
Tensile impact behavior and deformation mechanism of duplex
TiAl intermetallics at elevated temperatures

Xiang Zan • Yuehui He • Yang Wang •

Zhengxin Lu • Yuanming Xia

Received: 7 January 2010 / Accepted: 18 June 2010 / Published online: 1 July 2010

� Springer Science+Business Media, LLC 2010

Abstract Investigations are made on the effects of strain

rates on the tensile behavior and deformation modes of

Duplex Ti–46.5Al–2Nb–2Cr (DP TiAl) at temperatures

ranging from room temperature to 840 �C and under strain

rates of 0.001, 320, 800, and 1350 s-1. The dynamic

strength is higher than quasi-static strength but does not

change much over the high strain rate range. Yield stress

anomaly is not found. Brittle-to-ductile transition temper-

ature (BDTT) increases with the increased strain rates.

A Zerilli–Armstrong constitutive model with appropriate

coefficients is chosen to describe the high strain rate

flowing behavior. TEM analysis indicates that both ordin-

ary dislocations and superdislocations are found and dis-

location pile-up only appears in samples deformed under

quasi-static loadings at elevated temperatures. The defor-

mation twins are common in equiaxed grains and the

proportion of twinned grains increases with the increased

strain rate from 46–72% under quasi-static loadings to

69–95% under high strain rate loadings. No deformation

twins are found in lamellar colonies.

Introduction

c-TiAl is of the face-centered tetragonal (FCT) crystal

structure with lattice parameters of c/a = 1.02. Although

the FCT structure appears similar to the face-centered cubic

(FCC) structure, because of long range ordered superlattice

and lower crystal symmetry, the number of independent slip

system in the former is far smaller than that in the latter [1,

2]. The superlattice structure of TiAl reduces dislocation

mobility and results in lower ductility and fracture tough-

ness [3]. Abundant researches indicate that the primary

modes of deformation for c-TiAl under quasi-static loadings

at different temperatures are h110] ordinary slip, h101]

superdislocation, and 1=6h11�2�f111g twinning [2, 3].

However, the aforementioned deformation mechanism does

not change TiAl crystal lattice and the TiAl superlattice can

be kept near the melt point [4]. So TiAl shows its potentially

attractive properties for high-temperature structural appli-

cations, properties such as low density, good oxidation, and

burn resistance and high-temperature strength retention

[2, 3, 5–8].

A wealth of literature describes its mechanical behavior,

composition, and microstructures [2, 3, 8–15]. Kim [2, 5, 7]

and Appel [3] also reviewed in detail the deformation and

mechanical behavior of TiAl.

Some literature on mechanical behavior of TiAl under

dynamic or high strain rate loadings has been reported.

Gray [6, 16] of Los Alamos National Laboratory, cooper-

ating with Maloy and Gray [17], Jin et al. [18–20], Vaidya

et al. [21], Mckenna et al. [22], Cerreta et al. [23] and

Millett et al. [24], investigated the dynamic behavior of

TiAl with different methods such as dynamic compression,

high speed particle impact, Taylor cylinder impact, and

shock loadings, respectively. Shazly et al. [25] also

investigated the uniaxial mechanical behavior under
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compression of Gamma-Met PX and Ti–45Al–X(Nb, B, C)

with nearly lamellar microstructures, at elevated tempera-

tures and high strain rates. These investigations show that

the mechanical behavior of TiAl under dynamic loadings is

different from that under quasi-static loadings. However,

many materials show different mechanical behaviors under

tensile and compressive loadings. The c-TiAl can be

deformed under compression at room temperature and

strains of 8%, with no occurrence of cracking, whereas

nearly zero ductility results under tensile loadings [4]. So it

is necessary to investigate the dynamic tensile behavior of

TiAl in order to systematically study the mechanical

behavior of these alloys at various strain rates so as to

satisfy the conditions required in the proposed applications

of TiAl to jet turbines and other propulsion system com-

ponents [21].

