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Joints with TiZrCuNi Interlayer
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Transient liquid-phase diffusion bonding of Ti;Al-based alloy to TiAl intermetallics was
conducted using Ti-13Zr-21Cu-9Ni (wt pct) interlayer foil. The joint microstructures were
examined using a scanning eclectron microscope (SEM) equipped with an electron probe
micro-analyzer (EPMA). The microhardness across the joint was measured and joint strengths
were tested. The results show that the Ti3Al/TiAl joint mainly consists of Ti-rich phase, Ti,Al
layer, a»,-TizAl band, and residual interlayer alloy dissolved with Al. The amount of residual
interlayer at the central part of the joint is decreased with the increase of the bonding
temperature, and meantime the Ti,Al and o,-TizAl reaction bands close to the joined
TisAl-based alloy become thickened gradually. Furthermore, the central part of the joint
exhibits the maximum microhardness across the whole joint. The joints bonded at 1193 K
(920 °C) for 600 seconds with a pressure of 2 MPa presented the maximum shear strength of 417
MPa at room temperature, and the strength of 234 MPa was maintained at 773 K (500 °C).
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I. INTRODUCTION

TITANIUM aluminides are one of the most promis-
ing intermetallic compounds, and a lot of attempts have
been made to develop their applications in the past
decades.M In particular, TisAl-based alloy is a structural
material with a potential for applications in aerospace
field due to its relatively low density, high specific
strength, excellent creep behavior, and good oxidation
stability at high temperature.>¥ To realize its practical
application, developing joining technologies of TizAl-
based alloy to itself or to other materials such as TiAl
intermetallics has become an important issue.

Fusion welding, brazing, and diffusion bonding have
been used to join TizAl-based alloys. For instance, Wu
et al. studied the joining of Ti-24Al-17Nb (at. pct) alloy
using laser beam welding technology and the joint
strength at room temPerature was equivalent to that of
the base material”! The dissimilar joining of
Ti-22A1-25Nb (at. pct) to Ti-6.5A1-3.5Mo-1.5Zr-0.3Si
(wt pct) alloys was conducted using electron beam
welding technique in Reference 5, and the joint strength
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was even higher than that of base material. Moreover,
Cadden er al!'® investigated the brazing of
Ti-13.4A1-21.2Nb (at. pct) alloy using Ti-Cu-Ni system
fillers. Commercial laminated Ti-15Cu-25Ni (wt pct) foil
produced joints with high nickel segregation and caused
the formation of high amount of centerline alpha-two
phase that contributed to the poor tensile behavior. In
Reference 7, the brazing of dissimilar materials of TizAl
and Ti-6Al-4V (wt pct) alloys was carried out with
Ti-Cu-Ni system fillers, and it was found that the
presence of continuous Ti,Ni phase deteriorated the
joint strength. Furthermore, the joining of Ti,AINb and
TiAl intermetallic alloys was conducted using diffusion
bonding method,™ and a new phase of AI(NDb, Ti), was
formed within the joint through a eutectoid-like reac-
tion:  Ti,AINb(B2) + Al — Al(Nb, Ti),+a, — Ti3Al
The presence of Al(Nb, Ti), with AINb, structure
deteriorated the mechanical properties of the joints. It
should be noted that in this study, no interlayer was
used. Although the maximum shear strength of 260
MPa for the joint bonded at 1273 K (1000 °C) was
obtained at room temperature, a high bonding pressure
of 20 MPa and a long dwell time of 60 min were needed
in the experiment.’. On the other hand, the joint
properties at high temperatures were not reported.

It has been recognized that transient liquid-phase
(TLP) diffusion bonding may combine the advantages of
brazing and diffusion bonding, and sound joints can be
available under lower joining temperatures.”*'”! There-
fore, TLP diffusion bonding method has been used to
join intermetallic alloys. For example, Zou er all'!
investigated the TLP diffusion bonding of Ti-22A1-25Nb
(at. pct) alloy using Ti-15Cu-15Ni (wt pct) foil and
concluded that slow cooling after the bonding could
modify the microstructure and improve the joints
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strength. However, these studies mainly focused on the
joining of TiyAl-based alloy to itself or to Ti-based
alloys.

