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Abstract: In this study, Ti-10Mo alloy powder and sintered bodies were successfully fabricated using a three-

step process of acid/organic solvent cleaning, hydrogenation/dehydrogenation (HDH) of bulk Ti-Mo scrap, and

pressureless vacuum sintering of the alloy powder. This process can be used to recycle valuable Ti alloy. And

unlike remelting-based recycling processes, in which elements vaporize, this process maintains the original

ratio of Ti and Mo and results in no loss of elements during HDH and sintering. We note, however, that the

phases in the resulting Ti-Mo alloy were changed by HDH and the sintering processes, and as a result the

phases of the alloy evolved differently than those of alloys prepared by the blending of Ti and Mo powders.

XRD results of the processed sintered bodies revealed different pathways for the transformation of the crystal

structure. As sintering temperature increased, the dominant phase changes in the crystal structure of the

sintered bodies that used commercial powders were α' → α' + α'', while the phase changes for the recycled

Ti-10Mo sintered bodies were α' + α'' → α'' + β. Although the density of the sintered body using commercial

materials was generally higher at a lower sintering temperature than the density of the sintered body that

used recycled powder, at 1673 K their respective densities were nearly identical. Moreover, the sintered body

that contained scrap showed superior Vickers hardness after the dual phase (α + β) of Ti was reached, despite

its relatively low density.
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1. Introduction

Titanium (Ti) and its alloys have received considerable

attention in aerospace, mechanical engineering, and

shipbuilding industries because of their excellent physical,

thermal, and chemical properties [1-4]. Despite their practical

use in various applications, however, they still play a

relatively minor role in mass applications due to their high

production costs. This makes it desirable to develop a lower

cost process for Ti and its alloys. Conventional Ti alloy

products have typically been prepared using thermo-chemical

or mechanical processes such as casting, mechanical

alloying, and other specific techniques [1-4]. However, these

processes have drawbacks, including high processing costs,

difficulty of machining, and materials loss. To address the

problem of high costs associated with Ti and Ti alloys,

numerous studies have been conducted and patents issued

centering on scrap-recycling technologies [5-8]. Among

these, one technique has gained increasing attention [9-11],

which involves powdering metal scraps using methods such

as hydrogenation–dehydrogenation (HDH), combined with a

sintering process. The HDH process is well known to be the

most economical method of fabricating Ti and Ti alloy

powders [8]. Because Ti and Ti alloys have a high solubility

in hydrogen, it is easy to form titanium hydrides by reacting

the Ti and Ti alloys with hydrogen. In the HDH process, the
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formation of the hydride phase by hydrogen inclusion into

the Ti lattice causes expansion of the lattice, and as a result,

the Ti and Ti alloys are easily transformed to powder even by

low impact crushing.

Problems such as stress shielding in human bones or the

elution of aluminum and vanadium have been reported with

Ti-6Al-4V, one of the most widely used titanium alloys in the

medical field [12-16]. For this reason, there is considerable

interest in alternative Ti alloys as potential substitutes. In

particular, Ti-Mo alloys have received attention for use in

biomedical applications because of their non-toxicity,

excellent corrosion resistance, and biocompatibility with

human bone [17]. It is known that adding 10 mass% Mo

enhances various properties that increase their suitability for

biomedical applications, due to the dual phases, (α + β)

phases of Ti [18].

In this study, we prepared Ti-10Mo alloy powder and

sintered bodies using Ti-Mo alloy scrap. To compare their

respective structural and mechanical properties, we

produced conventional Ti-Mo alloy by blending element

powders with commercially pure (CP) Ti and Mo powders.

As the sintering temperature changed, the different

characteristics of the two types of sintered bodies were

investigated by density measurement, X-Ray Diffraction,

and the Vickers hardness test.

2. Experimental Methods

Figure 1 shows the flow chart of the experiment process.

Ti-Mo alloy scrap was obtained by cutting scraps of

consumable electrodes used in vacuum arc re-melting (VAR)

[8]. The weight ratio of the Ti and Mo powder was 9:1 by

mass%. Before the HDH powdering process, we immersed

the Ti-10Mo scrap in 1 mol/L of HCl solution for 1 min,

followed by ultrasonic cleaning in ethanol for 1 h. The

cleaned alloy scrap was treated in a vacuum furnace for

hydrogenation at a temperature of 873 K. H2 gas (6N) was

introduced into the furnace to maintain pressure between 5 ×

105 and 7 × 105 Pa for 2h. The hydrogenated Ti-10Mo scrap

was pulverized and sieved by mechanical processing, and the

sieved Ti-10Mo alloy powder was dehydrogenated under a

vacuum of 6.7 × 10-3 Pa at 973 K for 2 h.

