloying Nb and V.
Cross-sections of A, B, C and D regions in Fig. 1 are cut
and polished in order to be inspected in greater depth. Fig. 3
shows XRD, SEM BEIs and EDS chemical analysis results in
atomic percent of the cross-section at the location A in Fig. 1.
The infrared brazed joint consists of (fTi, Nb) matrix, TioCu and
TipNi phases based on the XRD structural analysis. According to
the Nb-Ti binary alloy phase diagram, the maximum solubility
of Nb in «-Ti is about 2 at.%, and the B-Ti can be stabilized by
alloying Nb above 38 at.% at 400°C [17]. The Nb content of

(BTi, Nb) is 17.5 at.% as marked by 3 in Fig. 3. It is expected
that both o and 3-Ti coexist at location A as proven by the XRD
analysis.

Fig. 4 displays XRD, SEM BEIs and EDS chemical anal-
ysis results of the cross-section at the location B in Fig. 1.
The microstructure of Fig. 4 is different from that of Fig. 3.
a-Ti (point 5), transformed 3 (points 2 and 4), TioCu and Ti,Ni
(points 1 and 3) are identified from the XRD analysis. The termi-
nology of transformed (3-Ti has been used here. The transformed
B-Ti phase as marked by 2 and 4 with the Cu and Ni contents of
8.6 at.% will be discussed later. However, the 3-Ti is absent from
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Fig. 3. (a) XRD, (b and c¢) SEM BEIs and EDS chemical analysis results of the cross-section at location A shown in Fig. 1.

the XRD analysis result because of low Nb displayed in Fig. 4.
It is worth mentioned that both Ti»Cu and Ti;Ni phases are dif-
ficult to be distinguished in the SEM BEIs due minor difference
in atomic number between Cu and Ni. According to Eq. (1), the
eutectic melt is solidified into 3-Ti, TioCu and Ti,Ni phases,
so dendritic grain boundary Ti;Cu and TipNi phases are widely
observed in Fig. 4. Additionally, TipCu and Ti,Ni are observed
not only along the grain boundaries but also in the prior B-Ti
grains as illustrated in the figure.

As described earlier, the transformation of 3-Ti upon cooling
cycle of brazing significantly complicates microstructure of the
joint. The B-Ti dissolves huge amount of 3 stabilizers, Cu, Ni
and Nb. However, solubilities of these [3 stabilizers are greatly
decreased in a-Ti. The transformation of 3-Ti into «-Ti is greatly
influenced by the presence of alloying elements in Ti. Depending
on the rate of forming eutectoid, alloying elements in the Ti alloy
are classified as active and sluggish eutectoid formers. Both Cu
and Ni additions in the Ti alloy are generally classified as active
eutectoid formers, i.e., the Cu, Ni alloyed Ti with rapid eutec-
toid decomposition [18]. Wells [19] studied the microstructural
evolution of Cu diffusion bonded pure Ti. The microstructures
of these joints varied from pearlite-like for the 6% Cu content
specimen to a bainite-like structure for the 9.5% Cu content one

[19]. There is no pearlite-like phase found in Fig. 4, and the
transformed 3-Ti is similar to the bainite-like phase in the study.
In Fig. 4, points 2 and 4 are transformed (3-Ti, which is obtained
from the transformation of 3-Ti upon cooling cycle of brazing. A
black a-Ti phase is found as marked by 5 featured with low Cu,
Nb and Ni concentrations, and it is consistent with the invariant
reaction at 780 °C as described in Eq. (2). The 3-Ti reacts with
Ti;Cu, and forms «-Ti and TipNi.

Fig. 5 displays XRD, SEM BEIs and EDS chemical analysis
results in atomic percent of the cross-section at location C in
Fig. 1. The amount of grain boundary Ti»Cu and Ti,Ni phase is
decreased. It is resulted from the depletion of both Cu and Ni
contents from the braze alloy. Based on Cu-Ti and Ni—Ti binary
alloy phase diagrams, the maximum solubilities of Cu and Ni
in B-Ti are 13.5 and 10at.%, respectively [17]. Diffusion of
both Cu and Ni from the molten braze into the Ti—-6A1-4V sub-
strate is driven by concentration gradient during brazing [19,20].
Additionally, dissolution of the Ti—6Al-4V substrate into the
molten braze also dilutes concentrations of Cu and Ni in the
braze alloy. Decreasing Cu and Ni contents from the braze alloy
during infrared brazing results in less eutectic grain boundary
Tir Cu and TipNi intermetallics. On the other hand, the eutectoid
decomposition of 3-Ti is widely observed in the prior B-Ti grains
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Fig. 4. (a) XRD, (b—e) SEM BEIs and EDS chemical analysis results of the cross-section at location B shown in Fig. 1.

