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The effect of cooling rate on the microstructure and tensile properties of
powder metallurgy (PM) Ti2AlNb alloy was studied. The Ti2AlNb pre-alloyed
powder was produced by electrode induction melting gas atomization (EIGA)
and then fabricated by hot isostatic pressing (HIP) at 1030�C with applied
pressure of 130 MPa, holding for 3 h. All samples were solution treated at
980�C for 2 h, cooled at different cooling rates. The results showed that, with
increasing cooling rate, the tensile strength increased to a maximum value
and then decreased. The multiphase structure consists of dispersive a2 phase,
O phase and B2 phase matrix by furnace cooling (including four different
cooling rates). At these cooling rates, all alloys have excellent elongation at
room temperature (RT) and 650�C. Under air cooling and water cooling, only
a2 and B2 phase exist in these alloys, and they have better elongation at room
temperature. At 650�C, a sharp drop in plasticity has been obtained because of
the fine acicular O phase precipitates, which will reduce the resistance of
crack propagation along the prior B2 grain boundary.

INTRODUCTION

Ti2AlNb alloys have been potential structural
materials for aircraft engine applications since 1988
because of their high specific strength and excellent
oxidation and creep resistance at elevated temper-
ature.1–3 However, elemental inhomogeneity is a
key problem with Ti2AlNb alloys formed by tradi-
tional process due to the difference in the aspects of
melting point, density and diffusion coefficient of
the main constituent elements: Ti, Al and Nb.4

Powder metallurgy, among several competing mass
production methods, plays an important role not
only as a means of saving material and energy but
also as a technique that fabricates materials with
uniform microstructure. Several endeavors have

been devoted to producing PM Ti2AlNb alloys by
vacuum hot pressing (HP),5 spark plasma sintering
(SPS) technique6,7 as well as HIP using pre-alloyed
powder.8,9 Near net shape forming is a technology
that requires only a small amount of processing or
no longer processing of shaped parts. Xu et al.10,11

carried out a series of studies and successfully
prepared PM Ti2AlNb complex components.

The mechanical properties of Ti2AlNb alloys are
sensitive to phase composition and microstructure.
Therefore, extensive studies are required on the
microstructure’s accurate control of these proper-
ties. Heat treatment is an important means to
control the stability of microstructure. Many studies
have been carried out on the heat treatment system,
microstructure and mechanical properties of
Ti2AlNb alloys.12–17 These results have shown that
the mechanical properties of Ti2AlNb alloys depend
on the microstructure, and the phase balance and
microstructure evolution are very complicated.
Under different heat treatments, Ti2AlNb alloys
have a single-, two- or three-phase structure. In
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addition, the size, volume fraction and morphology
of these phases will also have a great influence on
the mechanical properties. During the cooling pro-
cess, large complex components will cause differ-
ences in their microstructure and mechanical
properties due to their different size.18 Hence, it is
necessary to study the effect of cooling rate on the
microstructure and mechanical properties of alloys.
Luo et al.19 through the study of Ti-22Al-21Nb-1Ta-
1W (at%) alloy showed that as the cooling rate
increases, the yield strength first decreases and
then increases, and the change in elongation has an
opposite trend to the yield strength. According to
the cooling rate study of Ti-22Al-24Nb-0.5Mo (at%)
alloy by Zhao et al.,20 the four cooling rates of
furnace cooling, air cooling, oil quenching and water
quenching have an effect on the microstructure and
tensile properties. The results show that with the
increase of the cooling rate, the tensile strength at
650�C gradually increases, and the strength and
plasticity at RT also tend to increase. The above
research mainly focuses on forging Ti2AlNb alloy,
and there is little research on PM Ti2AlNb alloy. Li
et al.21 only studied the effects of water quenching
and furnace cooling on PM Ti-22Al-25Nb (at%)
alloy. With the engineering application of PM
Ti2AlNb alloy, it is necessary to study the influence
of different cooling rates on the alloy in detail.

In this study, the EIGA pre-alloyed powder of Ti-
22Al-24Nb-0.5Mo (at%) alloy was prepared PM
Ti2AlNb alloys by HIP. Microstructural evolution
and tensile properties at RT and 650�C were
investigated systematically under different cooling
rates. It is expected to build the relation among the
phase composition, microstructure, mechanical
properties and cooling rates.

