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Abstract: A direct production method of high-strength titanium alloy from upgraded titania slag (UGS) was developed. 
First, UGS was reduced into alloy powder with 1.3 wt.% oxygen using magnesium powder. Subsequently, the alloy 
powder was compacted at 600 MPa to produce a pellet. Lastly, the pellet was sintered to produce titanium alloy. The 
reduced powder was characterized, and the effect arising from the sintering temperature on the sintered density, 
compressive strength, microstructure, and hardness of the alloys was studied. The results showed that the density tended 
to increase with the temperature increasing from 900 to 1200 °C, whereas the porosity decreased. A significant sintering 
densification was achieved at the temperature above 1100 °C (98.65% at 1100 °C and 99.41% at 1200 °C). At 1100 °C, 
the hardness and compressive strength reached the maximal values of the alloy, HV 655.7 and 1563 MPa, respectively. 
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1 Introduction 
 

Titanium alloys are of instrumental 
significance because of favorable properties (e.g., 
enhanced resistance to corrosion, high strength 
performance, low density, as well as high- 
temperature durability). Thus, they have been 
applied in extensive industrial fields from aerospace 
to sporting goods [1−4]. Most titanium products are 
derived from upgraded titania slag (UGS) through 
the Kroll process, followed by casting and 
thermomechanical processing [5]. Since titanium 
exhibits poor machinability, the buy-to-fly ratio is 
generally high (>5:1), thus causing high production 
costs. Powder metallurgy, a near-net-shape 
technique, can potentially act as a more economical 
production method for titanium alloys for its high 
material utilization [6]. The existing processes for 
producing Ti-based alloy (the FFC process [7], the 

Armstrong process [8], the TiRO process [9], and 
the CSIR process [10]) via powder metallurgy  
have employed either TiCl4 or pure TiO2 as 
precursors. TiCl4 and TiO2 are synthesized using 
UGS through the chloride processes, both of  
which are reported to be energy-intensive and 
environmentally damaging. 

As demonstrated by our recent study [11], the 
titanium hydride powder can be synthesized by a 
one-step Mg reduction, which achieves an oxygen 
level of ~1 wt.%. Oxygen atoms are capable of 
increasing the degree of distortion in the metal 
crystal lattice, the internal strain capacity and the 
dislocation motion resistance, while improving  
the strength and hardness of the alloy [12]. CHEN 
et al [13] added oxygen into the Ti lattice using two 
different powder metallurgy methods, which proved 
that a high elongation at break of higher than 20% 
could be achieved from samples with a yield 
pressure over 800 MPa. 
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In this work, UGS was reduced with Mg 

powder under hydrogen flow. Titanium hydride 
powder was produced, of which the oxygen content 
was kept to a mass fraction of 1.3% and a particle 
size of <16 μm. The powder was compacted at 
600 MPa to produce a pellet to conduct the 
sintering densification study. The sintering 
temperature was found to have some effects     
on the microstructure, sintered density, compressive 
strength and hardness of the sintered sample, which 
were investigated specifically. The preparation 
method of titanium alloy powder by sintering 
titanium powder produced through magnesium 
thermal reduction of UGS was proved theoretically 
and experimentally to be feasible, which could be 
used as a shorter production route for the 
comprehensive utilization of UGS. 
 
2 Experimental 
 

UGS, the raw material, was provided by Rio 
Tinto. The flux and anhydrous reducing agent were 
MgCl2 powder (Shanghai Aladdin Bio-Chem 
Technology Co., Ltd.) and Mg powder with particle 
size of 74−100 μm (Sinopharm Chemical Reagent 
Co., Ltd.), respectively. Figure 1 illustrates the main 
process of the experiment. 

The UGS was first processed by a mill into 
powder and this powder was sifted with a grid mesh 
to precisely adjust the particle size at 38 μm. 
Subsequently, those fine powders of UGS, 
anhydrous MgCl2 and Mg were added at a specific 
mass ratio 1:1.5:0.2 to mix for 15 min, the mixture 
above was placed in a Mo crucible, and the mixture 
was reduced in a tube furnace (TF14P80 TAISITE). 
Next, the H2 flow for the mixture reduction was 
maintained with 1 L/min at approximately 750 °C 
for 4 h. After the reduction, the product was cooled 
to 30 °C, followed by the addition of deionized (DI) 
water to produce a slurry. Afterward, CH3COOH 
was slowly added into the slurry to adjust the pH 
from 3 to 5. After the resulting sample was leached 

in acetic acid, the insoluble powder was purified 
with DI water and C2H5OH. Then, the powder was 
dried at 50 °C for 12 h. The reduced powder 
product was compacted at a tablet pressure of 
600 MPa to produce a pellet (with a diameter of 
10 mm and a height of 12 mm). Furthermore, the 
pellet was loaded into a corundum crucible. Under 
an Ar atmosphere, it was heated to a temperature 
ranging from 900 to 1200 °C in a tube furnace and 
kept for 2 h. Lastly, the alloy product was cooled till 
its temperature was close to ambient temperature, 
and the sintered products were exploited for 
mechanical property tests. 