In general, the service temperature of TizAl-based
alloy is about 923 K (650 °C), whereas TiAl inter-
metallics may offer a higher service temperature of 1033
K to 1123 K (760 °C to 850 °C). Besides, the plasticity
of TisAl-based alloy is much better than that of TiAl
intermetallics."'” Hence, in the case of high-temperature
engineering application, the dissimilar joining of TiszAl
to TiAl should be more attractive than TizAl-Ti alloy
combination.!"*! Nevertheless, the study on the joining
of TisAl to TiAl is scarcely reported.

In this paper, an attempt was made to join
TisAl-based alloy to TiAl intermetallics by TLP diffu-
sion bonding method. Considering the possible effect of
heat cycles during the joining process on the mechanical
properties of the base materials, bonding temperatures
should be lower than the solid solution temperature
[1243 K to 1263 K (970 °C to 990 °C)] of the
TisAl-based alloy. Therefore, in this study, a Ti-based
alloy foil, Ti-13Zr-21Cu-9Ni (wt pct) which was usually
used in the joining of TizAl-based alloys and TiAl
intermetallics themselves, was chosen as interlayer
during the TLP diffusion bonding of the two base
metals. Furthermore, this Ti-Zr-Cu-Ni interlayer alloy
could be used under suitable bonding temperatures.
Particularly, this study was intended to address the
questions of whether using an interlayer foil can change
the microstructure of the Ti;Al/TiAl joints and thus
improve the joint properties, and meanwhile whether the
technical requirements for bonding experiments can be
simplified compared with the dissimilar joints bonded
without interlayer.

II. EXPERIMENTAL PROCEDURES

The TisAl-based alloy to be joined was
Ti-24Al-15Nb-1Mo (at. pct) alloy, composed of
or-Ti3Al, O-Ti,AINb and f/B2 phases. The nominal
composition of the used TiAl intermetallics was
Ti-48A1-2Cr-2Nb (at. pct) with a fully lamellar
microstructure. The Ti-13Zr-21Cu-9Ni  (wt  pct)
(Ti-21Zr-23Cu-9Ni at. pct) foil with a thickness of
about 50 um was fabricated by a rapid solidification
technique, and double foil layers were laminated in the
subsequent bonding experiment. Its liquidus tempera-
ture was 1161 K (888 °C) measured by differential
thermal analysis (DTA).

Prior to bonding, surfaces to be joined were ground
by SiC papers, and then the joined samples were
ultrasonically cleaned in acetone. During the bonding
experiment, the vacuum was kept between 7 x 1072 and
8 x 107* Pa, and the heating rate was 0.2 K/s. Bonding
temperature varied from 1173 K to 1233 K (900 °C and
960 °C), with a bonding time of 300 to 600 seconds and
a fixed pressure of 2 MPa, followed by furnace cooling.

The mechanical characterization was performed by
microhardness and shear strength. Microhardness test
of various areas across the TizAl/TiAl joints was
performed using a Vickers hardness tester (450-SVD)
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with a load of 50 g and load time of 15 seconds. At
least three indentations were performed for each kind
of microzone. The shear strength of the joint was
measured at room temperature, 773 K and 873 K
(500 °C and 600 °C), respectively. Details of the joint
specimen and the illustration of the shear test are
shown in Figure 1. The reported average strength was
obtained from at least three specimens. The joint
microstructures and the cross sections of the joints
subjected to the shear test were examined using
scanning electron microscope (SEM) equipped with an
electron probe micro-analyzer (EPMA). Furthermore,
the phase constitution of Ti;Al/TiAl interface was
identified using an X-ray diffraction (XRD) spectrom-
eter detected not only on the as-fractured surface but
also on its polished layer.

