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Abstract: The duplex Ti-45A1-7Nb (at%) alloys with equiaxed fine grains were prepared by powder metallurgy method. The high

temperature mechanical properties of the alloys at 900, 950, and 1000 °C under the strain rates of 1x107, 1x10™, and 5x107° s™" were

investigated, and the corresponding deformation mechanism was also discussed. Results show that the tensile strength is decreased

whereas the elongation is greatly increased at elevated temperatures or under decrescent strain rates. Since the small grains are easy to

achieve deformation and coordination, the elongation of the small grain alloys is significantly higher than that of coarse grain alloys.

The alloys form a large number of voids at the fractures after high temperature tension. Long cracks perpendicular to the tensile

direction are formed at the front fracture. Besides, the grain boundary sliding, grain twinning, and dynamic recrystallization also lead
to the deformation of alloys, thus improving the microstructure ductility.
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TiAl alloy has the characteristics of high specific strength,
high specific elastic modulus, high temperature creep
resistance,

and excellent oxidation resistance, thereby

showing great potential in the new generation aerospace and

automotive fields!"™.

However, the inferior hot working
property of TiAl alloy causes difficulties in working at high
temperatures, and cracks and fractures are easily generated
under increased surface tensile stress'®, which all restrict its
application. Therefore, it is necessary to enhance the plasticity
of TiAl alloys. In recent years, the fine-grain strengthening
method is widely used to improve the mechanical properties
of TiAl alloys”"", since the refined grains are conducive to
grain boundary sliding and grain diffusion for good plastic
behavior of the alloys™".

At present, there are many preparation methods for TiAl
alloys, including the powder metallurgy, forging, and casting.
However, the ingot structure may produce defects during the
casting process, such as composition segregation, shrinkage
cavity, and difference in grain size. Millett et al'* prepared the
Ti-52Al as-cast alloy consisting of large grains and many
dendritic whose mechanical

grains, high-temperature

properties were significantly reduced. Zhu et al prepared Ti-
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20Al1-22Nb (at%) alloy by casting method. Due to the non-
equilibrium solidification, the uneven structure appears and
the loose defects in structure occur, resulting in low plasticity
of alloys. In contrast, TiAl alloys prepared by powder
metallurgy method show the fine-grained structure.
Salishchev et al"’ prepared the TiAl alloy by powder
metallurgy method, which had TiAl and Ti,Al intermetallic
compounds with uniform and fine equiaxed structures. Liu et
al"" obtained the TiAl-based alloy by the mechanical alloying
method. Yu et al'"” conducted the high-temperature tensile test
at 850 °C on the fine-grained Ti-45A1-2Cr-2Nb- 1B alloys, and
found that the TiAl alloy has the excellent tensile property,
and its elongation is 63%~101%. Therefore, the powder
metallurgy method has the advantages of simple operation,
low cost, and good formability, which is suitable to prepare
TiAl alloys™.

In addition, TiAl alloys are required to work in complex
high-temperature environments'”, so the high Nb-containing
TiAl alloys have been developed™®'\. Ref.[20] shows that the
Nb addition can improve the high-temperature strength and
ductility of TiAl alloy. Kothari et al®" found that Nb can
decrease the stacking fault energy of TiAl alloys, and the
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movement of some dislocations is promoted, which improves
the plasticity of TiAl alloys. Du et al*” prepared Ti-45A1-8Nb
alloy and found that the elongation of TiAl alloy is 237% at
1050 °C. The TiAl-Nb alloys show great potential in the test
of automobile exhaust valves™'. However, the TiAl-Nb alloy
prepared by powder metallurgy method s
investigated™*",

In this study, the equiaxed fine-grained Ti-45A1-7Nb alloy
was prepared by powder metallurgy. The tensile properties of
the alloy at different elevated temperatures and strain rates

rarely

were investigated. The characteristics of stress and the

mechanism of microstructure  evolution during the

deformation process were also analyzed.
1 Experiment

Ti, Al, and Nb powders were mixed by high-energy
mechanical ball milling, whose average particle size was 12,
14, and 9 um, respectively. The purity of the three powders
was higher than 99.9%. The GCrl5 steel ball milling tanks
and grinding balls were used in the high-energy ball milling.
The diameter of the grinding balls was 10 and 15 mm, the
number ratio of large and small grinding balls was 1:2, and the
mass ratio of balls to powders was 10: 1. The powders were
mixed at 150 r/min for 30 min, and then rotated in the high-
energy ball milling at a rotation speed of 550 r/min for 40 h to
obtain the mechanically alloyed powders. In order to prevent
the oxidation of titanium and other powders, the mixed
powders were prepared under the argon atmosphere. The
vacuum hot pressing sintering process was conducted at
1200 °C under the pressure of 30 MPa for 1 h.

