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The influence of slow cooling rate and the isothermal holding temperature in isothermal solution treatment
on microstructure evolution and tensile properties of near-b Ti alloy was investigated in this work. The
results showed that plenty of colonies consisting of parallel a needles were formed during the slow cooling
and the isothermal holding stages. In comparison with the primary a developed during solutionizing, the
secondary a precipitates formed during aging were more effective in strengthening the alloy. The hardness
difference observed due to the cooling rate changes was reduced as the isothermal solutionizing temper-
ature was increased. With the isothermal holding temperature decreasing, the volume fraction of primary a
was gradually increased, and the volume fraction of secondary a precipitates dropped accordingly. When
held below 750 �C, basketweave microstructures could be obtained after aging treatment, because most of a
phase had been formed upon solution stage with plate-like shape. These a plates could accommodate larger
degree of local strain than secondary a precipitates, resulting in higher fracture elongation of alloy. A
balanced combination of strength and ductility was achieved under the cooling rate of 10 �C/min and
isothermal holding temperature of 800 �C, and the yield strength, ultimate tensile strength, elongation and
area reduction were 1470, 1497 MPa, 4 and 5.8%, respectively.

Keywords isothermal solution plus aging treatment, mechanical
properties, microstructures evolution, titanium alloy

1. Introduction

Near b titanium alloys have been widely used in aerospace
industry due to their excellent properties, such as high specific
strength, deep hardenability and good corrosion resistance (Ref
1, 2). These properties are mainly determined by the transfor-
mation of secondary phase in b matrix, which can produce
great precipitation hardening effect. It has been widely
acknowledged that the morphology, size, number density and
distribution of a precipitates can greatly influence mechanical
properties of near-b Ti alloy. Through tailoring these features of
a precipitates, the combination of strength and ductility can be
changed in a wide range (Ref 3-6). Various heat treatments
have been employed to control the precipitation behavior of a
phase, including double-aging treatment and slow heating to
aging temperatures. It has been reported in the literature that the

parameters of heat treatment, i.e., temperature / time, heating
rate, cooling rate and aging methods, can greatly affect the
precipitation of a phase, and lead to the alloy obtained different
properties (Ref 7-12). This is mainly due to these heat treatment
parameters can change nucleation and growth pathways of a
precipitates (Ref 13, 14).

High ductility and superior fracture toughness are generally
obtained by developing a lamellars, but at this time the alloy
shows comparatively low strength. In comparison with a
lamellars, the combination of strength and ductility can be
obviously improved by developing heterogeneous a precipi-
tates, which is composed of not only lamellar a phase having
large aspect ratio but also short-rod shape a precipitates with
nanoscale size (Ref 15-17). Jiang et al. (Ref 18) showed the
formation of heterogeneous a phase in Ti-15Mo-3Al-2.7Nb-
0.2Si alloy by high and low temperatures two-step aging, and
an excellent match between strength and ductility was obtained.
Shekhar et al. (Ref 8) also reported mixed microstructure
consisting of a precipitates with heterogeneous size as well as
an optimum combination of strength and ductility. In titanium
alloys, b annealing followed by slow cooling and aging
(BASCA) treatment is originally developed to maximize their
fracture toughness. Interestingly, it has been proven that
titanium alloys can develop multiscale a phase with heteroge-
neous sizes (Ref 19-21). For example, the mixed microstructure
containing a colonies, acicular a and discontinuous grain
boundary a phases has been derived in Ti-4Al-7Mo-3Cr-3V
alloy through BASCA heat treatment, leading to enhanced
tensile properties (Ref 20). To our knowledge, higher strength
can be achieved through decreasing aging temperatures.
Therefore, an unconventional heat treatment is developed
based on BASCA treatment in this work, in which an additional
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aging at lower temperature is performed after the BASCA
procedure, referred as isothermal solution plus aging treatment.
The main propose of such heat treatment is to further improve
the combination of strength and ductility meanwhile maintain-
ing superior fracture toughness.