A few papers have reported the dynamic tensile

behavior of TiAl. Wang, Lin, and Zhou [26–28] studied the

dynamic tensile behavior of Ti–47Al–X(Mn, Nb, Cr) with

a lamellar microstructure at room temperatures and found

that the dynamic strength is higher than that under quasi-

static loadings, revealing different strain rate sensitivities

within different strain rate ranges. Sun et al. [29]

Fig. 1 Optical micrograph of DP Ti–46.5–Al2Nb–2Cr (91000)
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Fig. 2 Diagram of material preparing process

Fig. 3 Schematic diagram

of split Hopkinson tension bar

(BTIA at USTC) with rapid

heating system. 1 Impact

hammer, 2 impact block, 3 short

metal bar, 4 input bar, 5 output

bar, 6 specimen, 7 strain gauge,

8 furnaces, 9 heat storages,

10 copper conductors,

11 thermocouples

Fig. 4 Diagrams of specimens used in a tensile impact and b quasi-

static experiments
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investigated the deformation mechanism of duplex

Ti–45Al–1.6Mn at the maximum strain rate of 300 s-1 and

found that dislocation and twinning mechanisms change

with increased strain rates. But his work was also done at

room temperature (RT). For a structural material used at

elevated temperatures, its data collected only at RT are not

sufficient. Shazly et al. [25] reported tensile impact

behavior of Gamma-Met PX at elevated temperatures up to

900 �C. But the report gave only the stress–strain curves

and SEM micrographs of the fracture surfaces.

The purpose of this article is to analyze the effects of

strain rates (0.001–1350 s-1) on the tensile mechanical and

deformation modes of duplex Ti–46.5Al–2Nb–2Cr (DP

TiAl) within a wide range of temperatures (RT to 840 �C).

Fig. 5 Typical a incident and

transmitted pulse and b the

r - e and _e� e curves

Fig. 6 True stress–true strain curves at strain rates of a 0.001, b 320, c 800, and d 1350 s-1
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Materials and experimental procedure

The microstructure of DP TiAl shown in Fig. 1 is prepared

as diagrammed in Fig. 2. The can materials in canned

forging process is 45# steel (Chinese model), and the fill

material is aluminum oxide powder.

The tensile impact behaviors of DP TiAl under strain

rates of 320, 800, and 1350 s-1 at temperatures ranging

from RT to 840 �C is carried out on the Rotating Disk

Indirect Bar–Bar Tensile Impact Apparatus (BTIA) at

USTC, a type of split Hopkinson tensile bar (SHTB), using

a rapid contact heating technique (Fig. 3) [30–33]. The

width and amplitude of input pulses can be easily con-

trolled by the ‘‘short metal bar’’ (part 3 in Fig. 3) [30].

Corresponding quasi-static tests at a strain rate of 0.001 s-1

are achieved on MTS 809. Figure 4 shows the diagrams of

electro-discharge machined specimens used in (a) tensile

impact and (b) quasi-static experiments, respectively.

Detailed experimental process can be found elsewhere

[34, 35].

For transmission electron microscope (TEM) analysis,

samples are taken parallel to the loading axis from broken

specimens and then sliced, ground and polished to

80–100 lm-thick foils, out of which are punched 3 mm

disks. Afterwards, the disks are twinjet polished with a

solution (methanol:butanol:perchloric acid = 60:35:5)

until holes appear. The TEM disks are examined with a

JEOL JEM 3010 operating at 300 kV.

Experimental results and discussions

Mechanical behavior

In tensile impact tests, the incident pulse is smooth and

stable without oscillations (Fig. 5a) and the signal record-

ing system is able to record the rising stage of the pulse

[30]. Figure 6 shows the true strain–true stress curves of

DP TiAl at different strain rates and Fig. 7 the temperature

and strain rate effects of yield stress r0.2 (0.2% proof

Fig. 7 Temperature and strain rate effects of yield stress and unstable strain of DP TiAl
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stress) and unstable strain eb (strain corresponding to the

ultimate tensile strength (UTS)). By comparing the r - e
and _e� e curves (Fig. 5b), it could be found that the strain

rate curve has already reached a stable stage before the

material yields. So, the value of r0.2 is acceptable. Here,

r0.2 is the average of the values at the yield points in

several true stress–true strain curves under the same load-

ing conditions and eb is the same.

From Figs. 6 and 7, it can be concluded that (1) Dynamic

strengths including r0.2, UTS and flowing stress corre-

sponding to the same strain are higher than those under

quasi-static loadings at the same temperature but, within the

high strain rate range (320–1350 s-1), dynamic strengths

are nearly strain rate independent; (2) No yield stress

anomaly is found; (3) At 840 �C, brittle-to-ductile transition

(BDT) occurs under quasi-static loadings whereas the

whole deformation remains less than 4% under high strain

rate loadings—that is to say, the brittle-to-ductile transition

temperature (BDTT) increases with increased strain rates;

(4) Below BDTT, unstable strain eb under dynamic loadings

is slightly larger than that under quasi-static loadings; (5)

Below BDTT, the strain-hardening/work-hardening rate

(dr=de) attains around 6000 MPa/unit strain under quasi-

static loadings and slightly increases to about 6500 MPa/

unit strain under high strain rate loadings; (6) From 350 to

840 �C, the work-hardening rate under high strain rate

loadings is not sensitive to the temperatures and strain rates.

