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Thermal deformation behavior and mechanism of intermetallic alloy Ti2AINb
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Abstract: The deformation behavior and mechanism of Ti2AINb-based alloy were experimentally investigated at elevated
temperatures. Firstly, the stress—strain relationships at different temperatures and strain rates were investigated via uniaxial tensile
testing. Then, formability data, as determined by examining the deep drawing and bending abilities, were obtained through limiting
draw ratio (LDR) and bending tests. Finally, metallographic experiments and fracture morphology investigations were conducted to
examine the thermal deformation mechanism of the alloy. The results showed that as the temperature increased, the total elongation
increased from 13.58% to 97.82% and the yield strength decreased from 788 to 80 MPa over the temperature range from 750 to
950 T at a strain rate 0.001 s *. When the temperature reached 950 <C, the strain rate was found to have a great influence on the
deformation properties. The plastic formability of the sheet metal was significantly improved and a microstructural transformation of
O to B2 and a, occurred in this temperature region, revealing the deformation mechanism of its plasticity.
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1 Introduction

With the light-mass requirements for the
development of aero-engines and for improving the flight
speed, light quality and high temperature resistant
materials need to be used in the fabrication of critical
components of aviation engines [1,2]. Ti2AINb-based
alloy, a new high temperature structural material with
low density, high modulus of elasticity, and excellent
high temperature strength, has been widely developed in
recent years. Such an alloy may be used to replace high
temperature titanium alloy and nickel-based superalloy
components [3], such as low-pressure turbine blades and
high-pressure compressor blades, in aviation engines. As
a result, it has generated widespread interest at home and
abroad in the field of aeronautics [4,5].

Although there are broad prospects for the
application of Ti2AINDb-based alloy, its brittleness and
poor formability at room temperature [6], as well as the
harsh conditions required for deformation, mean that the
alloy has very limited applications in the aviation

industry until now [7]. Super plastic forming (SPF)
processing is a feasible method of processing to fabricate
Ti2AINb-based alloy components with complex shapes
[8—10]. However, this technique requires precise control
of the process parameters, alloys with small equiaxed
grains (<10 pm) as well as perfect thermal stability. The
as-cast microstructure of Ti2AIND alloy is bulky, and its
SPF processing is very complicated [11], which has
become one of the difficulties associated with the
research on Ti2AINb forming. Hot forming is an
important technology that is associated with sheet metal
forming. Unlike the SPF process that has interval stain
rates ranging from 1x10* to 1x1072 s, the strain rate
used for this procedure is greater than or equal to
11072 s [12]. Thus, a study on the thermal deformation
behavior and plastic forming mechanism of
Ti2AINDb-based alloy under different deformation
conditions is of great significance for the optimization of
the forming process.

XU et al [13] investigated the characteristics of the
flow stress in a Ti—22AI-25Nb alloy via Gleeble thermal
simulation experiments over a range of deformation
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temperatures from 940 to 1000 <C and strain rates from
11072 to 50 s* as well as the maximum deformation
degree of 50%. The results show that the flow stress
decreases with the strain rate decreasing or temperature
increasing, and that flow softening is attributed to the
increased temperature and microstructural changes.
SHEN and FENG [14] studied advances in the means to
control the microstructure, crystal structure and phase
transformations of Ti2AINb-based alloy. Current studies
have focused on the key element influencing the
deformation behavior, which is the transformation of the
alloy’s microstructure by increasing temperature. Thus, it
is critical that the effect of the hot forming temperature
on the microstructural evolution and deformation
properties should be studied. In this work, the
deformation behavior and mechanism of Ti2AINb-based
alloy under different hot forming conditions were
experimentally examined, including the stress—strain
relationship, yield strength and elongation as the
temperature increased, deep drawing and bending
formability under hot forming conditions, and
metallographic experiments and fracture morphology
analysis at different temperatures.

2 Experimental

The composition of the Ti2AINb-based alloy used
in these experiments is shown in Table 1. The specimens
were machined from a rolled sheet with a thickness of
1 mm.

