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Abstract: Ultrafine grain/nanocrystalline two-phase γ-TiAl based alloy was prepared by high energy ball milling and 

vacuum hot pressing sintering. Ti, Al and Nb single powders were mixed together to make the nanocrystalline powder with 

a nominal composition of Ti-45Al-5Nb (at%). After ball milling, the nanocrystalline powder was sintered at the tem-

perature of 1200 °C with the pressure of 30 MPa for 1 h. The sintered microstructure consisted of nanocrystalline α

2

-Ti

3

Al 

and the equiaxed γ-TiAl with grains less than 500 nm. The hot compressive flow behavior of Ti-45Al-5Nb alloy was studied 

by the Gleeble-1500D thermal simulator at deformation temperatures of 1100, 1150 and 1200 °C and strain rates of 1×10

-4

, 

1×10

-3 

and 1×10

-2 

s

−1

. The results reveal that the peak stresses of equiaxed ultrafine microstructure are significantly lower 

than that of the alloys with micron-scale structure. The value of peak stress is reached at the early stage of compression 

(2.5%~3% strain), and the flow stress decreases with the increase of temperature and decreasing strain rate. A constitutive 

equation was established based on experimental data which reflects the structural characteristics of the alloy during hot 

deformation. It shows that the deformation mechanisms are mainly intracrystalline dislocation in γ-TiAl phase and in-

tergranular twins in γ/γ (001). 
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Compared with traditional Ti-based alloys and Ni-based 

superalloys, two-phase γ-TiAl based alloy (γ-TiAl+α

2

-Ti

3

Al) 

has superior performance for high-temperature applications 

based on low density (less than 4.5 kg/cm

3

), excellent 

strength and good oxidation resistance at elevated 

temperatures

[1-3]

. However, the alloy exhibits poor plasticity 

at room temperature. Plastic deformation is difficult below 

700 °C, which limits the practical application

[4,5]

.  

Recently, Chen et al.

[6]

 studied the single crystal structure 

of γ-TiAl in Ti-45Al-8Nb alloy and the room-temperature 

plasticity reached 3% which was the highest plasticity in-

dicator for γ-TiAl alloy. Meanwhile, some studies have 

shown that the plasticity of two-phase Ti

3

Al and TiAl micro-

structures might be higher than that of single phase TiAl 

[7,8]

. 

Kad et al investigated the interface state of γ-TiAl and Ti

3

Al 

in the lamellar structure of Ti-48Al-2Cr alloy, and found 

coherent stress and high dislocation density at the γ/γ inter-

face, which had great inspiration for the study of the de-

formation and fracture of the lamellar TiAl alloys

[9-11]

. 

Many investigations have been done on the mechanical 

properties of TiAl-based alloy and the effects of hot deforma-

tion and recrystallization treatment, which verified that grain 

refinement could improve their strength and plasticity

[10-13]

. 

Yamaguchi et al and Kishida et al

[14,15]

 proposed that the 

mechanism of deformation of TiAl-based alloy was dislo-

cation and twinning, and the shape change of the deformed 

grains could cause significant stress, resulting in superplas-

tic dislocation at the interface.  

At present, the research on two-phase γ-TiAl based alloy 

(TiAl+Ti

3

Al) is mainly carried out in lamellar microstruc-

tures, while the study of two-phase equiaxed alloy is rarely 

reported.  

In the previous study, the research team found that the 

powder metallurgy (PM) technique is the best way to obtain 
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two-phase equiaxed γ-TiAl based alloy

[16,17]

. Moreover, this 

method has a great advantage for large-scale production of 

low-plasticity materials. Forming requirements of the parts 

of the complex shape can be met through further hot 

pressing deformation. The γ-TiAl and α

2

-Ti

3

Al phase can be 

synthesized in the range of Ti-(45-48)Al, and the main dif-

ference of the material is the proportion of two phases. This 

paper mainly discusses the Ti-45Al-5Nb (at%) alloy. And 

adding alloy element Nb is considered to be the most bene-

ficial method for improving the workability and 

high-temperature strength of TiAl -based intermetallic

[18]

. 

