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A B S T R A C T

A new (α + β) Ti alloy has been designed and prepared in this work, and the results show that three intermediate 
phases will be transformed including α′′ martensite, O′ and ω. Upon continuous heating, the α′′ martensite de
composes gradually and disappears before α precipitation. The ω and O′ domains are generated continuously 
upon aging, and such two intermediate phases co-exist when α phase nucleation occurs. It has been proved that 
the ω and O′ domains play a direct role in promoting α phase formation. Through the ω and O′ domains assisting α 
nucleation mechanism, a uniform distribution of fine α precipitates can be obtained after aging. Under the 
treatment of pre-aging at 300 ◦C plus aging at 600 ◦C, the α phase having smallest size and largest number 
density is obtained, resulting in highest wear resistance and corrosion resistance. For this sample, its average 
friction coefficient and wear ratio are 0.174 and 3.75×10− 4 mm3/(N⋅m), respectively. During friction tests, the 
mixture of abrasive wear, adhesive wear and oxidation wear should be activated. Due to the formation of 
passivation films on the alloy surface, this alloy has exhibited better anti-corrosion properties than Ti-6Al-4 V 
alloy, and its corrosion current density in 3.5 wt% NaCl solution can be reduced to 1.79×10− 8 A⋅cm− 2. 
Compared with the samples under duplex aging treatments, the direct aged sample also presents outstanding 
anti-corrosion properties.

1. Introduction

Titanium alloy has been widely used in aerospace and defense fields 
due to its low density, outstanding formability and excellent corrosion 
resistance [1]. These properties are primarily attributed to the distri
bution of fine α precipitates within β matrix, and the features of α play a 
significant role, i.e. morphology, size, volume fraction and distribution. 
Numerous efforts have been made on optimizing the α phase features so 
far via tailoring alloy chemical compositions and heat treatment pa
rameters. It is known that obviously refined microstructures can be 
obtained in Ti alloy by intermediate phases assisting α nucleation 
mechanisms, as well as desirable mechanical properties [2–4]. However, 
the influence of intermediate phases on α nucleation and growth still 
remains unclear, resulting in great difficulties on controlling alloy 

compositions and heat treatment parameters via intermediate phases 
assisted α nucleation mechanisms.

Generally, duplex aging treatment and slow heating to aging tem
peratures are utilized to develop intermediate phases before α precipi
tation [5,6]. One opinion argues that the α phase inclines to nucleate at 
the interfaces between intermediate phases and β, and intermediate 
phases act as precursors providing more favorable nucleation sites for α 
transformation. The energy barrier for α nucleation at the interfaces can 
also be apparently reduced [7]. While the other researchers discuss that 
the α-stabilizers enriched regions associated with intermediate phases 
formation are more likely serve as preferential nucleation sites for α 
phase, such as O-rich [8] or Al-rich [9] regions. This is due to that the α 
precipitation requires solute redistribution upon aging. The origin of 
such difference is that the underlying mechanisms of intermediate 
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phases assisting α nucleation are unrevealed. Many studies have evi
denced the refinement of microstructures and improvement of me
chanical properties by intermediate phases contribution, including α′′ 
[10], ω [6], O′ [11], O′′ [12] and β′ [13]. Superfine α precipitates are 
reported to be obtained in Ti-5553 alloy by non-conventional trans
formation pathway, mediated by ω precipitates [14]. The influences of ω 
on α precipitation has been evaluated on two aspects involving co
herency stress field and locally compositional variations, and the result 
shows the contributions of such two aspects are identical based on atom 
probe tomography technique and first-principles density functional 
theory calculations. When two or three kinds of intermediate phases are 
developed simultaneously in alloy, they may co-exit and play a more 
complicit role on affecting α precipitation [15]. This can obviously 
reduce the sensitivity of microstructures and properties to heating rate 
to aging temperatures, being more suitable to manufacture structures 
with large thickness. The transformation between different intermediate 
phases has also been found in literature depending on alloy composition 
and phase transformation kinetics, like α′′ ↔ ω [16], α′ ↔ O′ [17], α′′ ↔ O′ 
[18] and O′′ ↔ O′ [19]. Therefore, it is necessary to study the α nucle
ation and growth behavior in alloy consisting a variety of intermediate 
phases. Generally, a uniform distribution of fine α is beneficial to me
chanical properties of Ti alloy, while the corrosion resistance may be 
deteriorated since microcell corrosion prefers to take place at β/α in
terfaces. Li et al. [20] found that the Ti-3Al-6Cr-1Fe alloy obtained 
higher strength than the other components, and it exhibited obviously 
lower corrosion resistance. However, S.R.A. Zaree et al. [21] argues that 
a homogenous dispersion of fine α phase is beneficial to obtain better 
corrosion resistance. Achieving a good balance of mechanical properties 
and corrosion resistance has attracted great attentions now, and more 
efforts need to be made to reveal the underlying mechanisms. The de
mand for Ti alloys as orthopedic implant materials in biomedical field is 
significantly increasing in recent years, their corrosion behavior and 
wear performance are often evaluated simultaneously [22–24].