Details of temperature and strain rate effects of other

parameters and fracture modes can be found elsewhere

[34, 35].

Constitutive equations

Constitutive equations play an important role in deforma-

tion simulation. The current study employs the Zerilli–

Armstrong (Z–A) model [36, 37], based on dislocation

movement mechanics, to describe the dynamic mechanical

behavior of DP TiAl. The Z–A models corresponding to

the two most common crystal structures, FCC and BCC

(body-center cubic), are given as follows:

r ¼ C0 þ C2e
1=2 exp �C3T þ C4T ln

_e
_e0

� �
FCCð Þ ð1Þ

r ¼ C0 þ C1 exp �C3T þ C4T ln
_e
_e0

� �
þ C5e

n BCCð Þ

ð2Þ

in which C0 is the thermal component of stress containing

the grain size effect, C1 the coefficient of the thermal stress

term, C2 and C3 the thermal softening coefficients, C4 the

coefficient of the temperature and strain rate coupling term,

_e0 ¼ 1 s�1 the reference strain rate and C5 and n are the

work-hardening coefficient and exponent, respectively.

Table 1 Coefficients of Zerilli–Armstrong constitutive BCC model

of DP TiAl

C0

(MPa)

C1

(MPa)

C3 (K-1) C4 (K-1) C5

(MPa)

n

DP TiAl 391 371 6.99E-4 -5.64E-4 2.71E3 0.750

Fig. 8 Comparison between measured and calculated stress–strain

curves at different temperatures and strain rates. a 320 s-1, b 800 s-1,

c 1350 s-1
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In Eq. 1, the work-hardening rate is temperature and

strain rate dependent. On the contrary, in Eq. 2, it is tem-

perature and strain rate independent. In ‘‘Mechanical

behavior’’ section, it is pointed out that, from 350 to

840 �C, the work-hardening rate under high strain rate

loadings is not sensitive to the temperatures and strain

rates. In addition, although TiAl FCT structure appears

similar to FCC structure, the deformation modes of TiAl

are not the same as those of FCC metals, because of its

limited independent slip system. Deformation twinning is

the main deformation mode in TiAl, which is common in

BCC metals. Therefore, in this study, Eq. 2, i.e., the BCC

model, is chosen to describe the dynamic flowing behavior

of DP TiAl under high strain rate loadings.

Generally, under high strain rate loadings, the heat

generation during the adiabatic deformation process is not

neglectable. Since the total plastic deformation of DP TiAl

in this study is only less than 3%, the adiabatic temperature

rising is not taken into consideration. Consequently in Z–A

BCC model, T is the experimental temperature applied.

Table 1 presents the coefficients of the constitutive equation

obtained for DP TiAl. Figure 8 compares the experimental

and calculated curves. The results show that Z–A BCC

model performs well in describing the dynamic flowing

behavior of DP TiAl at elevated temperatures.

Microstructure

In Fig. 1, large annealing twins can be seen in equiaxed c
grains, hence no need for their detailed TEM images.

Discussion is made about the temperature and strain rate

effects on microstructure evaluation of DP TiAl.

Figures 9, 10, 11 and 12, 13, 14 show the TEM micro-

graphs of the equiaxed grain of DP TiAl after quasi-static

and high strain rate tensile tests at different temperatures,

respectively. Deformation twins are quite common.

Observations under different reflection conditions may

result in different contrasts of the deformation twins.

Fig. 9 The microstructure after

deformation at RT and quasi-

static loading with different g
(ZONE = [110]). a g = 002,

b g ¼ 1�1�1, c g ¼ �11�1
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Deformation twins originate at the grain boundary and

propagate on multiple {111} slip planes through the pri-

mary c grains. Most of the twins can easily propagate

across the annealing twin boundaries (Figs. 9, 13, 14).

In some grains, twins on different {111} planes intersect

each other, most terminating at the grain boundary and a

few inside the grain (the left of Fig. 9c and the up-right of

Fig. 12).