In this paper, the microstructures of γ(TiAl) and α

2

(Ti

3

Al) 

two-phase equiaxed ultrafine grain/nanocrystalline alloy 

was synthesized by high-energy ball milling and vacuum 

hot pressing sintering. Through hot compression tests, this 

study investigated the relationship among the flow stress, 

temperature, strain rate, and strain of the microstructure are 

investigated and the deformation mechanisms evolution and 

the effects of ultrafine grain/nanocrystalline structure on 

deformation behavior were also discussed. The results 

would provide theoretical and experimental basis for the 

equiaxed γ-TiAl based alloy of the hot deformation process. 

1 Experiment 

In order to obtain γ-TiAl+α

2

-Ti

3

Al two-phases, the alloy 

composition in this study was Ti-45Al-5Nb. Ti powder (av-

erage particle size >50 µm, purity >99%), Al powder (av-

erage particle size >75 µm, purity >99%) and Nb powder 

(average particle size >75 µm, purity >99%) were mixed 

together to make the powder with a nominal composition of 

Ti-45Al-5Nb (at%). The mixed powder was milled for 25 h 

by three dimensional high-energy pendular ball milling in 

argon atmosphere (milling speed 550 r/min). The mass ratio 

of steel balls to mixed powder is 10:1, and the steel balls 

were made of GCr15 (GB), having two different diameters 

of 10 and 15 mm. The process of powder ball grinding and 

canning was carried out under the protection of argon gas. 

Anhydrous ethanol was used as the process control agent to 

reduce the impurities brought by ball grinding. Subse-

quently, the specimens with a relative density of approxi-

mately 97% were prepared at 1200 °C for 1 h by ZT-40-20Y 

vacuum hot pressing sintering furnace (pressure 30 MPa). 

The resulting microstructure consisted of the equiaxed 

γ-TiAl with grains less than 500 nm and nanocrystalline 

Ti

3

Al. 

Compressive tests were conducted on a com-

puter-controlled (Gleeble-1500D) thermal-mechanical 

simulator at 1100, 1150 and 1200 °C with strain rates 

1×10

-2

, 1×10

-3 

and 1×10

-4 

s

-1

, respectively. The degree of 

compression deformation was 30%. Cylindrical specimens 

with dimensions of Ф8 mm×12 mm were cut from the sin-

tered bulk by electric discharge machining. The morphol-

ogy of specimens before and after hot compression defor-

mation are shown in Fig.1. The surfaces of the samples are 

smooth, and no cracking phenomenon occurs. The 

step-by-step procedures are shown in Fig.2. Microstructure 

and morphology of the sintered and vertical sections of hot 

compressed samples were analyzed by transmission elec-

tron microscopy (TEM, JEM-2000EX) operated at 100 kV 

and high-resolution electron microscope (HREM, FEI Talos 

F20S), respectively by standard metallographic procedures.  

2  Results and Discussion 

2.1  Analysis of microstructure under compression �

The X-ray diffraction pattern of ball milled powder does 

not find oxide element in Fig.3. Fig.4 shows the sintered 

microstructure. As expected, the microstructure is com-

posed of equiaxed γ-TiAl phase and nanocrystalline 

α

2

-Ti

3

Al phase, which has been identified by the diffraction 

pattern (Fig.4 inset). The size of the γ-TiAl phase is about 

500 nm. In addition, the regular polygonal grain boundaries 

can be found, indicating that the sintered microstructure is 

compacted. According to phase diagrams and references, 

phase transformations occurred in the 1100~1200 

o

C. 

