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ABSTRACT

Microstructures and tensile properties were investigated in metastable b-type

Ti–10Mo, Ti–15Mo, and Ti–20Mo alloys after solution treatment. In addition to b
phase, different martensitic structures with various sizes and morphologies

were found in these alloys. In the Ti–10Mo alloy, acicular a00 plates were uni-

formly distributed in the b matrix. Transmission electron microscopy (TEM)

revealed {111} a00-type twins had formed in a00 plates, and the orientation rela-

tionship between the b and a00 is close to (110) b//(001) a00, (1�12) b//(110) a00,

and [�111] b//[�110] a00. In the Ti–15Mo alloy, nanoparticles of athermal x phase

containing {112} b-type twins were observed in the b matrix. Smaller x particles

were found in the Ti–20Mo alloy than in the Ti–15Mo alloy. When tensile tested,

the Ti–10Mo and Ti–15Mo alloys exhibited large plastic strains of 24 and 29 %,

respectively, with ultimate tensile stresses of 756 and 739 MPa. The Ti–20Mo

alloy displayed a higher ultimate tensile stress of 792 MPa but much smaller

plastic strain (2 %). Although b phase dominates in all the metastable b-type Ti–

Mo alloys, the nanostructured martensites also play an important role in the

mechanical properties of the alloys.

Introduction

Titanium and its alloys have attracted considerable

attention for biomedical applications due to their low

specific gravity, high corrosion resistance, low elastic

moduli, and superior biocompatibility [1–3]. Pre-

sently, a-type commercially pure titanium (CP Ti)

and a ? b type Ti–6Al–4V are the most frequently

used implant materials, but some studies show that

the release of both V and Al ions from Ti–6Al–4V

might induce some long-term health problems [4–6].

In addition, its relatively high Young’s modulus

(*110 GPa) compared to bone tissue (10–40 GPa)

could cause a stress-shielding effect, which is dele-

terious to the patient.
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More recently, much research effort has been

devoted to the study of b and metastable b-Ti alloys

with lower moduli, better formability, and higher

biocompatibility than a and a ? b Ti alloys, and a

series of metastable b titanium alloys for biomedical

applications has been developed that includes Ti–

15Mo, Ti–12Mo–6Zr–2Fe (TMZF), and Ti–35Nb–7Zr–

5Ta (TNZT) [7, 8]. Among these alloys, Ti–Mo and

Ti–Mo-based alloys have received much attention

because of the remarkable b-stabilizing effect and the

favorable safety of Mo [2, 9]. Furthermore, based on

the stress-induced b-to-a00 martensitic transformation

of Ti–Mo-based alloys [9–11], they have also been

developed as Ni-free superelastic and shape memory

Ti alloys that could replace Ti–Ni, which has been

suspected of producing allergenic and carcinogenic

reactions from its Ni content [12, 13].

Realizing the promising biomedical applications of

Ti–Mo and Ti–Mo-based alloys described above,

extensive fundamental research has been carried out

on the microstructure and mechanical properties of

binary Ti–Mo alloys. Ho et al. [14] studied the

structure of a series of cast binary Ti–Mo alloys and

found that martensitic phases were formed in alloys

containing B10 wt% Mo, and the retained b phase

became the only dominant phase when Mo content

exceeds 10 wt%. Zhao et al. [15] reported that the Ti–

15Mo and Ti–16Mo alloys subjected to solution

treatment comprised a b phase and a certain amount

of athermal x phase, whereas the Ti–17Mo and Ti–

18Mo alloys under the same condition consisted of a

single b phase. On the other hand, Sabeena et al. [16]

studied the microstructures of martensite in Ti–Mo

alloys quenched from the high-temperature b-phase

field and discovered that a00 martensite coexisted

with b and x phase in the Ti–15Mo and Ti–25Mo

alloys. Therefore, there is still no clear consensus

concerning the martensitic structures and phase

constitution of solution-treated metastable b-type Ti–

Mo alloys. Because superior mechanical properties

with a good combination of strength and ductility are

required in biomedical applications, a better under-

standing of microstructure–mechanical property

relationships is important for these alloys. Hanada

et al. [17, 18] reported that the tensile properties of b-

Ti alloys were strongly influenced by deformation

modes that depended on the stability of b phase.