MATERIALS AND METHODS

The pre-alloyed powder of Ti-22Al-24Nb-0.5Mo
(at%) was produced by EIGA. Figure 1a shows
surface morphologies and microstructures of the
EIGA Ti2AlNb pre-alloyed powder. The powders
were in general spherical in shape and had a smooth

surface; only a few had attached satellites. Besides,
the dendritic surface morphologies can be observed
on the coarse powder surface. The powder with a
normal size distribution was measured by using a
Mastersizer 2000 laser size analyzer. The average
particle size was about 100 lm. The particle size
distribution of the powder basically conforms to the
normal distribution. The powder filling, degassing
treatment and sealing have been introduced in
detail in previous studies.22,23 The alloys were
prepared by HIP at 1030�C with applied pressure
of 130 MPa, holding for 3 h. Figure 1b displays the
microstructures of PM Ti2AlNb alloy before heat
treatment. There are no pores in the microstructure
of PM Ti2AlNb alloy, indicating that the alloys
achieve full densification. Xu et al.10 prepared a
fully dense Ti2AlNb alloy without prior particle
boundaries using the same hot isostatic pressing
process. The alloy is mainly composed of equiaxed a2

phase, lath O phase and B2 matrix. Equiaxed a2

phase is distributed at or near grain boundaries,
and lath O phase is evenly distributed in B2 matrix.
In previous work,24 the as-HIPed Ti2AlNb alloy
microstructure generally consists of three phases,
equiaxed a2 phase and lamellar O + B2 phases
inside the grain.

The specimens were heat treated at 980�C for 2
h25 and then cooled with different cooling rates, as
shown in Fig. 2. The average cooling rates from
980�C to 600�C for different cooling methods are
shown in Table I.

As-received materials were machined into dog-
bone type specimens with a diameter of 10 mm and
a gage length of 25 mm. The samples had been
tested at RT on an electronic universal testing
machine (CMT5305) and at 650�C on an SDGL 300/
1100 machine. The tests were conducted under
strain control mode with a strain rate of 1.5 mm/
min. The samples were cut from the vicinity of the
tensile fracture and then ground, polished and
chemically etched. The phase composition and the
microstructure of the alloys with different cooling
rates were then characterized by x-ray diffraction

Fig. 1. Morphologies of Ti2AlNb powder (a) and high-magnification of the upper right corner and microstructures of powder metallurgy Ti2AlNb
alloy before heat treatment (b).
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(XRD, D/MAX 2400 with Cu Ka radiation at a
scanning speed of 10�/min) and scanning electron
microscopy (SEM, TESCAN NIRA3), respectively.
The etched agent consisted of 5% HF, 10% nitric
acid and 85% deionized water (by volume). The
volume fraction and the average width of a2, B2 and
O phases in SEM images of samples with different
cooling rates were measured and quantitatively
analyzed by Image-Pro Plus 6.0 software. TEM
images were obtained using a FEI Talos F200X
operated at 120 kV. TEM samples were prepared by
standard mechanical polishing and ion thinning.

RESULTS

Phase Constituents of Ti2 AlNb Alloys
with Different Cooling Rates

Figure 3 shows the XRD patterns of the samples
with different cooling rates. The phase constitutions
of the tensile samples at RT are shown in Fig. 3a.
There is no single diffraction peak of O phase in air
cooling (C5) and water cooling (C6) samples, as
shown in the red dotted lines (25� and 42�) in
Fig. 3a. Therefore, it is impossible to confirm the
existence of O phase in these two states, and further
study is needed. The critical rate for the complete
depression of O phase precipitation is 4�C/s.26 The
absence of O phase is mainly due to the C5 and C6
cooling rates > 4�C/s. Figure 3b shows the XRD

patterns of the tensile samples at 650�C. All sam-
ples contain B2, a2 and O phase. Compared with the
tensile samples at RT, the single diffraction peaks of
O phase (25� and 42�) also appear in air cooling (C5)
and water cooling (C6). The results show that O
phase is precipitated in the tensile test at 650�C.
The experimental results and previous work21

reveal that the fine O phase lathes will be precip-
itated during tensile test at 650�C after solution
treatment at 980�C.

The modified Ti2AlNb alloy’s B2 phase peak
shifted to a higher angle than the Ti2AlNb alloy’s
(111) peak, while the O phase peak positions stayed
the same. In the B2 phase, a stabilizing element
(Mo) replaces Nb atoms, reducing cell volume
because of the smaller atomic radius of Nb. This
can be attributed to this occurrence. As a result, the
B2 phase’s (041) face interplanar spacing should be
lowered. Furthermore, the B2 peak’s displacement
rose as the cooling rate/time increased, which
showed that the amount of Nb atoms entering the
B2 lattice during heating was growing.