Generally, TiAl Alloy are synthesized by mixed powder 

reaction sintering, so the sintering organization is greatly 

influenced by the homogenization of powders. If the pow- 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Fig.1  Specimens before and after hot compression deformation 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Step-by-step procedures for sample preparation and char-

acterization 
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ders can not achieve homogenization diffusion at high 

temperature with short period of time, the enrichment phe-

nomenon of the elements may occur. The Ti-rich field may 

form high temperature β phase, and B

2

 phase will be formed 

during cooling. This in homogeneous powders often formed 

lamellar structure

[19]

. 

In this study, the homogeneous nanoscale powders were 

obtained by high-energy ball milling. Therefore, the pow-

ders diffused rapidly during sintering and form the ul-

trafine/equiaxed γ-TiAl and α

2 

two-phase different from the 

lamellar structure. B

2 

phase was not found in the sintered 

and compressed structure. TEM (Fig.4) and XRD pattern 

(Fig.5) of the sintered microstructure further confirmed that 

TiAl and α

2

 phase are formed after sintered at 1200 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  XRD pattern of ball milled powder for 25 h�
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Fig.4  TEM image of the sintered microstructure�
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�
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�

�
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Fig.5  XRD pattern of the sintered microstructure 

Fig.6 shows the microstructures of the compressed sam-

ples at 1100 and 1200 °C with three strain rates of 1×10

-2

, 

1×10

-3 

and 1×10

-4 

s

-1

. After the compressive test, the sam-

ples were immediately quenched in water to retain the mi-

crostructure under the compressed state. 

At 1100 °C with the highest value of strain rate 1×10

-2  

s

-1

, 

the original equiaxed γ-phase grains have a slight plastic 

deformation and dislocation pile-ups in the grain boundary 

and intragranular γ phase (Fig.6a). At the strain rate of 

1×10

-3 

s

-1

, the deformation dislocations network is also ob-

served in the grains, and the arrows indicate the deforma-

tion direction (Fig.6b). For the deformed grains, the dif-

fraction pattern indicates the γ phase. The further analysis 

indicates that the plastic deformation mainly occurs in 

γ-TiAl matrix phase. Due to the climbing and slipping of 

the dislocation, γ-TiAl grains are more easily deformed. 

However, the α

2

-Ti

3

Al phase is situated at the boundary of 

the γ phase, and shows no obvious plastic deformation. Due 

to the fine grain size and little slip system, α

2

-Ti

3

Al phase 

may shift with the deformation of γ-TiAl phase. When the 

strain rate decreases to 1×10

-4 

s

-1

, the twin phenomenon is 

observed in the γ grain, and the twin stripe is clear and dis-

tinct (indicated by the arrows in Fig.6c). This is because 

one crystal lattice along the grain will rotate to form a mir-

ror symmetrical twin when the shear stress on the grain 

reaches a certain stage during the compression. With the 

decrease of strain rate, the dislocation deformation develops 

into dislocation and twins deformation, and then the degree 

of the grains deformation increases significantly. 

At 1100 °C with the highest value of strain rate 1×10

-2 

s

-1

, 

the original equiaxed γ-phase grains have a slight plastic 

deformation and dislocation pile-ups in the grain boundary 

and γ phase intragranular (Fig.6a). At the strain rate of 

1×10

-3 

s

-1

, the presence of deformation dislocations network 

is also observed within the grains, and the arrows indicate 

the deformation direction (Fig.6b). Compared with the sin-

tering structure (Fig.4), the dislocation increases obviously 

and the deformation occurs. At this time, compared with the 

Fig.6a and 6b, many grains in Fig.6c have become elon-

gated and form deformation dislocations and twin 

sub-structures, indicating that the microstructure is in a 

dynamic recovery state. As the thermal deformation pro-

gresses, the dynamic recovery makes the dislocation density 

decrease and leads to softening. This softening effect is 

greater than work hardening by plastic deformation. At this 

time, the dynamic recovery occurs. Under the 1200 °C and 

1×10

-2 

s

-1

 deformation conditions, most of the grains are 

only slightly deformed due to the rapid strain rate (Fig.6d). 

