
1. Introduction

Titanium alloys are used for aerospace applications due
to their high strength-to-weight ratio, excellent corrosion
resistance and moderate creep strength. Niobium metal can
be selected for its corrosion resistance in chemical and nu-
clear applications or for its low density and high melting
point in aerospace and propulsion applications. Joining of
Ti–6Al–4V and Nb has the potential application in produc-
tion of missiles and rockets, because the bonding between
the titanium main frame and niobium combustion chamber
are required.1) Ag, Au and Ti-based braze alloys are possi-
ble candidates in brazing Ti–6Al–4V and Nb.2–4) 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.1) Because most Ag-based
braze alloys are suffered from insufficient oxidation resist-
ance and low creep strength, they are usually not appropri-
ate for high-temperature applications.

Most Ti alloys are difficult to be brazed with many other
alloys, because high reactivity of Ti with other elements re-
sults in forming brittle interfacial intermetallics in the
brazed joint so that the bonding strength is deteriorated.5)

The Ti-based braze alloy is considered one of the most suit-
able fillers in brazing Ti alloys. It features low density, high
corrosion resistance and moderate creep strength.4) How-
ever, high cost of the amorphous Ti–Cu–Ni ribbon prohibits
its commercial application. The production cost of Ti–Cu–
Ni foils can significantly be decreased with the aid of a cold
roll-bonding process to combine Ti, Cu and Ni strips into a

layered composite, so called clad Ti–Cu–Ni foils studied
here.6)

The microstructure of Ti–Cu–Ni brazed joint is fairly
complex and needs further study.7) In addition to solidifica-
tion of the molten braze, the solid-state phase transforma-
tion of b-Ti upon cooling cycle of brazing also greatly
complicates the microstructural evolution of the joint in
using the Ti-based braze alloy.7) It is well known that the
brazing condition always plays an important role in deter-
mine final microstructure of the joint. With the aid of accu-
rate thermal cycle control, infrared heating has been proven
a very powerful tool in studying the reaction kinetics of
brazing.8) The purpose of this investigation is to extensively
evaluate both microstructure and reaction sequence in the
brazed joint of Ti–6Al–4V and Nb using the clad Ti–15Cu–
25Ni foil.

2. Experimental Procedures

Both Ti–6Al–4V plates and Nb rods were machined into
specimens with the dimension of 10�10�3 mm. Clad
Ti–15Cu–25Ni (wt%) foil with the total thickness of 50 mm
and 50 mm wide was selected as the filler metal. The
Ti–15Cu–15Ni foil was produced by a cold roll bonding
process. The 0.05 mm foil consists of 7 layers arranged as
Ni/Cu/Ni/Ti/Ni/Cu/Ni. The thickness of each layer was
chosen so that the combined nominal composition of foil is
60 wt% Ti, 15 wt% Cu and 25 wt% Ni.

Infrared brazing was carried out in a vacuum of 5�10�3

Pa at 970°C for 180–3 600 s, respectively. The heating rate
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of infrared brazing was kept at 10°C/s, and the average
cooling rate between 570 and 1 000°C is roughly 1.3°C/s.
The cross section of the brazed specimens was examined
using a LEO 1530 field emission scanning electron micro-
scope (FESEM) equipped with an energy dispersive spec-
trometer (EDS) with accelerating voltage of 20 kV and
minimum spot size of 1 mm. Quantitative chemical analysis
was performed using a JEOL JXA 8200 electron probe mi-
croanalyzer (EPMA) with a minimum spot size of 1 mm. A
Rigaku RINT 2100 X-Ray diffractometer (XRD) was ap-
plied for crystal structure analysis of selected samples. The
Cu Ka was chosen as the X-ray source, and its scan rate
was set at 4 deg/min with the scan range between 30° and
90°. The X-ray diffraction pattern was recorded and identi-
fied based on the Powder Diffraction File (PDF).

3. Results and Discussion

Figure 1 shows the liquidus projection of Cu–Ni–Ti ter-
nary alloy phase diagram.9) The chemical composition of
Ti–15Cu–25Ni braze alloy in atomic percent is 12.3% Cu,
22.2% Ni and balanced with Ti as marked by A in the fig-
ure. It is noted that the primitive chemical composition of
molten braze alloy is hypereutectic, close to the ternary eu-

tectic reaction, L↔Ti2Cu�Ti2Ni�b-Ti.9) The molten braze
initially experiences a hypereutectic reaction and results in
primary Ti2Cu and Ti2Ni intermetallics in the joint. The so-
lidification of residual melt subsequently yields eutectic
Ti2Cu, Ti2Ni and b-Ti. Further cooling of the brazed joint
causes eutectoid decomposition of b-Ti into the mixture of
Ti2Cu, Ti2Ni and a-Ti. However, the morphology of trans-
formed b-Ti is not able to be predicted from the phase dia-
gram.