III. RESULTS AND DISCUSSION
A. Microstructure Evolution of TizAl/TiAl Joints

Figure 2 shows the backscattered electron images of
Ti3Al/TiAl joints bonded with Ti-Zr-Cu-Ni interlayer
using various bonding parameters. As can be seen, a
lamellar structure consisted of white and black strips (as
marked by “1” and “2” in Figure 2(b)) and a contin-
uous reaction band (“3” in Figure 2(b)) are always
visible adjacent to TiAl substrate within the joints. With
the increase of bonding temperature, the lamellar
structure and reaction band are thickened; for example,
at the bonding temperature of 1193 K (920 °C), the
lamellar structure and reaction band are only 7.9 and
2.2 um, respectively (Figure 2(b)), but their thicknesses
at 1233 K (960 °C) are increased to 13.4 and 5.8 um,
respectively (Figure 2(d)). Besides, evidently, there exists
a white zone (like ““5”” in Figure 2(b)) in the center of the
joints bonded at the lower bonding temperatures of 1173
K and 1193 K (900 °C and 920 °C). When the bonding
temperature was increased to 1213 K or 1233 K (940 °C
or 960 °C), such a white zone disappeared (Figures 2(c)
and (d)). Additionally, when bonding at 1233 K
(960 °C), some columnar o,-TizAl phase (microzone
“8”) precipitates within the center of the joint in
Figure 2(d).

The EDS concentration profiles across the TisAl/TiAl
joint along the red line in Figure 2(b) are displayed in
Figure 3. As shown in Figure 3(a), the content of
element Al decreases gradually from the TiAl side to
the joint center and presents an approximately uniform
distribution in the center area. At the position X = 15
corresponding to “3” in Figure 2(b), concentration
valleys are formed for the lines of elements Zr, Cu,
and Ni, and peaks are visible for that of Ti and Al
Furthermore, at the position X = 45 corresponding to
“5” in Figure 2(b), the content of Ti is the lowest and
that of Zr, Cu, and Ni are the highest across the whole
joint (Figure 3).

The EPMA map scanning results are also presented in
Figure 4. Both Figures 3(a) and 4(a) demonstrate that
the lamellar structure contains higher Al than other
areas within the joint. EPMA analysis results in the
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Fig. 1—Illustration of the shear test for the brazed joints: (¢) geometry of shear test sample in mm; (b) shear test setup.

(©

1Apm WD11mm

(d)

Fig. 2—Backscattered electron images of TizAl/TiAl joints (bonding pressure: 2 MPa; dwell time: 600 s): (a) 1173 K (900 °C); (b) 1193 K

(920 °C); (¢) 1213 K (940 °C); (d) 1233 K (960 °C).

lamellar structure are listed in Table I, indicating the
main elements of Ti and Al in microzones “1”” and “2”
(Figure 2(b)). As shown in Figure 2(b), the white strips
in microzone “2” are thicker than that in microzone
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“1.” The concentrations of Zr, Cu, and Ni in the former
zone are a little higher (Table I). Thus, only slight
difference exists between the white and black strips. In
general, the phases in microzones “1” and 27

METALLURGICAL AND MATERIALS TRANSACTIONS A



600

< Joint >
500 | !
|
& 400 | [
> | Al (Kal) :
i | | a
g 300 : Zr (Lal) !
[}
=1 200 :
= I
100fF
|
of = Ni (Ka1)7 X

0 10 20 30 40 50 60 70 80 90
Distance (um)

(a)

1000
800
<
N’
‘? 600 |
w
g 400}
N
=
L]
200 |
o=~ ., CuEKa)7 ™
0 10 20 30 40 50 60 70 80 90
Distance (um)
(b)

Fig. 3—Distribution profiles of major elements across the joint in Fig. 2(b).

(Figure 2(b)) are deduced to be Ti,Al phase dissolved
with Cu, Zr, and Ni. On the basis of References 14, 15,
Ti,Al was hexagonal with lattice parameters ¢ = 0.29
nm and ¢ = 1.39 nm and it was an intermediate phase
during the phase transformation between o»-TizAl and
y-TiAl phases. Reference 16 also demonstrated the
formation of Ti,Al phase through the inter-diffusion
reaction between Ti powder and TiAl powder during the
hot-press sintering at 1473 K (1200 °C). In fact, in the
present experiment, during the bonding process, Ti
atoms diffused from the Ti-Zr-Cu-Ni interlayer alloy
into the solid-state TiAl substrate due to the concentra-
tion gradient. Therefore, the Ti,Al phase might be
produced through the following diffusion reaction:
Ti + TiAl = Ti,Al. Undoubtedly, the diffusion velocity
of atoms becomes faster as the bonding temperature
increases. As a result, the Ti,Al layer becomes thickened
with the increase of bonding temperature, as shown in
Figure 2.

