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Abstract: The influence of height reduction on the microstructure evolution and mechanical
properties of the Ti2AlNb-based alloy was investigated during canning compression and subsequent
annealing. After the annealing treatment, the spheroidized B2 phase grains occurred because of
partial recrystallization. Meanwhile, the texture evolution of the B2 phase and O phase were analyzed
under the deformation degree, ranging from 25% to 75%. The results show that the mechanical
properties of the post-annealed alloys were co-affected by the grain size and Schmid factor of the B2

phase. When the height reduction was less than 25%, the compression strength was mainly affected
by the grain size. When the height reduction was higher than 50%, it was mainly dominated by the
Schmid factor. When the deformation degree reached 75%, the recrystallized grain size decreased
to 0.9 µm. Meanwhile, the Schmid factor of a {110}<001> slip system in B2 phase reduced to 0.34.
Therefore, the yield strength of the Ti2AlNb alloy at room temperature increased from 892 MPa in the
as-rolled condition to 935 MPa after the canning compression and annealing.

Keywords: Ti2AlNb-based alloy; microstructural evolution; mechanical property; recrystallization;
texture

1. Introduction

Recently, Ti2AlNb-based alloys have become one of the most notable titanium aluminides,
which possess attractive advantages, such as high strength and excellent creep resistance, and have
great application potential in aviation and aerospace fields [1–5]. The typical Ti2AlNb-based alloys
consist of O phase (Ti2AlNb, Cmcm symmetry), B2 phase (BCC, ordered Pm3m symmetric structure)/β
phase (disordered structure), andα2 phase (HCP, Ti3Al, and DO19 P63/mmc symmetrical structure) [6,7].
The mechanical properties of the Ti2AlNb-based alloys are significantly influenced by the microstructure,
phase composition, and B2 grain size [8–10]. It is of great importance to control and optimize the
microstructures of Ti2AlNb-based alloys in order to improve their strength and ductility simultaneously.

Up until now, many researchers have focused on investigating the microstructure evolution and
the mechanical properties of Ti2AlNb-based alloys by virtue of various methods, including composition
modification [11], hot working [12], and heat treatment [13]. For instance, the as-extruded Ti–22Al–25Nb
(atom%) alloy bars were successfully prepared by elemental powder metallurgy and subsequent hot
extrusion (1200 ◦C, extrusion ratio of 10.56:1), and the average diameter of the dynamic recrystallization
(DRX) grains was refined to 16.1 µm [14]. For the current-assisted heat treatment of the as-rolled
Ti–22Al–24Nb–0.5Mo alloy, during isothermally soaking at 1050 ◦C for 3 min, 5 min, 10 min, and 15 min,
the volume fractions of the recrystallized grains were statistically evaluated as being 11.5%, 65.1%,
93.5%, and 97.6% respectively, and the average sizes of the B2 grains increased from 1.7 µm to
13.8 µm [15]. Generally, adjusting the heat treatment parameters can regulate the phase composition,

Metals 2019, 9, 980; doi:10.3390/met9090980 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met9090980
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/9/9/980?type=check_update&version=2


Metals 2019, 9, 980 2 of 14

phase percentage, and grain size in order to optimize the mechanical performance of the materials [11,16].
For example, the intrinsic plasticity of Ti–22Al–27Nb would be improved as the disordered degree
of the B2 phase is increased with the Nb concentration increasing [17]. Emura et al. [18] successfully
controlled the initial B2 grain size of a Ti–22Al–27Nb (atom %) alloy to be within the range of 8–49 µm
through the pinning effect of spherical α2 particles on inhibiting grain growth by a pre-alloyed powder
metallurgy method.

Usually, severe plastic deformation (SPD) based on cold working, which produces a high density
of dislocations, can refine the microstructure to a nanoscale. Recently, SPD processes, such as
equal-channel angular pressing (ECAP) [19,20], accumulative roll bonding (ARB) [21], high-pressure
torsion (HPT) [22], cold rolling [23,24], cold drawing [24,25], and surface mechanical attrition treatment
(SMAT) [26,27], have been developed to achieve exceptional grain refinement in many metallic materials.

