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Abstract: Amorphous Ti-9.5Cu-8Ni-8Nb-7Al-2.5Zr-1.8Hf (wt%) filler alloy was employed to vacuum braze Ti, Al, (at%) alloy at
the brazing temperatures ranging from 1140 to 1220 °C for 30 min. The effect of brazing temperature on the microstructure and shear

strength of the brazed joints was investigated. Results show that all the brazed joints are mainly divided into three reaction layers

regardless of the brazing temperature, and both of a,-Ti,Al and Ti,Cu(Ni) phases exist in each reaction layer, but their size and

distribution change significantly with brazing temperature, especially the Ti,Cu(Ni) phase in isothermal solidification layer II. The
continuous a,-Ti,Al layer I is stable below 1200 °C but breaks and loses its barrier effect above 1200 °C. It is notable that the a,-Ti,Al
precipitated in the brazed seam can act as a nucleation inhibitor and refine the crystal grain. Shear test results show that the average

shear strength of Ti Al brazed joints first increases and then decreases with brazing temperature and the maximum shear strength of

184 MPa is obtained at 1180 °C. a,-Ti,Al mainly occupies the fracture surface with cleavage characteristics.

Key words: Ti Al (at%) alloy; Ti-Cu-Ni-Nb-Al-Zr-Hf amorphous filler; vacuum brazing; microstructure; shear strength

TiAl-based alloys are important engineering materials,
which possess desirable properties such as low density, good
specific strength and creep resistance as well as good
corrosion resistance and high-temperature mechanical
properties, and thus they are widely used in aerospace and
automotive industries”. Nonetheless, they also have some
restrictive defects such as poor wear resistance, poor
machinability and intrinsic brittleness'™. In order to give full
play to the advantages of TiAl alloys, it is necessary to
achieve reliable connection of TiAl alloys. Compared with
diffusion bonding™”, friction welding” and TIG/MIG
welding"™, brazing is considered as an effective connection
method due to its low operating temperature, convenience and
cost-effectiveness as well as high-quality joint and low
residual stress, which is widely used to join TiAl alloys.

Song™ and Cai et al'” also reported that the brazing can be
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employed reliably to join TiAl-based alloys to themselves.

It is vital to select suitable filler alloy to join TiAl alloy so
as to obtain better brazed joint. According to the previous
study"”!
employed to join TiAl-based alloy, while the joint have the

, Al-based and Ag-based filler alloys have been

problems of weak high-temperature strength, low service
temperature and poor corrosion resistance"'?. Ti-based filler
has intrinsic affinity with TiAl alloy, and in addition, Ti-based
filler alloy possesses good joining performance and creep
resistance due to the better wettability between Ti-based filler
and TiAl substrate'. Therefore, we selected Ti-based filler
to braze TiAl-based alloy in vacuum atmosphere. At present,
the research on Ti-based filler mainly concentrates on the pure
Ti filler, Ti-Cu-Ni, Ti-Zr-Cu-Ni and Ti-Ni-Nb system filler
metals. Li et al" investigated reactive brazing of y-TiAl alloy
and GH99 with pure Ti foil as filler metal, but the liquidus
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temperature of the pure Ti foil is very high (about 1660 °C) so
a higher brazing temperature is required, which will affect the
microstructure of TiAl substrate. The commercially common
Ti-15Cu-15Ni and Ti-15Cu-25N.i filler alloys can successfully
braze TiAl alloys, but it is easy to form overmuch Ti-Cu
system (such as Ti,Cu) or Ti-Ni system (such as TiNi,)
intermetallics in the brazed seam, which are harmful to the
joint strength ", According to Ti-Zr, Ti-Cu and Ti-Ni binary
alloy phase diagrams "', Zr is completely miscible with Ti and
the liquidus temperature decreases with increasing the Zr
when the content of Zr is less than 40at%, so increasing the Zr
content and decreasing the content of Cu and Ni can reduce
the formation of brittle Ti-Cu/Ni system intermetallic
compounds. Al element can improve the affinity and
wettability of filler alloy with the TiAl substrate and have a
solid solution strengthening effect on the filler alloy. Nb is an
active and high melting point structural element, which can be
completely miscible with Ti. Nb addition can increase the
high-temperature heat resistance and chaos of Ti-based filler
alloy. The chemical property of Hf is similar to that of Ti and
Hf addition can improve the amorphous forming ability of Ti-
based filler alloy. Meanwhile, Zr, Hf and Ti belong to the
group IVB element and have similar lattice type and chemical
property, so the addition of Zr and Hf can form continuous
solid solution in Ti alloy and improve the supercooled liquid
stability of Ti-based filler alloy as well as increase mixing
enthalpy of filler alloy and further promote the amorphous
forming ability of Ti-based filler alloy"**”. According to Ref.