Marteleur and Sun et al. [19, 20] utilized the d-elec-

tron alloy design strategy to elucidate the mechanical

properties of b-Ti alloys by connecting two electronic

parameters to the chemical stability of the b phase

and experimentally validated that the Ti–12Mo alloy

exhibited high ductility induced by mechanical

twinning and stress-induced martensitic transforma-

tion. However, in addition to the stability of the b
phase, the effect of martensites on the mechanical

properties of metastable b-Ti alloys should also be

taken into consideration.

In the present study, the microstructural charac-

teristics and mechanical properties were investigated

in Ti–10Mo, Ti–15Mo, and Ti–20Mo binary alloys.

This research focused particularly on the morpholo-

gies and microstructures of martensites and their

effect on the mechanical properties of these alloys.

Materials and methods

Three metastable b-type Ti–Mo alloys, containing 10,

15, and 20 wt% molybdenum were fabricated by cold

crucible levitation melting of Ti and Mo metals of

99.99 % purity (supplied by China New Metal

Materials Technology Co., Ltd). Melting was per-

formed under an Ar atmosphere in a water-cooled

Cu crucible. The ingots were turned over and re-

melted four times to ensure homogeneous composi-

tions. The cast alloys were sealed in quartz capsules

evacuated to a pressure of about 1 9 10-5 Pa, and

solution treated at 1000 �C for 3.6 9 103 s. After

solution treatment, the alloys were quenched by

breaking the capsules in iced water. The phase con-

stitutions of as-quenched alloys were determined by

a D/MAX-3C X-ray diffractometer (XRD) using Cu

Ka1 radiation (k = 0.1541 nm) in the range

2h = 20–100� with a step size of 0.02� and a counting

time of 1 s per step. Specimens for optical microscope

(OM) observation were cut by electrical-discharge

machining (EDM) from as-quenched alloys, then

mechanically polished via a standard metallographic

procedure to a final level of 1 lm diamond powder

and etched in a solution composed of 5 vol% HF,

10 vol% HNO3, and 85 vol% H2O. The microstruc-

ture of the etched specimens was examined by an

OM (DM 6000 M, LEICA). Disks of about 0.2 mm in

thickness were cut from as-quenched alloys for TEM

specimens by EDM. The disks were mechanically

ground to a thickness of *80 lm. Electron-trans-

parent foils were prepared by jet electropolishing

using an electrolyte consisting of 65 vol% methanol,

30 vol% butanol, and 5 vol% perchloric acid at a
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voltage of 30 V and temperatures between -30 and

-40 �C. The thin foils were then examined using a

JEOL 2010F transmission electron microscope

equipped with a field emission gun operated at an

acceleration voltage of 200 kV. Tensile specimens

with a gage size of 3 9 1.5 9 14 mm were cut from

as-quenched alloys by EDM. The tensile tests were

performed using a MTS C40 electronic universal

testing machine with an Epsilon 3442 electronic

extensometer at ambient temperature with an initial

strain rate of 2 9 10-4 s-1. The average tensile test

data given in this paper were taken from three tensile

experiments for each alloy. The fracture surfaces

were characterized by a JSM-7001 scanning electron

microscope (SEM).

Results

Microstructure of as-quenched Ti–Mo alloys

The XRD diffractograms of the as-quenched Ti–Mo

alloys are shown in Fig. 1. It can be seen that b phase

is the dominant phase in all the Ti–Mo alloys. Some

peaks deviating from b-phase reflections were

observed in Fig. 1a. Analysis of these peaks indicated

the presence of orthorhombic a00 phase in the Ti–

10Mo alloy as shown in the partial enlarged view of

Fig. 1a. Only b phase was detected in the Ti–15Mo

alloy (Fig. 1b) and Ti–20Mo alloy (Fig. 1c). From the

strongest (110) b peaks, one can calculate the lattice

parameter of b phase, a = 0.326 nm for the Ti–10Mo

alloy, a = 0.327 nm for the Ti–15Mo alloy, and

a = 0.327 nm for the Ti–20Mo alloy. Some earlier

investigators pointed out the presence of x phase in

the Ti–10 to 20Mo alloys [15, 16], but x phase is dif-

ficult to detect by XRD since b and x phase peaks

overlap [20–22]. Therefore, TEM is necessary for the

determination of a00 and x phases.