Next, based on EPMA analysis results (Table I), the
continuous reaction band (“3” in Figure 2(b)) can be
identified as o,-Ti3Al phase, but it should be dissolved
with low concentration of Zr, Cu, and Ni. According to
the previous studies, the continuous o,-TizAl band was
always formed when Ti-15Cu-15Ni (wt pct) filler alloy
was used to join TiAl intermetallics to themselves or to
Ti-based alloys.““gl In fact, the solubility of Zr, Cu,
and Ni in a,-TizAl ordered structure is very limited, as
confirmed by Table I and Figures 4(b) through (d).
Then, once the continuous o,-TizAl band is formed, the
further atomic inter-diffusion between TiAl substrate
and the interface would be obstructed.'”’ However,
more Zr, Cu, and Ni are detected in microzone ‘2" than
that in microzone ““3” as shown in Figure 3 and Table 1,
signifying that the continuous a,-TizAl band should be
resulted from solid-state phase transformation after the
completion of solidification process.

At the bonding temperature, TiAl substrate will
dissolve into the molten Ti-Zr-Cu-Ni interlayer alloy
and a-phase containing high Al will be formed. Hence, it
is deduced that due to the limited solubility of Al in the
o-Ti at low temperature,“g’w] the a,-TizAl phase was
probably formed through the ordering transformation
of Al-rich o-Ti during cooling cycle. This is similar for
the precipitation of the columnar o,-TizAl phase
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(microzone ““8” in Figure 2(d)) within the center of the
joint in Figure 2(d). Undoubtedly, with the increase of
bonding temperature, more TiAl substrate will dissolve
into the molten Ti-Zr-Cu-Ni interlayer alloy. As a
consequence, the thickness of the continuous a,-TizAl
band in Figure 2 is increased gradually. During the
formation of a,-Ti3Al band in microzone 3
(Figure 2(b)), Zr, Cu, and Ni are expelled to the
neighbored areas. Finally, composition valleys at the
position X = 15 are formed for the lines of elements Zr,
Cu, and Ni, and peaks for that of Ti and Al (Figure 3).

As Table I indicated, the concentration of element Ti
in the white zone (labeled by “5” in Figure 2(b)) is
remarkably lower than other areas, and this is also
demonstrated by Figures 3(a) and 4(e). Moreover, the
contents of Zr, Cu, and Ni in this area are very close to
that in the original interlayer filler. For these reasons,
this white zone (“‘5” in Figure 2b) should be the residual
Ti-Zr-Cu-Ni interlayer but it has been dissolved with Al.
In order to further investigate the phase constitution of
microzone “6” in Figure 2(b), the fractured surface of
the joint subjected to shear test (see Section III-B
below) was polished off 10 to 20 um and then analyzed
again by XRD. The corresponding XRD pattern in
Figure 5 together with Table I signifies that microzone
“6” in Figure 2(b) is mainly composed of Ti-rich phase,
o»-TizAl and Ti,Cu, which is similar to microzone ““4”
(Figure 2(b)). Besides, microzone “7”° in Figure 2(b)
could be considered as a mixture of Ti-rich phase
dissolved with Cu and O-Ti,AIND.

In addition, a short bonding time of 300 s with
Ti-Zr-Cu-Ni interlayer was also tested for the TizAl/
TiAl joint. The corresponding interfacial microstructure
and EPMA analysis results in microzones are shown in
Figure 6 and Table II, respectively. Compared with the
joint bonded at 1193 K(920 °C)/2 MPa/600 seconds
(Figure 2(b)), more residual interlayer dissolved with
Al (microzone ““4” in Figure 6) was retained due to the
less diffusion time. However, the thicknesses of lamellar
structure and o»-TisAl band are close to that in
Figure 2(b).