Microstructure of Ti2 AlNb Alloys
with Different Cooling Rates

The cross-sectional microstructure of the tensile
samples at room temperature and 650�C is shown in
Fig. 4. The microstructure with resistance furnace
cooling (C1) is depicted in Fig. 4a and b, which is
mainly composed of equiaxed a2 phase, lath O phase
and B2 matrix. Equiaxed a2 phase is distributed at
or near grain boundaries, and lath O phase is evenly
distributed in B2 matrix. There is no obvious change
in the microstructure between RT and 650�C. The
microstructure with vacuum furnace cooling (C3)
and resistance furnace cooling (C1) is similar, as
shown in Fig. 4c and d. However, the size of the O
phase is different in the two cooling rates. At room
temperature, the average width of O phase is 270
nm at C1 cooling rate and that of C3 is 120 nm.
After holding at 650�C for 20 min, the average width
of O phase decreases, which is mainly due to the fine
O phase precipitated at 650�C, resulting in the
decrease of the overall average width. Figure 4e and
f shows that the microstructure of RT tensile and
650�C tensile with water cooling (C6) is obviously
different. With water cooling (C6), the microstruc-
ture of the tensile sample at RT only consists of a2Fig. 2. Different heat treatment methods.

Table I. Different heat treatment cooling rates

Symbol Cooling methods Average cooling rate range

C1 Resistance furnace cooling 2.18�C/min
C2 5�C/min furnace cooling 5�C /min
C3 Vacuum furnace cooling 4.93�C /min
C4 10�C/min furnace cooling 10�C /min
C5 Air cooling > 500�C /min
C6 Water cooling > 1.2 9 104�C /min27
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Fig. 3. XRD patterns of Ti2AlNb alloy with different cooling rates at (a) RT and (b) 650�C.

Fig. 4. Microstructure at RT and 650�C: (a), (b) resistance furnace cooling, (c), (d) vacuum furnace cooling, (e), (f) water cooling.
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phase and B2 matrix, as shown in Fig. 4e. The O
phase disappeared because of rapid cooling after
solution treatment. Many acicular O phase particles
precipitated from the B2 phase, as reported by
previous work3,23. After holding at 650�C for 20 min,
the average width of O phase is 40 nm at C6 cooling
rates in Fig. 4f.

Figure 5 depicts the TEM images taken from the
samples with different cooling rates then holding at
650�C for 20 min. Figure 5a shows the TEM bright-
field image of the sample with resistance furnace
cooling. Numerous O phases were uniformly dis-
tributed inside the B2 phase matrix. A small
amount of ultrafine acicular O phase was also

Fig. 5. TEM images of the samples with different cooling rates then holding at 650�C for 20 min: (a) resistance furnace cooling; (b), (c), (d), (e), (f)
water cooling.
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precipitated in the B2 matrix. As shown in Fig. 5b,
after holding at 650�C for 20 min, numerous
ultrafine O phases precipitate in the B2 phases
grain boundary and interior. Figure 5c shows the
TEM micrograph of water-cooling samples and
electron diffraction patterns of a2 and B2 phases.
It is proved again that there are only a2 and B2
phases and no O phase in the tensile samples with
water cooling at RT. The results revealed that the
ultrafine acicular O phase precipitated at 650�C, as
mentioned in Figs. 3 and 4. Figure 5e shows the
HRTEM image taken from the sample with C6. The
size of the two O phases is less than a dozen
nanometers. The results confirmed the phase trans-
formation mechanism of B2 fi O.5,7,27 The EDS
results show that the gray phase (point 1) consists of
49.96% Ti, 9.08% Al and 40.96% Nb (at) and the
dark phase of 42.12% Ti, 25.70% Al and 26.44% Nb
(at). Such results show that these dark phases are O
phases.

Mechanical Properties

Tensile Properties

The RT and 650�C ultimate tensile properties of
the samples with different cooling rates are pre-
sented in Fig. 6. Representative stress-strain curves
with different cooling rates at room temperature are
shown in Fig. 6a. Here the true strain was calcu-
lated from the extensometer reading. The sample
with C5 and C6 exhibited no work hardening, while
the samples with C1–C4 showed a little work-
hardening effect. Figure 6b shows the strength
and ductility of the samples at RT. With the
increase of cooling rate, the RT ultimate tensile
strength and yield strength of the alloys first
increase and then decrease. When the alloy is cooled
with vacuum furnace cooling (C3), the ultimate
tensile strength and yield strength reach the max-
imum value of 1239 ± 6 MPa and 1052 ± 6 MPa,
respectively. However, it has the lowest elongation
of 11.2 ± 1.6%. Compared with C1–C4, the elonga-
tion of air cooling (C5) and water cooling (C6) is
16.7 ± 0.6% and 16.5 ± 0.5%, respectively.