Recently, a novel near-b Ti alloy Ti-5Al-3Mo-3V-2Cr-2Zr-
1Nb-1Fe (wt.%, Ti-5321) was designed to use in high-strength
aircraft components (Ref 22, 23). Depending on microstruc-
tures tailoring, the ultimate tensile strength, elongation and
fracture toughness of Ti-5321 alloy can fluctuate in a range of
1147-1439 MPa, 3-26% and 57-114 MPa m1/2, respectively.
Wang et al. (Ref 21) have studied the evolution of three kinds
of a lamellars in Ti-5321 alloy under BASCA treatments, as
well as the according tensile properties. They found the texture
intensity and variant selection degree of lamellar a phase was
gradually increased during continuous cooling, and being
closely related to the fracture behavior and tensile properties of
alloy. However, researches on the formation and evolution of
mixed microstructure in high-strength b-Ti alloy are still lack,
which may achieve better combinations of strength and
ductility than a lamellars.

In this work, the microstructure evolution in Ti-5321 alloy
during isothermal solution plus aging treatment and their
corresponding tensile properties have been studied. The
influence of isothermal holding temperature and slow cooling
rate from b zone to isothermal holding stage on the formation
of plate-like primary a phase and secondary a precipitates were
analyzed. The deformation and fracture behaviors of a
precipitates with different characters were also discussed. It
was suggested that the secondary a precipitates with short-rod
shape was more efficient to strengthen alloy in comparison with
the primary a plates.

2. Materials and Methods

The raw material Ti-5321 alloy was provided by Northwest
Institute for Non-ferrous Metal Research, China (Ref 22). It
was hot rolled in a + b phase field into / 20 mm in diameter.
The detailed chemical composition was Ti-5.02Al-3.03Mo-
2.99V-2.06Cr-2.01Zr-1.37Nb-0.99Fe (wt.%), and its b transus
temperature of this alloy was about 860 �C measured by
metallographic method (Ref 23). The isothermal solution plus
aging treatments in this work were performed with Ar
protection. Firstly, the samples were solutionized at 900 �C
for 0.5 h, and then these samples were slowly cooled to various
targeted temperatures (i.e., 650, 700, 750, 800 and 830 �C)
isothermally holding for 1 h followed by water quenching.
Lastly, aging treatment was conducted at 600 �C for 8 h.
During aging treatment the samples with thickness of 5 mm
were heated to 600 �C at 10 �C/min. The slow cooling rates
from 900 �C to targeted holding temperatures were selected as
2 and 10 �C/min. The procedure of isothermal solution plus
aging treatments used in this work is schematically illustrated in
Fig. 1, which could be divided into three stages, including the
slow cooling stage, isothermal holding stage and final aging
stage.

To study the microstructure evolution during heat treatment,
interrupted experiments were conducted by water quenching
when each stage finished. Standard Kroll�s reagent (10 ml
HF + 30 ml HNO3 + 70 ml H2O) was used to reveal the
microstructures, which were observed by light microscopy

(LM) and scanning electron microscopy (SEM). All SEM
images were obtained in secondary electron SEM (SE-SEM)
mode. The characteristics of a precipitates were measured by
Image-Pro-Plus software, including length, thickness, volume
fraction and number density. The phase constituents of samples
were identified by means of x-ray diffraction (XRD). The
microhardness was measured by Vickers method at a load of
300 gf for 15 s. Uniaxial tensile tests were carried out on an
Instron 8801 testing system at a strain rate of 5 9 10-4 s�1.
Three tensile specimens with the gauge length of 18 mm were
tested for each condition, and an extensometer was loaded to
record deformation strain. Flat-shaped tensile specimen was
employed with the thickness of 2 mm. In order to research the
phase transformation upon aging at 600 �C, differential scan-
ning calorimetry (DSC) measurements were conducted on
Netzsch STA449F3 calorimeter using specimens of � 20 mg at
heating rate of 10 �C/min.