In this work, a new Ti alloy has been developed, in which three kinds 
of intermediate phases will be formed during continuous heating. By 
changing heat treatment parameters, the influence of three intermediate 
phases on α nucleation is studied. It is found that refined microstructures 
and good comprehensive properties can be obtained, attributing to these 
intermediate phases.

2. Materials and methods

2.1. Alloy preparation and microstructures observation

A new (α + β) titanium alloy, Ti-5 Nb-3Mo-3 V-3Al-2Zr-1Fe (wt%, Ti- 
533321) is prepared by arc melted in argon atmosphere protection, 
using Ti, Al, Nb, Mo, V, Zr and Fe with 99.99 % purity. The Ingot has 
been re-melted five times to ensure chemical homogeneity. Then, the 
ingots are hot-rolled at 800 ◦C with thickness reduction of 80 %. The 
detailed chemical composition of Ti-533321 alloy has been given in 
Table 1, and its [Mo] is calculated to be 7.9 % based on the formula of 
[Mo] = Mo + 0.67 × V + 0.44 × W + 0.28 × Nb + 0.22 × Ta + 2.9 × Fe 
+ 1.6 × Cr - Al (wt%). The average bonding order (Bo) and molecular d- 
orbital energy value (Md) of this alloy is 2.79 and 2.40, respectively. d- 
electron theory has been reported to be an effective method of designing 
Ti alloys, in which Bo and Md are two important parameters. The Bo is 
the bond order that is a measure of the covalent bond strength between 
Ti and an alloying element. The Md is d-orbital energy level between Ti 
and an alloying transition metal, which correlates well with the elec
tronegativity and the radius of the element. The values for pure elements 

in bcc Ti have been listed in literature [25]. The average values of 
bonding order (Bo) and molecular d-orbital energy value (Md) of this 
alloy are calculated by the equations of Bo =

∑n
i=1xi(Bo)i and Md =

∑n
i=1xi(Md)i. The β transus temperature of this alloy has been measured 

to be 820±5 ◦C by metallographic method.
In this work, the samples are cut from the hot-rolled alloy, and firstly 

solution treated at 850 ◦C for 0.5 h followed by water quenching. For the 
duplex heat treatments, the samples are pre-aged at 200 ◦C, 300 ◦C and 
400 ◦C isothermally holding for 1 h and water quenched, and then aged 
at 600 ◦C for 8 h. To compare with that, some samples are directly aged 
at 600 ◦C for 8 h, referred as RT in this paper. The microstructures are 
revealed by Kroll’s reagent (10 ml HF + 30 ml HNO3 + 70 ml H2O), and 
observed by optical microscope (OM), scanning electron microscope 
(SEM) and transmission electron microscope (TEM). TEM and high- 
resolved TEM (HRTEM) observations were performed on a JEM- 
2100 F with an accelerating voltage of 200 kV, and the TEM samples are 
prepared by FIB technique. The preparation of TEM samples has been 
showed in Supplementary Fig. S1. Differential scanning calorimetry 
(DSC) measurement is conducted on Netzsch STA449F3 calorimeter 
using specimens of 20 mg at heating rate of 10 ◦C/min. The phase 
constituents in samples are analyzed by X-ray diffraction (XRD). To 
identify the transformation of intermediate phases, selected are electron 
diffraction (SAED) analysis is employed. The thickness, length and 
number density of α precipitates in aged samples are measured by 
Image-Pro-Plus software.