Table 1 Chemical composition of Ti2AINb-based alloy (mass
fraction, %)

Ti Nb Al Fe Others
46.61 42.21 9.36 0.79 1.03
2.1 Tensile test
Tensile testing was conducted at different

temperatures and strain rates using a RG2000
microcomputer-controlled electronic testing machine.
The tensile specimens of the Ti2AINb-bsaed alloy, as
shown in Fig. 1, were processed into standard sub-size
dog bone sizes using fine electric spark line cutting.
Sprayed boron nitride was coated on the surface to
prevent oxidation. Then, specimens were placed
inside an environmental chamber and allowed to reach a
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Fig. 1 Dimensions of tensile test specimens (unit: mm)

pre-specified temperature before the tests were started.
The tensile tests were conducted at five different
temperatures ranging from 750 to 950 <T at intervals of
50 <C. The strain rates at different temperatures were 0.1,
0.01 and 0.001 s . Finally, the true stress—strain curves
were obtained by computer calculations after
recording all of the data from the force and displacement
Sensors.

2.2 Deep drawing and bending test

Deep drawing and bending testing were performed
to investigate the forming performance of the Ti2AINb
sheet alloy.

A schematic diagram of tooling geometry for the
deep drawing test is shown in Fig. 2(a). The punch
diameter used was 50 mm, and the punch speed was
controlled at 5 mm/s. The blank holder force is critical
and must be controlled so that it is low enough to allow
the sheet alloy to flow past the plates, but not so low as
to slide past the binder and wrinkle around the punch. A
part was deemed to form if it did not fail (splitting,
cracking, etc.) or did not display any evidence of serious
wrinkling. In this experiment, post test drawing cups
were used to determine limiting draw ratio (LDR) of the
material [15]. The ratio of the diameter of the largest
blank to be successfully formed to the punch diameter
was then defined as its LDR value, which is based on
GBT 15825.3—2008.

Fig. 2 Equipment for hot forming formability test: (a) Tools for
LDR; (b) Tools for bending test

A bending test, which is a stamping processing
procedure for the common sheet metal, is a method of
bending sheets into certain shapes and angles. The
dimensions of the bending test tool used in this work are
shown in Fig. 2(b). According to GBT 15825.5—2008
sheet metal forming performance and test method, a test
method for bending test, the deformation zone on the
lateral surface of the samples was checked after bending.
After determining that there were no cracks or significant
depressions, testing was performed to evaluate the
bending properties.
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2.3 Metallographic experiment and observation of

surface morphology

There are three phases in Ti2AINb-based alloys: an
op-phase with a close-packed hexagonal structure, a
B2-phase with a body-centered cubic structure and an
O-phase with an ordered orthorhombic structure. The
organizational structure of the three types of phases is
complex. When different grains with different volume
fractions and shapes (equiaxed or lath shaped) are
present, there are many differences in the mechanical
properties and deformation mechanisms. Thus, it is
necessary to carry out observations and analyses on the
phase transformation and surface morphology of
Ti2AINb-based alloys during thermal deformation.

The etchant used was Kroll’s reagent, consisting of
HF, HNO; and H,0, with a volume ratio for each
component of V(HF):V(HNO;):V(H,0)=1:3:7. Etching
was performed for 15 s. After cleaning, the
microstructures of the specimens were observed using a
Leica DVM-5000 optical microscope. The surface
morphology of the Ti2AINb-based alloy after tensile
fracture was observed using an FEI Quanta 200FEG field
emission electron microscope.