Figure 2 displays SEM BEIs and EDS chemical analysis
results of the joint infrared brazed at 970°C for 180 s. Ti2Cu
and Ti2Ni phases cannot be clearly distinguished from the
SEM backscattered electron image (BEI) and EDS chemi-
cal analysis results as illustrated in the figure. The presence
of both Ti2Cu and Ti2Ni phases is primarily based on the
following XRD structural analysis results and Cu–Ni–Ti
ternary alloy phase diagrams.9) According to Fig. 2, the
joint mainly consists of Ti2Cu, Ti2Ni (marked by 1 and 2)
and transformed b-Ti (marked by 3–5), and it is in good
agreement with the Cu–Ni–Ti ternary phase diagram de-
scribed above. There are different morphologies of trans-
formed b-Ti as marked by 3–5 in Fig. 2. The microstructure
morphology of transformed b-Ti depends upon both cool-
ing rate and alloying elements of the b-Ti. Because the av-
erage cooling rate of infrared brazing is approximately kept
at 1.3°C/s for all brazed specimens, the transformation of
b-Ti is strongly related to redistribution of alloying ele-
ments in the b-Ti during brazing. Cu, Ni, Nb and V are b
stabilizers of the Ti alloy, and Al is the only a-Ti stabilizer
in the brazed joint.10) It has been also reported that the
amount of Ti2Cu and Ti2Ni is decreased with increasing the
brazing temperature and/or time due to the depletion of Cu
and Ni contents from the brazed joint.7) For the specimen
infrared brazed at 970°C for 180 s, dissolution of base met-
als is not prominent, so does diffusion of Cu and Ni from
the molten melt into both substrates. Accordingly, the maxi-
mum amounts of Ti2Cu and Ti2Ni are observed at center of
the joint (Fig. 2). In contrast, the transformed b-Ti is found
primarily at the interface between Ti–6Al–4V and the braze
alloy. According to Fig. 2, the decomposition of b-Ti upon
cooling cycle results in eutectoid mixture of Ti2Cu, Ti2Ni
and a-Ti, and it will be discussed later.

Figure 3 shows the SEM BEI of infrared brazed speci-
men at 970°C for 600 s. It is obvious that primary Ti2Cu
and Ti2Ni are decreased with increasing the brazing time
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Fig. 1. The Liquidus projection of Cu–Ni–Ti ternary alloy phase
diagram in atomic percent.9)

Fig. 2. SEM BEIs and EDS chemical analysis results in atomic percent of the joint infrared brazed at 970°C for 180 s.



due to depletion of both Cu and Ni from the braze alloy. In
contrast, the region of transformed b-Ti is increased as the
brazing time increased to 600 s. Cross sections of A, B and
C regions in Fig. 3 are cut and polished in order to examine
microstructure of the joint at each specific area.

Figure 4 shows SEM BEI, XRD and EDS chemical
analysis results of the cross section at location A in Fig. 3.
According to the XRD structural analysis result, Ti2Cu,
Ti2Ni, a-Ti and retained b-Ti are identified from the analy-
sis. The transformed b-Ti marked by 2 and 3 in Fig. 4
stands for eutectoid decomposition of the b-Ti. Based on
Cu–Ti and Ni–Ti binary alloy phase diagrams, the transfor-
mation of b-Ti yields mixture of Ti2Ni, Ti2Cu and a-Ti
phases.11) Additionally, the retained b-Ti stabilized by Cu,
Ni and Nb contents is also identified from the XRD analy-
sis result. It is deduced that the transformed b-Ti is com-
prised of non-lamellar mixture of Ti2Cu, Ti2Ni, a-Ti and
retained b-Ti. However, the presence of actual phase(s) in
the transformed b-Ti needs further study. The Nb substrate
does not react with the molten braze, but it is alloyed in the
b-Ti during brazing. The Nb–Ti phase diagram belongs to
the b isomorphous system. Cu–Ti and Ni–Ti are catego-
rized as the b eutectoid system.11,12) All the elements stabi-
lize the b phase in titanium, and accordingly, the retained
b-Ti in the braze alloy is partially stabilized at room tem-
perature due to high contents of Cu, Ni and Nb as marked
by 2 and 3 (Fig. 4).

Figure 5 illustrates XRD, SEM BEIs and EDS chemical
analysis results of the cross section at location B in Fig. 3.