2.2. Friction tests and electrochemical tests

After aging at 600 ◦C, the microhardness of samples are evaluated at 
a load of 9.8 N for 10 s. Ten points are tested for each sample to get the 
average value and error. The wear resistance of aged samples is obtained 
by friction tests under dry sliding condition, conducted on MFT-EC4000. 
The friction tests are conducted at room temperature in air using 
stainless steel ball. The scratch length, applied load, fixed sliding ve
locity, frequency and sliding time are 5 mm, 2 N, 0.02 m/s, 2 Hz and 
10 min, respectively. The wear ratio of samples is calculated by W––V/ 
(F⋅L), in which V is the wear volume loss, L the total sliding distance and 
F the applied load. The Polarization curves and corresponding electro
chemical impedance spectroscopy (EIS) are obtained by CHI660E elec
trochemical workstation. The aged samples are working electrode, and 
saturated calomel works as reference electrode and Pt counter electrode. 
All electrochemical tests are performed at room temperature in 3.5 wt% 
NaCl aqueous solutions. The open-circuit potential for each test is 
monitored for 30 min to allow the working electrode to a steady state, 
and the potentiodynamic polarizations are obtained with a scan rate of 
1 mV/s. The Bode impedance and phase diagrams are measured in the 
frequency range from 105 Hz to 10− 2 Hz with a signal amplitude 
perturbation of 10 mV. All electrochemical tests are performed three 
times. After friction or corrosion tests, the sample surface is observed by 
SEM observations equipped with EDS analysis section. The corrosion 
products are examined by X-ray photoelectron spectrometer (XPS, 
ESCALAB250xi).

3. Results

3.1. Intermediate phases transformation

Fig. 1a shows the location of Ti-533321 alloy in Bo-Md diagram [25], 
and it is thought that this alloy has a comparably low stability, belonging 
to (α + β) type alloy. The Bo-Md diagram is an effective tool to evaluate 
the stability of Ti alloy. It means that the microstructural stability of Ti 
alloys during deformation. Generally, it is utilized to suspect the 
deformation mechanisms of alloy during loading, including slipping, 
mechanical twinning and stress induced martensitic transformation. 
With the stability increasing, the controlling deformation mechanism 

Table 1 
The detailed chemical composition of Ti-533321 alloy.

Elements Ti Nb Mo V Al Zr Fe [Mo]

wt% Bal. 4.71 3.59 3.27 2.72 2.39 1.34 7.9
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changes as the sequence of stress induced martensitic transformation, 
mechanical twinning and dislocations slipping. When solution treated 
above β transus temperature followed by water quenching, plenty of α′′ 
martensite plates can be observed. Based on EDS analysis, there is a 
uniform distribution of various elements (shown in Supplementary 
Fig. S2), i.e. Ti, V, Al, Nb, Mo, Zr and Fe. During continuous heating 
obvious endothermic and exothermic peaks caused by phases precipi
tation and decomposition are noted (Fig. 1b). It is observed that a small 
endothermic reaction occurs from 155 ◦C to 200 ◦C, which should be 
resulted by the α′′ martensite decomposition. Then, apparent exothermic 
peak from 200 ◦C to 400 ◦C caused by intermediate phases formation 
appears. The exothermic peak at 400 ◦C ~ 520 ◦C is thought due to α 
phase precipitation. This indicates that intermediate phases trans
formation occurs before the α precipitation, which offers us opportunity 
to tailor α precipitates via intermediate phases influencing nucleation 
and growth behavior.

When the β-quenched sample is isothermally aged at various tem
peratures for 1 h, the phase constituents are analyzed by XRD technique 
shown in Fig. 1c. For the β-quenched sample, obvious α′′ martensite 
peaks are visible, as well as the retained β matrix diffraction peaks. It 
means that the microstructure of the β-quenched sample consists of α′′ 
martensite and retained β matrix. After aging at 200 ◦C, the diffraction 
peaks of α′′ martensite disappear, and only β phase peaks are visible. It is 
suspected that during aging at 200 ◦C, the α′′ martensite decomposes 
completely. When increases the pre-aging temperature to 300 ◦C, only β 
phase diffraction peaks are observed. It is difficult to distinguish 
diffraction peaks of intermediate phases by XRD analysis. When pre- 
aged at 400 ◦C, α phase diffraction peaks with very low intensity are 
observed in addition to β peaks. It is suggested that during aging at 
400 ◦C the α phase precipitation occurs, being according with the DSC 

result. In the close-up view of XRD pattern in the dashed lines in Fig. 1c, 
some intermediate phases with extremely low intensity can be found. 
Reflections coming from O′ phase are also noted in the β-quenched 
sample, and ω phase diffraction peak may be presented in the sample 
pre-aged at 200 ◦C (Fig. 1d). To evidence the formation of intermediate 
phases, TEM observations are conducted and showed in the following 
paragraph. The microstructures of samples pre-aged at different tem
peratures are observed and given in Fig. 2. It is corresponding with the 
XRD results, and plenty of α′′ martensite presents in the β-quenched 
sample shown in Fig. 2a. For the sample pre-aged at 200 ◦C, these α′′ 
martensite dissolves, and equiaxed β grains are obtained (Fig. 2b). This 
evidences that the endothermic reaction at 155 ◦C ~ 200 ◦C is indeed 
caused by α′′ martensite decomposition. For the sample pre-aged at 
300 ◦C, there is no α precipitates appear shown in Fig. 2c. The presence 
of α phase can be observed until the pre-aging temperature increasing up 
to 400 ◦C as arrowed in Fig. 2d, being according with DSC result above.