However, limited research has been carried out on the SPD process of Ti2AlNb-based alloys,
because of their low ductility and high yield strength. Moreover, the subsequent annealing treatment
has an important influence on the mechanical property of Ti2AlNb-based alloys, subject to the
SPD process, as the occurrence of static recrystallization during annealing may cause an evident
microstructure change. Nevertheless, the study on the static recrystallization of Ti2AlNb-based alloys
processed by SPD, especially for canning compression, which can enhance the plasticity of the inserted
sample with can under the three-dimensional compressive stress state, is rarely reported.

In a present study, a Ti–22Al–24Nb–0.5Mo alloy was subjected to canning compression with
different high reductions, as well as subsequent annealing treatment. The influence of the static
recrystallization on the microstructure evolution and mechanical properties of the can-compressed
Ti2AlNb-based alloy during annealing was investigated, and the relationships among the grain size,
slip system, texture evolution, and mechanical property were also discussed.

2. Materials and Methods

The as-rolled Ti–Al–Nb–Mo sheet with a thickness of 11.7 mm was provided by Baoji Titanium
Industry Co, Ltd. (Baoji, China). The chemical composition of the as-rolled sheet was measured to be
Ti–19Al–23Nb–0.5Mo in atomic percent, through inductively coupled plasma mass spectrometer (ICP)
(Optima 5300 DV, PerkinElmer, Waltham, MA, USA), as listed in Table 1.

Table 1. Measured chemical composition of the Ti2AlNb alloy.

Elements Ti Al Mo Nb Fe

Weight percentage (wt %) 46.31 10.27 0.95 42.42 0.08
Atomic percentage (atom %) 48.52 19.0 0.50 22.91 0.07

Figure 1 presents a schematic diagram of the experimental procedure. The samples with a diameter
of 4 mm and a thickness of 6 mm were machined from the Ti2AlNb-based alloy sheet, and then
capsulated into carbon steel cans with a thickness of 6 mm. Subsequently, the canned Ti2AlNb-based
samples were compressed on a universal testing machine (SHIMADZU, AG-X Plus 250kN/50kN,
Kyoto, Japan) at room temperature, with a strain rate of 0.05 s−1. For analyzing the influence of
the deformation degree on the recrystallized grain, texture evolution, and mechanical properties,
different height reductions of 25%, 50%, 60%, 65%, and 75% were applied.

After compression, the Ti2AlNb specimens were removed from the steel cans. The compressed
specimens were sealed in vacuum quartz tubes, and underwent annealing treatment at 900 ◦C for
2 h, followed by quenching into cool water. This annealing mode was actually conducted in the
α2 and O and B2 three-phase region, in which the α2 and O and B2 microstructure with an optimal
balance between strength and ductility could be maintained [7]. The electron back scattering diffraction
(EBSD) analysis was carried out on scanning electron microscopy (SEM, Quanta 200FEG, FEI Company,
Hillsborough, OR, USA), where the radiation condition was 30 kV and 6.5 mA. To reveal the effect of
compression and annealing on the microstructure and mechanical properties of the Ti2AlNb-based
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alloy, samples with a diameter of 1 mm and height of 1.5 mm were cut from the as-rolled sheet and
can-compressed samples, subject to annealing treatment.

All of the slice specimens used for the SEM and EBSD analysis were cut from the samples along
the longitudinal sections. The SEM and EBSD samples were electropolished in a solution of perchloric
acid, methyl alcohol, and butanol, with a ratio of 6:60:34 for 120 s at a temperature of about −20 ◦C.
The Ti2AlNb specimens for the TEM test were mechanically milled to about 70 µm, followed by twin–jet
electropolishing using a solution of perchloric acid, methyl alcohol, and butanol, with a ratio of 6:60:34
at −20 ◦C and 25 V.

The mechanical properties of the as-rolled and can-compressed Ti2AlNb alloys subject to
annealing treatment were analyzed by the microhardness test and uniaxial compression experiment.
The microhardness was measured on an HVS-1000A microhardness tester provided by Laizhou Huayin
Testing Instrument Co., Ltd., Laizhou, China, with a Vickers indenter under a load force of 1000 g and
a dwell time of 15 s, according to the American Society for Testing Materials (ASTM) standard E384-99.
The compression experiment was conducted on a universal testing machine (SHIMADZU, AG-X Plus
20kN/5kN, Kyoto, Japan). In each compression condition, the individual uniaxial compression tests
were repeated three times. The Vickers microhardness tests were repeated 10 times.