During the bonding process, the dissolution of TiAl
or TizAl substrate into the molten interlayer and the
diffusion of alloying elements Zr, Cu, and Ni from the
interlayer into the TiAl or TizAl substrate would
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Fig. 4—EPMA map scanning results of Al (a), Zr (b), Cu (¢), Ni (d), and Ti (e) in Fig. 2(b).

Table I. EPMA Analysis Results for the Microzones in Fig. 2, at. pct

Microzones Ti Al Zr Cu Ni Cr Nb Deduced Phases

1 62.90 26.90 1.72 5.82 1.81 0.84 — Ti»Al dissolved with Cu

2 61.64 25.04 3.81 6.95 2.18 0.38 — Ti,Al dissolved with Cu

3 70.82 23.78 1.99 1.90 0.54 — 0.97 op-TizAl

4 70.46 11.87 2.37 9.49 3.35 0.36 2.10 Ti-rich phase + o,-TizAl + Ti,Cu

5 39.42 13.09 13.84 22.75 10.59 0.31 — residual interlayer dissolved with Al

6 69.18 11.53 3.01 9.42 3.71 0.38 2.77 Ti-rich phase + o,-TizAl + Ti,Cu

7 67.94 13.35 2.04 6.54 2.58 — 7.55 Ti-rich phase dissolved with Cu + O-Ti,AINb
8 70.82 19.64 1.73 1.57 0.53 — 5.72 o>-Ti3Al dissolved with Nb

1672—VOLUME 47A, APRIL 2016 METALLURGICAL AND MATERIALS TRANSACTIONS A



gradually change the composition of the molten inter-
layer alloy and therefore continuously increase its
liquidus temperature. Once the liquidus temperature
reached the bonding temperature, isothermal solidifica-
tion started.”” Microzones 47, “6,”> and 77
(Figure 2(b)) were thus formed. If the joint was cooled
down before the completion of the isothermal solidifi-
cation, some molten interlayer alloy would be reserved.
It would be solidified once the temperature reached its
melting point. Due to the high concentration of melting
point depressants (Zr, Cu, and Ni), residual interlayer
dissolved with Al (microzone 5" in Figure 2(b)) should
be athermal solidification zone.
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Fig. 5—XRD pattern of the zone labeled by “6” in Fig. 2(b).
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Fig. 6—Backscattered electron images of Ti3Al/TiAl joints bonded
at 1193 K(920 °C)/2 MPa/300 s.

In general, the Ti;Al/TiAl joint TLP diffusion bonded
at 1193 K (920 °C) mainly consisted of Ti-rich phase,
Ti>Al layer, a,-Ti3Al band, and residual interlayer alloy
dissolved with Al. This is very different from the
Ti,AINb/TiAl joint obtained by diffusion bonding
method without interlayer.®®! As presented in Reference
8, when bonded at low temperature [1223 K (950 °C)],
AI(Nb, Ti), and a,-TizAl particles were formed alter-
nately at the interface adjacent to the Ti,AINDb base
alloy. In contrast, at relatively high temperature [1273 K
(1000 °C)], a B2-enriched zone was found adjacent to
the Ti,AINDb base alloy. The presence of either AI(Nb,
Ti), or the B2-enriched zone, to some extent, would
impair the mechanical properties of the Ti,AINb/TiAl
joints. Particularly, a continuous o,-TizAl layer was
always visible at the interface adjacent to the joined TiAl
intermetallics, which was similar to the TLP diffu-
sion-bonded TizAl/TiAl joints in this study. It should be
noted that the total thickness of the Ti,AINDb/TiAl joint
bonded in Reference 8 was about 20 um, in which the
continuous o,-Ti3Al reaction layer reached a 10-um
thickness, thus increasing the joint brittleness inten-
sively. On the contrary, in this study as shown in
Figure 2(b), the thickness of o,-Ti3Al band is only about
2.2 um and Ti-rich phase dominates the most areas of
the joint.