3. Results

3.1 Precipitation Hardening

Under the slow cooling rate of 2 �C/min, heat treatment was
interrupted by water quenching to measure the microhardness
of samples at the end of each stage, and the results are
presented in Fig. 2(a). It showed that the hardness of alloy was
gradually increased during heat treatment, and the according
increasing rate was closely related to the isothermal holding
temperature. It was thought that a phase would be formed upon
three stages above, leading to precipitation hardening. With the
isothermal holding temperature deceasing, the increasing rate of
hardness values was gradually decreasing. For the isothermal
holding temperature of 800 �C, the sample exhibited the largest
increasing rate during heat treatment. It hardness value
increased from 300 ± 6 to 400 ± 7 HV. When such temper-
ature decreased to 700 �C, the hardness of sample only
increased slightly from 330 ± 3 to 341 ± 2 HV.

After the slow cooling stage at the rate of 2 �C/min, the
hardness of sample was increased with the ending temperature
decreasing. The sample slowly cooled to 800 �C obtained
hardness similar to that of b solution treated alloy (300 ± 5
HV). The sample slowly cooled to 700 �C showed the largest
hardness. This should be due to the lower ending temperature
provided longer time and larger driving force for a phase
transformation, leading to more a phase formation and stronger
hardening effect. When the isothermal holding stage finished,
the sample held at 700 �C still had the largest hardness value,
and the sample held at 750 and 800 �C obtained lower
hardness. It should be noted that the hardness difference
between various holding temperatures was apparently reduced
in comparison with that at the end of slow cooling stage. Three
samples have almost the same hardness value around 330 ± 5
HV. After aging stage, the hardness of sample held at 800 �C
showed an abrupt increment to 400 ± 8 HV, and the hardness
of sample held at 700 �C only slightly climbed up to 341 ± 2
HV. The microhardness of samples during heat treatment is
summarized in Table 1.

Besides, it was found that the precipitation hardening
behavior of a phase being dependent on the cooling rate from
900 �C to isothermal holding stage shown in Fig. 2(b). The
samples at the cooling rate of 10 �C/min obtained larger
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hardness than that of 2 �C/min after aging treatment. The
hardness difference between such two cooling rates was
dropping gradually with the holding temperature increasing.

3.2 Microstructures Evolution

To explain the a precipitation hardening behavior in
samples, the microstructures after each stage reserved by water
quenching were carefully characterized, and the as-quenched

microstructures are shown in Fig. 3. It was found that such
isothermal holding temperature could greatly influence the
characters of a precipitates. When the samples were cooled to
comparable high temperatures, i.e., 830 and 800 �C, equiaxed b
grains were visible shown in Fig. 3(a) and (b). The average
diameter of b grains was measured to be 180 ± 20 lm, which
should be determined by solution temperature and time.
However, it was difficult to distinguish if there was primary
a phase existence by LM observations. When isothermal the
holding temperature decreased to 750 �C, plenty of a precip-
itates could be found clearly in b matrix shown in Fig. 3(c).
The volume fraction of a phase was measured to be 25 ± 7%.
The a precipitates in the sample slowly cooled to 750 �C
showed two types of characteristics, some of them were formed
along b grain boundaries forming grain boundaries a (GBa),
and the others developed into colonies within grains, referred as
intragranular a. Most of intragranular a were nucleated at b
grain boundaries and grew into grains, and there was also a
phase with low quantities formed initially in the grain interior.

Fig. 1 Schematic diagram of the multiple heat treatments in this work

Fig. 2 Microhardness of Ti-5321 alloy during heat treatment at the cooling rate of 2 �C/min (a), and (b) the hardness difference in aged
samples between 2 and 10 �C/min

Table 1 Microhardness of Ti-5321 alloy during heat
treatment at different isothermal holding temperatures
when cooled by 2 �C/min

800 �C 750 �C 700 �C

Cooling 300 ± 6 322 ± 7 330 ± 3
Cooling and isothermal holding 327 ± 4 330 ± 5 339 ± 2
Aging 400 ± 8 349 ± 4 341 ± 2
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The nucleation sites for these a precipitates nucleated in grain
interior may be dislocation enriched regions. In the sample
cooled to 700 �C, typical basketweave structure was formed
shown in Fig. 3(d). Plenty of colonies consisting of parallel a
needles were visible.