as illustrated in Fig. 5. The decomposed 3-Ti yields mixture of
a-Ti, TioCu and TipNi as demonstrated by the XRD analysis.
Fig. 6 displays XRD and SEM BEIs of the cross-section at
location D as shown in Fig. 1. The EDS chemical analysis of sep-
arate phase cannot be accurately performed due to limited lateral
resolution of SEM. The thickness of clad foil is 50 wm, and the
dissolution of Ti-6Al-4V substrate into the molten braze is con-
fined due to rapid thermal history of infrared brazing at 970 °C

for 180 s. The kinetic path in region D is different from that in
regions A—C, and only solid-state interdiffusion of solutes in 3-
Ti is proceeded during brazing. Coarse eutectic grain boundary
TipCu and Tip Ni intermetallics are not available since there is no
solidification of the residual melt in region D. The microstruc-
ture of entire region is caused by decomposition of original B-Ti
alloyed with Cu and Ni after infrared brazing. Consequently,
a much finer eutectoid mixture of TipCu, TipNi and «-Ti is
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Fig. 5. (a) XRD, (b and c¢) SEM BEIs and EDS chemical analysis results of the cross-section at location C shown in Fig. 1.

observed in Fig. 6 as compared with those in Figs. 4 and 5.
Both lamellar and non-lamellar eutectoid mixture are found in
region D. It has been reported that the eutectoid morphology
is non-lamellar in the hypoeutectoid alloys and lamellar in the
near eutectoid alloys for the Ti—Ni system [18]. The eutectoid
composition of Ti—Ni binary phase diagram is 4.5 at.%, and the
Ni concentration in region D is 4.4 at.% as marked by 3 in Fig. 1.
It is consistent with the previous study.

Fig. 7(a) shows SEM cross-section of the joint infrared brazed
at 970°C for 600s. The microstructure of Fig. 7(a) is differ-
ent from that of Fig. 1. The coarse eutectic grain boundary
TipCu and TipNi have been replaced by fine eutectoid mixture
of Ti»Cu, Ti;Ni and transformed 3-Ti. Fig. 7(b) and (c) displays
SEM BEIL, XRD and EDS chemical analysis results of the cross-
section at location E in Fig. 7(a). Based on the XRD structural
analysis result, retained 3-Ti is also identified in region E. It is
resulted from high Nb content of the B-Ti as demonstrated by
EDS chemical analysis in the figure.

With increasing the brazing time, the original chemical com-
position of Ti—15Cu—15Ni as marked by A in Fig. 2(a) moves
towards to Ti end of the ternary phase diagram. According to the
previous studies, TioCu and TipNi are not stable phases at the
brazing temperature of 970 °C [12]. Increasing the brazing tem-
perature and/or time result in decreasing amounts of Ti,Cu and
Ti, Ni, which are eventually disappeared from the Ti-rich matrix

[12,13]. In other words, depleting the melting point depressants,
Cu and Ni, from Ti—15Cu—15Ni braze alloy is persistent during
infrared brazing. Additionally, dissolution of both Ti-6Al-4V
and Nb substrates also results in dilution of Cu and Ni con-
centrations in the molten braze. Isothermal solidification of the
molten braze is proceeded during brazing, and it renders B-Ti
alloyed with various amounts of Cu, Ni, V and Nb at the braz-
ing temperature. The 3-Ti subsequently experiences eutectoid
decomposition upon the cooling cycle of brazing, and it yields
TipCu, TipNi, transformed  and retained 3 phases as marked
by E in Fig. 7. The average cooling rate after infrared brazing
is kept at 1.3 °C/s throughout the experiment, so redistribution
of solutes (Cu, Ni and Nb) in the 3-Ti plays a crucial role in
determining final microstructure of the joint. Accordingly, the
morphology of transformed (3-Ti is changed from location E to
F due to lower Cu, Ni and Nb concentrations at location F.