The raw materials and the product at the 
respective step were characterized using back 
titration based on ethylene diamine tetraacetic acid 
(EDTA), scanning electron microscopy (SEM) with 
energy dispersive spectroscopy (EDS), as well as 
X-ray diffraction (XRD) based on a PANalytical 
X’Pert X-ray diffractometer (Cu Kα radiation) and a 
D8 Discover 2500 analyzer. An oxygen and 
nitrogen analyzer (LECO TCH−600) was adopted 
to analyze the oxygen content of the obtained 
powder product. A laser particle size analyzer 
(Mastersizer 2000) was adopted to examine the 
particle size distribution of the reduced powder,  
and Brunauer–Emmett–Teller (BET) surface area 
analysis (JW-BK222) was conducted to determine 
the specific surface area of the reduced powder. 
Using the Archimedes method, the densities of the 
sintered alloys were measured. The pore-filling 
liquid was Mobil DI.TE25 oil, and the test liquid 
was a hydrofluoroplyether heat transfer fluid. The 
theoretical density (ρth, TD) was calculated by [14] 
 

Fe Si CrTi Al Mn

Ti Fe
t

Al Si C M
h

r n
 1 / ( )00 m m mm m mρ

ρ ρ ρ ρ ρ ρ
= + + + + +

  
(1) 

 
where mi and ρi (i=Ti, Fe, Al, Si, Cr, Mn) denote the 
mass fraction and density of constituent i, 
respectively. The TD of the alloy applied in this 
work, calculated by Eq. (1), was 4.677 g/cm3. 

 

 

Fig. 1 Flow chart of reduction of UGS and sintering of powder reduced from UGS to prepare Ti alloy 
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The sintering behavior of the product was 
measured with a dilatometer (coefficient of thermal 
expansion tester-PCY series). The hardness and 
compression properties of the sintered alloy were 
measured with a Vickers hardness tester (HVS−50) 
and an electronic universal material testing machine 
(Instron 5969), respectively. To gain more insights 
into the sintering behavior, phase and micro- 
structure evolution, thermodynamic modeling was 
built using the commercial Pandat software under 
the titanium database. 
 
3 Results and discussion 
 
3.1 Reduced powder 
3.1.1 Powder composition and evolution of minor 

elements 
To study the exact chemical composition of the 

untreated material of UGS, a back titration with 
EDTA was proceeded with the Leco combustion 
analyzer, and the results are listed in Table 1. 
 
Table 1 Element compositions of UGS and reduced 
powder (wt.%) 
Sample Ti Fe Si Al Cr Mn O 

UGS 54.86 2.68 0.93 0.18 0.47 0.34 39.72
Reduced 
powder 90.85 3.87 1.05 0.53 0.61 0.46 1.30

 
Ti, Fe, Si, Al, Cr, Mn and O in the UGS had 

the compositions of 54.86, 2.68, 0.93, 0.18, 0.47, 
0.34, and 39.72 wt.%, respectively. In addition, 
several minor metal elements (e.g., 0.06 wt.% Cu, 
0.07 wt.% Ni, and 0.08 wt.% Mg) were detected. 
The hydrogen content of the reduced powder was 
measured as 3.87 wt.%. The compositions of all 
metals in the powder product were improved after 
the reduction in H2 atmosphere, whereas those of 
oxygen decreased significantly, indicating the 
successful reduction of metal elements. The 
minimal oxygen content of ~2.5 wt.% was 
measured during Mg reduction of TiO2 in an Ar 
atmosphere. As previously demonstrated by 
thermodynamic modeling, the Mg deoxidation limit 
of TiO2 in an Ar atmosphere at 750 °C was higher 
than 2 wt.% [15−17]. In this work, a 1.3 wt.% 
oxygen content was obtained, significantly lower 
than the theoretical deoxidation limit of Mg. The 
above result was achieved possibly due to the use of 
hydrogen, which was found to decrease the Ti−O 

solid solution stability and subsequently facilitate 
the deoxidation process. To evaluate the possibility 
of the deoxygenation of Ti by Mg in H2, the oxygen 
potential in TiHyOx synthesized by Reaction (2) was 
compared with that in MgO synthesized by 
Reaction (3) and TiOx synthesized by Reaction (4). 
Oxygen potentials at 700 °C in MgO, TiOx, and 
TiHyOx with 2 wt.% oxygen were determined 
according to Refs. [18,19], and the results are 
presented in Fig. 2.  
Ti+y/2H2+x/2O2→TiHyOx                  (2)  
2Mg+O2→2MgO                         (3)  
Ti+x/2O2→TiOx                          (4) 
 

