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Abstract: Split Hopkinson Tension Bar (SHTB) experiments were conducted to explore the dynamic mechanical behavior and 
deformation mechanism of powder metallurgical (PM) Ti−47Al−2Nb−2Cr−0.2W (at.%) intermetallics with near lamellar (NL) and 
duplex (DP) microstructures. Results show that, under dynamic loading, the high temperature strength of the PM TiAl intermetallics 
is higher than that under quasi-static loading, and the ductile to brittle transition temperature (DBTT) increases with the increase of 
strain rate. Formation of twinning and stacking faults is the main deformation mechanism during dynamic loading. The work 
hardening rates of the PM TiAl intermetallics are nearly insensitive to strain rate and temperature at high strain rates (800−l600 s−1) 
and high temperatures (650−850 °C). Zerilli−Armstrong model is successfully used to describe the dynamic flowing behavior of the 
PM TiAl intermetallics. In general, the PM TiAl intermetallics are found to have promising impact properties, suitable for 
high-temperature and high-impact applications. 
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1 Introduction 
 

Titanium aluminides are considered as promising 
structural materials due to their high specific strength, 
low density (approximately 3.9−4.2 g/cm3), excellent 
high-temperature creep strength, and high oxidation 
resistance [1−3]. So far, Gamma titanium aluminides 
(γ-TiAl) have been used in aerospace vehicles, airplanes 
and automobiles [4−7]. Because of the specificity of 
service environment, such as collisions, high-velocity 
airflow, and ballistic impact, TiAl intermetallics are 
often exposed to high-rate impact loads under high 
temperatures [8−11]. 

The mechanical response of TiAl intermetallics 
under dynamic loading is different from that of the 
quasi-static deformation. The high strain-rate mechanical 
response of the γ-TiAl intermetallics prepared by ingot 
metallurgy (IM) method has been reported in recent 
years. MALOY and GRAY [12] investigated the 

compressive deformation behavior of IM Ti−48A1− 
2Nb−2Cr intermetallics with duplex (DP) microstructure 
at strain rates of 0.001 and 2000 s−1, and found that the 
deformation mechanism included twinning and 
dislocation movement, and the twinning propensity 
increased with the strain rate. The 101] super- 
dislocations were pinned in a screw orientation at high 
temperatures and high strain rates, resulting in 
anomalous flow stress. ZAN et al [13] reported the 
tensile impact behavior of the IM Ti−46.5Al−2Nb−2Cr 
alloy. In their study, the flow stress anomaly was not 
observed and the deformation mechanism was mainly 
twinning. In addition, their works also indicated that the 
deformation behavior of the IM TiAl intermetallics under 
dynamic loading is different from that under quasi-static 
loading. Compared with the IM method, powder 
metallurgy (PM) technology is a promising method to 
produce high-performance TiAl materials. PM 
technology can effectively eliminate segregation of the 
products and decrease the processing steps to provide a  
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more homogeneous microstructure with a finer grain  
size [14]. So far, limited research has reported on the 
tensile behavior of PM TiAl intermetallics under 
dynamic loading at high strain rates. 

In this work, PM TiAl intermetallics with near 
lamellar (NL) and DP microstructures were prepared via 
hot extrusion, and the tension impact deformation 
behaviors were investigated at elevated temperatures. 
Efforts were also devoted to construct constitutive 
equations based on Zerilli−Armstrong model and 
evaluate the deformation mechanisms. 
 
2 Experimental 
 

Pre-alloyed powder with chemical composition of 
Ti−47Al−2Nb−2Cr−0.2W (at.%) was prepared via 
plasma rotating electrode processing (PREP). The 
as-prepared powders with particle size of 100−150 μm 
were filled into a stainless steel can with the dimension 
of d200 mm × 400 mm. The can was degassed at 400 °C 
for 12 h and sealed in vacuum. Then, the encapsulated 
powders were hot isostatic pressed (HIPed) at 1240 °C 
for 4 h under a pressure of 140 MPa. Cylindrical samples 
with dimension of d50 mm × 200 mm were cut from the 
as-HIPed billet by electric-discharge machining. The 
billet was further canned with stainless steel and sealed 
by vacuum welding. Hot extrusion was performed at 
1250 °C with an extrusion ratio of 4:1. After extrusion, 
specimens with NL and DP microstructure were prepared 
by annealing at 1330 °C for 30 min and 900 °C for 2 h, 
followed by furnace cooling. 