The tensile specimens with the dimension of 2 mmx2 mmx
10 mm were cut from the alloy. The tensile tests were
conducted on a WDW-200 electronic universal testing
machine at room temperature, 900, 950, and 1000 ° C,
separately. The tensile strain rates were 1x107, 1x107, and 5x
107 s™'. Fig.1 shows the schematic diagram of preparation and
experiment processes. Before the high temperature tensile
tests, all specimens were heated at the test temperature for 5
min to study microstructure evolution during the experiment.
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Fig.1 Schematic diagram of preparation and experiment processes
of Ti-45A1-7Nb alloys
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Once the specimens fractured, they were immediately
quenched in water to maintain the high-temperature structures.

The phase components of the mixed powders and sintered
specimens were examined by X-ray diffraction (XRD). The
microstructures before and after tensile tests and fracture
surfaces were observed by scanning electron microscope
(SEM). The software ImageJ was used to count the grains in
microstructure. The field emission transmission electron
microscope (TEM) was used to analyze the structural
characteristics of the alloys.

2 Results and Discussion

2.1 Sintered microstructure

Fig. 2a and 2b show XRD patterns of the mechanically
alloyed powders and the sintered Ti-45A1-7Nb alloys,
respectively. Fig. 2c shows TEM morphology and selected
area electron diffraction (SAED) patterns of the sintered Ti-
45A1-7NbD alloys. TiAl and Ti,Al phases appear in the powders
after ball milling. The collisions between the powders
generate energy for atomic diffusion and solid-phase reaction
during the high-energy ball milling and long-time ball milling.
Mechanical alloying occurs in the powders, and thereby a
compound phase forms. The sintered duplex Ti-45A1-7Nb
alloy is also composed of TiAl and Ti,Al phases, but its XRD
pattern is obviously different. The intensity of diffraction
peaks of the sintered specimen is greatly increased, because
the specimen density is increased after hot pressing sintering
at high temperature. The occurrence of lattice distortion in the
alloy causes different crystal surfaces. Thus, the new
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Fig.2 XRD patterns of mixed powder (a) and sintered Ti-45A1-7Nb alloy (b); TEM morphology and SAED patterns of sintered Ti-45A1-7Nb

alloy (c)
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diffraction peaks appear. Meanwhile, the y-TiAl phase and the
a,-Ti,Al phase can also be observed.

The equiaxed and uniform microstructure of the sintered Ti-
45A1-7Nb alloy is shown in Fig. 3a. The microstructure is
composed of y-TiAl matrix phase and «,-Ti,Al phase. The
average grain size of TiAl and Ti,Al is about 1.11 and 0.75
um, respectively. Liu et al® also used powder metallurgy to
prepare Ti-45AI1-7Nb-0.3W alloy, but that alloy showed the
layered structure and the grain size was only about 20 pm.

2.2 Tensile properties and fracture characteristics

Fig.4 shows the tensile true stress-true strain curves of Ti-
45A1-7NbD alloys at different temperatures and different strain
rates. As shown in Fig.4a, the tensile strength of the alloy is
649 MPa and the elongation is only 3.3% at room temperature
at the strain rate of 1x10™ s
ness of y-TiAl-based alloys leads to low room temperature
plasticity and low ductility. At the same strain rate of 1x10™
s, when the temperature is 900 ° C, the tensile strength
decreases to 126 MPa and the elongation reaches 65%. With
further increasing the temperature to 1000 ° C, the tensile
strength declines to 17.2 MPa, while the elongation is
increased to 175%. The equiaxed y -TiAl-based alloy has
obvious elongation fracture characteristics. As the temperature
rises, the elongation exhibits monotonous character. During
the tensile process, the dislocation nucleation occurs at the
trifurcate grain boundaries to deform the alloy. But the grain
boundaries hinder the dislocation glide. The obvious grain
rotation and grain boundary sliding occur in the alloy with
increasing  the the
dislocation glide™ . Thus, the tensile strength of the alloy
decreases, the toughness and the elongation

', because the intrinsic brittle-

temperature, which easily causes

increases,
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Fig.3 SEM microstructure (a) and grain size distribution (b) of
sintered Ti-45A1-7Nb alloy

gradually increases.