Figure 2 shows the typical optical micrographs of

as-quenched Ti–Mo alloys. The microstructures are

consistent with the XRD results. As shown in Fig. 2a,

the Ti–10Mo alloy exhibits a fine, acicular martensitic

structure (identified as a00 phase by XRD) distributed

homogeneously over the large grains of the b matrix.

A higher magnification image of the a00 plates is

shown in Fig. 2b. It is noted that a00 martensite plates

start from b grain boundaries and end in the interior

of b grains, implying that the a00 martensite nucleates

on b grain boundaries and grows into the interior of b
grains during quenching. In Fig. 2c, d only equiaxed

b grains with an average grain size of about 500 lm

were observed, indicating that no martensites can be

detected by optical microscopy in the Ti–15Mo and

Ti–20Mo alloys.

In order to characterize the microstructure and

phase constitution in detail, TEM investigation was

carried out on the as-quenched metastable b-type Ti–

Mo alloys. The TEM images and corresponding

selected area electron diffraction (SAED) patterns

obtained from the Ti–10Mo alloy are shown in Fig. 3.

Figure 3a, b are two complementary dark-field ima-

ges that show a00 plates with or without substructures

in the Ti–10Mo alloy. Figure 3c shows the corre-

sponding SAED patterns from which Fig. 3a, b were

obtained by using two twin-related spots (indicated

by two circles in Fig. 3c. Figure 3c reveals that the

substructures in a00 plates are twins and indicates the

{111} a00-type twin relationship of adjacent a00 plates

and internal twins. Figure 3d–i presents another

typical region containing both a00 plates and b matrix

that were investigated to identify the crystallographic

relationship between the b and a00 phase. Figure 3d

displays the dark-field image acquired by using the

circled reflections corresponding to b matrix and one

a00 twin lamella in Fig. 3e and shows the morphology

of the b grain and a00 twin lamellae, which are dis-

tributed at intervals. The SAED patterns in Fig. 3e

were taken from the selected region denoted by the

white circle in the corresponding bright-field image

(Fig. 3g) and can be indexed as the [�111] zone axis

Figure 1 XRD diffractograms of a Ti–10Mo, b Ti–15Mo, and c

Ti–20Mo alloys.
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pattern of the b matrix superimposed with the [�110]

zone axis pattern of a00 martensite. Figure 3f is the key

diagram of Fig. 3e. The analyses of diffraction pat-

terns in Fig. 3e reveal that the orientation relationship

between the b parent matrix and a00 phase is close to

(110) b//(001) a00, (1�12) b//(110) a00, and [�111] b//

[�110] a00. The corresponding SAED patterns in Fig. 3h

are taken from the region including the b matrix and

multiple a00 lamellae (marked by the black circle in

Fig. 3g. In reference to Fig. 3e, the composite patterns

in Fig. 3h can be indexed as the [�111] zone axis pat-

tern of the b phase superimposed with the [�110] zone

axis pattern of {111} a00-type twinned a00 plates as

depicted in the key diagram (Fig. 3i). This confirms

that a00 plates with {111} a00-type internal twins are

homogeneously distributed in the b matrix. The lat-

tice parameters of a00 phase measured by corre-

sponding SAED patterns were determined to be

a = 0.307 nm, b = 0.493 nm, and c = 0.466 nm.

The TEM images and corresponding SAED patterns

obtained from the Ti–15Mo alloy are given in Fig. 4.