When the samples were slowly cooled to 830 and 800 �C,
the a phase should be formed in theory, because these
temperatures are below the b transus temperature of Ti-5321
alloy. To study the formation of a phase, the phase constituents
of samples were detected by XRD technology, and the results
are given in Fig. 4. In the samples slowly cooled to 830 and
800 �C, the diffraction peaks from a phase were very weak but
still could be identified, hence it was thought that a phase has
been formed when the samples were slowly cooled to 830 and
800 �C. As the isothermal holding temperature decreased to
750 �C, the intensity of a phase peaks became stronger,
indicating the increment of a phase quantities. This result was
in according with LM observations above.

When the isothermal holding stage was completed, the
samples were water quenched to room temperature. As shown
in Fig. 5(a) and (b), plenty of colonies consisting of parallel a
needles were formed within b grains after holding at 830 and
800 �C for 1 h. The quantities of a colonies in the sample held
at 800 �C were apparently higher than that of 830 �C. It was
due to the lower holding temperature provided larger driving
force and accelerated a phase transformation. The features of a
plates under different heat treatments are summarized in
Table 2. After aging treatment, secondary a precipitates having

short-rod shape and nanoscale size were formed besides a
colonies. SEM images showing the features of such secondary
a precipitates are presented in Fig. 5(c)-(f). Their characters
were also greatly affected by the isothermal holding temper-
ature. These fine secondary a precipitates in the sample held at
830 �C showed larger thickness and lower number density than
that held at 800 �C. Under the holding temperature of 830 �C,
the average thickness, length and number density of secondary
a precipitates were 0.12 ± 0.02 lm, 0.34 ± 0.1 lm and
10 ± 4 laths/lm2, respectively. In the sample held at 800 �C,
their average thickness, length and number density were
0.07 ± 0.01 lm, 0.36 ± 0.12 lm and 15 ± 2 laths/lm2,
respectively. When the isothermal holding temperature de-
creased to 750 and 700 �C, the samples developed basketweave
microstructures before aging shown in Fig. 6(a), (c), and a
precipitates both exhibited plate-like shape. In the sample held
at 750 �C, the number density of a phase grew up slightly after
aging treatment (Fig. 6b). For the sample held at 700 �C, there
was no apparent changes in microstructure characters after
aging shown in Fig. 6(d).

Besides the isothermal holding temperature, the cooling rate
from b zone to isothermal holding stage also produced great
influence on the microstructures development, and resulted in
different precipitation hardening effect. For the samples under
the cooling rate of 2 �C/min, the corresponding microstructures
have been studied above. When the cooling rate was increased
to 10 �C/min, the microstructure evolution during heat treat-
ment is presented in Fig. 7. Under the condition of holding

Fig. 3 Microstructures of Ti-5321 alloy slowly cooled to (a) 830 �C, (b) 800 �C, (c) 750 �C and (d) 700 �C from 900 �C at 2 �C/min
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temperature at 800 �C, equiaxed b grains were visible at the
end of slow cooling stage shown in Fig. 7(a). XRD result also
showed slight a phase diffraction peaks, indicating the presence
of a phase, which was not shown here. There was still no
apparent intragranular a at this time, and a phase may exist as
GBa. When the isothermal holding stage at 800 �C was
completed, intragranular a precipitates appeared within b grains
and covered a volume fraction of 20 ± 5%. The GBa became
more evident shown in Fig. 7(b). During the aging stage,
quantities of secondary a precipitates were formed shown in
Fig. 7(c), (d). The average thickness, length and number
density of these secondary a precipitates were 0.1 ± 0.02 lm,
0.29 ± 0.1 lm and 16 ± 4 laths/lm2, respectively. It was also
noted that the secondary a precipitates nearby primary a plates
exhibited needle-like shape. This indicated that the primary a
phase would provide additional sites for the nucleation of
secondary a precipitates.