As shown in Fig. 4b, at 900 ° C, the tensile strength is
decreased from 246 MPa to 102 MPa with decreasing the
strain rate from 1x107 s to 5x107° s™', while the elongation is
increased from 4.4% to 84.9%. Under high strain rates, the
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Fig4 True stress-true strain curves of Ti-45A1-7Nb alloys at different temperatures and strain rates
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dislocation density increases rapidly at the beginning of the
tensile test. The defect formation speed is faster than the
recovery speed, and the dislocation glide cannot proceed,
resulting in a rapid increase in stress. Besides, the high strain
rate also leads to the fact that dynamic recovery and
recrystallization growth cannot proceed in time during plastic
deformation, which easily generates microcracks in the alloy
and reduces the elongation. As the strain rate decreases, the
dislocation density is decreased. The dynamic recovery occurs
to reduce the dislocation plugging, leading to a significant
reduction in lattice distortion, dislocation glide, and diffusion
in the alloy. Thus, the tensile strength reduces, whereas the
elongation significantly increases.

Under different temperatures, all true stress-true strain
curves show similar rules: the stress begins to increase sharply
until the ultimate tensile strength is reached. Then the stress is
gradually decreased with increasing the strain. Moreover, the
steady state of the tensile curve becomes longer and the
ultimate tensile strength is lower with increasing the
temperature, which is also a typical feature of many metal
materials. Compared with other TiAl alloys®***'", the tensile
strength of the alloy with equiaxed fine structure prepared by
powder metallurgy is significantly lower, as listed in Table 1.
This is because the fine grains cause the grain boundary glide
coordination, which is conducive to grain boundary
movement and crystal grain rotation. Thus, the stress is
reduced and the alloy is softened.

Fig. 5 shows the fracture surfaces of Ti-45AI-7Nb alloys
after tensile tests at 900 °C. It can be seen that there are
apparent cleavage steps and cleavage fractures in the

specimen at the strain rate of 1x107° s™', proving that the
plastic deformation does not occur at low temperature and
high strain rate. As the strain rate decreases to 1x10™ and 5x
10~ s™, the voids can be clearly observed in Fig.5b and 5c,
respectively. The size and the number of voids are gradually
increased with decreasing the strain rate, leading to more
severe plastic deformation. Therefore, the appearance of voids
increases the ductility and elongation of alloys. During the
high-temperature tensile tests, the strain rate has a great
influence on the deformation of specimens, because the
decreased strain rate can activate the source of dislocations
and promote the dislocation glide, thereby promoting the
plastic deformation.

2.3 Deformation mechanism

Fig. 6 shows the microstructure near the fracture of the
tensile specimen at different temperatures and strain rates. The
specimen undergoes cleavage fracture, and there are
microcracks near the fracture under the condition of strain rate
of 1x107 s™ and temperature of 900 °C. This is because the
cracks are not completely propagated due to the premature
fracture. As the temperature rises to 1000 ° C, the cleavage
fracture changes to ductile fracture. The microcracks have
sufficient time to grow into long strip cracks, as shown in
Fig. 6b. At the same temperature, when the strain rate
decreases to 5x107° s, a large number of long strip cracks are
formed in the front of the specimen fracture region (Fig.6c¢).

The expansion direction of most cracks is perpendicular to
the tensile direction, which is mainly caused by the tensile

stress at the grain boundary. The stress is quickly concentrated

Table1 Mechanical properties of TiAl-based alloys

Alloy Grain size/um  Tensile temperature/°C  Strain rate/s”  Strength/MPa  Elongation/% Ref.
Ti-45A1-7Nb-0.3W (lamellar) 8 950 1x107 307 - [30]
Room temperature 1x107* 881 2.5
Ti-46A1-9NbD (lamellar) 5 [27]
1000 5%x107 85 93
Ti-45.2A1-3.5(Nb,Gr,B) (lamellar) 3 1000 1x107° 140 - [31]
Room temperature 1x107* 649 33
950 1x107 159 7.45
Ti-45A1-7Nb (equiaxed) 0.75~1 1x107° 67.1 74 -
1000 1x107* 17.2 175
5%x107° 15.5 194
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Fig.5 SEM images of tensile fracture surface at 900 °C and different strain rates: (a) 1107 s, (b) 1x10™*s™', and (c) 5x107°s™"
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Fig.6 SEM images of Ti-45AI1-7Nb alloys near tensile fracture region under different conditions: (a) 900 °C/1x107 s™'; (b) 1000 °C/1x107° s7";