The microstructure at location B is very different from that
of location C. Coarse eutectic Ti2Ni and Ti2Cu dendrites
(marked by 1) are widely observed in the figure, and the
characteristic peak of Ti2Ni is the strongest one in the XRD
analysis result. The eutectic solidification of the molten
braze results in Ti2Ni, Ti2Cu dendrites and b-Ti. Further
cooling of the brazed joint after solidification causes the
transformation of the b-Ti as discussed earlier. Addition-
ally, the retained b is identified from the XRD analysis as
shown in Fig. 5. Characteristic peaks of retained b-Ti at re-
gion B (Fig. 5) is less obvious than those at region A (Fig.
4) because of lower Nb content in the region B.

Figure 6 shows XRD, SEM BEIs and EDS chemical
analysis results of the cross section at location C in Fig. 3.
The coarse eutectic Ti2Cu and Ti2Ni dendrites are replaced
by trivial grain boundary Ti2Cu and Ti2Ni intermetallics.
Because the difference of atomic numbers between Cu and
Ni is as low as one, Ti2Cu and Ti2Ni phases can not be
clearly distinguished from the SEM BEI as illustrated in
Fig. 6. The coexistence of both Ti2Cu and Ti2Ni phases is
primarily demonstrated by the XRD structural analysis and
Cu–Ni–Ti ternary alloy phase diagram.9) The lack of eutec-
tic microstructure demonstrates that solid-state interdiffu-
sion instead of solidification dominates the metallurgical
reaction at location C. The rapid grain boundary diffusion
of Ni and Cu from the molten braze into Ti–6Al–4V sub-
strate results in formation of grain boundary Ti2Cu and
Ti2Ni. On the other hand, bulk diffusion delivers both Cu
and Ni from the melt into Ti–6Al–4V substrate causing the
b-Ti alloyed with Cu and Ni at the brazing temperature.
The transformation of b-Ti is subsequently proceeded upon
the cooling cycle of brazing as illustrated in Fig. 6.

The microstructure of transformed b-Ti marked by 1 in
Fig. 6 is very different from that of Fig. 5 as marked by 2.
The transformed b-Ti in Fig. 5 is originated from eutectic
solidification of the molten braze, and it is alloyed with
higher contents of Cu, Nb and Ni. In contrast, the trans-
formed b-Ti in Fig. 6 is not originated from the eutectic re-
action, and it is alloyed with less Cu, Nb and Ni contents,
primarily via diffusive transport from the braze into
Ti–6Al–4V substrate. A much finer eutectoid microstruc-
ture of the transformed b-Ti is observed in Fig. 6. Addition-
ally, the a-Ti dominates the entire area as demonstrated by
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Fig. 4. SEM BEI, XRD and EDS chemical analysis results in atomic percent of the cross section at location A shown in
Fig. 3.

Fig. 3. The SEM BEI of the joint infrared brazed at 970° for
600 s.
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Fig. 5. XRD, SEM BEIs and EDS chemical analysis results in atomic percent of the cross section at location B shown in
Fig. 3.

Fig. 6. XRD, SEM BEIs and EDS chemical analysis results in atomic percent of the cross section at location C shown in
Fig. 3.



the XRD analysis result.
Figure 7 displays the SEM BEIs and EDS chemical

analysis results of the joint infrared brazed at 970°C for
1 200 s. The microstructure of Fig. 7(a) is very similar to
that of Fig. 3 except for decreased eutectic Ti2Ni and Ti2Cu
intermetallics due to depletion of Cu and Ni contents from
the joint for longer brazing time. Figure 7(b) shows higher
magnification at location D of Fig. 7(a). Similarly, Ti2Cu,
Ti2Ni and transformed b-Ti are observed in the figure, and
it is almost identical to Fig. 5. Figure 7(c) illustrates higher
magnification at location E of Fig. 7(a). Concentrations of
Nb, Cu and Ni in a-Ti and b-Ti (marked by 3 and 4 in re-
gion E) are much less than those in the transformed b-Ti
(marked by 2 in region D). According to the Fig. 7(c), a-Ti
is alloyed with high Al and low Cu, Nb, Ni, V, and the b-Ti
is alloyed with higher contents of Cu, Ni and V.

In Figs. 3–7, regions of Ti2Cu and Ti2Ni may be single
phase designated as Ti2(Cu, Ni). However, there is no such
a Ti2(Cu, Ni) phase in the Cu–Ni–Ti ternary alloy phase di-
agram and the powder diffraction file.9) Accordingly, sepa-
rate Ti2Cu and Ti2Ni phases are proposed in the study. The
TEM observation is necessary in order to locate both
phases for the further study.

