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Metastable β-type Ti–38Nb–0.2O alloy was subjected to cold rolling (CR) and solution treatment (ST), 
and the effects of initial microstructure on the aging behavior and subsequent mechanical properties 
were investigated. High density of dislocations and grain refinement were introduced by CR, which 
suppressed the ω phase and promoted the α phase in the subsequent aging process. Upon aging at 
573 K, the CR specimen consisted of α + β phase and high density of dislocations, while the ST specimen 
showed homogeneous precipitation of ω phase. Upon aging at 773 K, the CR specimen exhibited 
ultrafine equiaxed α phase without obvious β grain boundary, while the ST specimen contained acicular 
α precipitates nonuniformly distributed in the internal grain and grain boundary, and precipitate-free 
zone near grain boundaries were observed. The different initial microstructures led to large difference in 
strength and Young’s modulus between the aged specimens.

Introduction
Metastable β-type Ti–Nb based titanium alloys have attracted 
considerable research and development efforts thanks to unique 
biocompatibility as well as balanced mechanical properties 
and outstanding corrosion resistance, which are the one of 
the most promising for biomedical applications [1, 2]. How-
ever, the Ti–Nb alloys with a single β phase normally exhibit 
low strength, which limits their applications. In general, the 
heat treatment can substantially enhance mechanical proper-
ties of Ti alloys, through regulating α and/or ω phase precip-
itate, grain size, texture and so on. For example, Zhang et al. 
employed short-time heat treatment to form ω and α precipi-
tates in Ti–12Mo alloy and therefore improved the yield strength 
[3]. Through heat treatment, the nano-sized network of lamel-
lar α phase was obtained in Ti–24Nb–4Zr–7.9Sn alloy, which 
suppressed the stress-induced martensitic transformation and 
increased the yield strength [4]. However, the precipitation of 
ω and α phases may have some adverse effects on other proper-
ties. The isothermal ω phase will reduce the ductility and evi-
dently increase the modulus of Ti alloys, which is undesirable 

for biomedical applications [5]. The continuous grain bound-
ary α layers also could lead to low ductility and intergranular 
failure [6]. To satisfy the highly desirable for high strength and 
low modulus meanwhile as much as possible, many researches 
focused on suppressing the deleterious ω phase and promoting 
homogeneous precipitation of fine α phase [7].

The precipitation of the secondary phase in Ti alloys is 
affected by many factors, such as aging temperature, heating 
rate, and initial microstructure before the aging treatment [8, 
9]. Generally, ω phase tends to precipitate at a low aging tem-
perature, while α phase tends to precipitate at a higher aging 
temperature [10]. Besides, the substructure introduced by plastic 
deformation also has a substantial influence on α and ω pre-
cipitation. It has been reported that the sub-grain boundary 
and dislocations can lead to much more uniform intragranular 
α precipitates due to preferentially heterogeneous nucleation 
[11]. In addition, they also caused the morphology of α phase 
to change from acicular to equiaxed after aging treatment [12] or 
retard the precipitation of ω phase [13]. Guo et al. suggested that 
the dislocation tangles introduced by cold rolling (CR) block 
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the movements of dislocations which are necessary for the ω 
transformation from β, and thus give the Ti–25Nb–2Mo–4Sn 
alloy high strength and low Young’s modulus after annealing 
treatment [14, 15]. The Ti–24Nb (at.%) after CR and solution 
treatment (ST) displayed apparent different phase transforma-
tion behaviors, in which the CR condition underwent both the 
β to αʺ and β to ω transformations when cooling from 350 to 
– 196 °C, while only the β to ω transformation was observed 
in the ST condition [8]. Therefore, it is meaningful to gain an 
in-depth understanding of the relationship between processing 
routes and resulting microstructures to optimize the mechanical 
properties of metastable Ti alloys.

The interstitial oxygen has strong solid strengthening effect, 
which could effectively increase the strength of Ti alloys [16]. 
Besides, the oxygen has a great effect on the phase transforma-
tion, even at very low concentrations. It has been reported that 
the addition of oxygen increased the α/β transus temperature 
by 200 K/at.% O and decreased the martensitic transforma-
tion starts temperature (Ms) by 160 K/at.% O [17]. Therefore, 
the 38Nb–0.2O (wt%) alloy was selected as a research object 
due to its higher strength compared with Ti–38Nb alloys and 
single β structure in the solid solution state. In this study, the 
Ti–38Nb–0.2O (wt%) alloy subjected to CR or ST was aged at 
different temperatures. The purpose of this study was to provide 
insight into the influence of the initial microstructure before 
aging treatments on the α and ω precipitation behavior and cor-
responding mechanical properties to optimize the mechanical 
properties of metastable β Ti alloy for biomedical applications.