CP Ti and Mo powders (99.9%, High Purity Chemicals,

Japan) were used for the preparation of the conventional

alloy metal. Both metal powders were blended with

ethanol by ball milling for 24 h for uniform composition.

The weight ratio of the steel ball to powder was 10:1. Ball

milling was conducted with a rotation speed of 300 rpm.

Both powders were compacted in a steel mold of 5mm

diameter and 3mm height under a pressure of 2000 kgf/cm2

using a vertical press. Particle morphology was observed

using scanning electron microscopy (SEM, JSM-6380LA,

JEOL, Japan).

Sintering temperatures were in the range of 1273 - 1673 K

under a vacuum of 1 × 10-3 Pa for 2h respectively. The

chemical composition of the Ti-10Mo scrap used as raw

materials was determined by glow discharge mass

spectroscopy (GDMS, Autoconcept GD90, MSI Ltd., UK),

and are listed in Table 1 [19]. The densities of the sintered

bodies were measured by Archimedes method. X-Ray

Diffraction (XRD) analysis (Rigaku, RTP 300 RC, Japan)

Fig. 1. Flow diagram of the experiment procedure, (1) Conventional
method using commercial metal powder; (2) Recycling process
using Ti-10Mo alloy scrap.
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was conducted to investigate phase changes in the sintered

bodies. The oxygen concentration of the powder and the

sintered bodies of Ti-10Mo alloy was measured using a gas

analyzer (LECO TCH-600, USA). The oxygen analyzer

device used in this experiment had an average error range of

±50 ppm. Hardness was tested with a 250 g load using a

Vickers hardness tester (MKV-E, Akashi, Japan). The

sintered bodies were etched using Kroll solution (2%

HNO3+1% HF), and the cross-sectional structures of the

specimens were observed by optical microscope (LEICA,

DMC2900, Germany).

3. Results and Discussion

The two types of Ti-10Mo powder prepared by blending

the CP Ti and Mo powders and by HDH using Ti-10Mo alloy

bulk scrap, are hereafter referred to as BE-P (blended

elemental powder) and SCRAP-P (pre-alloyed powder). The

sintered bodies using BE-P and SCRAP-P are respectively

referred to in the descriptions that follow as BE-S (sintered

body using BE-P) and SCRAP-S (sintered body using

SCRAP-P).

SEM images of the BE-P and SCRAP-P are shown in Fig.

2 displaying particle shape and size. The BE-P has a flat

flake shape and an irregular size (Fig. 2(a)), while each

particle of SCRAP-P has an angular spherical shape and a

similar size distribution. The green densities of the BE-P and

SCRAP-P were 70.2% and 65.1%, respectively. The

difference in green density between the two types of powder

may be due to differences in particle shape and size

distribution, since the uniformity of particle and pore sizes of

the metal powders is one of the key factors affecting the

sintered body or application [12].

We employed XRD analysis to analyze the transformation

of the crystal structure during the powdering process by

HDH, and using the blended elemental method (Fig. 3). BE-

P (Fig. 3(a)) shows a mixed phase of α'-Ti and Mo without

mechanical phase transformation from the ball milling

process. Ti-10Mo bulk scrap was shown to be β-Ti phase

with a partial ω-Ti phase (Fig. 3(b)), confirming that the Mo

in the feedstock was fully solubilized in the Ti lattice. XRD

results for the hydrogenated Ti-10Mo bulk scrap resulted in

the TiH2 phase, as shown in Fig. 3(c), indicating that

hydrogen atoms were completely diffused in the Ti matrix

under the given hydrogenation conditions. 

Figure 3(d) shows that dehydrogenated SCRAP-P has a α'

(hexagonal), and α'' (orthorhombic, high solid solution degree

of Mo) + β-Ti (near β) as the main phase. According to the

binary phase diagram of Ti and Mo, the Ti-10Mo alloy is a

Table 1. Chemical composition of Ti-10Mo scrap as raw materials.

Ti-10Mo scrap

(mass%)

Fe Mg Al Si Cl Ca Ni Cu

0.021 0.011 0.028 0.028 0.064 0.012 0.013 0.003

Fig. 2. SEM images of pulverized Ti-10Mo powder from
commercial metal powder by ball milling, BE-P, (a); Ti-10Mo scrap
by HDH process, SCRAP-P, (b).
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homogeneous solid solution [20, 21]. When 10 mass% of Mo

is alloyed to titanium, the β titanium phase is present [8, 22].