3 Results and discussion

3.1 Stress—strain relationship
3.1.1 Effect of temperature on strength and ductility
Figure 3 shows the true stress—true strain
relationship for a Ti2AINb-based alloy at several
elevated temperatures. The results show that the curves
vary greatly at different temperatures. The tensile
strength decreases as the temperature increases.
Figure 4(a) shows that the yield strength at 950 T is
nearly 10% that at 750 <C. Meanwhile, the total
elongation increases with temperature increasing, which
rises from 13.58% to 97.82% at temperatures ranging
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Fig. 3 True stress—true strain curves for specimens at elevated
temperatures (Tensile axis is parallel to rolling direction and
strain rate is 0.001 s %)

900

(a)
750 F

600 [

450+

300

Yield strength/MPa

150+

750 800 850 900 950
Temperature/°C

105
(b)

90

60

Total elongation/%

301

750 800 850 900 950
Temperature/°C

Fig. 4 Effect of temperature on vyield strength (a) and total

elongation (b) of specimens

from 750 to 950 <C, as shown in Fig. 4(b). Overall,
during stretching, exposure at different temperatures has
a great influence on the deformation characteristics of
Ti2AINDb-based alloy, which can result in significant
changes in the mechanical properties.
3.1.2 Strain rate sensitivity at different temperatures

Strain rate sensitivity is a very important property
during hot forming of Ti2AINb-based alloy. For a
constant temperature, the stress—strain relationship can
be adjusted using the strain rate. Figure 5 shows that the
true stress—true strain relationship varies remarkably for
different strain rates at 950 <C. As the strain rate
decreases, the peak flow stress decreases by 68.5% and
the total elongation increases by 50.9%. This may be
explained by two parts: firstly, the dynamic softening
rate is greater than initial work hardening, minimizing
the effect of material work hardening; secondly, as the
strain rate decreases, the deforming time increases and
more grains circumrotate to align with the deformation
direction, which is favorable for multiple slip systems to
start up, so metal plasticity gets better and the
deformation resistance reduces.

The strain rate sensitivity (m) may be evaluated by



Qin-chai ZHANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 722—728 725

300
—n—0.15s"!
—e0—0.01s"!
2501 —4—0.001 5!

200
150

IOO-i

501

True stress/MPa

0 01 02 03 04 05 06 07
True strain

Fig. 5 True stress—true strain curves of Ti2AINb-based alloy at
950 <C and different strain rates
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where o is the stress, and & is the strain rate.
According to the Grosman model, in the plastic
region, there exists

o =Ce"exp(ne)é™ 2

where C is the strength coefficient, n and n; are strain
hardening exponents. This implies a relationship of the
form:

o=f(e)e™ 3)

The results in Fig. 6 show that m value increases at
750-950 <C, suggesting that as the temperature increases,
the changes in the strain rates have greater effects on the
plastic properties of the Ti2AINb-based alloy.
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Fig. 6 m value as function of temperature for Ti2ZAINb-based
alloy

3.2 Limiting draw
properties

The relationship of the LDR value as a function of

temperature is shown in Fig. 7. The results show that

ratio (LDR) and bending

temperature has a significant influence on the deep
drawing ability of the Ti2AINb-based alloy. When the
temperature is lower than 800 <C, the deep drawing
formability is poor and the sheet is too hard and brittle to
be formed. However, as the temperature exceeds 850 <C,
the LDR value increases significantly. At 950 <C, the
LDR value exceeds 1.9 and the formability is greatly
improved over that at 800 <C.
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Fig. 7 Results of deep drawing tests and relationship between

LDR value and temperature

Figure 8 shows the experimental results of the
bending test. We adopted a punch-nose radius of 3 mm to
better reflect the effect of temperature on the bending
properties of the Ti2AINb-based alloy. Similar to the
deep drawing test results, when the temperature is lower
than 800 <C, brittle fractures occur in the bending area
and the material brittleness clearly decreases at
temperatures above 850 <C. The ductility and bending
properties are improved at 950 <C.