Results
Initial microstructure

Figure 1 shows the optical micrographs displaying the micro-
structure and corresponding XRD profiles of CR and ST speci-
mens. Figure 1(a) shows the optical images of the CR specimen 
viewed on the longitudinal section. An apparent fibrous stripe 
structure parallel to the rolling direction could be observed due 
to the severe cold deformation. When viewed on the transverse 
section [Fig. 1(b)], a swirled marble-like microstructure is vis-
ible. Such swirled marble-like structure is typically observed in 
β-type Ti alloys after cold processing, such as Gum Metal [18], 
Ti–24Nb–4Zr–8Sn [19] and Ti–33.6Nb–4Sn [20]. Such phe-
nomenon has been consistently explained in terms of a peculiar 
dislocation evolution behavior and plane-strain deformation of 
the bcc crystals dominated by its inherent characteristics [19]. 
The XRD profile in Fig. 1(d) indicates that the CR specimen 
contains both β and α″ phases. The formation of α″ martensite is 
resulted from stress-induced martensitic transformation during 
CR, since the low β stability of Ti–38Nb–0.2O alloy. In addition, 
the widths of the diffraction peaks (FWHM) of β(110) in CR 

specimen (0.765) is wider than that of ST specimen (0.569). The 
widen of diffraction peaks for the CR specimen is resulted from 
the strong refinement of microstructure and high-density of lat-
tice defects. After ST, equiaxed β grains with mean grain size 
of around 70 μm are observed in the ST specimen [Fig. 1(c)], 
and the XRD trace only shows the reflections for β phase in 
this state. The dislocation tangles and grain boundaries in CR 
specimens could be observed by TEM, as shown in Fig. 1(e). 
Besides, the stress-induced α″ phases also could be observed, 
shown in Fig. 1(f).

Microstructure after aging treatment

The CR and ST specimens showed distinct microstructure and 
phase constituents, which result in different microstructures 
after aging treatment at 573 K and 773 K. Figure 2 shows the 
XRD profiles of aged specimens. The CR and ST specimens aged 
at 573 K and 773 K are referred to as CRA-573, CRA-773, STA-
573, and STA-773, respectively. It can be found that the CRA-573 
specimen consists of β and α phases. In comparison with the CR 
specimen [Fig. 1(d)], the peaks of α″ phase are not visible due to 
the stress-induced α″ martensite reverting to the β phase upon 
heating. The peaks of the STA-573 specimen can be identified as 
β + ω phases. When increased the aging temperature, the CRA-
773 and STA-773 specimens both exhibit α + β phases. It should 
be noted that the peak intensity of α phase in the CRA-773 spec-
imen is higher than that in the STA-773 specimen, indicating 
a higher volume fraction of α phase in the CRA-773 specimen.

Figure 3 shows the optical micrographs of the aged speci-
mens. The CRA-573 specimen exhibits a fibrous stripe structure 
parallel to the rolling direction similar to the CR specimen, but 
with a lower degree, as shown in Fig. 3(a). The STA-573 speci-
men shows dispersed precipitates in equiaxed β grains, but could 
not be distinguished due to the small-scale size and the limited 
OM magnification. The microstructure of the CRA-773 speci-
men shown in Fig. 3(c) is consisted of ultrafine grained α phase 
embedded by β matrix. Nevertheless, no pronounced β grain 
boundary could be observed. As seen in Fig. 3(d), the STA-773 
specimen presents the inhomogeneous distribution of α pre-
cipitates in the internal and boundaries of β grains. And several 
near-grain boundaries regions are found to be the absent of α 
precipitates, forming a precipitate-free zone (PFZ) [21, 22].