The bright-field (BF) TEM micrograph showing microstructure of the 
β-quenched sample is given in Fig. 3a, in which plenty of α′′ martensite 
needles are observed. Within the β grains, the SAED pattern (the inset in 
Fig. 3a) recorded along [113]β direction shows apparent reflections 
coming from intermediate phases. It is thought that the reflections 
located at 1/3 and 2/3(211)β positions belong to athermal ω, and the 
reflections located at 1/2(211)β position come from O′ phase. It is known 
that the ω phase is formed by (111)β[111]β collapse mechanism [26], 
and the O′ is developed by (110)β[110]β shuffle process [27]. The for
mation of these intermediate phases, including α′′ martensite, ω and O′, 
indicates again the instability of βTi-533321 alloy. These intermediate 
phases are thought to be transformed upon quenching from solution 
temperature, and should not involve solute atoms diffusion. For the α′′ 
martensite, detailed TEM observations are conducted shown in Fig. 3b, 

Fig. 1. The location of Ti-533321 alloy in phase stability diagram (a), and (b) heat flow of β-quenched sample during heating at 10 ◦C/min. (c) XRD results showing 
phase constituents of samples aged at different temperatures, and (d) detailed view in the interval enclosed by the dashed line.
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in which apparent α′′ phase reflections are noted in the inset SAED 
pattern along [113]β direction. In titanium alloy, there are two types of 
α′′ phase have been reported in literature, α′′ martensite and isothermal 
α′′. The α′′ martensite are thought to be developed by {112}β[111]β shear 
process followed by (110)β[110]β shuffle, and the isothermal α′′ phase is 
formed by displacive and diffusive mixed process. During continuous 
heating, the α′′ martensite may dissolve into β matrix and/or transform 
into O′, ω phases, depending on alloy composition and phase trans
formation kinetics. The orientation of α′′ martensite in the β-quenched 
sample is also studied, which should be [113]β{110}β // [112]α′′{111}α′′. 
In addition, some other intermediate phases are also found within 
grains. By selecting the circled reflections in Fig. 3a, the dark-field (DF) 
TEM images showing the distributions of athermal ω and O′ domains are 
obtained (Fig. 3(c, d)). It is found that both ω and O′ domains are uni
formly distributed in alloy, and the O′ domains seem to have smaller 
average diameter than the athermal ω. The average diameter of O′ do
mains is measured to be 1.5 nm, and it is 2.7 nm for the ω. Since the 
reflections of O′ and α′′ phases sometimes locate at the same positions, it 
is necessary to distinguish such two intermediate phases. As the O′ is 
formed by (110)β[110]β shuffle, and the α′′ is formed by {112}β[111]β 
shear plus (110)β[110]β shuffle processes, the degree of {112}β[111]β 
shear can be employed to identify the nature of intermediate phases 
[18]. It should be zero for the O′ phase, and not zero for α′′. The SAED 
pattern viewed along [001]β direction (Fig. 3e) is used to study the shear 
degree of {112}β planes along [111]β direction. The diffraction intensity 
along the blue and red dash lines are recorded shown in Fig. 3f, and it is 
found that such shear degree is zero because of x = y. As a result, the 
nature of such intermediate phase is identified as O′, not α′′.

It has been argued that α′′ martensite has dissolved after aging above 
200 ◦C based on OM observations and XRD analysis, but the evolution of 
athermal ω and O′ phases during low-temperature aging is also need to 
be investigated in detail. The microstructure of sample pre-aged at 
300 ◦C are investigated by TEM observations shown in Fig. 4. Plenty of 
nano-scaled intermediate phases are visible embedding on β matrix 
(Fig. 4a), and obvious reflections of isothermal ω and O′ phases are noted 
in the SAED pattern along [011]β direction. Combined DF TEM image 

showing the uniform distribution of such two intermediate phases is 
given in Fig. 4b, in which the number density of intermediate phases is 
obviously larger than that in β-quenched one. The ω and O′ phases are 
highlighted by blue and red contrast, respectively. This indicates that 
the ω and O′ nano-domains are continuously developed during aging at 
300 ◦C. The exothermic peak from 200 ◦C to 400 ◦C in DSC curve are 
indeed caused by the ω and O′ precipitation. Separated DF TEM micro
graphs exhibiting the ω and O′ domains are presented in Fig. 4c and 
Fig. 4d, respectively. It has been discussed in literature that the forma
tion of O′ may be associated with ω formation. The transformation of 
isothermal ω can actually facilitate O′ phase development, and the close 
spatial proximity between ω and O′ domains has been found. Upon aging 
solute atoms, i.e. Al, O and Mo et al., are inclined to diffuse outside of ω, 
leading to local enrichment of solute atoms in regions nearby ω. The Al 
and/or O atoms enrichment will contribute to the (110)β[110]β shuffle 
and results in O′ formation. Hence, it is suspected that the trans
formation of isothermal ω can effectively contribute to O′ development 
in the sample aged at 300 ◦C.