When the strain rate is 1×10

-3 

s

-1

, the dislocation cells and 

high dislocation density in the microstructure can be ob-

served (indicated by the arrow in Fig.6e). When the strain 

rate is 1×10

-4 

s

-1

, a mass of dislocations is formed in the 

microstructure (indicated by the arrow in Fig.6f). And the 
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dislocation density is higher in the grain boundary regions 

than the grain interiors (intragranular zone).  

Fig.6g shows the HREM image of a trigeminal grain 

boundary obtained at 1100 °C and 1×10

-4 

s

-1

. Electron beam 

is parallel to the γ phase (111) plane for incidence, con-

firming the α

2

/γ interface is composed of (202

—

2)α

2

 and(111)

γ

. 

Fig. h shows the twinning of the γ/γ interface, as indicated 

by the arrow in Fig.6c, which is combined with crystal sur-

face (001) at an angle of 110.22°. It is shown that the dis-

location slip and twins coordinate deformation at high 

temperature and low strain rate. The deformation mecha-

nisms of the equiaxed ultrafine Ti-45Al-5Nb alloy are dis-

locations and twins. 

2.2  True stress-strain curves 

Fig.7 shows the true stress-strain curves at different 

temperatures and strain rates. All curves exhibit initial 

strain hardening after yielding, and a peak stress at a low 

true strain (<0.03), followed by a moderate and continuous 

strain softening until a steady state is approached in the 

temperature range of 1100~1200 °C. As the deformation 

temperature increases, the value of peak stress decreases. 

At the initial stage of deformation, Since high density dis-

locations are accumulated under fast strain rate, the work 

hardening has the dominant effect. With the increase of 

deformation degree, the diffusion capacity of atoms at high 

temperatures is enhanced, the ability of dislocation to 

overcome obstacles is improved. When the stress reaches a 

peak value, the softening effect begins to be dominant with 

the acceleration of dynamic recovery and recrystallization, 

and the stress-strain curves approach a steady state

[20]

. 

At a lower strain rate (1×10

-4 

s

-1

), the steady state flow is 

reached at a much reduced strain level. As shown in Fig.7c, 

the peak stress is 52 MPa at 1100 °C, while only 30 MPa at 

1200 °C, which are almost consistent with the steady-state 

stress value. It shows that when the strain rate is low, the 

plastic deformation capacity of the alloy can be greatly im-

proved

[21]

. Compared to the two-phase γ-TiAl alloy with the 

micron-scale structure, the peak stress values of equiaxed 

ultrafine microstructure are significantly lower

[22,23]

, the 

peak stress is reduced by almost 30%, and the peak stress is 

reached at the early stage of compression (2.5%~3% strain). 

The two-phase alloy with the micron-scale structure reach 

the peak stress under the condition of 77 MPa, 1200 °C. 

In general, the work hardening of the polycrystal is 

mainly due to the non-coherent boundaries, which hinder 

the movement of dislocations. With the decrease of grain 

size and the increase of the grain boundary, the plastic 

deformation will be more difficult to proceed and the 

strength will be higher. However, a smaller grain size 

means a higher coordination deformation ability of the 

grain boundary. Hence, compared to the micron-scale 

structure, the fine grain structure is more conducive to the 

grain slip and deformation during hot compression process, 

and the work-hardening ability is reduced at a certain 

temperature and strain rate. The peak value of flow stress 

is significantly reduced in ultrafine equiaxed grains 

structure, which indicates that the ultrafine equiaxed 

grains are favorable for the hot forming under low stress 

level. 
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Fig.6  TEM images of deformed microstructures obtained under different conditions: (a) 1100 °C, 1×10

-2 

s

-1

; (b) 1100 °C, 1×10

-3 

s

-1

;    