B. Mechanical Properties of Ti;Al/TiAl Joints

Figure 7 shows the room-temperature shear strength
of the joints with the bonding time of 600 seconds as a
function of bonding temperatures. The bonding tem-
perature of 1173 K (900 °C) offers a shear strength of
339 MPa. In particular, when the bonding temperature
is increased to 1193 K (920 °C), the joint strength even
reaches the maximum value of 417 MPa. However,
further increase of bonding temperature results in the
decrease of the joint strength, that is, as the bonding
temperature is raised to 1233 K (960 °C), the joint
strength has been decreased to 145 MPa. In the case of
the change of bonding time, the joint bonded at
1193 K(920 °C)/2 MPa/300 seconds presents a shear
strength of 364 MPa at room temperature, lower than
that for 600 s.

As previously described, the Ti,AINb/TiAl joint
diffusion bonded without interlayer exhibited a shear
strength of 260 MPa at room temperature.™ It is clear
that the TLP diffusion bonding method using Ti-Zr-
Cu-Ni foil as interlayer has remarkably eclevated the
strength of the dissimilar joint. On the other hand, for
this bonding method, only a low pressure of 2 MPa and

Table II. EPMA Analysis Results for the Microzones in Fig. 6, at. pct
Microzones Ti Al Zr Cu Ni Cr Nb Deduced Phases
1 60.46 27.27 1.73 6.27 3.22 1.05 — Ti,Al dissolved with Cu
2 73.42 22.67 1.14 2.10 0.67 — — op-TizAl
3 69.28 11.47 2.71 10.30 3.51 0.46 2.27 Ti-rich phase + ,-TizAl + Ti,Cu
4 53.93 10.82 8.52 17.55 8.71 0.47 — residual interlayer dissolved with Al
5 67.90 11.85 2.67 9.98 3.19 0.45 3.96 Ti-rich phase + o,-TizAl + Ti,Cu
6 67.91 12.23 1.41 6.84 2.68 — 8.93 Ti-rich phase dissolved with Cu + O-Ti,AINb
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Fig. 7—Effect of bonding temperature on room-temperature shear
strength of the Ti3Al/TiAl joints (bonding pressure: 2 MPa; dwell
time: 600 s).

a short diffusion time of 300 to 600 seconds are needed.
Therefore, using the Ti-Zr-Cu-Ni interlayer has simpli-
fied the technical requirements to a great extent com-
pared with the dissimilar joints bonded without
interlayer.®! In addition, according to the measured
results at high temperatures for the joints bonded at
1193 K (920 °C) for 600 seconds, the shear strengths of
234 and 164 MPa were maintained at 773 K and 873 K
(500 °C and 600 °C), respectively.

In order to identify the fracture mechanism of the
TizAl/TiAl joints, the specimens after shear tests are
inspected. As shown in Figure 8(a), the crack mainly
propagates along the white phase (residual interlayer
dissolved with Al, Figure 2(b)). As mentioned above,
the white phase is the athermal solidification zone. The
continuous distributed athermal solidification zone can
cause stress concentration and provide a low resistance
path for crack initiation or propagation as reported in
some alloys.*'??) On the other hand, the XRD pattern
(Figure 9) of the as-fractured surface confirms the
presence of Ti,Al and o»-TizAl phases as well as
intermetallic compounds of Ti,Ni and Ti(Cu, Al),.
Based on Table I, the two compounds of Ti,Ni and
Ti(Cu, Al), should be formed within the residual
interlayer dissolved with Al (“5” in Figure 2(b)). Con-
sidering the fracture characteristic, this residual inter-
layer zone is just the weak link within the joint, which is
attributed to the intensive formation of Ti,Ni and
Ti(Cu, Al), compounds.