1Al is an

[19] and Ti-Al binary alloy phase diagram
important « -stabilizer and the addition of Al element can
improve the a <> f transition temperature of titanium alloy.
When the content of Al ranges from 35at% to 48at%, Ti-Al
alloys form a two-phase equilibrium between a,-Ti,Al and y,
and the eutectoid reaction of y+a,<>a occurs at 1125 °C. With
increasing the Al content to 50at% , the phase transition
temperature of Tij Al alloys with single y phase is up to
about 1350 °C, and thus the higher brazing temperature can be
allowed to use. In order to give full play to the superior high-
temperature advantage of Ti, Al alloys, we designed a novel
filler of Ti-Cu-Ni-Nb-Al-Zr-Hf alloy containing relatively
lower Cu and Ni contents and a quantitative amount of Al and
Nb as well as a bit of Zr and Hf element. According to the

21,02]

previous studies”””, amorphous alloys, owing to their

advantages of uniform element distribution, good spreadabi-
lity and adhesiveness with respect to the crystalline filler, have
been developed to braze TiAl alloy.

In the present work, the Tij,Al, (at% ) alloy was vacuum
brazed with amorphous filler Ti-9.5Cu-8Ni-8Nb-7Al-2.5Zr-
1.8Hf (wt%), and the influence of brazing temperature on the
microstructure and shear strength of the joints as well as the
formation mechanism of interfacial microstructure were
investigated.

1 Experiment

The experimental base material was Ti,Aly, (at%) alloy and
the brazed sample was cut into § mmx6 mmx3 mm by wire
cut electro discharge machine. The chemical composition of
the amorphous filler was Ti-9.5Cu-8Ni-8Nb-7Al1-2.5Zr-1.8Hf
(Wt% ), and the preparation methods are as follows. First,
under high purity argon atmosphere, the filler alloy ingot was
prepared by arc-melting in a water-cooled copper mold six
times and then homogenized at 900 °C for 4 h to reduce
segregation. Second, after induction melting in a quartz tube,
rapid solidification was implemented by the single-roller melt
spinning technique with a rotating Cu wheel at a
circumferential speed of 30 m/s. The resulting filler foil had a
ribbon shape with 10~11 mm in width and about 80 pm in
thickness, and the eventual size of the filler foil for brazing
was about 10 mmx8 mmx60 um. The stand-by surfaces of all
samples were finally ground by 800# sandpaper and
ultrasonically cleaned in acetone for 10 min before brazing.
The schematic diagrams of the metallographic and shear test
samples are shown in Fig.1a and 1b, respectively.