Tensile samples with the gauge size of 10 mm ×  
3.5 mm × 1.2 mm were used for dynamic tensile tests. 
Dynamic tensile tests were conducted on a rotating disk 
indirect bar−bar tensile impact apparatus (BTIA) in the 
strain rate range of 800−1600 s−1 and temperature range 
of 25−800 °C. BTIA is a kind of SHTB which was 
developed with a rapid contact heating system [15]. 
Quasi-static tension tests were performed on an 
INSTRON 3369 machine in the temperature range of 
25−900 °C and at the strain rate of 0.001 s−1. 

The deformed microstructures were analyzed by 
using an transmission electron microscope (TEM, FEI 
Tecnai 20, operating at 200 kV) and the fractograph was 
observed under a scanning electron microscope (SEM, 
FEI-Sirion 200). TEM specimens were prepared by 
mechanical grinding and then electropolished using a 
solution of 5 vol.% perchloric acid, 35 vol.% n-butyl 
alcohol and 60 vol.% methanol at −30 °C and 22 V. 
 
3 Results 
 
3.1 Initial microstructure 

Figure 1 shows the NL and DP microstructures of 

the PM TiAl intermetallics, respectively. The DP 
microstructure contains fine γ grains and a little α2/γ 
colonies with an average grain size of approximately  
20 μm. The NL microstructure is composed of fine γ 
grains and coarse α2/γ colonies. The average size of γ 
grains is about 10 μm, while the size of the α2/γ colonies 
is about 150 μm. The oxygen content of the as-extruded 
PM TiAl intermetallics is approximately 800×10−6 wt.%. 
 

 
Fig. 1 Microstructures of TiAl intermetallics: (a) DP; (b) NL 
 
3.2 Mechanical behavior 

Figure 2 shows the stress−strain curves of the PM 
TiAl intermetallics deformed at different temperatures 
with strain rate of 0.001 s−1. When temperature is below 
700 °C, the elongation of the DP alloy is less than 2%, 
and increases quickly to 54% at 800 °C. As for the NL 
alloy, the plasticity is quite poor below 800 °C (<2%), 
and the elongation increases to 52% at 850 °C.  
Therefore, the DBTT of the DP alloy is between 700 and 
800 °C, whereas the ductile to brittle transition 
temperature (DBTT) of the NL alloy is between 800 and 
850 °C. Apparently, the DBTT of the NL alloy is higher 
than that of the DP alloy. The work-hardening rate  
(dσ/dε) of the DP alloy is approximately 7000 MPa, and 
that of the NL alloy is roughly 6400 MPa. In addition, 
the tensile strength of the DP alloy is higher than that of 
the NL alloy in quasi-static deformation condition. 

Figure 3 presents the dynamic behavior of the PM 
TiAl intermetallics at various temperatures and strain 
rates. The DP and NL alloys both demonstrate limited  
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Fig. 2 Engineering stress−strain curves of TiAl intermetallics deformed at different temperatures (strain rate of 0.001 s−1): (a) DP;  
(b) NL 
 

 
Fig. 3 True stress−true strain curves of TiAl intermetallics deformed at different strain rates: (a) DP, 800 s−1; (b) NL, 800 s−1; (c) DP, 
1600 s−1; (d) NL, 1600 s−1 

 
elongation up to 850 °C, indicating that the DBTT of DP 
and NL alloys under the present condition exceeds   
850 °C. The tensile strengths of the DP and NL alloys 
decline with an increase in temperature, but the declining 
rate slows down at high temperatures (650−850 °C). The 
tensile strength of the DP alloy is still higher than that of 
the NL alloy. The work-hardening rate is independent of 

the strain rate and temperature at high strain rates 
(800−l600 s−1) and high temperatures (650−850 °C). The 
work-hardening rate of the DP alloy is approximately 
7500 MPa, whereas that of the NL alloy is about    
7000 MPa. In addition, the dynamic strength (yield stress 
σs) is higher than the quasi-static strength at the same 
deformation temperature. 
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The dependence of yield stress σs on temperature 
and strain rate is shown in Fig. 4. The σs increases with 
increasing strain rate but decreases with an increase in 
temperature. The relationship of σs and the strain rate is 
not linear and σs tends to increase more at 25 °C, whereas 
the σs of DP and NL alloys change little at high 
temperatures (650−850 °C) and high strain rates 
(800−1600 s−1). 