Figure 8(a) shows SEM BEI cross section of the joint in-

frared brazed at 970°C for 3 600 s. Ti2Cu, Ti2Ni and trans-
formed b-Ti are completely disappeared from the joint, and
they are replaced by the b-Ti as demonstrated by the XRD
structural analysis (Fig. 8(d)). Figure 8(b) displays the
EPMA chemical analysis results across the joint, the Nb
concentration is decreased monotonously from the Nb into
Ti–6Al–4V substrate. The summation of Cu and Ni concen-
trations in the brazed joint is approximately 5 at%, well
below their original concentrations in the braze foil. The
microstructure of the joint changed from b-Ti at location F
(Fig. 8(c)) into mixture of a and b-Ti at location G (Fig.
8(e)). It is deduced that the stabilization of b-Ti is strongly
related to the Nb concentration in these regions as demon-
strated by the EPMA chemical analysis results.

Both dissolution of the Nb substrate into the molten
braze and depletion of Cu as well as Ni from braze into
Ti–6Al–4V increase the liquidus temperature of the molten
braze. Consequently, isothermal solidification instead of eu-
tectic solidification of the molten braze is proceeded during
infrared brazing. It is unusual that the intermetallic com-
pound in the brazed joint is vanished from the joint for the
extended brazing time. In most brazing cases, the growth of
stable intermetallics is usually observed for higher brazing
temperature and/or longer brazing time. However, it is 
not the case of brazing Ti–6Al–4V and Nb using the
Ti–15Cu–25Ni foil. Based on the Cu–Ti and Ni–Ti binary
alloy phase diagrams, the maximum solubility of Cu and Ni
in b-Ti is as high as 13.5 and 10 at%, respectively.11) In con-
trast, maximum solubilities of Cu and Ni in a-Ti are 1.6
and 0.2 at%, which are much lower than those of b-Ti.11)

The chemical composition of Ti–15Cu–25Ni braze alloy in
atomic percent is 12.3% Cu, 22.2% Ni and balanced with
Ti. It is deduced that both Cu and Ni in the molten braze
are dissolved into the b-Ti driven by concentration gradient
during infrared brazing. The depletion of Cu and Ni from
the molten braze into Ti–6Al–4V substrate results in disap-
pearance of Ti2Cu and Ti2Ni intermetallics from the joint
for longer brazing time, and it makes Ti–15Cu–25Ni filler
metal with a great potential in future applications.

4. Conclusions

Microstructural evolution of infrared brazing Ti–6Al–4V
and niobium metal at 970°C using the clad Ti–15Cu–25Ni
foil for 180–3 600 s has been accessed in the experiment.
Important conclusions are summarized below:

(1) For the 180 s brazed specimen, primary Ti2Cu,
Ti2Ni and eutectic microstructure are obtained upon cooling
cycle of brazing. Further cooling of the brazed joint results
in transformation of the b-Ti. The morphology of trans-
formed b-Ti depends on the concentration of its alloying el-
ements such as Cu, Ni and Nb in the joint. For the short
time brazed specimen, dissolution of two base metals is not
prominent, so does the diffusive transport of Cu and Ni
from the melt into both substrates. Accordingly, maximum
amounts of Ti2Cu and Ti2Ni are observed at the center of
joint.

(2) The amount of transient Ti2Cu and Ti2Ni inter-
metallics is decreased with increasing the brazing time 
due to depletion of Cu and Ni from the braze into 
the Ti–6Al–4V substrate. Diffusion of Cu and Ni into
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Fig. 7. The SEM BEIs and EDS chemical analysis results in
atomic percent of the joint infrared brazed at 970°C for
1 200 s: (a) overview of the joint, (b) higher magnification
at location D and (c) higher magnification at location E.



Ti–6Al–4V substrate results in isothermal solidification
rather than eutectic solidification of the molten braze, so the
region of transformed b-Ti is broadened as the brazing time
increased to 600 s and 1 200 s.

(3) For the 3 600 s brazed specimen, Ti2Cu, Ti2Ni and
transformed b-Ti are vanished from the infrared brazed
joint. Because dissolution of the Nb substrate into molten
braze becomes prominent with increasing the brazing time,
the b-Ti alloyed with Nb is stabilized at room temperature.
Additionally, summation of Cu and Ni concentrations in the
brazed joint is approximately 5 at%, well below their origi-
nal concentrations in the braze alloy. The disappearance of
transient Ti2Cu and Ti2Ni intermetallics for the longer braz-
ing time makes Ti–15Cu–25Ni filler metal with a great po-
tential in future applications.
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Fig. 8. (a) SEM cross section and (b) EPMA chemical analysis results in atomic percent of the joint infrared brazed at
970°C for 3 600 s, (c, d) XRD, SEM BEI and EDS chemical analysis results of the cross section at location F in
(a), (e, f ) XRD, SEM BEI and EDS chemical analysis results of the cross section at location G in (a).