Figure 4 shows the TEM observations of the CRA-573 and 
STA-573 specimens. In Fig. 4(a), the dislocation tangles intro-
duced by cold deformation can be observed, as indicated by white 
arrows. Due to the low aging temperature at 573 K, the dislocation 
recovery is not complete. The near-continuous diffraction rings 
resulted from the significant grain refinement indicate that the 
aging treatment did not lead to apparent grain recrystallization 
and growth. It is worth noting that no visible reflections coming 
from ω phase are observed. The TEM observations of CRA-573 
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specimen correspond to XRD results showing β + α phase constitu-
tions. For the STA-573 specimen shown in Fig. 4(b), nanoscaled 
ellipsoidal precipitates are homogeneously distributed throughout 
the β phase matrix. These precipitates are identified as ω phase by 
electron diffraction, with SAED pattern taken from the  [113]β zone 
axis showing additional diffraction intensity maxima at 1/3 and 
2/3 {112}β position. Figure 5 shows bright-field (BF) TEM images 
of CRA-773 and STA-773 specimens, respectively. It is observed 
that the α precipitates show an equiaxed shape with an average size 

of about 300 nm in CRA-773 specimens. However, the α phase 
in the STA-773 specimen show completely different morpholo-
gies, exhibiting acicular morphology with dozens of nanometers 
in width and hundreds of nanometers in length.

Tensile properties

The tensile properties of alloys were determined by uniaxial ten-
sile testing. The corresponding stress–strain curves are plotted 

Figure 1:  Optical images viewed on the longitudinal section (a) and the transverse section (b) showing the microstructure of the CR specimen, and 
micrograph of the ST specimen (c) showing equiaxed β grains, XRD patterns (d) showing the phase constitutions of the CR and ST specimens, TEM 
images of the CR specimen (e–f ) showing the dislocations tangles and α″ phase.
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in Fig. 6, and the tensile properties are listed in Table 1. The 
plastic yielding point is defined as the stress required to gener-
ate plastic deformation and marked by dots in the stress–strain 
curve. For comparison, the ST specimen was also tested and 
plotted in Fig. 6. The ST specimen shows an obvious double 
yielding behavior, which is the typical deformation character-
istic of metastable β-type Ti alloys [23, 24]. The first yielding 
corresponds to the critical stress to induce α″ martensitic trans-
formation from the parent β phase, and the second yielding to 

the onset of dislocation slip [25]. As shown in Table 1, the ST 
specimen exhibits the lowest Young’s modulus of 50 GPa, yield-
ing strength (YS) of 484 MPa, ultimate tensile strength (UTS) 
of 620 MPa, and largest elongation of 46%. Compared to ST 
specimens, the double yielding behavior disappears in all the 
aged specimens, accompanying the increase of strength and the 
decrease of plasticity. The CRA-573 specimen exhibits the high-
est UTS of 1102 MPa, but the elongation significantly decreases 
to 7%. The STA-573 specimen shows a higher modulus of 82 
GPa with total elongation of 16%. When the aging temperature 
increases to 773 K, the strengthening effect decreases slightly. 
The UTS of CRA-773 and STA-773 specimens are 794 MPa and 
736 MPa, respectively. And Young’s modulus of the STA-773 
specimen slightly increases to 56 GPa, compared to the ST speci-
men. As listed in Table 1, the hardness of specimens has a similar 
increase tendency with strength. The specimens after aging at 
low temperatures have higher hardness.

It’s noteworthy that the STA-773 specimen shows peculiar 
nonlinear deformation behavior accompanied by decreased 
elastic modulus with an increasing elastic strain called “elastic 
softening”. The similar deformation behavior has been observed 
in other metastable β-Ti alloys, which is suggested to result from 
the nanodomain that inhibits the stress-induced long-ranged 
martensitic transformation [26], localized deformations induced 
by plastic instability originating [27], reversible nanodistur-
bances and homogeneously generated dislocation loop [28], 
and dislocation-free plastic deformation [18].

Figure 2:  XRD patterns of the aged specimens with different pre-
treatments.

Figure 3:  OM images of the aged specimens: (a) CRA-573, (b) STA-573, (c) CRA-773, (d) STA-773.
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Discussions
The results reveal that the initial state (CR and ST) significantly 
affects the microstructure evolution in the subsequent aging 
process, which eventually affects the mechanical properties of 
the alloy. Cold work has been proved to produce an obvious 

local region with dislocation and grain refinement [29]. Below 
we will discuss the effect of lattice defects induced by CR on ω 
and α precipitation and the effect of precipitation on mechani-
cal properties.

Effect of initial microstructure on the aging behavior

The α and ω phases are predominant precipitates in metastable 
β Ti alloys, which significantly affect the mechanical properties. 
Their precipitations are affected by many factors, including aging 
temperature, time, β stability of matrix, and lattice defects [30]. 
Generally, ω phase tends to precipitate at a lower temperature, 

Figure 4:  TEM micrographs of the specimens aged at 573 K: (a) Bright-field image of the CRA-573 specimen and SAED pattern (inset); (b) Dark-field 
image of the ω phase of STA-573 specimen and SAED pattern (inset).