As shown in Fig. 6c, while the elongation
decreased from C1 to C6, the change trend of
ultimate tensile strength and yield strength at
650�C is consistent with that at RT. The sample
with C3 exhibited the largest ultimate tensile
strength and yield strength value, which are
935 ± 6MPa and 792 ± 2MPa, respectively. The
elongation remained nearly constant between RT
and 650�C. A severe drop in elongation was
observed at 650�C for the samples with C5 and C6,
but the phenomenon was absent in the samples with
C1–C4. The elongation of the alloys with air cooling
(C5) and water cooling (C6) is only 1.8 ± 1.8% and
3.7 ± 3.1%, respectively.

Fracture Characteristics

Figure 7 shows the tensile fracture morphology of
PM Ti2AlNb alloy at RT and 650�C. The fracture
morphologies of tensile samples with resistance
furnace cooling (C1) are shown in Fig. 7a and b.
Some dimples with different sizes and depths are
observed. The fracture mechanism is ductile frac-
ture at both RT and 650�C. The microscopic fracture
morphology shown in Fig. 7c has a similar mor-
phology to that of the samples with C1, which also
indicates a ductile fracture mode. The samples
exhibited ductile fracture at RT but a small portion
of cleavage fracture was also recognized for the
sample with C3 at 650�C (Fig. 7d). Ductile dimples
were evident throughout the fracture surfaces of
samples tested at RT in Fig. 7e. Obvious plastic
deformation was identified in the samples with C5
at room temperature, which corresponded to the
large elongation. Therefore, there were some big
cracks at the center of the sample and some dimples
near the cracks (as shown by the white arrow).
Fracture morphology of 650�C tensile samples with
water cooling is shown in Fig. 7f. The fracture
surface is characterized by brittle fracture, an
obvious crystal sugar pattern and typical intergran-
ular fracture. Several cracks formed by the fracture
of the B2 phase grain boundaries can be clearly
recognized. Slip bands were present at some facets,
while at other facets there were only very smooth
surfaces and no slip bands could be observed.

DISCUSSION

The alloy is mainly composed of equiaxed a2

phase, lath O phase and B2 matrix before heat
treatment. As previously reported in the literature,
the DSC thermograms of Ti2AlNb pre-alloyed pow-
der heating from 150�C to 1200�C were given.8 Heat
treatment temperatures were selected to be 980�C,
which is B2 + a2 + O phase region. However, the
temperature is closer to a2 + O phase region.
Lamellar O phases precipitate from B2 grains
during the slow cooling process from B2 + a2 + O
phase region to room temperature. Contrarily, there
are only two phases of B2 + a2 in the samples during
the faster cooling process (air cooling and water
cooling). The test temperature is 650�C, which is
slightly higher than the transition temperature TO

fi O + B2. The samples were held at 650�C for about
20 min during testing, and a large amount of fine O
phase particles were precipitated from B2 phase, as
reported by other workers.3

The size and volume fraction of O phases have a
significant effect on the mechanical properties of the
PM Ti2AlNb alloys. The volume fraction and size of
phases at RT and 650�C with different cooling rates
were calculated by Image-Pro Plus 6.0 software. The
results are shown in Fig. 8. At room temperature,
the volume fraction of O, B2 and a2 phase is similar
at different cooling rates of C1–C4. The width of
lamellar O is 270–120 nm from C1 to C4. For RT
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samples, from C1 to C3, the ultimate tensile
strength increased by approximately 200 MPa and
the elongation dropped by approximately 4% (Fig. 6-
a). According to the Hall-Patch relationship,28

smaller grains are always beneficial to the strength
of the alloys. Wei et al.29 found that the coarse
lamellar O phase can improve the ductility of alloys.
Therefore, the maximum ultimate tensile strength
and minimum elongation are obtained for C3. The
alloy with C1–C4 is a2 + O + B2 microstructure, and
the alloy with C5–C6 is a2 + B2 microstructure. The
slip compatibility between O and B2 phases and the
strengthening of the B2-dominated microstructure
by the O phase give the a2 + O + B2 microstructure
an optimal balance between strength and
ductility.3,30,31