3.2. Microstructures evolution

After pre-aging at low temperatures, the samples are then aged at 
600 ◦C, and the aged microstructures are given in Fig. 5. It is obviously 
noted that the α precipitates are uniformly distributed in samples, and 
the average size and number density of α precipitates have been sum
marized in Table 2. The α precipitates in the sample pre-aged at 300 ◦C 
has the smallest thickness of 0.08±0.03 μm, as well as the largest 
number density of 16±4 laths/μm2. This indicates that the sample pre- 
aged at 300 ◦C obtains much finer α precipitates than the other com
ponents, and should obtain stronger precipitation hardening effect. The 
grain boundary α phase in this sample is more likely discontinuous 
shown in Fig. 5c, which further indicate more effective nucleation sites 
activation for intergranular α precipitation. For the directly aged sam
ple, the α precipitates have slightly larger average thickness of 0.09 
±0.02 μm, and their number density decreases to 13±2 laths/μm2. The 
average thickness, length and number density of α precipitates in the 
sample pre-aged at 200 ◦C are 0.11±0.05 μm, 0.6±0.21 μm and 10±3 

Fig. 2. Microstructures of the samples holding at different temperatures for 1 h, (a) the β quenched sample, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C.
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laths/μm2, respectively. Although a uniform distribution of fine α pre
cipitates are still visible in the sample pre-aged at 400 ◦C, their average 
thickness seems to be the largest, as well as the lowest number density. 
The thickness, length and number density of α precipitates in the sample 
pre-aged at 400 ◦C are measured to be 0.16±0.05 μm, 0.47±0.16 μm 
and 11±5 laths/μm2, respectively. The grain boundary α phase seems to 
be continuous. It is suspected that the sample pre-aged at 400 ◦C should 
have the lowest microhardness and wear resistance.

3.3. Tribological properties

The microhardness of aged samples are showed in Fig. 6, and it is 
noted that the microhardness increases firstly and then drops greatly 
with the pre-aging temperature increasing. The sample pre-aged at 
300 ◦C has the largest microhardness of 273±2 HV. This is according 
with microstructural observations above. The microhardness values of 
samples pre-aged at 200 ◦C and 400 ◦C are 255±3 HV and 250±5 HV, 
respectively. It deserves to note that the sample directly aged at 600 ◦C 

also obtains acceptable microhardness of 257±6 HV. The wear resis
tance of these aged samples exhibits similar inclination with the pre- 
aging temperature climbing. The friction coefficient curves of aged 
samples during testing are showed in Fig. 7a, in which the friction co
efficient of sample pre-aged at 300 ◦C is apparently lower than the other 
components. The average friction coefficient and wear ratio of aged 
samples are concluded in Fig. 7b, and the sample pre-aged at 300 ◦C has 
the lowest wear ratio. The average friction coefficient and wear ratio of 
this sample are 0.174 and 3.75×10− 4 mm3/(N⋅m), respectively. This 
indicates that the alloy obtains best wear resistance when pre-aged at 
300 ◦C under duplex aging treatment. It is found that the tribological 
properties of these aged sample are closely related to their microstruc
tures, and the α precipitates with smaller size and higher number density 
exhibit obviously stronger aging hardening effect. The directly aged 
sample and the one pre-aging at 200 ◦C present comparatively lower 
microhardness and wear resistance due to the coarser intergranular α 
precipitates. The average friction coefficient and wear ratio of the 
sample directly aging at 600 ◦C are 0.338 and 4.71×10− 4 mm3/(N⋅m), 

Fig. 3. BFTEM micrographs (a, b) of the solution treated sample and the inset SAED patterns along [113]β direction, and (c, d) the distribution of O′ and ω phases. (e) 
SAED pattern recoded along [001]β direction and (f) the intensity profile along blue and red lines.
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Fig. 4. BFTEM micrograph (a) showing the microstructure of the sample heated to 300 ◦C with the inset SAED pattern along [011]β direction, and (b) the combined 
DFTEM image showing co-existence of ω and O′ domains. (c, d) DFTEM images showing the distribution of ω and O′ domains, respectively.