The assembled specimens were brazed in HP-12x12x12
vacuum furnace with a vacuum degree of ~1.33x107?Pa, the
brazing temperature ranged from 1140 °C to 1220 °C and the
holding time was 30 min. After brazing, the samples were
cooled to room temperature with the furnace cooling. And
then the cross-sections of brazed joint were ground to 3000#
girt, polished and etched. Shear test was carried out at a
constant speed of 0.5 mm/min by a universal testing machine
(AG-X100KN, the schematic diagram is shown in Fig. 1c).
Scanning electron microscopy (SEM) with energy dispersive
spectrometer (EDS) was used to examine the joint interfacial
microstructure, elemental distribution and fracture surface
after shear test. Transmission electron microscopy (TEM) and
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Fig.l1 Schematic diagrams of metallographic sample (a), shear test sample (b) and shear test setup (c)
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X-ray diffractometer (XRD) were employed to identify the
phase composition of the brazed seam and the fracture surface
after shear testing, respectively. The melting behavior of the
amorphous Ti-Cu-Ni-Nb-Al-Zr-Hf filler was investigated by
differential scanning calorimetry (DSC) at a heating rate of
20 °C/min, and the result showed that its melting temperature
is 1131 °C.

2 Results and Discussion

2.1 Interfacial

brazed joint

Fig. 2 presents the interfacial microstructure of the TiAl
joint brazed at 1180 °C for 30 min. No cracks or pores can be
observed in the brazed seam and the phases of brazed joint are
uniformly distributed, indicating that a good metallurgical
bonding occurs between the amorphous filler foil and
Ti, Al substrate. According to the different microstructural
morphologies of the brazing seam, the brazed joint can be
divided into three reaction layers, marked as I, II and III in

microstructure of the typical Ti Al

Fig.2

Fig.2a. Combining the content of Zr and Hf in the amorphous
filler with the element line scanning across the brazed joint
along the bold white line (marked in Fig.2a), it can be seen
that the Ni/Cu, Zr and Hf are mainly distributed in layer II and
the diffused depth of Ni/Cu into the TiAl substrate is
significantly more than that of Zr and Hf, which may be due
to the better affinity of Ni/Cu with TiAl alloy and much more
concentration gradient compared with Zr/Hf as well as the
relatively low diffusion rate during brazing due to the larger
of Zr and Hf. The high magnification
backscattered electron images (BEIs) of each layer are shown
in Fig.2c~2e. It is observed that the morphologies of layers I
and IIT mainly consist of light gray phases marked as spot A
and E and continuous lamellar phases marked as zone B and
D in Fig. 2c and 2e. Layer II is mainly composed of
continuous gray blocky phase marked as zone C in Fig.2d.
The corresponding EDS results of each spot are listed in Table
1. The a,-Ti,Al phase exists in each layer of the brazed seam,
which can be attributed to the continuous dissolution of Al
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Backscattered electron images (BEIs) of the Ti Al joint brazed at 1180 °C for 30 min: (a) integral interfacial microstructure, (b) EDS

line scanning results (b), and (c~e) high magnification BEIs of layers I, IT and III

Table 1 EDS results of each spot/zone in Fig.2c~2e

Element content/at%

Spot/Zone - B .
Ti Al Cu Ni Nb Zr Hf Possible phase
A 51.55 11.48 14.69 15.37 3.85 2.29 0.77 Ti,Cu(Ni)+a,-Ti,Al
B 60.98 32.57 2.29 1.83 1.85 0.28 0.20 a,-Ti,Al
C 45.15 16.02 18.09 15.97 2.85 1.29 0.63 Ti,Cu(Ni)
D 64.61 31.80 1.08 0.28 1.97 0.18 0.08 a,-Ti,Al
E 57.59 11.14 16.3 13.36 0.67 0.66 0.28 Ti,Cu(Ni)+a,-Ti,Al
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atom from TiAl substrate into the molten filler and the
diffusion of filler alloy into TiAl substrate in brazed process.
From the beginning of heating to the melting of the filler
alloy, the Al atoms from the dissolution of TiAl substrate
diffuse into brazed seam and react with Ti element to form a,-
Ti,Al phase. According to Ti-Al binary alloy phase diagram'”),
eutectoid reaction of a-Ti<>a,-Ti,Al+y-TiAl occurs at 1125 °C
and the maximum temperature of transformation from single
a,-Ti,Al into o-Ti is 1180 °C. Once the continuous a,-Ti,Al
phase layer (such as layer I) is formed, it will become a barrier
to prevent the diffusion of Ni and Cu atoms from the molten
filler into the TiAl substrate, and the Ni and Cu atoms will be
enriched in layer II because their outward diffusion needs a
larger driving force. In fact, the layer II is easy to reach the
limit solid solution due to the enrichment of Ni and Cu,
resulting in restrained diffusion of Cu and Ni away from the
molten filler alloy. The remnant liquid forms the layer III
during the subsequent cooling stage. According to the
micromorphology, we can find that a small amount of light
gray phases (marked as spot A and E) are distributed in layers
I and III, but exist in layer II as a continuous blocky phase
(marked as C). The EDS analysis results indicate that A and E
are Ti,Cu(Ni) with a,-Ti,Al, B and D mainly are o,-Ti,Al, and
C is mainly Ti,Cu(Ni).