The temperature sensitivity (na) and strain rate 
sensitivity (β) are used to quantify the dependence of  
the strain rate hardening and the thermal softening 
effects [16−18]: 

s1 s0
a

1 0

ln( / )
ln( / )

n
T T

σ σ
=                             (1) 

 
s1 s0

1 0

ln( / )
ln( / )

σ σβ
ε ε
′ ′

=
 

                             (2) 
 
where σs0 and σs1 denote the flow stresses at 0.2% strain 
at temperatures T0 and T1, respectively. s0σ ′  and s1σ ′  
denote the flow stresses at 0.2% strain under strain rate 

0ε  and 1ε , respectively. Figure 5 shows temperature 
sensitivity  na  at  different  strain  rates  and  strain  rate 
sensitivity β at different temperatures. The value of na  

 

 
Fig. 4 Effects of strain rates on yield stress of TiAl intermetallics deformed at different temperatures: (a) DP structure; (b) NL 
structure 
 

 
Fig. 5 Temperature sensitivity na and strain rate sensitivity β under different deformation conditions: (a) na of DP structure; (b) na of 
NL structure; (c) β of DP structure; (d) β of NL structure 
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increases in line with the temperature at the strain    
rate of 0.001 s−1, and the value of na varies slightly  
with increasing the temperature at higher strain rates   
(Figs. 5(a, b)). The temperature sensitivity of the DP and 
NL alloys seems to increase with increasing temperature 
under quasi-static loading. However, the alloys are both 
insensitive to temperature during dynamic deformation. 
It can be inferred that the thermal softening effect of 
temperature on σs under dynamic loading is weaker than 
that under quasi-static loading. Figures 5(c, d) clearly 
indicate that the value of β increases at 298 K but 
changes little with increasing strain rates at higher 
temperatures. Therefore, the DP and NL alloys are 
insensitive to strain rate and temperature at high strain 
rates (800−l600 s−1) and high temperatures (650− 
850 °C). 
 
3.3 As-deformed microstructures 

Figure 6 shows the fracture surface of the DP alloys 
deformed at different strain rates and temperatures. The 
fracture mode under quasi-static and dynamic conditions 
exhibits a typical cleavage fracture characterized by a 
river pattern (Figs. 6(a, d, g)) at 25 °C. When the 
temperature increases to 850 °C, some dimples appear on 
the fracture surface of the DP alloy under quasi-static 
conditions, exhibiting a ductile fracture manner. As the 

temperature increases, the fracture modes under dynamic 
condition change from a transgranular fracture (25 °C) to 
a mixture of transgranular and intergranular fractures 
(650 °C) and finally to a totally intergranular fracture 
(850 °C). 

Figure 7 shows the fracture surface of the NL alloys 
deformed at strain rate of 0.001−1600 s−1 and 
temperatures of 25−850 °C. The sample deformed at 
25 °C demonstrates damage with a cleavage fracture, and 
shows ductile fracture at 850 °C under quasi-static 
loading. The fracture mode under dynamic deformation 
at 25 °C is a transgranular fracture. However, damage 
mode changes to transgranular and intergranular 
fractures at high temperatures (650−850 °C). The 
fracture surface of NL structure (Fig. 7(g)) is relatively 
flat at 25 °C. When the temperature increases, 
delamination is observed (Figs. 7(h, i)), owing to the 
effects of grain boundary movement. 

Figure 8 presents the TEM micrographs of the DP 
alloys. Figure 8(a) shows stacking faults in the γ grains, 
originating from the grain boundary and then terminating 
in the other side of boundary. For the diffraction vector 
g=020, 111 or 220, dislocation is not observed      
(Fig. 8(a)). Few dislocations appear for the diffraction 
vector g=200. Most of the twins terminate at the grain 
boundary rather than being impeded by localized pinning  

 