In order to understand the dislocation slip behavior of

the material, the Burgers vector analysis is conducted using

the general invisibility condition g � b¼ 0 to identify the

dislocation features in the c phase [29, 38]. Figure 9

Fig. 10 The microstructure after deformation at 500 �C and quasi-

static loading (g ¼ 111)

Fig. 11 The microstructure after deformation at 700 �C and quasi-

static loading

Fig. 12 The microstructure of DP TiAl after deformation at RT and

strain rate of 1350 s-1

Fig. 13 The microstructure of DP TiAl after deformation at 350 �C

and strain rate of 320 s-1 (ZONE = [110])
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exhibits the TEM images of the same location in an equi-

axed c grain with different operative reflections. It can be

seen that A and B are both visible under reflection of

g = 002. However, only dislocations in direction A are

visible under g ¼ 1�1�1 and only dislocations in direction B

under g ¼ �11�1. Thereupon, dislocations in directions A and

B are all superdislocations with different Burgers vectors

of b ¼ ½10�1� and b = [101], respectively. It is very inter-

esting that the dislocations in direction A or B are parallel

to each other and of about the same length. In addition, the

long axes of these arrays of dislocations are either parallel

(A) or perpendicular (B) to the twin fringe. h110] ordinary

dislocations are also found in some grains. Moreover,

dislocation pile-up appears after deformation at elevated

temperatures (Fig. 11), but does not in samples deformed

under high strain rate loadings.

Figure 15 shows the deformation microstructure of

lamellar colonies deformed at different temperatures and

strain rates. In no case do deformation twins appear, but

dislocations are found after deformation at elevated tem-

peratures (Fig. 15b).

Different grains are of different orientations. Owing to

their sensitivity to the loading direction, the microstructure

of each grain may evolve differently. Of the equiaxed

grains, some are twinned while the others are deformed

only by dislocation (the middle of Fig. 10). The number of

twins and the space between the twins in each grain are

irregular, but the proportion of twinned grains can be

accounted for. With the increased temperatures (RT

*840 �C), 46–72% of the grains are twinned under quasi-

static loadings, whereas the proportion increases to

69–95% under high strain rate loadings.

In TiAl, as the strain rate increases, resistance to dis-

location motion increases and the grains tend to twin, due

to the fact that the value of the Burgerous vector for

twinning is less than that for superdislocation [38, 39].

Additionally, twin-growth rate can reach nearly sound

speed, while dislocation movement velocity is much lower

[40]. Under high strain rate loadings, the fracture strain is

less than 4% and the whole deformation time is less than

100 ls. During this extremely short period of time,

deformation twins grow more easily and hence more

twinned grains.

The proportion of the twinned grains of samples

deformed over the temperature range of 350–840 �C under

high strain rate loadings keeps about 89–95%. As men-

tioned above, dislocation pile-up is not found in those

samples. It is possible to be of the opinion that twinning is

the main deformation mode of DP TiAl under high strain

Fig. 14 The microstructure of DP TiAl after deformation at 840 �C

and strain rate of 1350 s-1

Fig. 15 Lamellar colonies

of DP TiAl after deformation

(beam direction near a [110]

and b [112])
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rate loadings and at elevated temperatures. It is well known

that dislocation motion is highly sensitive to strain rate and

temperature, while twinning has a much lower sensitivity

[41, 42]. Hence the low sensitivity of the high-temperature

dynamic behavior of DP TiAl.

Summary

In this study, mechanical behavior and deformation

mechanism of duplex Ti–46.5Al–2Nb–2Cr at different

temperatures and strain rates are investigated. The test

results show that (1) Dynamic strength is higher than that

under quasi-static loadings but, over the high strain rate

range (320–1350 s-1), almost no strain rate effects occur;

(2) No yield stress anomaly is found and BDTT increases

with the increased strain rates; (3) Below BDTT, the work-

hardening rate (dr=de) attains around 6000 MPa/unit strain

under quasi-static loadings and slightly increases to about

6500 MPa/unit strain under high strain rate loadings; (4)

From 350 to 840 �C, the work-hardening rate under high

strain rate loadings is not sensitive to temperature and

strain rate.

TEM investigations show that (1) Both ordinary dislo-

cations and superdislocations are found in DP TiAl after

deformation under different loading conditions and dislo-

cation pile-up appears only in samples deformed under

quasi-static loadings at elevated temperatures; (2) No

deformation twins are found in grains of lamellar colonies

while those are common in equiaxed grains; (3) The pro-

portion of twinned equiaxed grains increase with the

increased strain rate from 46–72% under quasi-static

loadings to 69–95% under high strain rate loadings.
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