 
Fig. 2 Comparison of oxygen potential in MgO, 
TiHyO0.061, and TiO0.061 
 

It was assumed that the Ti−O solid solution 
contained 2 wt.% oxygen, i.e., x=0.061, and y 
denotes the molar ratio of H to Ti. According to 
Fig. 2, the oxygen potential in TiHyOx was less than 
that in TiOx, thus indicating that hydrogen 
destabilized Ti−O solid solutions, which increased 
the driving force for Mg to capture oxygen from  
Ti−O solutions. Accordingly, a one-step Mg 
reduction in a hydrogen atmosphere could yield a 
titanium product with significantly lower oxygen 
content. 
3.1.2 Morphology, particle size distribution, and 

phase composition 
Figures 3(a) and (b) present the morphologies 

of the untreated material and the reaction product, 
respectively. The elementary composition of the 
product powder was analyzed through EDS 
mapping (Figs. 3(c–j)). 

The distribution of metal elements, instead of 
Ti and Al, was relatively inhomogeneous. Fe and  
Si were segregated in several areas. Figure 4 clearly 
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Fig. 3 SEM images of morphology of UGS raw material (a) and reduced powder (b), backscattered electron image of 
reduced powder (c), and EDS maps of Ti (d), Fe (e), Si (f), Al (g), Cr (h), Mn (i) and O (j) 
 

 

Fig. 4 Particle size distribution of reduced powder 
 
presents the particle size distribution. D10, D50 and 
D90 of the reduced powder reached 1.30, 4.70 and 
16.60 μm, respectively. 

The results of XRD analysis are shown in 
Fig. 5. To clarify the phase changes before and after 
reduction at the respective step, the analysis of 
XRD was conducted for the powder product at 
every reaction stage. 

 
Fig. 5 XRD patterns of raw material and product at 
respective step: (a) Raw material; (b) Reduced and 
unleached powder; (c) Reduced and leached powder;  
(d) Sintered alloy 
 

The major TiO2 phase of the raw material was 
rutile phase, while the other less proportion of the 
TiO2 was anatase phase. Through titration with 
EDTA, SiO2, Al2O3 and other metal oxides were 
detected. The above components were limited, and 
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it would be difficult to detect through conventional 
XRD analysis. After the reduction but before the 
leaching process, MgCl2, TiH2 and MgO were 
identified in the products. Furthermore, superfluous 
Mg and a small amount of MgCl2⋅6H2O were 
identified. The phases of Cr1.8TiH5.3, HFe2Ti, and 
Ti5Si3H0.9 in the reduced powder might represent 
the bright phases observed in the EDS mapping 
images (Fig. 3). 
 
3.2 Sintered alloys 

As revealed by the XRD pattern of the 
as-sintered alloy (Fig. 5), only Ti5Si3 was identified 
besides α-Ti and β-Ti. Cr and Fe were beta 
stabilizers. After sintering at a high temperature 
(>900 °C), Ti5Si3 was found with the potential to 
dissolve into Ti, which could explain why 
Cr1.8TiH5.3 and HFe2Ti were not detected. 
Furthermore, dehydrogenation occurred at a high 
temperature, thus leading to the formation of α-Ti, 
β-Ti and Ti5Si3. 

The densities of the sintered alloys increased 
with the increase in the sintering temperature 
(Fig. 6). At 900 °C, the density was approximately 
90% (TD). At the temperatures above 1100 °C, an 
increasing sintered density (98.65% TD at 1100 °C, 
and 99.41% TD at 1200 °C) was achieved. 