(c) 1100 °C, 1×10

-4 

s

-1

; (d) 1200 °C, 1×10

-2 

s

-1

; (e) 1200 °C, 1×10

-3 

s

-1

; (f) 1200 °C, 1×10

-4 

s

-1

; (g) HREM image of a trigeminal 

grain boundary at 1100 °C, 1×10

-4 

s

-1

; (h) HREM image of the amplified γ/γ grain boundary at 1200 °C, 1×10

-4 

s

-1
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Fig.7  True stress-strain curves at different strain rates and temperatures: (a) 1×10

-2 

s

-1

, (b) 1×10

-3 

s

-1

, and (c) 1×10

-4 

s

-1

 

 

2.3  Recrystallization regional diagram 

The steady-state strain is obtained according to the first 

inflection point or the stress at the steady state on the 

stress-strain curve. Dynamic recrystallization kinetics can 

be described by the following equation. The relationship 

between the strain ε

p

 and the critical strain ε

c

 of dynamic 

recrystallization is shown in Eq.(1) : 

ε

c

=0.8ε

p                                                        

 (1) 

As shown in Table 1, according to the strain correspond-

ing to the peak stress, the critical strain of dynamic recrys-

tallization and steady-state strain value of dynamic recrys-

tallization were calculated by Eq.(1). 

It can be seen from Table 1 that when the strain rate is 

1×10

-2 

s

-1

, the critical strain of dynamic recrystallization is 

between 0.02 and 0.04. When the strain rate is 1×10

-3 

s

-1

, 

the critical strain of dynamic recrystallization is between 

0.029 and 0.04. When the strain rate is 1×10

-4 

s

-1

, the criti-

cal strain of dynamic recrystallization is the smallest, about 

0.2. 

As observed in Fig.8, the critical strain of dynamic re-

crystallization is between 0.02 and 0.04 and the steady-state 

strain of dynamic recrystallization is between 0.1 and 0.3. 

With the increase of deformation temperature, the critical 

deformation required to complete dynamic recrystallization 

decreases gradually. 

2.4  Constitutive equation 

True stress-strain curves describe a comprehensive over-

view of the dynamic hardening and softening effects in the 

process of compression. The flow stress constitutive equa-

tions are useful because they provide valuable insights to 

the structure character of the material in the flow process. 

Historically, this equation was derived from creep equation 

that takes into account a steady state, which was shown by 

Sellars and Tegart, using the hyperbolic sine function sug-

gested by Garofalo, in which hot working could be consid-

ered as a thermally activated process and it could be de-

scribed by strain rate equations similar to those employed in 

creep studies

[24,25]

. The constitutive equation is introduced 

 

Table 1  Critical strain and steady-state strain of dynamic 

recrystallization 

Strain rate/s

-1

 Strain 1100 

o

C 1150 

o

C 1200 

o

C 

ε

p

 

0.045 

0.031 0.027 

ε

c

 

0.036 

0.0248 0.0216 

1×10

-2

 

ε

s

 

0.3 

0.28 0.22 

ε

p

 0.037 0.043 0.046 

ε

c

 0.0296 0.0344 0.0368 

1×10

-3

 

ε

s

 0.23 0.18 0.13 

ε

p

 0.026 0.026 0.03 

ε

c

 0.0208 0.0208 0.024 

1×10

-4

 

ε

s

 0.188 0.163 0.128 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Recrystallization regional diagram at different strain rates: (a) 1×10

-2 

s

-1

 , (b) 1×10

-3 

s

-1

, and (c) 1×10

-4 

s

-1
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to develop the relationship between temperature and strain 

rate. And it explains the flow behavior of materials during 

deformation as a thermally activated process and is ex-

pressed as Eq.(2).  

Z ε=

�

exp(Q /RT)=A[s inh(ασ)]

n

             (2)

 

Here, Z is Zener-Hollomon parameter. σ,

ε

�

, Q and T de-

note the flow stress, strain rate, deformation activation en-

ergy and thermal dynamic temperature, respectively. R de-

notes the molar gas constant [8.314 J·(mol·K

-1

)].  