 
Fig. 6 Fractographs of TiAl intermetallics with DP structure deformed under different conditions: (a) 0.001 s−1, RT; (b) 0.001 s−1, 
650 °C; (c) 0.001 s−1, 850 °C; (d) 800 s−1, RT; (e) 800 s−1, 650 °C; (f) 800 s−1, 850 °C; (g) 1600 s−1, RT; (h) 1600 s−1, 650 °C;      
(i) 1600 s−1, 850 °C 
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Fig. 7 Fractographs of TiAl intermetallics with NL structure deformed under different conditions: (a) 0.001 s−1, RT; (b) 0.001 s−1, 
650 °C; (c) 0.001 s−1, 850 °C; (d) 800 s−1, RT; (e) 800 s−1, 650 °C; (f) 800 s−1, 850 °C; (g) 1600 s−1, RT ; (h) 1600 s−1, 650 °C;      
(i) 1600 s−1, 850 °C 
 

 
Fig. 8 TEM bright field images of TiAl intermetallics with DP structure deformed under different conditions: (a) 800 s−1, RT;      
(b) 800 s−1, 650 °C; (c) 800 s−1, 850 °C; (d) SADP corresponding to (a); (e) 1600 s−1, RT; (f) 1600 s−1, 650 °C; (g) 1600 s−1, 850 °C; 
(h) SADP corresponding to (f) 
 
within the grain. Many crossed deformation twins are 
found in the γ grains, and these deformation twins exhibit 
an increase in density as the strain rate increases. 

Figure 9 shows TEM micrographs of the NL alloys. 

The NL microstructure is characterized by some small  
γ grains situated at the periphery of the α2/γ colonies. 
Deformation twins form in the γ lamellae. Twins 
intersect on different {111} planes, as shown in Fig. 9(c). 
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Fig. 9 TEM bright-field images of TiAl intermetallics with NL structure deformed under different conditions: (a) 800 s−1, RT;     
(b) 800 s−1, 650 °C; (c) 800 s−1, 850 °C; (d) SADP corresponding to (a); (e) 1600 s−1, RT; (f) 1600 s−1, 650 °C; (g) 1600 s−1, 850 °C; 
(h) SADP corresponding to (g) 
 
The fine dark lamella denotes the α2 phase, and the 
coarse bright lamella is γ phase (Figs. 9(b, c, f, g)). 
Figure 9(g) indicates that deformation twins are parallel 
to each other and impeded by a lamellar interface. The 
twinning system and stacking fault are identified as 
1/2 112  {111} according to the indexed diagram shown 
in Fig. 9(h). Dislocation movement is difficult to identify 
under different reflection conditions in Fig. 8 and Fig. 9. 
The materials deform primarily by twinning, and 
dislocations are quite rare. 
 
3.4 Zerilli−Armstrong model 

Zerilli−Armstrong (ZA) model considers the effects 
of both strain rates and temperatures on the flow   
stress [19]. There are two ZA models based on the 
crystal structure: body-center cubic (BCC) and face- 
center cubic (FCC) [20]. The FCC model and BCC 
model both can describe the dynamic flow behavior of 
the TiAl intermetallics under high strain rates at elevated 
temperatures. However, the BCC model is better since it 
is able to predict work-hardening behavior. The ZA 
model corresponding to the BCC structure is given as 
follows:  

p
0 1 3 4 5 p

p0
exp( ln ) nC C C T C T C

ε
σ ε

ε
= + − + +




        (3) 

σ=σth+σath                                       (4)  
p

th 1 3 4
p0

exp( ln )C C T C T
ε

σ
ε

= − +



                 (5) 
 

ath 5 p 0
nC Cσ ε= +                             (6) 

1/2
0 GΔC Kdσ −= +                            (7) 

where σth is thermal stress, σath is athermal stress, d is the 
average grain diameter, and GΔσ is attributed to the 
initial dislocation density and effect of solutes. T is the 
sample temperature, εp is the equivalent strain, pε is the 

equivalent strain rate and p0ε  is the reference strain rate 

(defined as 0.001 s−1). 5 p
nC ε  quantifies the work- 

hardening rate, and C5 and n are the work-hardening 
coefficient and exponent, respectively. The parameters 
for the ZA model for the TiAl intermetallics in this work 
are calculated in Table 1. The comparison between the 
experimental data and predicted data is shown in Fig. 10, 
implying that the BCC model can predict the flow stress 
behavior of PM TiAl intermetallics at high strain rates 
and elevated temperatures. To validate the effectiveness 
of the ZA model corresponding to BCC structure for the 
PM TiAl intermetallics, a comparison among four curves 
deformed under different conditions is made and the 
results are shown in Fig. 11. The average relative error (δ) 
is defined as  

exp p

exp

1 100%
i ii n

i
in

σ σ
δ

σ

= −
= ×                      (8) 

 
The average relative error of the fitting results for 

DP structure is 5.7%, whereas that for the NL structure is 
4.8%. 