(c) 1000 °C/5%107s™!

when the tensile force of specimens reaches the critical stress
value, which causes necking in the local area of specimens.
Moreover, the stress state of the specimen changes from one-
way to three-way. Therefore, the plastic deformation hardly
proceeds, and the second phase in the center of specimen is
separated from the matrix to form small cavities, which
continue to grow and integrate into cracks, eventually leading
to the fracture, as shown in Fig.7. This phenomenon is similar
to the fracture structure of most TiAl alloys after plastic
deformation. However, the evolution of the crack structures
and the nucleation of the cracks during the tensile process
both enhance the tensile properties. Besides, the Ti-45A1-7Nb
alloy obtains the maximum elongation of 194% under the
condition of 1000 °C and 5x107°s™".

Fig.8 shows TEM images of dislocation and twining in Ti-
45A1-7ND alloy after tensile test at 1000 °C under strain rate
of 5x107° s™'. A high density of dislocations can be observed
near the grain boundary of y phase, and the twins are formed
in y grains. The formed twins divide the y/y grains. The twin
stripes formed at the y/y interface are clear and distinct. When
the tensile specimen undergoes plastic deformation at 1000 °C
under strain rate of 5x107 s7', the a, phase in the equiaxed
ultrafine-grained y-TiAl alloy has a hindering effect on the
dislocations. Compared with the specimen before tensile test
(Fig.2c), it can be seen that the sub-crystal dislocations at the
grain boundaries are increased with the entanglement and
accumulation of dislocations after tensile test. The sub-grains
grow with the migration of grain boundaries, and the
recrystallization occurs at some sub-grains to refine the grains,
thereby promoting the grain boundary glide. During the
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Fig.7 Schematic diagram of crack formation evolution
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Fig.8 TEM images of dislocation (a) and twining (b) in Ti-45Al-
7Nb alloy after tensile test at 1000 °C and strain rate of 5x
107 s™

tensile process, the grain boundary glide causes the stress
concentration near the glide region. The dislocation movement
releases the deformation stress to promote the grain boundary
glide. Thus, a large number of dislocations are formed
(Fig.8a).

In the initial stage of plastic deformation, the increase in
dislocations and the interaction between dislocations leads to
rapid increase in stress. After reaching the critical strain, the
diffusion of atoms, the cross slip of dislocations, and the
migration of grain boundaries are improved, which is
conducive to dynamic recrystallization (DRX) nucleation and
crystal nucleation growth. Fig. 9 shows a large number of
recrystallized grains with grain size of about 250 nm. Because
the high concentration of stress at the grain boundaries
increases the dislocation density to a certain level, DRX
occurs. Most of the recrystallized grains are located at the
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Fig.9 TEM images of DRX in Ti-45Al-7Nb alloy after tensile test at

1000 °C and strain rate of 5x107° s

grain boundaries, but a few of them are located near the
dislocation edges and twins. DRX plays an important positive
role in the plastic deformation of Ti-45A1-7Nb alloys, which
is the stress relaxation mechanism for softening effect. DRX
can also maintain the stable structure of the alloys, and lead to
the even distribution of the microstructure and phase
components of the alloys. Thus, the good mechanical
properties of Ti-45A1-7Nb alloy can be obtained under the
tensile conditions of temperature of 1000 °C and strain rate of
5%107°s7

3 Conclusions

1) The duplex Ti-45A1-7Nb alloys composed of p -TiAl
phase and o,-Ti,Al phase are prepared by high-energy ball
milling, vacuum hot pressing sintering, and hot extrusion
methods.

2) As the temperature increases and the strain rate
decreases, the tensile strength of Ti-45Al-7Nb alloys is
decreased, while the elongation is gradually increased. The
maximum elongation of alloy is 194% under the tensile
condition of temperature of 1000 °C and strain rate of 5x107°
s”'. The ultimate tensile strength of equiaxed fine-grained
alloys is low, whereas the elongation is significantly increased
due to the fine grains.

3) Ti-45AI1-7Nb alloys produce a large number of cracks
during high temperature plastic deformation, and the crack
expansion direction is perpendicular to the tensile direction.
The dislocations and twins are generated in the y grains. The
the dynamic
recrystallization of the y phase grains, which promotes the
plastic deformation of alloys.

softening mechanism of the alloys is
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