The TEM was used to further identify these phases in each
layer, and the corresponding TEM images and selected area
electron diffraction (SAED) patterns are shown in Fig.3. The
microstructural morphologies in Fig.3a~3c show that the layer
I mainly consists of the gray phase (marked as A) and dark
phase (marked as B). Combining the SAED patterns in Fig.3d,
3e and the corresponding EDS results (listed in Table 2), it can
be confirmed that A and B are Ti,Al phases. The phase of
point C (marked in Fig.3b) is determined as Ti,Cu(Ni) by the

1 um

" Point A

- 200 °

220

[001]*

EDS analysis and the corresponding SAED pattern, which is

consistent with the analysis result of layer II in Fig. 2.

Similarly, gray blocky phase (marked as D in Fig.3c) also can

be verified as a,-Ti,Al

2.2 Microstructure evolution mechanism of Ti, Al , brazed
joint

Based on the previous analysis in Section 2.1, a theoretic
microstructure evolution model for TiAl/Ti-Cu-Ni-Nb-Al-Zr-
Hf/TiAl joint is established, as shown in Fig.4. Generally, the
formation of the interfacial microstructure of the brazed joint
originates from the diffusion reaction of elements, so the
whole reaction process can be divided into two stages.

Stage one: when the temperature is lower than the glass
transition temperature (7,) of the amorphous filler, just only
physical contact, atomic-solid interdiffusion, slight deforma-
tion and chemical metallurgical reaction occur between the
TiAl substrate and the amorphous filler, as shown in Fig.4a.
When the temperature is increased to the solidus temperature
(T) of the filler, the amorphous filler gradually transforms
from solid state to unstable supercooled liquid state, which
usually accelerates the element interdiffusion of TiAl substrate
and filler, then crystallizes and finally begins to melt. Further
increasing the temperature to the liquidus temperature (7)), the
filler completely melts into liquid state and the diffusion rate
of Al atom from the dissolved TiAl substrate into the molten
filler zone as well as that of Ni and Cu atoms in the liquid
filler alloy toward TiAl parent alloy are accelerated, as shown
in Fig.4b. Generally, the diffusion rate of atoms in the liquid
state is much faster than in the solid state.

Stage two: as shown in Fig.4c, with increasing the diffusion
depth and the reaction degree between TiAl substrate and
liquid filler within holding time, the interfacial reaction layers
gradually form in the brazed joint, namely, solid-state

1 um

Ti,Cu(Ni
i Point C

Fig.3 TEM images (a~c) and corresponding SAED patterns (d~g) of points in layers I, IT and III in Fig.3a~3c
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Table 2 EDS results of points in Fig.3a~3¢