Fig. 8(a) shows SEM cross-section and EPMA chemical anal-
ysis results of the joint infrared brazed at 970 °C for 3600s.
The microstructure of Fig. 8(a) is significantly different from
those of Figs. 1 and 7(a). The eutectoid mixture of TiyCu,
TipNi and transformed B-Ti are completely disappeared from
region G in Fig. 8(a). Based on the EPMA analysis across
the joint (Fig. 8(b)), the chemical composition at location G
is alloyed with high concentration of Nb, a strong 3 stabilizer
of Ti. Because the B-Ti is stabilized by Nb, decomposition of
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the B-Ti is not available in this region. TioCu, Ti»Ni and trans-
formed (3 phases are not observed anymore as illustrated in
Fig. 8(c). Fig. 8(d) displays the XRD structural analysis of the
cross-section at location G in Fig. 8(a). The brazed joint at loca-
tion G mainly consists of 3-Ti stabilized by alloying high Nb
concentration as marked by 1 and 2 in Fig. 8(c).

It is also noted that coarse acicular a-Ti is observed at
the interface close to Ti—6Al-4V substrate as illustrated in
Fig. 8(a). In contrast, the microstructure of Ti—6A14V base
metal is typically comprised of equiaxed o and intergranular
B (Figs. 1 and 7(a)). The formation of large acicular « is also
related to Ti—-6Al-4V substrate alloyed with Cu and Ni [19].
Compared among Figs. 1, 7(a) and 8(a), the interfacial acicular
o-Ti is greatly coarsened with increasing the brazing time due
to the growth of prior 3-Ti grains at the brazing temperature.

Fig. 8(e) shows SEM BEI cross-section at location H in
Fig. 8(a), and both 3-Ti and acicular a-Ti are observed as marked
by 3 and 4 in the figure. Based on the XRD result shown in
Fig. 8(f), TiCu and Ti,Ni are also identified from the analysis.
It is deduced that the white spots inside the 3-Ti in Fig. 8(e)
are TioCu and TipNi phases. However, chemical analyses of
these spots cannot be performed accurately due to limited lateral
resolution of the EDS analysis.

Fig. 9 shows SEM images displaying cross-sections and
fractographs of infrared brazed joints after shear tests. It is obvi-
ous that all specimens are fractured along the Nb substrate,
and dimple dominated fracture is widely observed on frac-
tographs. Based on this information, the use of Ti—15Cu—15Ni
filler metal demonstrates great potential in brazing Ti-6Al-4V
and Nb.
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Fig. 9. SEM images displaying cross-sections and fractographs of joints infrared brazed at 970 °C for (a) 600 s and (b) 3600 s after shear tests.

4. Conclusions

Infrared vacuum brazing of Ti—-6Al-4V and Nb metal using
the Ti—15Cu—15Ni braze alloy has been accessed in the experi-
ment. Important conclusions are summarized below:

1. The microstructural evolution of infrared brazed joint is pri-
marily depended upon redistribution of alloying elements
such as Cu, Ni and Nb across the joint. For the specimen
infrared brazed at 970 °C for 180 s, the microstructure of the
joint changes from coarse eutectic Ti;Cu, Ti;Ni and trans-
formed 3-Ti at center into eutectoid mixture of decomposed
B-Ti close to the Ti—6Al1-4V substrate.

2. Increasing the brazing time results in decreasing TipCu and
Ti,Ni, which are eventually disappeared from the Ti matrix.
It is resulted from depletion of both Cu and Ni from the
braze alloy into Ti—-6Al-4V substrate. Isothermal solidifi-
cation instead of eutectic solidification of the molten braze
is proceeded in brazing. Accordingly, the microstructure
of the infrared brazed joint with longer brazing time, e.g.
600s, is free of coarse eutectic grain boundary Ti,Cu and
Ti,Ni intermetallic compounds. Fine eutectoid microstruc-
ture dominates the entire joint due to decomposition of the
B-Ti upon cooling cycle of brazing.

3. For the specimen infrared brazed for 3600 s, TioCu, TipNi
and transformed (3 phases are replaced by the 3-Ti stabilized
by alloying high concentration of Nb. The Nb substrate does
not react with Cu and Ni in the braze alloy, but it is primarily
alloyed with the Ti. Additionally, the size of acicular o at
the interface close to Ti-6Al-4V substrate is significantly
increased with increasing the brazing time.

4. Infrared brazed specimens are fractured along the Nb sub-
strates, and dimple dominated fracture is widely observed on
fractographs. The application of Ti—15Cu—15N:i filler metal
demonstrates great potential in brazing Ti—-6Al-4V and Nb.
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