The volume fraction of the phases were determined by image analysis on scanning electron
micrographs using the Image-Pro Plus software (Media Cybernetics company, Rockville, USA),
which has been used to determine the average values of the complex microstructural features in the
study of Jiao and Xu et al. [28,29]. Each statistical value was obtained from three images in order to
ensure the measurement accuracy.
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lath O phase embedded in a B2 matrix [30], which can be further confirmed by the TEM observation 
as shown in Figure 2(b) and (c), respectively (the B2 phase, a = b = c = 3.192 Å; α2 phase, a = 5.780 Å, b 
= 5.780 Å, c = 4.647 Å; O phase, a = 6.089 Å, b = 9.569 Å, c = 4.66 Å [10]). The volume fractions of the 
different phases in the as-rolled sample were calculated by the Image-Pro Plus software using 
backscattered electron SEM micrographs, and the volume fraction of the α2, O, and B2 phases were 
estimated to be 5.7%, 42.5%, and 51.7%, respectively. 

Figure 1. Schematic diagram of the experimental procedure. SPD—severe plastic deformation. (RD,
rolling direction; TD, transverse direction; ND, normal direction).

3. Results and Discussion

3.1. Initial Microstructure

Figure 2 illustrates the SEM and TEM images for the as-rolled Ti2AlNb alloy sheet. As shown in
Figure 2a, there are two morphologies of O phase, that is the rim O phase around the α2 phase and lath
O phase embedded in a B2 matrix [30], which can be further confirmed by the TEM observation as
shown in Figure 2b,c, respectively (the B2 phase, a = b = c = 3.192 Å; α2 phase, a = 5.780 Å, b = 5.780 Å,
c = 4.647 Å; O phase, a = 6.089 Å, b = 9.569 Å, c = 4.66 Å [10]). The volume fractions of the different
phases in the as-rolled sample were calculated by the Image-Pro Plus software using backscattered
electron SEM micrographs, and the volume fraction of the α2, O, and B2 phases were estimated to be
5.7%, 42.5%, and 51.7%, respectively.
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Figure 2. SEM and TEM micrographs of the as-rolled Ti2AlNb sample: (a) SEM image; (b) bright TEM
field image; (c) and (d) selected area electron diffraction (SAED) patterns of the selected zone marked
in (b) showing the matrix with the α2 phase, B2 phase, and O phase.

3.2. Microstructure Evolution during Canning Compression and Annealing

Figure 3 presents the SEM images of the as-rolled and can-compressed samples with different
height reductions. Figure 4 shows the SEM microstructures of the as-rolled alloy and can-compressed
samples subject to annealing treatment at 900 ◦C for 2 h. It can be seen from Figure 3 that with the
increment of height reduction during compression, the O phase and α2 phase were deformed and
gradually elongated vertically to the compression direction in the B2 matrix. After the annealing
treatment, both the O phase and α2 phase were spheroidized obviously, as shown in Figure 4.
The fraction of each phase in different annealing-treated samples was calculated by the Image-Pro Plus
software, as shown in Table 2. The results show that there was no significant change in the volume
fractions of various phases in the as-rolled sample subject to annealing treatment. With the increasing
of the height reduction, the B2 phase content increased from 48.3% to 53.2% after annealing. The O
phase content reduced from 45.4% to 37.7%. The α2 phase content increased slightly from 6.3% to
9.1%. Obviously, the B2 phase volume fraction was much greater than the O and α2 phase in the
Ti2AlNb-based alloy.
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Figure 4. SEM images for the as-rolled and can-compressed samples subject to annealing treatment:
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Table 2. Fractions of various phases in the annealing treatment Ti2AlNb alloy.