The following are the constitutive equations for all stress 

level, low stress and high stress level. The equations can be 

used to describe the hot deformation behavior of materials. 

ε

�

)[sinh( ] exp( / )

n

Q TA Rασ −=ε

�

                 

(3)

 

ε

�

1

1

n

Aσ=ε

�

                                   

(4) 

ε

�

( )

2

expA βσ=ε

�

                              

(5)

                                                                 

In the formulas, A, A

1

, A

2

, α and β are material constants, 

n

1 

and n are stress exponents. The relationship between α, n 

and β is: α≈β/n. The parameters α, n, and Q associated with 

the peak stress were evaluated using a method similar to that 

of Uvira and Jonas

[26]

. It consists of varying α so as to mini-

mize the standard deviation associated with fits to Eq.(3). 

Taking the logarithms of the two sides of Eqs.(3)~(5), 

Eqs. (6)~(8) are derived.

 

pln ln (- / ) ln[sinh( )]A Q RT nε ασ= + +

�

           

(6) 

lnε

�

1 1

ln ln lnA n σ= +ε

�

                           

(7) 

lnε

�

2

ln ln A βσ= +ε

�

                            

(8) 

It is assumed that peak stress σ

P 

and strain rate 

ε

�

 

meet 

the exponential relationship and hyperbolic sine relation-

ship. The exponential and the power exponential relation 

curves between the peak flow stress and strain rate in the 

form of 

pln - lnε σ

� and 

pln -ε σ

�

 

are expressed in Fig.9. A 

tentative range of α value is selected on the basis of the 

material constants determined for γ-TiAl alloy deformed 

by hot compression. Based on the formula α≈β/n, the final 

value of α is selected by calculating the effect on n of 

variations in α over the above narrow range. The most 

suitable value of α is the one which led to the minimum 

standard deviation in n over the full range investigated, 

and the parameter α is 0.0013.  

Eq.(9) can be derived from Eq.(6):   

pln[sinh( )] ln / ln / /n A n Q RTnασ ε= − +

�             (9) 

According to Eqs.(5) and (8), Eqs.(9)~(11) can be got: 

( )

ln / ln sinh

T

p nε ασ∂ ∂ =

 

 

�

                  (10) 

( )

p

2

ln[sinh( )]/ 1/ /T Q Rn n

ε

ασ∂ ∂ = =

�

           

(11) 

Q=R|∂lnε

�

/∂ln[sinh(ασ

p

)]|

T

|∂ln[sinh(ασ

p

)]/∂(1/T)|=Rnn

2

 

 (12)

            

 

Substituting the peak values of flow stress into Eq.(6), 

the relationships of hyperbolic sine

pln -ln[sinh( )]ε ασ

�

 and 

pln[sinh( )]-1/Tασ

are derived and shown in Fig.10. The av-

erage values of n and n

2

 are 3.108 and 20.005, respectively. 

And then the deformation activation energy Q at high tem-

perature can be calculated to be 516.908 kJ·mol

-1

. 
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Fig.9  Relationships between the strain rate and peak stress:    

(a) exponential relationship and (b) power exponential re-

lationship 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Hyperbolic sine relationship of peak flow stress, strain 

rate and deformation temperature: (a)

pln - ln[sinh( )]ε ασ

�

 

and (b) pln[sinh( )]-1/Tασ  
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As shown in Fig.9 and Fig.10, the experimental data ob-

tained under different deformation conditions are in good 

agreement with the linear regression equation. Substituting 

Q value into Eq.(3) and working out Z value, a detailed 

analysis can be performed by taking the double logarithmic 

approximation between Z and σ

p

. A more precise estimation 

of n value is obtained through the regression line in Fig.11 

pln -ln[sinh( )]Z ασ

. By substituting this n value into the 

above equations, a new set of constants A, n, α and Q can be 

calculated. Iterative calculations carried out in such way are 

used for more accurate and reliable values. 