750 °C 800 °C 850 °C 900 °C 950 °C
Fracture  Cracks Micro- Light- Flawless
cracks flaws

Fig. 8 Results of bending tests with change of temperature

3.3 Microstructure and fracture analysis

Figure 9 shows the microstructures of the Ti2AINb-
based alloy at different temperatures. When the
temperature is 750 T, the alloy is composed of a
two-phase microstructure with an O-phase (white) and
B2-phase (gray), as shown in Fig. 9(a). Although the O
and adjacent B2 phases have good compatibility,
which is conducive to improve intermetallic compound
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Fig. 9 Microstructures of Ti2AINb-based alloy at elevated temperatures: (a) 750 <C; (b) 800 <T; (c) 850 <T; (d) 900 <TC; () 950 T

plasticity [16], the amount of the B2-phase is relatively
small, and the O-phase takes over as the ordered phase.
The atomic mobility is poor, and the alloy has high
strength and hardness at this temperature. When the
temperature is increased from 800 to 900 <, the
B2-phase content increases as the content of the O-phase
decreases. There are large amounts of acicular B2 and
bulk phases separating out from the O phase at this point,
and as the temperature continues to be increased to
900 <, the equiaxed a,-phase appears. This indicates
that there is a phase transition from O to B2 and that a,
occurs over this temperature interval. Just as the true
stress—true strain curves of the tensile test specimens
shown in Fig. 3, the yield strength of the Ti2AINb-based
alloy exhibits a significant decline over this temperature
range, which decreases from 561 to 224 MPa. When the

temperature reaches 950 <C, the acicular B2 phase
disappears, resulting in a continuous matrix phase in the
material [17]. The alloy turns into a dual-phase material
composed of B2-phase and a small amount of a,-phase
due to higher content of plastic B2 phase. Its ductility
increases, providing a demonstration of the results for the
drawing tests and bending tests to certain extent, at this
temperature.

To further investigate the deformation mechanism
in the Ti2AINb-based alloy, the fracture morphologies of
the tensile test specimens using the same strain rate
(£=0.001 s*) were observed by SEM. Figure 10 shows
microscopic fracture photographs of the samples over a
temperature range from 750 to 950 <C. At temperatures
of 750 to 800 <C, the fracture is identified as a quasi-
cleavage fracture, which is a transitional fracture that
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A

Fig. 10 Fracture photographs of Ti2AINb-based alloy at different temperatures: (a) 750 <C; (b) 800 <C; (c) 850 <TC; (d) 900 <T;
(e) 950 T

forms between the cleavage fracture and dimple fracture.
The macro fracture appears flush and brightly colored,
which is the characteristic of a brittle fracture. However,
there are also many small, shallow dimples distributed in
the micro fracture, specifically the appearance of
parabolic dimples, as shown at the top of Fig. 9(b). This
is because in the process of forming micro holes, shear
stress plays a dominative role in deformation, which
makes micro holes have the fastest growth rate in the
direction of the shear stress, elongating the micro holes.
Thus, materials with parabolic form dimples possess
good plasticity [18]. This indicates that there is a
transition from brittleness to ductility over this
temperature range. When the temperature increases from
850 to 900 T, the size of the dimples and depth of the
micro holes increase significantly. Although there is
serious fracture oxidation on the surface, these are
clearly ductile fracture features. This demonstrates that
the hot ductility of the Ti2AINb-based alloy is
confirmed, which corresponds to the change in the O—B2
phase, leading to a great increase in the plastic phase B2,

)

which is based on the analysis of the microstructures
above. When the temperature reaches 950 <C, there is
remarkable section shrinkage at the fracture and necking
in the macroscopic fracture is obvious. The plasticity of
the alloy is confirmed to be further improved at this
point, which agrees with the conclusions obtained from
the tensile tests.

4 Conclusions

1) Tensile testing indicates that temperature has a
significant effect on the plastic properties of the
Ti2AINb-based alloy. The yield strength decreased from
788 to 80 MPa and the total elongation increased from
13.58% to 97.82% comparing 750 <C with 950 <C. At
the same time, strain rate plays an important role in test
with higher sensitivity factor (m-value) as temperature
increases.

2) The LDR and bending property results show that
deep drawing and bending formability are poor when the
forming temperature is lower than 800 <C and the alloy
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