Sample B2 Ti2AlNb Ti3Al

As-rolled 48.3% ± 2.4% 45.4% ± 2.3% 6.3% ± 0.3%
Can-compressed 25% 49.1% ± 2.5% 42.4% ± 2.1% 8.5% ± 0.4%
Can-compressed 50% 52.1% ± 2.6% 39.3% ± 2.0% 8.6% ± 0.4%
Can-compressed 60% 52.9% ± 2.7% 38.3% ± 1.9% 8.8% ± 0.4%
Can-compressed 65% 50.8% ± 2.6% 39.9% ± 2.0% 9.3% ± 0.5%
Can-compressed 75% 53.2% ± 2.7% 37.7% ± 1.9% 9.1% ± 0.5%

Figure 5 illustrates the phase and image quality (IQ) maps of the as-rolled and can-compressed
samples subject to annealing treatment. As a result of the similarity of the crystal structure between the
α2 and O phase, it is difficult to make an accurate distinction between them by EBSD analysis. Therefore,
the two phases were integrated as the O phase in the EBSD photos, as shown in the green color [31].
As the continuous matrix of the Ti2AlNb-based alloy, the B2 phase possessed the most important
influence on its mechanical property, thus it was necessary to analyze the grain size and texture
evolution of the B2 phase during the annealing treatment. The corresponding grain size distribution
and misorientation fraction of the B2 phase are shown in Figure 6. When the height reduction reached
50%, amounts of spheroidized recrystallization grains were formed, as shown in Figure 5c. With the
increase of the deformation degree, the mean grain size of the recrystallized grains decreased from
4.4 µm to 0.9 µm, as shown in Figure 6. The misorientation (>15◦) distribution shows that partial static
recrystallization occurred after the annealing treatment. Moreover, the recrystallization fractions in the
can-compressed specimens after the annealing treatment were greater than that of the post-annealed
as-rolled alloy.
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Figure 6. Misorientation fraction and grain size distribution of the as-rolled and can-compressed
samples subject to annealing treatment: (a) as-rolled, (b) 25%, (c) 50%, (d) 60%, (e) 65%, and (f) 75%.

Figures 7 and 8 present the inverse pole figure (IPF) results of the B2 phase of the as-rolled
and can-compressed samples subject to annealing treatment. In addition, Figure 9 shows the B2

phase orientation distribution function (ODF) figures by means of EBSD analysis. As shown in
Figures 7a, 8a and 9a, the as-rolled alloy had a strong (001)[1 10] B2 phase texture (see Figure 9a top
right corner). When the height reduction reached 25%, the B2 phase texture exhibited <001>//ND
and <111>)//ND, with the maximum texture intensity of 9.831, as illustrated in Figures 7b, 8b and 9b.
When the height reduction reached 50%, only the <111>//ND γ texture could be found, as shown
in Figures 7c, 8c and 9c. When the height reduction gradually increased to 60%, 65%, and 75%,
the maximum texture intensity decreased from 16.8 to 8.7. This indicates that when the deformation
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degree reached 60%, the <111>//ND γ texture intensity rose up to a maximum value. It should be
noted that when the compression degree reached 75%, the (001)[110] texture was generated, as shown
in Figure 9f, and the texture intensities of <111>//ND and <001>//ND were both less than 2.71.

It can be found that, when the height reduction increased from 25% to 50%, the B2 phase texture
evolution was similar to the results of the texture evolution in β titanium alloy during uniaxial
compression in a previous research [32]. Also, when the uniaxial compression degree reached 50%,
the <111>// ND γ fiber texture occurred in NiTiFe shape memory alloy [33].
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Figure 10 presents the IPF of the O phase of the as-rolled and can-compressed samples subject
to annealing treatment. The <001>//ND and <110>//ND texture co-existed in the as-rolled alloy and
25% can-compressed alloy, as shown in Figure 10a,b. When the deformation degree reached 50%,
the <001>//ND texture disappeared. As the deformation degree reached 75%, the <110>//ND and
<001>//ND textures co-existed.
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3.3. Schmid Factor Evolution of Three Slip Systems during Canning Compression and Annealing