For the joint bonded at 1233 K (960 °C), it fractures
along the Ti,Al layer and/or the continuous o,-TizAl
band (Figure 8(b)). As can be seen in Figure 2(d), the
residual interlayer has disappeared; but the Ti,Al layer
and o,-TizAl band are thickened. The Ti,Al layer
contains high Al and presents a lamellar structure
similar to the TiAl substrate. It might exhibit a strong
brittleness tendency and should be detrimental to joint
strength. Furthermore, o,-TizAl phase is of inherent
brittleness,!'”! its continuous distribution would lead to
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Fig. 8—Cross sections of Ti3Al/TiAl joints after shear tests, TizAl
side (bonding pressure: 2 MPa; dwell time: 600 s): (a) 1193 K
(920 °C); (b) 1233 K (960 °C).

stress concentration during the shear test and thus
deteriorate the joint strength.

The microhardness profile along the cross section of
the joint bonded at 1193 K (920 °C) for 600 seconds is
displayed in Figure 10. In general, the whole joint
exhibits higher microhardness than the two base mate-
rials. The hardness value in Ti,Al layer (microzones “1”
and “2” in Figure 2(b)) is slightly higher than that of
microzones “4”” and “6” in Figuure 2(b). The maximum
hardness (661 HV) appears within the residual interlayer
dissolved with Al (labeled ““5” in Figure 2(b)). Accord-
ing to previous studies, the hardness of Ti(Cu, Al), was
597 HV.**) and that of Ti,Ni was even high up to 700
HV.?4 Therefore, it is not strange that the residual
interlayer dissolved with Al corresponds to the maxi-
mum hardness value.

Evidently, due to the high hardness, the excessive
residual interlayer in Figure 2a would be detrimental to
the joint strength. With the increase of bonding tem-
perature, strong dissolution and inter-diffusion between
base metals and molten Ti-Zr-Cu-Ni alloy occur. The
amount of the hard residual interlayer is reduced, and
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Fig. 9—XRD pattern of the fractured surface after shear test for
specimen bonded at 1193 K (920 °C)/2 MPa/600 s.
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Fig. 10—Microhardness profile along the cross section of the Ti;Al/
TiAl joint (Fig. 2(b)) bonded at 1193 K(920 °C)/2 MPa/600 s.

this would decrease stress concentration tendency and
joint brittleness. Hence, the joint bonded at 1193 K
(920 °C) shows a higher shear strength than that bonded
at 1173 K (900 °C). But for the joints bonded at
1213 K and 1233 K (940 °C and 960 °C) as shown in
Figures 2(c) and (d), although the residual interlayer
disappears, the thickened Ti,Al layer and o,-Ti3;Al band
conversely deteriorate the joint strength (Figure 8(b)).
Although the shear strengths of 417 MPa at room
temperature and 234 MPa at 500 °C have been acquired
using the Ti-Zr-Cu-Ni interlayer alloy, the joint prop-
erties including high-temperature strength should be
improved. And further studies searching for new inter-
layer alloys are still needed for achieving a stronger
joining of TisAl-based alloy to other materials.*> 2"

IV. CONCLUSIONS

Microstructure evolution and bonding strength of
TLP diffusion-bonded TizAl/TiAl joints using
Ti-13Zr-21Cu-9Ni (wt pct) foil as interlayer have been
investigated in this study. Primary conclusions are
summarized as the follows:
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1. The joint mainly consisted of Ti-rich phase, Ti>Al
layer, o»-Ti3Al band, and residual interlayer dis-
solved with Al. The amount of residual interlayer at
the central part of the joint was decreased with the
increase of the bonding temperature. In the mean-
time, the Ti,Al and o,-TizAl reaction bands were
thickened gradually and some columnar o,-TizAl
phases precipitated within Ti-rich areas.

2. The whole joint exhibited a higher microhardness
than the two base materials, and the residual
interlayer at the central part of the joint showed
the maximum microhardness across the whole joint.
The joint bonded wunder the condition of
1193 K (920 °C)/2 MPa/600 seconds presented the
maximum shear strength of 417 MPa at room
temperature, and the strength of 234 MPa was
maintained at 773 K (500 °C).

3. Ti-rich phase dominated the most areas of the TLP
diffusion-bonded Ti3;Al/TiAl joints, the joint prop-
erties were improved to a great extent, and the
technical requirements for bonding experiments
were simplified compared with the dissimilar joints
bonded without interlayer.
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