Fig. 5. Microstructures of the samples under dual-age treatments (a) RT, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C.
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respectively. For the sample pre-aged at 200 ◦C, they are 0.367 and 
4.95×10− 4 mm3/(N⋅m), respectively. The largest wear ratio is obtained 
in the sample pre-aged at 400 ◦C, which reaches up to 6.04×10− 4 mm3/ 
(N⋅m).

To clarify the wear mechanisms of aged samples during friction tests, 
the characters of worn surface are carefully studied. It is observed that 
apparent grooves and wear debris appear on the surface shown in 
Fig. 8a, which suggests the occurrence of great plastic deformation. The 
appearance of grooves is the indicative of abrasive wear [28]. Besides, 
plenty of wear debris are visible, which demonstrates serious exfoliation 
of alloy, as referred by dash lines in Fig. 8b. It is suspected that these 
wear debris may be a mixture of alloy and oxides based on XRD analysis 
(Fig. 8c), in which obvious diffraction peaks belonging to TiO2 and 
Al2O3 has been identified except for Ti peaks. EDS maps shown in Fig. 8
(d-h) further prove that the nature of such wear debris, including TiO2, 
Al2O3, Fe2O3 and Cr2O3. To evidence the formation of these oxides, XPS 
spectrum of the worn surface is given in Fig. 9. The peaks of TiO2, Al2O3, 
Fe2O3 and Cr2O3 are clearly noted. As a result, it is reasonable to suggest 
that the alloy has been oxidized during friction process, and the oxida
tion wear mechanism has been activated. In conclusion, it is thought 
that the wear mechanisms of aged samples during friction tests involve 
abrasive wear, adhesive wear and oxidation wear.

3.4. Corrosion resistance

The corrosion resistance of aged samples is also investigated in this 
work, and their corresponding polarization curves are presented in 
Fig. 10a. The potentiodynamic polarization curves consist of cathodic 
and anodic polarization branches, and the electrochemical parameters 
can be obtained from such potentiodynamic polarization curves. These 
polarization curves shape are similar, inferring that the aged samples 
exhibit similar electrochemical behavior. Such similarities should be 
attributed to the formation of thin TiO2 films on surface of aged samples. 
It has been reported that a compact layer will be spontaneously formed 
as a result of anodic oxidation. The compact oxides layer plays a sig
nificant role in increasing corrosion resistance since it can protect 
physically the alloy from electrolyte ions and prevent dissolution. Based 
on Tafel slope extrapolation method, the corrosion potential and current 
density are obtained (Fig. 10b). With the pre-aging temperature 
increasing, a gradual increment of corrosion potential from − 0.374 V to 
− 0.159 V is observed. The increment of corrosion potential with pre- 
aging temperature increasing indicates the thermodynamically 
enhanced stability of aged samples, as well as better anti-corrosion 
properties. Corrosion current density is also practically used to eval
uate the corrosion resistance of alloy. In comparison with the sample 
pre-aged at 200 ◦C and 400 ◦C, the directly aged sample and the one pre- 
aged at 300 ◦C have lower corrosion current density. The corrosion 
current density of directly aged sample is 1.90×10− 8 A⋅cm− 2, and that of 
the ones pre-aged at 200 ◦C, 300 ◦C and 400 ◦C are 2.01×10− 8 A⋅cm− 2, 
1.79×10− 8 A⋅cm− 2 and 7.50×10− 6 A⋅cm− 2, respectively. It is known 
that lower corrosion current density means the higher corrosion resis
tance of alloy in 3.5 wt% NaCl solution, and the sample pre-aged at 
300 ◦C should have the best anti-corrosion properties. The alloy under 
direct aging treatment also obtains comparable corrosion resistance. 
Compared with such two samples, obviously higher corrosion current 
density and lower corrosion resistance are found in the other two sam
ples. It has been reported in literature that the corrosion current density 
of Ti-6Al-4 V alloy in 3.5 wt% NaCl solution is 3×10− 7 A⋅cm− 2, there
fore the samples pre-aged at 200 ◦C and 300 ◦C and the directly aged 
one exhibit better anti-corrosion properties than Ti-6Al-4 V alloy.

These results above have evidenced that the sample pre-aged at 
300 ◦C and the directly aged one have higher corrosion resistance than 
the other components. SEM images showing the features of corroded 
surface are showed in Fig. 11. Some corrosion products can be observed 
on the surface, and the corresponding EDS data shows obvious enrich
ment of O element and exclusion of Ti and Al atoms. It is suspected that 
these corrosion products may be the oxides including TiO2 and/or 
Al2O3. XPS analysis of such corrosion products confirms the existence of 
TiO2 and Al2O3 shown in Fig. 12. Aiming to study the electrochemical 
behavior of alloy, EIS experiments are also conducted. Nyquist and Bode 
diagrams of the aged samples are plotted shown in Fig. 13, and the 
equivalent circuit model is inserted in Fig. 13a. There is only one 
capacitive loop from high to low frequencies. R1 and R2 refer to the 

Table 2 
Features of α precipitates in these samples after aging at 600 ◦C.