In the XRD result, the phase of the Ti-10Mo alloy scrap is

observed to be β phase. However, after the HDH process the

homogeneous solid solution of Ti-10Mo alloy becomes α and

β titanium phases. This phenomenon has also been reported

in other homogeneous solid solutions of Ti-V alloy [8].

Comparing the crystal structure of the raw scrap (β-Ti) with

the dehydrogenated Ti-10Mo scrap powder, the Mo in the Ti

lattice becomes partially segregated during the HDH process

because the appearance of the α phase in the Ti-Mo alloy is

closely related to the solid solution degree of Mo [22].

Figure 4 shows the XRD results of the sintered bodies with

various sintering temperatures, used to investigate phase

transformations in the BE-S and SCRAP-S, and the different

phase-change behavior of the two sintered bodies. For the

BE-S in Fig. 4(a)–(e), the main phase transformation was

from α' to α'' phase. Ho et al. and Bagariaskii et al. have

reported that the shifting of XRD peaks from α’-Ti is a direct

indication of orthorhombic α''-Ti, depending on the solid

solution degree of Mo [22-23]. The observed phase

transformation from α'-Ti (10 1) to α''-Ti (111) for the BE-

S in Fig. 4 is in line with the existing literature [22]. In

addition, XRD peaks of the free Mo metal phase were found

at 1273 K at around 41° (110), 58° (200), and 73° (211).

However, these Mo peaks disappeared above 1373 K due to

the solid solution in the Ti matrix. Accompanying the

disappearance of the free Mo peaks, α''-Ti peaks (111)

developed at 1473 K, and grew steadily as a function of

sintering temperature, rather than the appearance of β-Ti.

This result indicates that the phase transformation of α'-Ti

(low Mo solute content) did not directly transition to the β-

Ti phase. Since BE-S was produced from a simple mixture of

Ti and Mo metal powders, the equilibrium structure of the

blended composition of the Ti-10Mo binary system required

more thermal activation than its scrap (pre-alloyed) to attain

the complete diffusion of Mo.

Figure 4(f)–(j) shows the XRD results for SCRAP-S in

relation to sintering temperature. The phase transformation in

SCRAP-S is also similar to that of BE-S (α'-Ti → α''-Ti).

Also, it was found that β-Ti becomes stable as the sintering

temperature increases in both cases. This is because the

stability of the β-Ti is higher than that of α-Ti above 1000 K,

regardless of the composition of the Ti-Mo system [24].

However, the dominant change in crystal structure was from

α''+β Ti to β-Ti. The predominant phases at 1273 K were α''-

Ti and α''+β Ti with sub α'-Ti peaks in Fig. 4(f), although the

α''+β Ti phase was close to β-Ti as the sintering temperature

increased. This indicates that the diffusion of Mo into the Ti

lattice continued to occur via thermal activation. 

In addition, most of the sub α'-Ti peaks, such as (10 2),

(11 0), and (11 2) in Fig. 4, transformed into α''-Ti

simultaneously, while α''-Ti at 1673 K dominated the crystal

structure α (α' and α") Ti. Accompanying the almost

complete phase transformation from α' into α''-Ti, β-Ti

consequently appeared as a main phase. From the XRD

1

1

2 2

Fig. 3. XRD patterns of blended elemental powder (CP Ti + 10
mass% Mo) (a); Ti-10Mo alloy scrap (b); Ti-10Mo alloy scrap
powder (hydrogenated (c); dehydrogenated (d)).
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spectra of the sintered bodies, SCRAP-S was able to attain

the dual phase of Ti with less thermal activation than BE-S,

presumably due to the different solid solution degree of Mo

compared to the raw materials. Therefore, the recycling of

Ti-10Mo alloy scrap using the powder metallurgical route

may be worth pursuing as a means of reducing processing

costs and energy. This is because the β-stabilization of Ti

with 10 mass% Mo during the sintering process with

SCRAP-P requires less time and thermal energy than BE-P

under a given sintering condition. It may thus be more

advantageous to use Ti-10Mo alloy scrap than blended

powder due to the difficulty of achieving compositional

homogeneity.

Oxygen has a strong influence on the physical properties of

both the powder and bulk titanium; the higher the oxygen

concentration, the lower the alloy density after the sintering

process [1, 25]. Table 2 lists oxygen concentrations for the

Ti-10Mo alloy powder and sintered bodies. These were

measured to be 0.425 and 0.434 mass%, respectively, for the

BE-P and SCRAP-P. After the sintering process, the oxygen

concentrations of the BE-S specimens were shown to be

0.346, 0.349, 0.404, 0.402, and 0.406 mass% at sintering

temperatures of 1273 - 1673 K, respectively, while those of

the SCRAP-S specimens were shown to be 0.351, 0.353,

0.406, 0.405, and 0.409 mass%, respectively. 