Figure 4a shows the b [110] zone axis diffraction pat-

tern with the addition of superlattice spots at various

1/3\ 112[b and 2/3\ 112[ b positions as a result

of the coexistence of x and b phase [23–25]. The cor-

responding dark-field image in Fig. 4b was taken

using a spot of x phase, as indicated by a circle in

Fig. 4a. Figure 4a, b confirms the presence of athermal

x phase in the Ti–15Mo alloy, and the lattice parame-

ters of x phase were measured to be a = 0.462 nm and

c = 0.283 nm. The x phase was formed as fine parti-

cles (less than 10 nm) that were uniformly dispersed in

the b matrix. Some fine parallel laths with a width of

about 10 nm were observed in the b matrix. Figure 4c,

d shows the SAED patterns and corresponding dark-

field image of the laths, respectively. The dark-field

image in Fig. 4d was formed using the overlapped

reflections denoted by the circle in Fig. 4c. Analysis of

the SAED patterns indicates that the laths are {112} b-

type twins. Figure 4c can be indexed as the SAED

patterns of b matrix containing athermal x phase

(Fig. 4a) superimposed on its twin-related spots, as

illustrated in Fig. 4e.

The TEM images and corresponding SAED pat-

terns obtained from the Ti–20Mo alloy are presented

in Fig. 5. As shown in Fig. 5a, no martensitic struc-

tures were observed in the b matrix in the Ti–20Mo

alloy. The SAED pattern of the [�113] zone axis of b

Figure 2 Optical micrographs of a, b Ti–10Mo, c Ti–15Mo, and d Ti–20Mo alloys.

J Mater Sci (2016) 51:6886–6896 6889



phase (Fig. 5b) shows extra diffuse streaks at various

1/3\ 112[b and 2/3\ 112[ b positions, suggest-

ing that athermal x phase was also formed in the Ti–

20Mo alloy. The dark-field image in Fig. 5c taken

from the x reflections (labeled by the circle in Fig. 5b)

shows the appearance of extremely fine x particles

that are smaller than the x particles in the Ti–15Mo

alloy.

Figure 3 TEM dark-field images a, b showing a00 plates and

internal twins, c SAED patterns of a00 plates along [01�1] zone axis,

d dark-field images of a00 plates and b matrix in Ti–10Mo alloy, e

SAED patterns of a00 plates and b phase along [�110] and [�111]

zone axes, f key diagram of e, g bright-field images of a00 twinned
plates and b matrix, h SAED patterns of a00 twinned plates and b

phase along [�110], and [�111] zone axes, i key diagram of h.
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Mechanical properties of as-quenched
Ti–Mo alloys

Figure 6 shows stress–strain curves from the Ti–Mo

alloys’ room-temperature tensile tests. The tensile test

data for these Ti–Mo alloys are presented in Table 1.

The Ti–10Mo and Ti–15Mo alloys display yield

stresses of 420 and 302 MPa, followed by extensive

work hardening, resulting in large plastic strains of

24 and 29 %, respectively. In contrast, the Ti–20Mo

Figure 4 a SAED pattern of x phase and b phase along [110] zone axis in Ti–15Mo alloy, b dark-field image of x phase, c SAED pattern

of x phase and twinned b phase along [110] zone axis, d dark-field image of twinned b phase and x phase, and e key diagram of c.

Figure 5 a TEM bright-field image of b phase in Ti–20Mo alloy, b SAED pattern of b phase along [�113] zone axis, c dark-field image of

x phase.
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alloy exhibits a yield strength of 734 MPa and low

plastic strain of 2 % with far less work hardening

than occurred in the Ti–10Mo and Ti–15Mo tensile

tests. Although the Ti–10Mo and Ti–15Mo alloys

show much lower yield stress, they display both high

ultimate tensile strength and excellent ductility that

would be desirable for biomedical applications.