Fig.11 depicts the relation curve between Z parameters 

and the peak flow stress after iterative computation for the 

first time. Table 2 tabulates the values of A, n, m and Q after 

two regression analyses. Here, m is the strain sensitivity 

coefficient (m=1/n). 

Constitutive equation of Ti-45Al-5Nb alloy during hot 

compression deformation is derived as: 

ε

�

=e

42.670

[sinh(0.0013σ)]

2.720

exp(-516908/RT)      (13) 

The above analysis shows that the peak stress- deforma-

tion condition of Ti-45Al-5Nb alloy under hot compression 

deformation satisfies the hyperbolic-sine function relation. 

Uvira and Jonas have put forward that the value of n is mo-

tion of dislocations controlled by climb in the range of 4~5. 

Nowadays, it is also accepted to be near 3

[27]

. The value of n 

is obtained by combining calculation and theory. It is 

mainly related to equiaxed ultrafine grain/nanocrystalline 

γ-TiAl+α

2

-Ti

3

Al two-phase structure. Therefore, the high- 

temperature deformation mechanism is to be adjusted by 

climbing of edge dislocations. The strain sensitivity coeffi-

cient m is taken as an important index to measure the su-

perplasticity, which indicates the dependence of stress and 

strain rate on the superplastic deformation of the alloy. The 

value of the calculated m is 0.37, which is higher than 0.3 

(m�0.3 is required for superplasticity), implying that the 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Relation curve of lnZ and ln[sinh(ασ)] 

 

Table 2  Parameter values of the Ti-45Al-5Nb alloy 

lnA n m α Q/kJ 

.

mol

-1

 

42.670 2.720 0.370 0.0013 516.908 

superplastic deformation occurs in the materials, where the 

deformation mechanism is the grain boundary slip. The 

structure of this study obtained m which is lower than 

usual

[28]

. The activation energy obtained by calculation is 

obviously higher than that for self-diffusion in TiAl alloy 

(290~345 kJ

.

mol

-1

)

[29]

. On the one hand, the deformation 

activation energy of materials increases due to the fine 

equiaxial grains. On the other hand, the addition of alloy 

elements also increases the deformation activation en-

ergy

[30]

.�Some researchers have pointed out that dynamic 

recovery is the dominant deformation mechanism when the 

activation energy is close to the self-diffusion activation 

energy. Whereas, dynamic recrystallization is the main de-

formation mechanism when the activation energy for de-

formation is much higher than the self-diffusion activation 

energy.�

3 Conclusions 

1) The ultrafine and equiaxed microstructure of TiAl- 

based alloy is obtained by powder ball milling and vacuum 

sintering. In the range of 1100~1200 °C and strain rate 

1×10

-4

~1×10

-2 

s

-1

, the alloy can be thermoformed. Com-

pared with the micron-scale structure, the flow stress of the 

ultrafine/equiaxed microstructure is lower and the peak 

flow stress is only 30 MPa at 1200 °C, 1×10

-4 

s

-1

.  

2) The peak stress value is reached at the early stage of 

compression (2.5%~3% strain) achieving the work harden-

ing rapidly. The flow stress decreases with increasing tem-

perature and decreasing strain rate. The deformation activa-

tion energy (Q) is 516.908 kJ

.

mol

-1 

and the stress exponent 

is 2.720. The constitutive equation is derived as: 

ε

�

=e

42.670

[sinh(0.0013σ)]

2.720

exp(-516908/RT)  

3) The deformation mechanism is mainly the disloca-

tion-coordinated deformation of γ-TiAl phase intragranular 

and γ/γ (001) intergranular deformation twins. Even under 

the conditions of the high temperature and low strain rate, 

the microstructure also appears to contain a large number of 

twins that contribute to deformation. 
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