According to the Hall–Petch criterion, the mechanical properties of the materials are closely
related to the grain size [34]. Furthermore, the influence of the Schmid factor could not be ignored [10].
The distribution of the Schmid factors of the three main slip systems of B2 phase, that is, {110}<111>,
{112}<111> and {110}<001>, are shown in Figures 11–13. It can be seen from Figures 11a, 12a and 13a,
that the Schmid factor of the B2 phase was concentrated on 0.47, 0.48, and 0.38, corresponding to
the slip system {110}<111>, {112}<111>, and {110}<001> of the as-rolled alloy subject to annealing
treatment, respectively. After the canning compression and annealing treatment, the Schmid factor of
the {110}<111> and {112}<111> slip systems was distributed from 0.25 to 0.5 continuously, as illustrated
in Figures 11 and 12. However, the Schmid factor of the {110}<001> slip system was concentrated on
0.5, as shown in Figure 13. This indicates that the can-compression and subsequent annealing were
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able to significantly alter the misorientation distribution of the Ti2AlNb alloy. The average Schmid
factors of the various slip systems is summarized in Table 3.
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Figure 13. B2 phase mean Schmid factors of the {110}<001> slip system of the Ti2AlNb samples
subjected to various deformation degrees and subsequent annealing at 900 ◦C for 2 h: (a) as-rolled,
(b) 25%, (c) 50%, (d) 60%, (e) 65%, and (f) 75%.

The Schmid factor of the main slip system of the O phase, that is, {001}<110>, was calculated
according to the EBSD analysis result, as shown in Figure 14. After the canning compression and
annealing treatment, the Schmid factor of the {001}<110> slip system in the O phase was distributed
from 0.05 to 0.5 continuously. The mean Schmid factor decreased from 0.32 to 0.27 when the deformation
degree reached 25%, and then increased to 0.38 when the deformation degree reached 50% and 60%,
and finally stabilized at 0.36. The fluctuation was similar to the Schmid factor of the {110}<001> slip
system in the B2 phase, as shown in Figure 15d. The average Schmid factor of the {001}<110> system
in the O phase is summarized in Table 3.
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3.4. Mechanical Property Evolution during Canning Compression and Annealing

Figure 15 illustrates the mechanical properties of the as-rolled and can-compressed samples subject
to the annealing treatment. It can be found that in Figure 15b, the hardness of the as-rolled Ti2AlNb
alloy subject to annealing treatment was about 364 HV, while the hardness of the can-compressed
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samples subject to annealing treatment with the height reduction of 25%, 50%, 60%, 65%, and 75%
was 332 HV, 355 HV, 334 HV, 345 HV, and 358 HV, respectively. As shown in Figure 15c, the yield
strength of the as-rolled alloy subject to annealing treatment was 892 MPa at room temperature. With
the height reduction increasing, the yield strength first decreased to 795 MPa (deformation degree 25%),
and then increased to 875 MPa (deformation degree 50%). Afterwards, the yield strength decreased
to 845 MPa (deformation degree 60%), and finally increased to 935 MPa (deformation degree 75%).
The microhardness and yield strength are listed in Table 3.
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Figure 15. Hardness and mechanical properties of the as-rolled and can-compressed Ti2AlNb samples
subject to annealing treatment (the micro-indentation was conducted on a surface perpendicular to the
ND): (a) experimental procedure, (b) hardness, (c) yield strength, (d) grain size of B2 phase and Schmid
factors of the B2 phase {110}<001>, {110}<111>, and {112}<111> slip systems, and the Schmid factors of
the O phase {001}<110> slip system.

Table 3. Hardness, yield strength, grain size of the B2 phase, and the Schmid factors of the B2 phase
and O phase. AR—as rolled.

Properties AR 25% 50% 60% 65% 75%

Hardness (HV) 364 ± 18 332 ± 17 355 ± 18 334 ± 17 345 ± 17 358 ± 18
Yield strength (MPa) 892 ± 45 795 ± 40 875 ± 44 845 ± 42 884 ± 44 935 ± 47

Grain size of B2 phase (µm) 1.7 ± 0.1 4.4 ± 0.2 1.2 ± 0.1 1 ± 0.1 0.9 ± 0.1 0.9 ± 0.1
Schmid factors of B2 {110}<001> 0.39 0.36 0.47 0.48 0.43 0.34
Schmid factors of B2 {110}<111> 0.47 0.39 0.38 0.35 0.39 0.43
Schmid factors of B2 {112}<111> 0.48 0.43 0.42 0.39 0.42 0.45
Schmid factors of O {001}<110> 0.32 0.27 0.38 0.38 0.36 0.36