Element content/at%

Point
Ti Al Cu Ni Nb Zr Hf
A 65.65 2927  2.09 1.33 .15 038 0.13
B 67.86 2534  2.60 1.80 1.82 035 023
C 47.78 1993 1452 1397 142 195 043
D 63.73  30.78 1.58 132 091 095 0.73

diffusion layer, isothermal solidification layer and residual
molten filler layer. The diffusion of Al atoms from TiAl
substrate plays an important role in the formation and the
microstructure evolution of brazed joint. The Al atom from the
dissolution of TiAl parent alloy will diffuse toward the filler
alloy zone and react with Ti to form a,-Ti,Al when its content
ranges from 22at% to 47at%"”. Generally, the inward
diffusion of filler alloy atoms into the parent alloy can give
rise to the change of the micromorphology™. And the
diffused atoms are insufficient to decrease the 7, of TiAl
substrate to below the brazing temperature, which will
facilitate the formation of solid-state diffusion layer.
According to the previous analysis result of Fig.2, this layer is
mainly composed of «,-Ti,Al phase with Ti,Cu(Ni) phase.
Once the continuous a,-Ti,Al layer is formed, it will restrict
the atomic interdiffusion between filler alloy and TiAl
substrate. The liquidus temperature of the molten filler alloy
next to TiAl substrate is increased up to above the brazing
temperature by the dissolution of TiAl parent alloy, leading to
formation of the isothermal solidification layer in the soaking
time. Meanwhile, the Cu and Ni atoms in the molten filler will

Solid filler Z‘//”
Ni ?///4 o

TiS()AISU ﬂHOy

/

TisoAls alloy
Isothermal solidification layer
Residual filler layer

Solid-state diffusion layer

continuously diffuse toward the isothermal solidification
layer, resulting in the enrichment of Cu and Ni and formation
of Ti,Cu(Ni) in this layer. The residual liquid filler zone
mainly contains a certain amount of Ti, Al and Cu/Ni atoms
which react with each other to form a,-Ti,Al and Ti,Cu(Ni)
phases, as shown in Fig. 4d, and then precipitate in the
subsequent cooling process, leading to the formation of
residual filler layer.

2.3 Effect of brazing temperature on microstructure of

Ti, Al,, brazed joints

Fig.5 shows the BEIs of Ti Al joints brazed at different
brazing temperatures for 30 min. All the brazed joints are
mainly divided into three reaction layers regardless of the
brazing temperature. The interfacial morphology of the TiAl
brazed joint was observed at different brazing temperatures
within 1140~1220 °C for 30 min, the phase constitution in
each reaction layer hardly changes with increasing the brazing
temperature, but the size and distribution of each phase
change significantly, especially in layer II. It may be related to
the atomic diffusion coefficient at different temperatures,
which can be calculated by the Arrhenius equation (D=
Dexp(—Q/k,T)) ®. Obviously, the atomic diffusion coeffi-
cient increases with increasing the temperature. Significant
change in micromorphology of layer II with the temperature
indicates that intensive interactions and metallurgical reaction
occur.

When the brazing temperature is 1140 °C, the existed and
scattered evenly continuous o,-Ti,Al layer I restricts the
diffusion of Cu and Ni atoms into TiAl substrate, resulting in
enrichment of Cu and Ni in isothermal solidification layer II.

TisoAlso alloy

Fig.4 Formation mechanism model of Ti, Al,; joint brazed with Ti-based amorphous filler: (a, b) stage one and (c, d) stage two
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<025 pm

Fig.5 BEISs of Ti, Al joints brazed at different temperatures for 30 min: (a) 1140 °C, (b) 1160 °C, (c) 1200 °C, and (d) 1220 °C