Figure 5:  TEM micrographs of the specimens aged at 773 K: (a) Bright-field image of the CRA-773 specimen; (b) Bright-field image of the STA-773 
specimen.

Figure 6:  Engineering stress–strain curves of the aged specimens with 
different initial microstructures.

TABLE 1:  Mechanical properties of Ti–38Nb–0.2O alloy under different 
states.

State E (GPa) YS (MPa) UTS (MPa) EL (%) HV

ST 49 ± 3 484 ± 37 620 ± 65 46 ± 4 191 ± 6

CRA-573 60 ± 3 1051 ± 67 1102 ± 77 7 ± 2 290 ± 13

STA-573 82 ± 2 998 ± 35 1008 ± 52 16 ± 2 328 ± 11

CRA-773 78 ± 1 738 ± 26 794 ± 34 14 ± 1 208 ± 9

STA-773 56 ± 3 692 ± 24 736 ± 41 17 ± 2 201 ± 7
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while α phase tends to precipitate at a higher aging temperature 
[10]. Figure 7 summarizes schematically the microstructure evo-
lution in the aging process with different initial microstructures.

It has been reported that the ω structure forms involving 
the collapse of {111} planes in the [111] direction in β phase. 
And based on the dislocation mechanisms, the ω transfor-
mation can be attributed to the movements of 1/3[111] and 
1/12[111] dislocations inhomogeneous shear in consecutive 
{211} planes [31]. This means that the factors hindering the 
movement of dislocation could suppress the formation of 

ω phase [13]. In general, the dislocation tangles and grain 
boundaries can hamper the movements of dislocation [32]. As 
shown in Fig. 1, high-density dislocation and grain boundaries 
caused by CR are observed in the CR specimen. Therefore, the 
precipitation of ω phase is suppressed during aging at 573 K 
due to the dislocation tangles and grain boundaries in CR 
specimens. Whereas in ST state, the specimens undergo com-
plete recrystallization without apparent dislocation tangles in 
the coarse grain. Therefore, the movements of 1/3[111] and 
1/12[111] dislocations necessary for the formation of ω can 

Figure 7:  Schematic illustration showing the microstructure evolution in aging process.
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be easily achieved and a lot of ω precipitates form in β matrix, 
as shown in Fig. 4(b).

As is well known, the α phase precipitation is a diffusion-
type transformation. The crystal defects (e. g. dislocations) 
and grain boundaries will become preferentially heterogene-
ous nucleation sites for α phase [30]. In the CR specimen, the 
large amounts of crystal defects and sub-grains are reserved and 
can provide numerous nucleation sites for α phase. The high 
concentration of defects in the CR specimen also reduces the 
energy barrier for the nucleation of α phase [33]. Therefore, 
the α precipitated in the CRA-573 specimen even at a lower 
aging temperature of 573 K. In general, α phase particles are 
bounded by a combination of coherent or semi-coherent facets 
and incoherent interfaces to minimize the total interfacial free 
energy [34]. The incoherent interfaces migrate much faster than 
the coherent or semi-coherent interfaces, leading to the forma-
tion of the acicular α phase in the STA-773 specimens [35]. On 
the other hand, the formation of the equiaxed α phase in CRA-
773 specimen may be due to the fact that only one interface is 
coherent or semi-coherent and the other interfaces are incoher-
ent which can migrate much faster [12]. Similar phenomena 
of the ultrafine equiaxed α phase has been observed in other 
metastable β Ti alloys during aging after plastic deformation 
[36, 37]. The formation of α phase PFZ along the grain boundary 
observed in Fig. 3(d) is related to elements diffusion. Due to the 
preferential precipitation of α phases at grain boundaries, the 
elements segregation occurs. The α stabilizing O element dif-
fuses from the adjacent regions into α phase and the β stabilizing 
elements (such as Nb) diffuse from α phase into the adjacent 
regions. Consequently, the β phase of the adjacent regions is 
subsequently stabilized, which can prevent the precipitation of 
other α phase and the FPZ appears.

The results show here conclusively show that different 
microstructural conditions depend on the variation in process 
history. The key factors are high-density dislocations and grain 
boundaries induced by CR, which promote the precipitation of 
α phase and suppress the formation of ω phase during aging.