 

 
Fig. 6 Densities of sintered alloys at different 
temperatures 
 

Figure 7 presents the microstructures of the 
sintered alloys formed at different sintering 
temperatures. A significant drop in porosity was 
correlated with the gradual increase in the sintering 
temperature. At 900 °C, the cross-section of the 
sample showed a certain number of pores with a 
size <5 μm. The pores were primarily concentrated 
in the gray titanium-rich area, probably arising from 
the dehydrogenation of titanium hydride during 
sintering, which affected the porosity of the reduced 
powder compacts. The three possible factors of the  

 

 
Fig. 7 SEM images of sintered product at 900 °C (a), 1000 °C (b), 1100 °C (c) and 1200 °C (d), and corresponding EDS 
results of Point 1 (e), Point 2 (f) and Point 3 (g) 
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pore formation are elucidated below: (1) The 
shrinking original powder particles and 
instantaneous dehydrogenation increased the 
inter-particle spacing; (2) The released gas might 
take up the place of the originally close-packed 
particles. At the early stages of dehydrogenation 
and pre-sintering, the main process was the 
pulverization of the hydride particles and inter- 
particle separation [20,21]; (3) The reduced powder 
was not pure titanium hydride and might also 
contain other elements, thus probably leading to a 
certain resistance to the process of hydrogen 
diffusion. Accordingly, the driving force for the 
diffusion of hydrogen and other elements would be 
insufficient at low sintering temperatures. The 
inadequate diffusion led to the retention of the pores 
in the alloy in the sintered products at 900 °C. It can 
be seen from Fig. 7 that, a number of pores emerge 
significantly and decrease at 1000 and 1100 °C. At 
1200 °C, nearly full densification was achieved. As 
revealed by EDS point analysis, three phase regions, 
including the gray phase region (Point 1), bright 
phase region (Point 2) and dark phase region (Point 
3), might represent the phases of α-Ti, β-Ti and 
Ti5Si3, respectively. 

EDS mapping of the alloy obtained at 1200 °C 
(Fig. 8) clearly shows the distribution of different 
elements in the alloy. The beta stabilizers of Fe, Cr, 
and Mn were concentrated in the β-Ti phase region, 
while Si was concentrated in the dark phase region 
(Ti5Si3), and Al was homogenously distributed 
throughout the alloy. 

To gain more insights into the formation of the 
phases and the microstructures of the alloys, 
CALPHAD software (Pandat) under the titanium 
alloy database was employed to simulate the phase 
composition of the alloy at the temperatures of 
100−1500 °C (Fig. 9(a)). 

Between 100 and 600 °C, the main equilibrium 
phases in the system included the HCP phase 
(namely α-Ti), Ti5Si3, and Laves-C14. After the 
sintering process, the alloy was furnace-cooled to 
30 °C, and considerable beta phases might not have 
been transferred, thus leading to a beta phase 
appearing in the final alloy. There might be two 
reasons for the formation of Ti5Si3 phase in the alloy. 
The first step was that a small amount of Ti5Si3 
phase was generated during the reduction. The 
process of magnesium reduction of high titanium 
slag refers to a self-propagating reaction, which 
released considerable heat violently, thus leading to 
a rapid rise in the temperature of the reaction 
system, and the Ti5Si3 phase was  generated from 
the reduced Ti and Si elements. Besides, due to the 
aggregation of Si, Ti5Si3 phase was formed during 
the sintering step. The Laves-C14 phase refers to the 
high melting point phase formed by Cr element in 
alloy with refractory metal element Nb. The model 
was consistent with the XRD and SEM results. 
Moreover, it is noteworthy that some liquid phases 
were formed above 1000 °C. Figure 9(b) presents 
the correlation between the liquid phase 
composition and temperature when the system was 
in either equilibrium or non-equilibrium state. 

 

 
Fig. 8 SEM image (a), and combination (b) and individual (c−h) EDS mapping images of sintered product at 1200 °C: 
(c) Ti; (d) Fe; (e) Si; (f) Cr; (g) Al; (h) Mn 
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Fig. 9 Phase composition of alloy from 100 to 1500 °C 
(a), and relationship between liquid phase fraction and 
temperature (b) 

 
Elements (e.g., Fe and Cr) were limited to the 

beta phase region, thus resulting in a non- 
equilibrium state. According to the non-equilibrium 
line, 6.7% liquid phase might be formed at around 
1000 °C, and ~12% liquid phase might be formed  
at 1200 °C, thus leading to a liquid-surrounding 
environment during the sintering process. 
 
3.3 Sintering behavior 

Figure 10 plots the thermal expansion curve of 
the compacted pellet from 30 to 1200 °C in an Ar 
atmosphere. 