When the isothermal holding temperature dropped to 750 �C,
the microstructural features were apparently different between
two cooling rates. Unlike typical basketweave microstructure
formed at 2 �C/min, the size and number density of a colonies in
samples cooled by 10 �C/min were obviously reduced shown in
Fig. 7(e). In addition, some precipitation free zone (PFZ) was
formed and developed into b blocks neighboring primary a
plates. During the final aging treatment, a lamellas with same
orientation originated from b grain boundaries and grew into
grains, forming Widmanstatten structure. However, it was noted
that there was still amounts of b transformed microstructure
appearance shown in Fig. 7(f). This indicated that the secondary
a precipitates could still be formed during aging.

3.3 Tensile Properties

Tensile properties of the samples after aging under different
isothermal holding temperature and cooling rate conditions are

presented in Fig. 8. When cooled by the same rate, the yield
strength and ultimate tensile strength of alloy were decreased
with the holding temperature dropping, while the ductility was
greatly improved. For the slow cooling rate of 2 �C/min and
isothermal holding temperature of 800 �C, the yield strength,
ultimate tensile strength, elongation and area reduction of the
sample after aging treatment reached to 1458 ± 15,
1494 ± 7 MPa, 4.4 ± 0.5 and 4.6 ± 1%, respectively. When
the holding temperature dropped to 750 �C, the yield strength
and ultimate tensile strength of alloy were decreased to
997 ± 5 and 1052 ± 9 MPa, but the elongation and area
reduction were increased to 18.5 ± 2 and 25.1 ± 5%, respec-
tively. Similar results were also found at the heating rate of
10 �C/min, in which the yield strength was decreased from
1470 ± 17 to 1179 ± 20 MPa with the holding temperature
decreasing from 800 to 750 �C, and the elongation increased
from 4.0 ± 1 to 16.7 ± 0.6%. The detailed strength and
ductility of Ti-5321 alloy under various conditions are listed in
Table 3. It deserved to be noted that the difference between two
cooling rates was affected by the isothermal holding temper-
ature. Under the holding temperature of 800 �C, the samples
showed similar strength and ductility regardless of cooling rate.
However, the differences in strength and ductility between two
cooling rates were apparently broadened when such isothermal
holding temperature dropped to 750 �C. This difference in
yield strength was 23 MPa at holding temperature of 800 �C,
and it reached to 182 MPa at holding temperature of 750 �C.

Typical fractographs of tensile specimen were selected to
reveal the underlying fracture mechanisms controlling tensile
properties. For the sample held at 800 �C after aging treatment,
a mixture of intergranular and intragranular fracture characters
could be found shown in Fig. 9(a), (b). Plain facets covering a
low volume fraction were visible on the fracture surface, and
many shallow dimples with a large area fraction were formed
nearby these plain facets. This suggested that initial micro-

Fig. 4 XRD patterns of Ti-5321 alloy slowly cooled to different temperatures at 2 �C/min
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Fig. 5 Microstructures of the samples isothermally held at 830 �C (a) and 800 �C (b) for 1 h, and SEM images showing the aged
microstructures of alloy held at (c, e) 830 �C and (d, f) 800 �C

Table 2 The features of primary a in samples before aging under different heat treatments

Thickness, lm Length, lm Aspect ratio Volume fraction, %

2 �C/min-800 �C 8.5 ± 3 32.2 ± 9 3.8 ± 2 29.8 ± 5
2 �C/min-750 �C 0.5 ± 0.2 20.4 ± 10 40.8 ± 6 53.3 ± 3
10 �C/min-800 �C 3.3 ± 1 21 ± 7 6.8 ± 5 20.8 ± 5
10 �C/min-750 �C 0.9 ± 0.3 29.2 ± 8 32.4 ± 10 44.8 ± 7
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cracks were nucleated at two regions, i.e., the b grain
boundaries and the interfaces between a and b phases. When
the isothermal holding temperature dropped to 750 �C, a
typical ductile fracture feature could be observed shown in
Fig. 9(e), (f), and plenty of shallow and fine dimples were
formed. It indicated that initial micro-cracks in this sample were
mainly formed at the interfaces of a and b phases.