Strengthening mechanisms

Previous studies have shown that the deformation mechanisms 
of β-Ti alloys depend on the β stability [38]. The precipitation 
of ω phase results in the diffusion of β-stabilizing elements into 
the adjacent β matrix, resulting in enhancing the stability of the 
β matrix [39]. For the STA-573 specimen, the stress-induced 
martensitic transformation occurring in the ST specimens 
disappeared, i.e., the double yielding behavior disappeared in 
the strain–stress curves, resulting from the ω precipitates as 
shown in Fig. 4(b). Previously, the ω phase was considered to 
be a nondeformable precipitate in the isothermal treated β-Ti 
alloys, which could block the dislocation motion and derive 

precipitate hardening mechanisms [40]. Due to the difference 
in shear modulus between β and ω phase, the modulus harden-
ing ( �τ ) can be used to calculated the ω-induced increase in 
the critical resolved shear stress for dislocation [40]. According 
to the literature [41], the yield strength of materials containing 
nano-sized and small-content precipitated phase can be roughly 
calculated by σy = s0 + M�t and �τ can be expressed as,

In the formula, T is the dislocation line tension, which is 
approximated by  Gβb2/2 and b is the magnitude of the Burgers vec-
tor of the aβ/2 < 111 > dislocation.  Gω and  Gβ is the shear modulus 
of ω and β phase, respectively. In this work, the shear modulus  Gω 
and  Gβ are estimated to be 12.20 GPa and 26.99 GPa, respectively 
from elastic properties of the Ti-25 at.% Nb alloy [42]. Accord-
ing to the dark-field TEM image [Fig. 4(b)], the mean particle 
size d0 is around 3.4 ± 0.73 nm and the average radius r is around 
1.7 nm. Figure 8 shows the size distribution of the ω particles. 
The number density of ω particles, n, is about 1.3 × 10 −3/nm3. The 
interparticle spacing lω and the volume fraction f of ω particles 
are calculated by l = 1/

√
2d0n and f = pnd30/6 , respectively 

[40]. After the calculation, finally, the lω and f can be confirmed 
10.9 ± 1.12 nm and ~ 2.2 ± 0.09%. M is an average Taylor factor of 
2.754 for the present polycrystalline material [43]. Here, the cal-
culated result for �τ is 234 MPa and thus M�τ can be confirmed 
to be 645 MPa. This indicates that ω phase plays an important 
role in strengthening the mechanical response. Meanwhile, the σ0 
is roughly 353 MPa, which is between the first yield point (stress-
induced martensitic transformation) and the second yielding 
point (dislocation slip) observed in Fig. 6. And between the two-
yield point, the stress-induced α″ martensite plates act as obsta-
cles against dislocation motion and thus reduce the dislocation 
mean free path, resulting in the dynamic Hall–Petch effect [40, 

�τ = 0.9
√

rf
T

b

{

Gω − Gβ

Gβ

1

2b ln(lω/b)

}2/3

Figure 8:  Size distribution of the ω particles shown in Fig. 4(b).
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44]. The ω precipitates also result in high Young’s modulus of the 
STA-573 specimen. In contrast, the CRA-573 specimen is notably 
reinforced due to the inhibitory effects of dislocation tangles, grain 
boundaries, and α precipitates. And the modulus of the CRA-573 
specimen is relatively low due to the absence of ω phase.

The different mechanical properties of the CRA-773 and STA-
773 specimens are related to the different morphology and volume 
fraction of α phases in β matrix. The precipitate of the α phases 
into the β matrix improves the tensile strength as a result of pre-
cipitation strengthening. The plastic deformation preferentially 
occurs in the β matrix and the α/β interfaces can hinder disloca-
tion movement, due to the higher hardness of the α phase [12]. 
On the other hand, the precipitation of α phase will lead to the 
β-stabilizer such as Nb enriched in β matrix and thus result in 
an increased β-stability. In addition, the α precipitates decrease 
β domain size resulting in fine-grain strengthening. The above-
mentioned reasons together lead to an increase in strength of the 
STA-773 and CRA-773 specimens compared with the ST speci-
men. In CRA-773 specimen, the volume fraction of the α phase is 
higher, which leads to higher β stability of the retained β matrix. 
Besides, the β domain size of the CRA-773 specimen is decreased 
down to nano-scale by dispersed nano-scaled α phase. While 
in the STA-773 specimen, the PFZ with micro-scale size can be 
observed. The equiaxed α phase is harder than the acicular α phase 
[45]. Therefore, the CRA-773 specimen shows higher strength 
than the STA-773 specimen due to the ultrafine equiaxed α phase. 
The STA-773 specimen exhibits nonlinear elasticity, which is an 
intermediate stage between “double yielding” and normal linear 
elasticity and has relatively good plasticity. Figure 9 shows the XRD 
profiles of the CRA-773 and STA-773 specimens after deforma-
tion. In addition to α and β phases, the peaks of α″ phase can be 
observed in STA-773 specimen after deformation. This means that 
the remaining stress-induced β to α″ transformation is triggered 
by the applied stress in the STA-773 specimen. On the contrary, 
only α and β phase diffraction peaks can be found in CRA-773 
specimen. It is evident that the higher β stability and ultrafine β 
domain can suppress stress-induced martensitic transformation 
during tension [38]. In the STA-773 specimen, the critical stress 
for SIM increases and has a similar value to the critical stress of 
dislocation slip, which leads to nonlinear elasticity. However, the 
stress-induced β to α″ transformation is completely inhibited in 
the CRA-773 specimen due to the higher β stability and ultrafine 
β domain.