The work-hardening rate of the IM TiAl 
intermetallics with a NL structure is approximately  
6300 MPa under dynamic loading, and that of the IM 
TiAl intermetallics with DP structure is 6500 MPa [21]. 
The work-hardening rate of the PM TiAl intermetallics 
with DP structure is 7500 MPa, and that of the PM TiAl 



Si-hui OUYANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1252−1262 

 

1259
 

Table 1 Coefficients of Zerilli–Armstrong model of TiAl intermetallics 
Microstructure C0/MPa C1/MPa C3/K−1 C4/K−1 C5/K−1 n 

NL 346 1017 0.0071 5.24×10−4 1746 0.72 

DP 438 132 0.0037 4.65×10−4 2309 0.82 

 

 
Fig. 10 Fitting results using ZA model: (a) DP, 800 s−1; (b) NL, 800 s−1; (c) DP, 1600 s−1; (d) NL, 1600 s−1 

 

 
Fig. 11 Validation of predictability of ZA model corresponding 
to BCC structure 
 
intermetallics with NL structure is 7000 MPa. Compared 
with IM TiAl intermetallics, PM TiAl intermetallics 
demonstrate higher C5 and n, indicating that the 
work-hardening rate of the PM TiAl intermetallics is 

higher than that of the IM TiAl intermetallics. The C5 
and n values for the DP alloys are higher than those for 
the NL alloys. Therefore, the work-hardening rate of the 
DP alloys is apparently higher than that of the NL alloys, 
and the calculated result of work-hardening rates is 
consistent with the experimental one. Compared with the 
experimental data, the calculated curves of the DP and 
NL alloys exhibit a certain deviation at 800 °C and a 
strain rate of 1600 s−1. This is caused by the high density 
of twins and interaction between the twins. 
 
4 Discussion 
 

PM TiAl intermetallics with DP and NL 
microstructures consist of γ and α2 phases. The γ phase 
exhibits a face-centered tetragonal L10 structure and the 
α2 phase demonstrates an ordered hexagonal D019 
structure [22]. Because the quasi-static deformation of 
γ-TiAl at different temperatures can be motivated by 
110] ordinary slip, 101] superdislocation and 
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1/6 112 {111}  twinning [23,24] and 101] super- 
dislocations are always pinned in the screw orientation at 
high temperatures [25,26], anomalous yield behavior is 
frequently observed at high temperatures. However, in 
this work, no anomalous increase in yield strength is 
detected, which is due to the fact that, under dynamic 
loading, the dominant deformation mechanism is 
1/2 112 {111}   twinning, and superdislocation 
movements do not appear. 

The tensile strength of PM TiAl intermetallics under 
dynamic loading is higher than that under quasi-static 
loading, because the stacking fault energy (SFE) of the γ 
phase is approximately 60−90 mJ/m2 [27]. Under 
quasi-static loadings, the critical stress for dislocations is 
much lower than that for twins. Therefore, dislocations 
are more frequently observed than twins in γ-TiAl alloy. 
BOLLING and RCIHMAN [28] reported that the critical 
stress of twinning was reduced with increasing strain 
rates for FCC metals. KANANI et al [29] studied the 
effects of strain rates and temperatures on deformation 
mechanisms of lamellar TiAl alloys and the results 
indicated that high strain rates changed the deformation 
mechanism, especially retarded the dislocation sliding 
events. This means twins are easier to form than 
dislocations under dynamic loadings. Plastic deformation 
is accommodated by dislocation glide and grain 
boundary sliding which is mainly controlled by growth 
rates. Under dynamic loadings, dislocation glide and 
grain boundary sliding cannot occur readily. Therefore, 
stress accumulates at the grain boundary, causing critical 
stress for twins to decrease and then twins nucleate at the 
grain boundary. Moreover, the growth of twinning is 
faster than the dislocation movement. Hence, under 
dynamic loadings, dislocations sweep more easily to 
form twins. High amount of twins causes apparent grain 
refinement, and thus, dynamic strength is higher than the 
quasi-static strength. 