The investigation of the fracture surfaces by SEM

was performed on the Ti–Mo alloys after tensile

testing. Secondary electron (SE) fractographs of the

Ti–Mo alloys are shown in Fig. 7. It can be seen that

all the fracture surfaces contain dimples with differ-

ent sizes, implying that ductile fracture characteris-

tics were present to varying degrees. The

predominant fracture mode of the Ti–10Mo and Ti–

15Mo alloys is microvoid coalescence, as presented in

Fig. 7a, b. However, larger dimples formed in the

fracture surface of the Ti–15Mo alloy, than those in

the Ti–10Mo alloy, indicate that the Ti–15Mo alloy

shows better ductility than the Ti–10Mo alloy, which

is also evident from the tensile test plot (Fig. 6). In

Fig. 7c, apart from small dimples, features of cleav-

age facets are more pronounced, which indicates that

the Ti–20Mo alloy displays some manifestations of

both ductile failure and brittle fracture (cleavage

fracture mode).

Discussion

Formation of the martensites
during quenching

The above microstructural observations and analyses

suggest the formation of a00 martensite in the Ti–10Mo

alloy and athermal x martensite in the Ti–15Mo and

Ti–20Mo alloys during quenching. As a00 martensitic

transformation occurs, the [100] b direction shrinks to

form [100] a00, and the [�110] b direction expands to

form [010] a00 [26]. Based on this mechanism, a sche-

matic diagram illustrating the lattice correspondence

between the b and a00 phase is given in Fig. 8. The

orientation relationship between the b and a00 phase

determined in this study is equivalent to those pro-

posed by other researchers [13, 20, 27], and all of

them conform with the lattice correspondence

exhibited in Fig. 8. The athermal x phase has been

frequently observed in metastable Ti alloys quenched

from the high-temperature b-phase field [28–31]. It is

reported that the x lattice is obtained by the collapse

of one pair of (111) b planes to the intermediate

position leaving the adjacent (111) b planes unaltered

via a shuffle mechanism that follows these orienta-

tion relationships: (111) b//(0001) x, [1�10] b//[11�20]

x [32–34]. The TEM investigation of Ti-(18–22)V

(wt%) alloys subjected to solution treatment revealed

that the intensities of the x reflections in Ti–20V alloy

were much weaker than those in Ti–18V alloy, and

the x reflections in Ti–22V alloy disappeared, sug-

gesting that the formation of athermal x phase

becomes difficult as the stability of b phase increases

[35]. Therefore, the change of the x reflections from

sharp spots in the Ti–15Mo alloy (Fig. 4a) to weak

and diffuse streaks in the Ti–20Mo alloy (Fig. 5b)

could also arise from an increased resistance against

the formation of x phase because of the increased

stability of b phase and an incomplete (111) plane

collapse from b phase during the martensitic

transformation.

The substructure of martensites depends on the

shear mode of martensitic transformation. At high

phase-transition temperatures, shear by slip is easily

motivated and causes a dislocated martensite, while

Table 1 Tensile test data of the Ti–Mo alloys

Alloys E (GPa) ry (MPa) rmax (MPa) ep (%)

Ti–10Mo 97 ± 3 420 ± 31 756 ± 17 24 ± 2

Ti–15Mo 104 ± 6 302 ± 18 739 ± 38 29 ± 2

Ti–20Mo 83 ± 10 734 ± 36 792 ± 42 2 ± 1

E Young’s modulus, ry yield stress, rmax ultimate tensile stress, ep
plastic strain

Figure 6 Typical tensile stress–strain curves of a Ti–10Mo, b Ti–

15Mo, and c Ti–20Mo alloys.
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at low phase-transition temperatures, shear by twin-

ning is easier to initiate and forms a twinned

martensite. Meanwhile, the martensitic start temper-

ature (Ms) of b-isomorphous alloys decreases as the

solute content increases [36, 37]. In this case, a tran-

sition of substructure from dislocations in a0

martensite of near a-Ti alloys to twins in a00 marten-

site of metastable b-Ti alloys would be expected.

Examination of dilute Ti–Mo alloys after quenching

confirmed that a0 plates contained a high density of

dislocations and infrequent {10�11} twins [38]. By

comparison, the frequent observation of {111} twins

in a00 plates in the Ti–10Mo alloy (Fig. 3) could be

rationalized.