With increasing of the brazing temperature from 1160 °C to
1180 °C, the atomic diffusion rate is accelerated, the content
of Al atom gradually increases in the central brazed layer, and
more filler alloy atoms (especially Cu and Ni) mainly diffuse
to the side of TiAl parent alloy and enrich in layer II, (as
shown in Fig. 5b and Fig. 2a). Therefore, more continuous
blocky Ti,Cu(Ni) phase forms in the layer II and the content
of Ti,Cu(Ni) phase decreases in layer III. But the interfacial
morphology of layer I has almost no changes, which may be
attributed to the barrier effect of the stable a,-Ti,Al layer
under 1200 °C . Once the brazing temperature exceeds
1200 °C, the barrier equilibrium of a,-Ti,Al layer is broken
and the atomic interdiffusion between TiAl substrate and the
molten filler alloy increases sharply, the Cu and Ni atoms
further diffuse into layer I. When the brazing temperature is

200
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increased to 1220 °C, the size of each phase in different
reaction layers becomes refined as shown in Fig.5d. It may be
related to the higher content of a,-Ti;Al with the high melting
point preferentially precipitated in the seam brazed at 1220 °C
contrast to the case at 1200 °C, which acts as a nucleation
inhibitor and promotes the grain nucleation rate faster than
the growth rate, resulting in the refinement of crystal grain.
Accordingly, this further verifies the importance of the
brazing temperature on the size and distribution of the
interfacial microstructure in brazed joint.
2.4 Evaluation of shear strength and fracture morphology
of Ti, Al,, brazed joint

The variation of shear strength of the joints brazed at
different brazing temperatures for 30 min is shown in Fig.6a.
The shear strength increases firstly when the brazing

ATiAl €
o Ti,Cu(Ni)
o Ni(Cu,Al),

0 30 40 50 60 70 80
20/(°)

Fig.6 Shear strength of Tiy Al joints brazed at different temperatures (a), fracture morphology of the joint brazed at 1180 °C for

30 min (b), and XRD pattern of fracture surface (c)
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Table 3 EDS results of zones marked in Fig.6b

Element content/at%
Ti Al Cu Ni Nb Zr Hf
A 56.45 3151 595 3.66 217 014 0.12
B 6250 3378 051 020 263 025 0.13

Zone

temperature ranges from 1140 ° C to 1180 ° C and then
decreases with further increasing the brazing temperature. The
maximum shear strength of 184 MPa is obtained at 1180 °C.
When the brazing temperature is lower (such as 1140 °C), due
to the insufficient atomic diffusion and metallurgical reaction
between the TiAl parent alloy and Ti-Cu-Ni-Nb-Al-Zr-Hf
amorphous filler alloy, the shear strength of the brazed joint is
only 136 MPa. Increasing the brazing temperature can
accelerate more sufficient interdiffusion and metallurgical
reaction, which is beneficial to obtain sound bonding.
Therefore, the shear strength of the joint brazed at 1160 °C is
increased to 160 MPa. And the inflection point of joint
strength occurs at 1180 °C, which is related to the remarkable
change of the interfacial morphology resulted from
transformation of single a,-Ti,Al to a-Ti at 1180 °C. Once the
brazing temperature exceeds 1200 °C, the a,-Ti,Al—a-Ti or f-
Ti congruent transformation occurs and the continuous a,-
Ti,Al layer I loses the barrier effect, which sharply increases
the atomic diffusion between TiAl parent alloy and the molten
filler alloy. Furthermore, the residual stress in the brazed joint
increases with the temperature and high residual stress can
weaken the joint strength, so the shear strength of the TiAl
joint brazed at 1200 °C is significantly decreased to 120 and
116 MPa at 1220 °C. Compared with the case at the brazing
temperature of 1200 ° C, much more Al atoms diffuse into
brazed seam and form the high melting point a,-Ti,Al at
brazing temperature of 1220 °C. The a,-Ti,Al precipitated in
the brazed seam can act as a nucleation inhibitor and refine
the crystal grain, which can offset the effect of residual stress
on the joint strength. Therefore, the shear strength of the TiAl
joint brazed at 1220 °C only slightly decreases compared with
at 1200 °C. The fracture morphology of the Ti, Al,, brazed
joint is presented in Fig.6b, and the fracture surface presents a
step-like distribution and a typical cleavage fracture
characteristics. The EDS results (listed in Table 3) show that
the phases (marked as A and B in zones Fig. 6b) of fracture
surface are mainly a,-Ti;Al, which is further determined by
the XRD analysis of the fracture surface (Fig. 6c¢).
Accordingly, the a,-Ti,Al should be controlled in the brazing
seam so as to obtain robust joint.