Significant shrinkage was identified across two 
temperature ranges, including 425−690 °C and 
908−1048 °C, respectively. The first temperature 
range fell within that of titanium dehydrogenation, 
which confirmed that most of titanium hydride in 
the sample was dehydrogenated before 700 °C, 
which is consistent with existing studies [22]. After 
hydrogen was released, the pellet shrunk under  
the significant difference in the densities of Ti and 
TiH2. The second temperature range could represent 

 

 
Fig. 10 Thermal expansion curve of compacted pellet 
from 30 to 1200 °C (dL/L0 represents the shrinkage of 
alloy during heating) 
 
the sintering of titanium powders. When the 
temperature ranged from 700 to 908 °C, the thermal 
expansion slowed down. This is possibly because 
the sintering temperature is too low to provide the 
driving force required for hydrogen release and 
sintering between particles. With the formation of 
Ti in the dehydrogenation reaction, some newly 
formed Ti particles may start to exhibit sintering 
necking. When the sintering process was carried out 
at a higher temperature of 1048 °C, the alloy shrank 
more, which revealed that the densification of the 
samples was more significantly intensified. The 
newly formed Ti particles were endowed with more 
activities, thus improving sintering necking of the 
above Ti particles, and facilitating densification. 
Interestingly, the sintered pellets started to expand 
at the temperatures higher than 1048 °C, probably 
arising from the appearing liquid phase in the 
reaction system. Thermodynamic modeling 
(Fig. 9(b)) revealed the exact existence of the liquid 
phase. When the system was heated to above 
1048 °C, liquid-phase sintering would occur, thus 
leading to a better densification (Fig. 6). 
 
3.4 Mechanical properties 

Five points of the respective alloy section were 
selected to measure the Vickers hardness, and the 
mean value was determined (Fig. 11). 

The Vickers hardness increased from 
HV 518.1 to HV 655.7 with the increase in the 
temperature from 900 to 1100 °C; however, when it 
was heated to 1200 °C, the Vickers hardness 
decreased to HV 646.8. The above result was 
probably because the resulting Vickers hardness 
was closely correlated with the internal structure of 
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Fig. 11 Vickers hardness of sintered alloys at different 
temperatures 
 
the sintered specimen after the completion of 
densification. After the specimen was heated to 
1200 °C, the Vickers hardness decreased due to the 
subsequent grain coarsening. 

The stress−strain compression curves of the 
sintered alloys at three temperatures are presented 
in Fig. 12. With the increase of the sintering 
temperature, the compressive strength of the 
sintered alloy increased at the beginning and then 
obvious decrease occurred after reaching the 
maximal value of 1563 MPa at 1100 °C. The 
reduction in the strength at 1200 °C could be 
attributed to the growth and coarsening of grains in 
the alloy. 
 

 
Fig. 12 Compressive strength of sintered alloy at 
different temperatures 
 
4 Conclusions 
 

(1) Titanium alloy hydride powder with 
1.30 wt.% oxygen was well synthesized through a 

one-step reduction process from UGS. The powder 
composition was mainly formed by the TiH1.924 
phase (δ) and a small amount of intermetallic 
phases of H2FeTi, Ti5Si3H0.9 and Cr1.8TiH5.3. 

(2) A significant sintering densification was 
achieved at the temperature above 1100 °C (98.65% 
TD at 1100 °C and 99.41% TD at 1200 °C). The 
hardness and compressive strength of the titanium 
alloy also reached maximal values of HV 655.7 and 
1563 MPa, respectively, at 1100 °C. 

(3) The existence of minor elements (e.g., Mn, 
Cr, and Fe) resulted in the formation of a liquid 
phase at a relatively low temperature (1000 °C), 
thus causing the sintering in a partially liquid state 
and leading to full densification. The synergistic 
reduction of metals in UGS and various elements 
on the properties of the alloy should be explored in 
depth. 
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摘  要：提出一种直接利用高钛渣制备高强钛合金的方法。先用镁粉还原高钛渣制备氧含量为 1.3%(质量分数)的

合金粉末，再将合金粉末在 600 MPa 压力下压制成小圆柱体，最后在氩气下烧结成钛合金产品。对还原粉末进行

表征，研究烧结温度对烧结合金的烧后密度、抗压强度、显微组织和硬度的影响。结果表明，随着烧结温度由    

900 ℃升高至 1200 ℃，钛合金的密度增加，孔隙率降低，实现较好的烧结致密化(1100 ℃为 98.65%，1200 ℃为

99.41%)，在 1100 ℃时硬度达到 HV 655.7，压缩强度为 1563 MPa。 

关键词：高钛渣；还原；钛合金；烧结 

 (Edited by Xiang-qun LI) 
 