The oxygen concentrations for the BE-S and SCRAP-S

increased slightly with increasing sintering temperature,

possibly due to a reaction with the small amount of oxygen

remaining in the vacuum chamber as the temperature

increased. However, the deviation in oxygen concentration

between BE-S and SCRAP-S was as low as 0.002 - 0.005

mass%. Therefore, the differences in the oxygen

Fig. 4. XRD patterns of BE-S ((a)~(e)) and SCRAP-S ((f)~(j)) as a function of sintering temperature.

Table 2. Variation of oxygen concentrations of the powder and sintered bodies of Ti-10Mo alloy.

Powder

(mass%)

Sintered bodies (mass%)

1273 K 1373 K 1473 K 1573 K 1673 K

BE-S 0.425 0.346 0.349 0.404 0.402 0.406

SCRAP-S 0.434 0.351 0.353 0.406 0.405 0.409
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concentrations of the BE-S and SCRAP-S were considered to

have a negligible effect on the physical properties of the

sintered bodies.

Figure 5 shows changes in the density (a) and Vickers

hardness (b) of the BE-S and SCRAP-S as a function of

sintering temperature. For each of the sintered bodies, the

tendencies in both the density and Vickers hardness were

consistent with the general densification of sintered bodies

with increasing temperature. The density of the BE-S

sintered bodies was slightly higher than that of SCRAP-S

within the temperature range of 1273 – 1573 K. However, at

1673 K the density of SCRAP-S was almost identical to that

of BE-S. Maximum densification, achieved at 1673 K, was

98% for BE-S and 97.9% for SCRAP-S, compared to the

theoretical density of the Ti-10Mo casting alloy (5.04 g/cm3).

The differences in density in relation to sintering temperature

for the two sintered bodies may be regarded as the difference

in green density originating from their different particle

morphologies. 

In addition, Fig. 6 shows changes in the surface and cross-

sectional microstructures of the BE-S and SCRAP-S as a

function of sintering temperature. The numbers of pores in

BE-S and SCRAP-S decreased with increasing temperature.

Both samples showed similar trends, which tended to be

consistent with the density results.

As shown in Fig. 5(b), the Vickers hardness results

Fig. 5. Variation of density (a) and Vickers hardness (b) of BE-S
and SCRAP-S as a function of sintering temperature.

Fig. 6. Surface morphologies of BE-S ((a)~(e)) and SCRAP-S
((f)~(j)) as a function of sintering temperature.
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corresponded to the results in Fig. 5(a). The values for

SCRAP-S were similar to those for BE-S between 1273 and

1573 K, in spite of their lower green density; however, they

exceeded the value of BE-S at 1673 K. This result is

presumably due to solid solution strengthening by the

different solute content in Ti [20]. The Vickers hardness of

SCRAP-S in its dual phase was comparable to that of the Ti-

10Mo casting alloy [22]. 

It can thus be concluded that recycling Ti-10Mo alloy

scrap using the powder metallurgical route is a more

favorable approach, involving lower costs and higher

efficiency than the conventional blending powder

method.

4. Conclusions

In this study, we compared the advantages of producing

Ti-10Mo powder and its sintered body from recycled Ti-

10Mo bulk scrap, compared with commercial powder. A

superior Ti-10Mo alloy powder with α (α'+α'') + β phase was

obtained from the bulk scrap via the HDH process,

compared to the commercial powder. According to the XRD

results from the sintered bodies, the dominant crystal

structure changes in BE-S and SCRAP-S were α’ → α’’ and

α’ + α’’ → α’’ + β, respectively. Under identical sintering

conditions, a dual phase was more easily attained in

SCRAP-S than BE-S. While the density of the BE-S was

higher than that of SCRAP-S between 1273 and 1573 K, the

difference between them diminished as temperature

increased, and at 1673 K, they became almost identical. The

results of the Vickers hardness test were consistent the

relationship between density and mechanical properties.

Moreover, the increase in Vickers hardness for SCRAP-S

was more pronounced than for BE-S. Eventually, the

Vickers hardness of SCRAP-S, which had reached dual

phase, became identical to or greater than that of BE-S at

1673 K, and became comparable to that of cast Ti-10Mo

alloy.
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