3 Conclusions

1) Sound Ti Al (at%) brazed joints can be obtained using
the amorphous Ti-9.5Cu-8Ni-8Nb-7Al-2.5Zr-1.8Hf (wt% ) as
filler alloy and the brazed joint consists mainly of three
reaction layers: solid-state diffusion layer I, isothermal solidi-
fication layer II and the residual filler layer III. The phase com-
positions are mainly a,-Ti;Al and Ti,Cu(Ni) in the brazed
joints at different brazing temperatures.

2) Brazing temperature exerts an important effect on the
interfacial morphology of the Ti, Al,, brazed joints due to the
atomic diffusion coefficient at different temperatures. At
brazing temperatures lower than 1200 °C, the continuous a,-
Ti,Al layer I is stable which restricts the diffusion of Cu and
Ni atoms into TiAl substrate, leading to enrichment of Cu and
Ni in layer II and formation of blocky Ti,Cu(Ni). Once the
brazing temperature exceeds 1200 °C and up to 1220 °C, the
barrier equilibrium of a,-Ti,Al layer is broken and the atomic
interdiffusion between TiAl substrate and molten filler alloy
increases sharply, so Cu and Ni decrease in content but Al
content increases in the center filler layer III, and the content
of a,-Ti,Al also increases in the brazing seam. Meanwhile, the
0,-Ti,Al with a high melting point preferentially precipitated
in the brazed seam can act as a nucleation inhibitor and refine
the crystal grain.

3) The shear strength of Ti Al brazed joints increases
firstly and then decreases with brazing temperature in the
range of 1140~1220 ° C for 30 min. The maximum shear
strength is about 184 MPa at 1180 °C. The fracture surface of
the TiAl brazed joint exhibits typical brittle cleavage
characteristics and the a,-Ti,Al phase occupies most of the
fracture surface.
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(1. ARAZH AR MR S TR0, VL RS 330013)
Q. THE LR FEREEIEHE &Y LREERB L, 7R M 510640)

B E: EFPRIERL 1140~1220 C. TR IR 30 min (9 LZZHCT, K Ti-9.5Cu-8Ni-8Nb-7A1-2.5Zr-1.8Hf (iR 240, %) AR ik
BRI T Tig Al (at%) &G FSEFRERE, IFFFT T 4B IR EE Sk (K B AL 8L BT DISREE K R . 45 KW, TEAEATEF
JRHIELIEE T RAT ) Tig Al $TR S 3 AN Frii S5 Sz BAFAN 2 EA a,-TLATA Ti,Cu(Ni) 2N . BEE SRR RIS, o,-Ti Al
A Ti,CoND) RS RS 5 oAk A4 7 BRI AE,  JeH R SR BEE 2 TP ) Ti,Cu(NiAH . 1200 °C R AREAFAE AT IEEE o,-TLALZT
SHEER RV R T B M LA R A PR BE 22 45, I — ELEBIL 1200 °C,  o,-Ti ALK S5 AT G 4 #5934 52 o0, - Ti, AL IZ BT i AT 2K 25 BRL
BE B Z2 008 o BT 4 T L EL SRR A0 A ) T AL AR 8 o AR PR TR T DA 380 30 ) TR A AN 200 A oA RO 1 P o B BT AR IR BE T v
T Al ST A5 12 S T 408 )5 5 S WIS ok, FEAFHRIRE 1180 °C AT AR 1] 30 min B SFIL4E Sk (IHTBY VISR IE I K, 14 184 MPa. BY
DI 11 2 T 22 02 B T RRP AU L o, T, AL 28 R 28
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