Thickness, 
μm

Length, 
μm

Aspect 
ratio

Number density, laths/ 
μm2

RT 0.09±0.02 0.58±0.11 6.44±0.2 13±2
200 ◦C 0.11±0.05 0.6±0.21 5.45±0.4 10±3
300◦C 0.08±0.03 0.42±0.14 5.25±0.16 16±4
400◦C 0.16±0.05 0.47±0.16 2.94±0.1 11±5

Fig. 6. Microhardness of the samples under dual-age treatments.

Fig. 7. Friction coefficient curves of the aged samples (a), and (b) the average friction coefficients and wear rates.
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electrolyte resistance and the resistance of passivation films, respec
tively. CPE1 is a constant associated with the characteristics of passiv
ation films. The resistance of passivation films should be regarded as 
identical for all aged samples, because it is primarily determined by the 
surface reactivity, roughness and current distributions et al. R3 repre
sents the charge transfer resistance in electric double layer structure. 
Due to the electrolyte resistance R1 is far smaller than the charge 
transfers resistance R3, the electrochemical corrosion reactions are 
mainly controlled by the charge transfers process in electric double layer 
structure. As shown in Fig. 13a, the Nyquist diagrams display a semi
circular shape, which is similar to other Ti alloys [29]. The diameter of 
capacitive loop can be employed to deduce the difficulty of electron 
transferring, so the capacitive loop with a larger diameter indicates a 
higher corrosion resistance. It is easy to found that the capacitive loop 
for the sample pre-aged at 300 ◦C has larger diameter than the directly 
aged one. Therefore, it is accepted that the sample pre-aged at 300 ◦C 
has slightly higher corrosion resistance than the directly aged one. Using 
ZView software and the equivalent circuit model, the fitted values of R1, 
R2 and R3 are obtained. The charge transfer resistance R3 for the directly 
aged sample is fitted to be 1.13×107 Ω, and that is 1.36×107 Ω for the 
sample pre-aged at 300 ◦C. The Bode impedance and phase plots are 
given in Fig. 13b, in which the impedance of sample pre-aged at 300 ◦C 
is slightly larger than the directly aged one, also indicating its higher 
corrosion resistance. Furthermore, there is a platform appears in the 
middle frequency region on Bode phase curves, implying the formation 
of compact passivation film on the surface of aged samples [30].

4. Discussion

Based on mentioned results above, it is found that the largest wear 
resistance and best anti-corrosion properties are achieved in the sample 
pre-aged at 300 ◦C. This should be caused by the development of α 
precipitates with smallest thickness and highest number density. It is 
well known that stronger precipitation hardening effect will be achieved 
in alloy with finer α precipitates, resulting in larger microhardness and 
wear resistance. For the corrosion resistance, it is also found closely 
associated with the morhphology, size, number density and distribution 
of α precipitates [20–24]. In this work, the largest corrosion resistance is 
obtained in the sample pre-aged at 300 ◦C attributing to the finest α 
precipitates. It is suggested that a much denser and more compacted 
passivation film may be formed on the surface of alloy, since the β/α 
interfaces with larger numbers density facilitate oxygen transmission 
and contribute to passivation film development. It is observed that a 
much finer α precipitates are obtained in the 300 ◦C pre-aged sample 
than that of 400 ◦C pre-aged one, as well as larger wear resistance and 
corrosion resistance. It has been clearly argued that the α precipitation 
in this alloy are via intermediate phases assisting mechanisms, and the ω 
and O′ play the direct role in promoting α nucleation. It is reasonable to 
suspect that the 300 ◦C pre-aged sample has larger α nucleation rate 
than the 400 ◦C pre-aged sample. Pre-aging at 400 ◦C results in the ω 
and O′ dissolution, which can be also deduced by DSC curve (Fig. 1b). 
The α precipitation takes place at 400 ◦C, and the intermediate phases ω 
and O′ will dissolve at this temperature.