The {112} b-type twins were frequently found in

deformed b-Ti alloys [24, 39, 40], and were found to

be one of the deformation mechanisms of

metastable b-Ti alloys [20, 27]. However, the

appearance of {112} b-type twins in quenched Ti

alloys was rarely reported. Recently, Wu et al. [41]

investigated the {112} b-type twins in Ti–30Nb–3Pd

alloy processed by a solid-solution treatment at

900 �C for 1 h followed by furnace cooling to room

temperature and proposed an x-lattice mechanism to

explain the formation of {112} b-type twins under no

external stress or internal strain. The {112} b-type

twin was formed during the reverse transition of a

metastable nanoscale x phase when the atoms

attempted to return to the original matrix lattice but

faced two identical choices. In this case, the appear-

ance of {112} b-type twins in the quenched Ti–15Mo

alloy may be attributed to the reverse transformation

(x ? b) during the solution treatment.

Figure 8 A schematic illustrating the lattice correspondence

between the b and a00 phases.

Figure 7 SEM SE fractographs of a Ti–10Mo, b Ti–15Mo, and c Ti–20Mo alloys.
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The effect of as-quenched microstructures
on mechanical properties

It has been well established that the tensile properties

of the metastable b-type Ti alloys depend signifi-

cantly on the deformation mode with respect to the

stability of the b phase. The deformation mode

changes from twinning to slip as the stability of b
phase increased, and consequently causes the yield

strength increases and the elongation decreases with

the increase of Mo content [17, 18, 42]. Thus, the Ti–

20Mo alloy exhibits much higher yield strength and

lower ductility than the Ti–10Mo and Ti–15Mo alloys.

Moreover, the solid solution strengthening of b phase

could also contribute to the higher strength in the Ti–

20Mo alloy.

However, the mechanical properties of

metastable b-type Ti alloys may be influenced by

others factors, such as grain size, precipitation hard-

ening, and the type of phases existing in the alloys. In

this study, the coarser grain size exhibited in the Ti–

10Mo alloy may have an adverse effect on its strength

and ductility due to the Hall–Petch mechanism [5].

On the other hand, in association with the refinement

effect of its twinned substructure, the a00 martensite

formed in the Ti–10Mo alloy can improve the

strength due to the higher stress needed for a00 phase

to deform than b phase [43, 44], and ultimately

induces a combination of high strength and good

ductility in the Ti–10Mo alloy. The x phase is known

as a harder phase than a00 or b phase, and a high

density of fine x particles will strengthen the alloys

[23]. However, the size of x particle is vital. Once the

size of x particle becomes large enough, it may cause

unexpected embrittlement [45]. Therefore, the extre-

mely fine athermal x particles in the Ti–15Mo alloy,

different from the isothermal x precipitation formed

during aging, induce no visible brittleness in b phase.

Furthermore, the pre-existent {112} b twins induced

by x phase (Fig. 4c) also play an enhanced role in

improving the ductility of the Ti–15Mo alloy [46]. In

contrast, the x phase with a small size and less ideal

structure makes it difficult to form {112} b twins in

the Ti–20Mo alloy. Hence, the martensitic structure in

the Ti–20Mo alloy does not improve ductility. In

addition, because the x phase has higher elastic

modulus than a00 and b phases [47], the Ti–15Mo alloy

exhibits higher elastic modulus than the Ti–10Mo and

Ti–20Mo alloys.

Conclusions

All three metastable b-type Ti–Mo alloys contained

fine martensitic structures distributed homoge-

neously in the b matrix after quenching. Acicular a00

plates with {111} twins, fine particles of athermal x
phase, and {112} b twins were observed in the Ti–

10Mo and Ti–15Mo alloys, respectively. x phase with

smaller size appeared in the Ti–20Mo alloy. The Ti–

10Mo and Ti–15Mo alloys show a good combination

of extensive ductility and good strength, while the

Ti–20Mo alloy exhibits higher yield strength and

lower ductility. The formation of martensites

becomes difficult as the stability of the b phase

increases. The fine martensitic structures and twins

enhance ductility in the Ti–10Mo and Ti–15Mo alloys.
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