Twinning is more likely to operate in γ grains and γ 
lamellae at high temperatures [30]. The deformation 
twinning in the DP alloys is concentrated in the γ phase 
and cuts across the entire γ grains, whereas the twinning 
in the NL alloys is concentrated in the γ lamellae and 
impeded by lamellar interfaces. Because the size of twins 
in γ lamellae is much smaller than that in the γ grains, 
and the density of twins in the γ lamellae is much lower 
than that in the γ grains, the yield strength of the NL 
alloys is lower than that of the DP alloys under dynamic 
loading based on the consideration of the intersection 
stress of twin boundaries. 

The work-hardening rates of PM TiAl intermetallics 
under dynamic loading are higher than those under 
quasi-static loading. This is because the twins 

self-intersect and cut across the grains, which can 
increase the work-hardening rate. CERRETA et al [31] 
reported that the work-hardening rates of cast γ-TiAl 
increased with increasing strain rates. Deformation 
twinning has also been shown to increase 
work-hardening rate in TWIP steel [32]. It is noticeable 
that the work-hardening rates of the DP and NL alloys 
are nearly insensitive to strain rate and temperature at 
high strain rates (800−l600 s−1) and high temperatures 
(650−850 °C). This is because the morphology and 
twinning rate of {111}112 twins are not sensitive to 
strain rates (800−1600 s−1) at high temperatures 
(650−850 °C). 

The work-hardening rates of the PM TiAl 
intermetallics are higher than those of the IM TiAl 
intermetallics. This is because the work-hardening rate of 
TiAl intermetallics is closely related to the 
microstructures. Compared with the IM TiAl 
intermetallics, the PM TiAl intermetallics with DP and 
NL microstructures exhibit finer lamellar colonies and γ 
grains. Hence, the density of twins is higher and the 
interactions between deformation twinning and the grain 
boundaries are stronger. In addition, the PM TiAl 
intermetallics have higher oxygen content 
(approximately 800×10−6 wt.%), which can also lead to 
higher resistance to dislocation motion, and thus causes a 
higher work-hardening rate [33]. 

In general, PM TiAl intermetallics show promising 
impact properties, which is suitable for the high 
temperature and high impact applications. 
 
5 Conclusions 
 

(1) For the PM TiAl intermetallics, dynamic 
strength is higher than the quasi-static strength. Under 
quasi-static deformation and dynamic deformation, the 
DBTT increases with increasing the strain rate. The 
Zerilli−Armstrong model is successfully used to describe 
the dynamic flowing behavior of the PM TiAl 
intermetallics. 

(2) Formation of the twin and stacking faults is the 
main deformation mechanism under dynamic loading at 
high temperatures. The propensity of twinning and 
stacking faults increases with increasing strain rates and 
temperatures. 

(3) Work-hardening rates of the PM TiAl 
intermetallics are nearly insensitive to strain rate and 
temperature at high strain rates (800−l600 s−1) and high 
temperatures (650−850 °C). Compared with the IM TiAl 
intermetallics, the PM TiAl intermetallics show higher 
work-hardening rate, which is due to the fine-grained 
microstructure and high oxygen content. 
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摘  要：采用分离式霍普金森拉杆动态冲击变形实验研究粉末冶金 Ti−47Al−2Nb−2Cr−0.2W (at.%)双态组织和近

层片组织在高应变率下(800~1600 s−1)的动态力学行为和变形机理。结果表明，粉末冶金 TiAl 金属间化合物的韧

性−脆性转变温度(DBTT) 随应变速率增加而增大，动态加载下两种组织的高温强度均高于准静态加载下的高温强

度；在高应变速率(800~1600 s−1)和高温(650~850 °C)条件下，粉末冶金 TiAl 金属间化合物的双态组织和近层片组

织的加工硬化速率均对应变速率和温度不敏感。在动态加载条件下，堆垛层错及孪晶的形成是主要的变形机制。

Zerilli−Armstrong 模型能够恰当描述粉末冶金 TiAl 金属间化合物的高温动态变形行为。 
关键词：TiAl 金属间化合物；变形机制；粉末冶金；动态变形；霍普金森拉杆 
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