Due to the properties of alloy are primarily determined by micro

Fig. 8. SEM images (a, b) showing the typical worn surface of the aged samples and (c) XRD analysis of the worn surface. EDS maps (d-h) showing the local 
concentration of Al, Fe, Ti, O and Cr atoms.
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structures, it is necessary to explain the nucleation behavior of α phase in 
Ti-533321 alloy during continuous heating. There are three intermedi
ate phases formation during early aging in alloy, including α′′, O′ and ω 
phases. It has been proved that the α phase begin to precipitate from 
400 ◦C based on the DSC curve (Fig. 1b) and OM observations (Fig. 2). 
To study the nucleation of α, the β-quenched sample is isothermally 
holding at 300 ◦C for 1 h and then directly up-quenched to 400 ◦C fol
lowed by water quenching shown in Fig. 14. In this sample, the α needles 
appear with very low quantities. The reflections of α at 1/2{211}β 
location having low intensity is also visible in the SAED pattern along 
[113]β direction. At the same time, we note obvious reflections 
belonging to ω phase and O′. By selecting the circled reflections, DF TEM 
image showing the co-existence of ω and O′ domains accompanying with 
α needles are obtained shown in Fig. 14b. This indicates that plenty of ω 
and O′ domains are developed when the α precipitation occurs. It is 
reasonable to suggest that the nucleation of α may be assisted by such 
two intermediate phases, ω and O′. Generally, the reflections of O′ and α 
can be observed at the same locations, and the O′ phase reflections are 
also located at 1/2{211}β position. The O′ and α can be distinguished by 

their morphology, and the α phase exhibits needle-like shape and the O′ 
domains have ellipsoidal shape. Therefore, it is argued that the ω and O′ 
domains play a significant role in promoting α phase formation in Ti- 
533321 alloy upon aging.

To clearly evidence the influence of such two intermediate phases on 
α nucleation, HRTEM observations of this sample have been performed 
(Fig. 15). The close proximity of α needle and ω, O′ phases has been 
confirmed, and the fast Fourier transformed (FFT) patterns corre
sponding to the regions of I, II and III have been provided. It further 
evidences that the ω and O′ domains can directly promote α precipitation 
in this alloy during aging treatment. For the α′′ martensite, it is thought 
that the α′′ may plays an indirect role in promoting α transformation by 
affecting ω and O′ domains development. During continuous heating, the 
decomposition of α′′ occur. It may transform back into β matrix, or 
evolve into O′ and/or ω. Pere Barriobero-Vila et al. [31] have tracked α′′ 
martensite decomposition during heating by fast in situ high energy 
synchrotron X-ray diffraction, and they found the continuous trans
formation of α′′ → β. Besides, the evolution between α′′ and O′ has also 
been observed in Ti-24 Nb-4Zr-8Sn alloy during loading and/or cooling 

Fig. 9. (a) Ti2p, (b) Al2p, (c) Fe2p and (d) Cr2p XPS spectrum of the worn surface.

Fig. 10. Polarization curves of the aged samples pre-aged at different temperatures (a), and (b) the corresponding corrosion potential and current density.
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[18,32]. Therefore, it is deduced that the α′′ decomposition may 
contribute to ω and O′ domains development in this alloy upon aging, 
and indirectly influences α phase precipitation.

5. Conclusions

In this work a new (α + β) Ti alloy is developed, and the influence of 
intermediate phases transformation during continuous heating on 

microstructures as well as properties has been studied. The main con
clusions are summarized below:

1) Three intermediate phases are formed in this alloy upon heat treat
ment, including α′′ martensite, O′ and ω. During early aging, the α′′ 
martensite decomposes gradually, and the O′ and ω are continuously 
developed. α precipitation takes place at 400 ◦C.

Fig. 11. Morphology of the corroded sample surface after electrochemical measurement (a, b), and (c) the distribution of Ti, O, Al element.

Fig. 12. XPS spectrums of the corroded surface showing the existence of (a) TiO2 and (b) Al2O3.

Fig. 13. Nyquist plots of the aged samples and fitting curves (a), and (b) the according Bode and phase diagrams.
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2) It has been evidenced that the O′ and ω precipitates can effectively 
assist α phase nucleation, and the α tend to nucleate at the bound
aries of such two intermediate phases. Even though the α′′ martensite 
decomposes completely before α phase transformation, it is sus
pected that the α′′ martensite plays an indirect role in promoting α 
precipitation by affecting O′ and ω development. Under the mecha
nism of O′ and ω assisting α nucleation, a uniform distribution of fine 
α precipitates can be obtained.

3) Due to finer α precipitates in the sample pre-aged at 300 ◦C, a 
comparably higher wear resistance and better anti-corrosion prop
erties are achieved than the other components. Its average friction 
coefficient and wear ratio are 0.174 and 3.75×10− 4 mm3/(N⋅m), 
respectively. The wear mechanisms of this alloy upon friction test 
should involve abrasive wear, adhesive wear and oxidation wear. 
The corrosion current density of this sample in 3.5 wt% NaCl 

solution is 1.79×10− 8 A⋅cm− 2. In comparison with that, acceptable 
corrosion resistance is also obtained in directly aged sample.
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