3.5. Influence of Grain Size and Texture on Mechanical Property

When the height reduction reached 25%, the grain size of the B2 phase subject to annealing
treatment increased to 4.4 µm (see Table 3). Although the average Schmid factors of the main slip
systems in the B2 phase and O phase decreased, the yield strength and microhardness of the material
decreased significantly, indicating that the yield strength and microhardness were mainly influenced
by the grain size under the deformation degree of 25%. With the height reduction increasing from 50%
to 75%, the grain size was gradually refined from 1.2 to 0.9 µm. Based on the Hall–Petch criterion,
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the yield strength and microhardness should increase monotonically. However, when the deformation
degree was 60%, the yield strength and microhardness of the sample were lower than that under
the deformation degree of 50%. This should be mainly because the {110}<001> slip system of the B2

phase and the {001}<110> slip system in the O phase had larger Schmid factors (see Table 3), and the
slip systems were more prone to activate in the B2 phase, so the yield strength and microhardness of
the material slightly decreased. When the deformation amount increased to 65% and 75%, the grain
size did not change evidently, but the yield strength and microhardness of the material increased
significantly, which should be negatively correlated with the mean Schmid factor of the {110}<001>

slip system in the B2 phase. Furthermore, the mean Schmid factor of the {001}<110> slip system in the
O phase remained unchanged.

According to the above analysis, when the deformation degree was less than 25%, grain coarsening
reduced the mechanical property of the annealed Ti2AlNb-based alloy. When the deformation degree
was higher than 50%, grain refinement could improve the yield strength and microhardness, and the
compression texture also exerted an important influence on the mechanical property of the Ti2AlNb
alloy. Moreover, the microhardness in the post-annealed can-compressed specimens was basically less
than that in the post-annealed as-rolled alloy, which was probably attributed to the increase of B2 phase
recrystallization fraction. After the canning compression and annealing treatment, the recrystallization
fraction (misorientation >15◦) was higher than that of the post-annealed as-rolled alloy (70.9%), as
shown in Figure 6. The B2/β phase was the base phase and the main plastic deformation phase of the
Ti2AlNb-based alloy [10]. Jiao et al. [31] reported the microhardness decline of Ti–22Al–24Nb–0.5Mo
alloy under annealing treatment from 980 ◦C to 1030 ◦C, which can be attributed to the softening effect
of the static recovery and recrystallization.

However, it should be noted that although the hardness and strength of the Ti2AlNb-based alloy
are affected by quite a few factors, such as grain size, phase fraction, texture, and recrystallization
degree, it is difficult to determine the contribution of the various factors quantitatively in this work,
which needs further study in the future.

4. Conclusions

The microstructure evolution and mechanical properties are analyzed during the canning
compression and annealing treatment, and the main conclusions can be obtained as follows:

(1) After canning compression, the O phase and α2 phase were deformed and gradually
elongated vertically to the compression direction in the B2 matrix. After the annealing treatment,
the recrystallization and grain refinement of the B2 phase were enhanced with the increase of height
reduction during the canning compression. Meanwhile, there was no significant change of volume
fraction of the various phases after annealing treatment at 900 ◦C for 2 h.

(2) When the compression degree reached 50% and 60%, the <111>//ND texture occurred as
the main texture in the B2 phase. When the height reduction reached 75%, both the <111>//ND and
<001>//ND texture were formed in the B2 phase. The maximum Schmid factor of the {110}<001> slip
system in the B2 phase was 0.48 m corresponding to the deformation degree of 60%. The fluctuation of
the Schmid factor of the {001}<110> slip system in the O phase was similar to the Schmid factor of
{110}<001> slip system in the B2 phase.

(3) The mechanical properties of the post-annealed alloys were co-affected by the grain size
and Schmid factor of the B2 phase. When the height reduction was less than 25%, the compression
strength was mainly affected by the grain size. When the height reduction was higher than 50%,
it was mainly dominated by the Schmid factor. Moreover, the yield strength of the Ti2AlNb alloy at
room temperature increased from 892 MPa in the as-rolled condition, to 935 MPa after the canning
compression and annealing.
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