4. Discussion

The mechanical properties of near-b Ti alloys are primarily
dominated by the morphology, size, number density and
distribution of a precipitates; therefore, tailoring microstructure
through heat treatment is crucial to improve mechanical
properties of alloy. It has been found that mixed microstructure
could be obtained using isothermal solution plus aging
treatment in this study. The influence of the slow cooling rate
to isothermal holding temperature and the following targeted
holding temperature on the evolution of mixed microstructure
and mechanical properties has been investigated. Based on the
results above, the isothermal holding temperature produced a
larger influence in comparison with the slow cooling rates.
During heat treatment a phase was continuously formed,

leading to apparent precipitation hardening effect. When such
isothermal holding temperature was below 750 �C, the a phase
would be transformed completely upon isothermal holding
stage without secondary a development during aging, as
evidenced by the microhardness and microstructures shown in
Fig. 2(a) and 6.

When the isothermal holding temperature was higher than
750 �C, i.e., 830 and 800 �C, quantities of secondary a
precipitates could be formed during aging. This was due to
the retained b matrix was still unstable after the isothermal
holding stage, and could further decompose upon aging. The a
phase transformation behavior in b-solutionized Ti-5321 alloy
during aging has been studied carefully and discussed in our
previous work (Ref 24), and it was found that the secondary a
was nucleated via O¢-assisted mechanism (Ref 25, 26). The
phase transformations in samples held at different temperatures
have been examined in this work shown in Fig. 10. The phase
transformation sequence under different holding temperatures
was identical, even though the occurrence of phase transfor-
mations shifted to high temperatures with the holding temper-
ature decreasing. The gray peaks were referred as the
transformation of intermediate phases, such as O¢, x and O¢¢
(Ref 24, 27, 28), and the black peaks were referred as the
precipitation of a phase. This shift of phase transformation

Fig. 6 LM images showing the microstructures of samples after isothermal holding at 750 �C (a) and 700 �C (c), and (b, d) corresponding
microstructures after aging treatment
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occurrence to high temperatures should be caused by the
formation of primary a plates and the stronger stability of b
matrix. As reported in the literature (Ref 6, 29), there was a
compositional control between a precipitates and retained b
matrix. During heat treatment a stabilizers would be concen-
trated in a phase, and b stabilizers, i.e., Mo, Vand Cr, would be

excluded and enriched in b matrix. Such partitioning of solute
atoms could strengthen b matrix and weaken the driving force
of a precipitation.

It was also noted that the microhardness increasing rate
during three stages was different when the holding temperatures
were higher than 750 �C, and the final aging produced stronger

Fig. 7 Microstructures of the sample during heat treatment: (a) slowly cooling to 800 �C at 10 �C/min and (b) holding for 1 h, and SEM
images (c, d) showing the microstructures after aging treatment. Optical images showing microstructures of alloy cooled to 750 �C at 10 �C/min
holding for 1 h (e) and (f) after aging treatment
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hardening effect (Fig. 2a). This was due to the secondary a
precipitates were more effective to strengthen alloy than
primary a plates with large thickness. Previous researches have
studied that the deformation behavior of a phase with different
characters, including large a plates and fine a particles (Ref 30,
31). When interacted with dislocations, the strength of a
precipitates dependents on their size and exhibited size effect.
The yield strength (rs) of a phase can be calculated by the

equation rs ¼ ka � dn1, in which the ka and n1 are constants, d
is the thickness of a precipitates. Due to the scale size of a
precipitates formed upon aging was much smaller than large
primary a plates, these fine secondary a would obtain higher
strength than a plates. Because the phase transformation from b
to a obeys the BOR relationships {110}b//{0001}a and [111]b//
[11–-20]a (Ref 32). Some of dislocations would storage at the
a/b phase interfaces, while the others should cross through such
a/b interfaces and concentrate within a precipitates. Therefore,
such fine secondary a precipitates produced higher density of a/
b interfaces than large a plates, resulted in larger resistance to
dislocation slipping.