The samples with a2 + B2 microstructure had the
greatest elongation at room temperature. B2 phase
is the matrix phase, and it has a body-centered cubic
structure. B2 phase has many slip systems, and
thus it has excellent ductility.6 This phase is
beneficial to improve the elongation of the alloy, so
the samples with air cooling and water cooling have
a higher elongation. This result is consistent with

other studies, showing that the presence of the B2
phase is beneficial to improve the plasticity of the
alloy.2,30

The elongation of samples with a2 + B2
microstructure appeared to have an elongation
maximum at room temperature (16.7 ± 0.6%), and
it dropped by nearly 80% at 650�C. The microstruc-
ture of the samples changed from a2 + B2 to a2 + B2
+ O. However, compared to the samples with C1–
C4, the volume fraction and size of O phase are
small. The average width of O phase is 60 nm and
40 nm, respectively.

When the sample is tested at 650�C, a large
amount of fine O phase precipitates out of the B2
phase, resulting in a decrease in the plasticity of the
sample.3,32,33 Fine O phase has high strength and
difficult deformation. The plastic deformation in
tension is mainly provided by B2 phase, which leads
to the incongruity of deformation of O phase and B2
phase. The cracks initiate at the interface between
O phase and B2 phase and propagate along the
interface, resulting in premature fracture of the
sample. Under this condition, the tensile sample
always has small plastic deformation after fracture.
However, the O phase volume fraction of the sample

Fig. 6. Stress-strain curves of (a) RT, tensile properties of the samples with different cooling rates at (b) RT and (c) 650�C.
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with water cooling is only 1%, which is less than
that of the sample with air cooling. It is possible
that due to the faster cooling rate, O phase does not
have enough time to grow up, resulting in a smaller
size. The transition from B2 fi O is very compli-
cated and needs further study.

A severe drop in elongation was observed around
650�C for the samples with a2 + B2 microstructure,
but the phenomenon was absent in the samples with
a2 + O + B2 microstructure. This is mainly due to
the existence of coarse O phase, alternating with B2
phase and a2 phase, and coordinating deformation.
In addition, due to the coarse O phase precipitation
during slow cooling, the precipitation of fine O
phase in B2 phase during 650�C tension is inhibited.
The uncoordinated deformation of excessive B2 and
fine O phase is avoided.

At RT, cracks are initiated from the prior B2 and
extend along the prior B2 grain boundary. Cracks
and dislocations could penetrate the grain bound-
aries, leading to transgranular fracture. Therefore,
it has better plasticity.

At 650�C, plenty of tiny O phases are precipitated
from B2 phase, and a large amount of B2/O
interface is formed. In this case, the tensile speci-
men has a relatively flat fracture surface with fewer
dimples at the fracture (Fig. 7e and f). The main
reason is that dislocations accumulated in the grain
boundaries and resulted in premature crack forma-
tion and failure. Some O phases are arranged along

Fig. 7. Tensile fracture morphology: (a), (b) resistance furnace cooling (C1), (c), (d) vacuum furnace cooling (C3), (e), (f) water cooling (C6).

Fig. 8. Volume fraction and size of phases at RT and 650�C with
different cooling rates.
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the prior B2 grain boundary, which reduced the
resistance of crack propagation along the prior B2
grain boundary.

CONCLUSION

1. With the increase of cooling rate, the room
temperature tensile strength and yield strength
of the alloy first increase and then decrease.
When the alloy is cooled with vacuum furnace
cooling (C3), the tensile strength and yield
strength reach the maximum value of 1239 ± 6
MPa and 1052 ± 6 MPa, respectively. However,
it has the lowest elongation of 11.2 ± 1.6%. The
existence of coarse O phase ensures the coordi-
nated deformation of B2 phase and a2 phase.

2. Compared with C1–C4, the elongation of air
cooling (C5) and water cooling (C6) is
16.7 ± 0.6% and 16.5 ± 0.5%, respectively. B2
phase has many slip systems, and thus it has
excellent ductility, which is beneficial to im-
prove the elongation of the alloy.

3. At 650�C, the elongation of the alloys with C5
and C6 decreases sharply, which is only
1.8 ± 1.8% and 3.7 ± 3.1%. The fine O phase
precipitates from B2, which reduces the resis-
tance of crack propagation along the prior B2
grain boundary.

4. After solution treatment, the alloy is cooled at
5–10�C/min, and there are three phases of O, B2
and a2 in the alloy, which ensure the excellent
plasticity of the alloy at 650�C.
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