Conclusions
The effects of CR on the α and ω precipitations during aging 
treatment and corresponding mechanical properties of metasta-
ble Ti–38Nb–0.2O alloy were systematically investigated in this 
study. The results can be summarized as follows.

(1) Due to the low β stability, the Ti–38Nb–0.2O alloy with 
a single β phase exhibits stress-induced martensitic 
transformation during cold deformation. And a swirled 
marble-like microstructure is visible in CR specimens.

(2) Even under the same aging temperature, the micro-
structure evolution could be different, depending on 
the pre-treatment prior aging. The results mainly are 
attributed to the high-density dislocations and grain 
boundaries introduced by CR, which suppress the for-
mation of ω phase and PFZ, and promote the precipita-
tion of α phase. Meanwhile, the dispersed nanoscaled α 
phase was achieved by aging at 773 K in CR specimens.

(3) The ω precipitates could retard the dislocation motion 
and derive precipitate hardening mechanisms, which 
greatly strengthen the specimen. And the strengthen-
ing effect of ω phase is better than that of α phase. The 
precipitates of α or ω both suppress the stress-induced 
α″ transformation.

(4) The STA-773 specimen shows peculiar nonlinear defor-
mation behavior. The CRA-573 specimen is signifi-
cantly strengthened and exhibits high UTS (1102 MPa) 
and relatively low Young’s modulus (60 GPa).

Materials and methods
The Ti–38Nb–0.2O ingot was prepared by vacuum arc melting 
using pure Ti, pure Nb, and  TiO2. The Ti and Nb contents were 
analyzed using an inductively coupled plasma (ICP) method. 
The oxygen content was determined using an inert gas fusion-
infrared absorption method. The actual composition of this alloy 
after melting is Ti-37.98Nb-0.183O. To ensure the macroscopic 
homogeneity of the elements, the ingot was melted for 5 times 
and then homogenized at 1273 K for 7.2 ks followed by water 
quenching. The homogenized ingot was cold-rolled into 1.5 mm 

Figure 9:  XRD profiles of the STA-773 and CRA-773 specimens after 
deformation.
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thin plates corresponding to an 85% reduction of the original 
thickness. This condition will be referred to as the cold-rolled 
(CR) state. Some of the CR specimens were solution-treated (ST) 
at 1173 K for 30 min to undergo recrystallization and followed 
by water quenching to obtain a single β microstructure at room 
temperature, referred to as ST state. The ST and CR specimens 
were respectively aged at 573 K and 773 K for 2 h. The aged 
specimens were named by initial treatment and aging tempera-
ture, such as CRA-573, CRA-773, STA-573 and STA-773. The 
above-mentioned heat treatments were carried out in the Ar gas 
atmosphere to avoid oxidation and cooled by water quenching.

The mechanical properties were evaluated on Instron 8801 
machine at room temperature at a strain rate of 4 ×  10−4  s−1. 
All tensile tests were performed along the rolling direction. 
The phase constitution was identified by the X-ray diffraction 
(XRD, D/MAX-2500) with Cu Kα irradiation at a current of 
250 mA and an accelerating voltage of 40 kV. The microstruc-
tures were characterized by optical microscopy (OM, LEICA 
DM4000), scanning electron microscopy (SEM, Apreo S LoVac), 
and transmission electron microscopy (TEM, JEM-2100F). The 
TEM specimen was prepared by a conventional twin-jet polish-
ing method with a solution of hydrofluoric acid: sulfuric acid: 
methanol = 2:5:93 in volume at 233 K.
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