The deformed microstructures consisting of a phase with
different morphology and size were studied shown in Fig. 11,
like a plates and fine a particles. Their characters were
apparently different. The a plates showed comparable larger

thickness, length and aspect ratio (> 30) but had lower number
density. In contrary, the fine a particles exhibited short-rod
shape, as well as smaller thickness, length and aspect ratio
(< 5). Generally, the fine a particles have larger number
density. After deformation, the sample with basketweave
microstructure showed plenty of a plates and some a particles
in nearby regions (Fig. 11a). The formation of such a particles
was due to local stress concentration facilitated the grooving,
boundary splitting and globularization of a plates during
deformation. The microstructure in regions nearby the fracture
surface is shown in Fig. 11(b), in which these a plates have
been sheared off by dislocation. This suggested that the alloy
with basketweave microstructure was deformed by dislocation
shearing mechanism. For the samples with fine a particles
microstructure, there was no apparent changes on a phase
morphology during early deformation, as shown in Fig. 11(c).
In regions nearby the fracture surface these fine a particles
was apparently extended along the direction having 45� with
the tension (Fig. 11d). The deformation behavior of fine a
particles has been studied in detail before (Ref 33). In
comparison with a plates, the deformation degree of fine a
particles was much smaller, which explained the lower
fracture elongation in samples with larger volume fraction of
fine secondary a phase.

Fig. 8 Tensile curves of the aged alloy under various holding temperatures and cooling rates

Table 3 Tensile properties of Ti-5321 alloy after aging treatment in this work

Yield strength, MPa Ultimate strength, MPa Elongation, % Area reduction, %

2 �C/min-800 �C 1458 ± 15 1494 ± 7 4.4 ± 0.5 4.6 ± 1
2 �C/min-750 �C 997 ± 5 1052 ± 9 18.5 ± 2 25.1 ± 5
10 �C/min-800 �C 1470 ± 17 1497 ± 12 4.0 ± 1 5.8 ± 2
10 �C/min-750 �C 1179 ± 20 1200 ± 15 16.7 ± 0.6 22.6 ± 3
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Fig. 9 Fractographs of the aged specimens when held at 800 �C (a, b) and 750 �C (c, d) at cooling rate of 10 �C/min

Fig. 10 DSC heat flow curves showing phase transformations during aging when the samples were solution treated at 900 �C, and those then
isothermally held at 830 and 800 �C
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5. Conclusions

(1) The slow cooling rate and the isothermal holding tem-
perature in isothermal solution treatment played an
important role in affecting microstructure evolution and
mechanical properties of Ti-5321 alloy. When the
isothermal holding temperatures were higher than
750 �C, mixed microstructure consisting of a plates and
fine a precipitates could be formed, otherwise bas-
ketweave microstructures were developed.

(2) The hardness difference between various cooling rates
was gradually reduced with the isothermal holding tem-
perature increasing. When the holding temperature was
increased, the volume fraction of a lamellar dropped
gradually, and the quantities of secondary a precipitates
was increased in final aged samples. These secondary a
precipitates were more efficient to strengthen alloy, be-
cause they could produce higher density of a/b inter-
faces impeding dislocation slipping.

(3) A balanced combination of strength and ductility was
achieved after aging under the slow cooling of 10 �C/
min and holding temperature of 800 �C, and the yield
strength, ultimate tensile strength, elongation and area
reduction were 1470 ± 17, 1497 ± 12 MPa, 4.0 ± 1
and 5.8 ± 2%, respectively.
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