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Abstract
Titanium metallic powder (2.98 wt% O) of irregular and semi-spherical particles sizes ranging between 0.5 and 3.5 µm was 
obtained by magnesiothermic reduction of TiO2 and a leaching purification process. Magnesiothermic reduction experi-
ments were carried out to evaluate the influence of temperature and molar ratio of Mg/TiO2. A rotary tube reactor in three 
different configurations was used to promote solid–liquid and solid–gas model reaction. The best configuration resulted 
when solid–gas model reaction was promoted. Different mixtures of acid as 6M HCl, 3M HCl, 0.55M HCl plus a mixture 
of 8 HCl% + 3 HNO3% were used to evaluate the purification of solid titanium metal by dissolution of Mg, MgO, Ni, Fe, 
magnesium titanates, and titanium oxides.
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Introduction

Titanium and its alloys exhibit special properties in compari-
son with other metals, such as high strength/density ratio, 
high corrosion resistance, bio-compatibility [1], low ther-
mal expansion coefficient, good performance tribological 
properties [2], high electrical conductivity, good ductility, 
excellent fracture resistance, cryogenic properties, shape 
memory behavior, and hydrogen affinity (for hydrogen stor-
age), and make it an attractive material that fulfills many 
high-tech requirements for different engineer application [3]. 
Those inherent properties fulfill both the elevated and the 
normal requirement for high engineering and daily appli-
cations, respectively. However, the present price limits its 
use for many possible applications, and nowadays, titanium 
is mostly used for those that require highly engineered 

materials, such as, aerospace or military applications, pros-
theses and/or high corrosion-resistant components, etc. 
The high price of titanium is caused by the highly technical 
multi-step production process. Norgate [4] has estimated 
that if a low-cost production process is developed, reducing 
price should be about 50% and the penetration of titanium 
into new markets could increase to about 2.2 times. These 
new uses are entailed in components used daily, which do 
not require high performance of mechanical properties e.g., 
jewelry, no-load bearing, etc. The total costs to obtain con-
ventional titanium components are shared: 38% on obtaining 
the sponge through the Kroll process, 15% on refining the 
sponge by metallurgical processes, and a final 47% on the 
machining work. Moreover, in comparison with the steel 
production, the manufacturing of the titanium sheet is up to 
80 times more expensive. This is because more than ¾ of 
the total material is converted into scrap (the oxidized and 
contaminated surface regions and the surface crack must be 
removed prior to any further manufacturing) [5]. An approx-
imation of cost inputs on the aerospace component machined 
from plate is 14% on sponge, 34% on mill products, and 52% 
on machining [6]. Table 1 shows a comparison of the relative 
costs for the different production steps of steel, magnesium, 
aluminum, and titanium.

By analyzing Table 1, it can be concluded that any effort 
to reduce the titanium price must be focused on two differ-
ent directions [3–5]. They are either (1) achieving a process 
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cheaper than the currently employed one and/or (2) the 
development or improvement of inexpensive techniques for 
the fabrication of final components [8, 9]. On the other hand, 

the industry must find a more economical way to extract the 
metal or produce components [4, 5]. Nowadays, more than 
10 different new methods to produce titanium metals or its 
powder are under research (Table 2).

Finally, Near-Net Shape (NNS) processes could be the 
way to avoid huge scrap production due to the fact that they 
use much less material for manufacturing components. NNS 
includes casting and powder metallurgy (PM). Powder met-
allurgy (PM) has been explored in different parts of the 
world, applying techniques such as metal powder injection 
molding (PIM or MIM), conventional steps of Press-Die-
Sinter, elastomeric bag, Cold Isostatic Pressing (CIP), Hot 
Isostatic Pressing (HIP), Additive Manufacturing (AM), and/
or Direct Powder Rolling (DPR) which use either Blended 
(BE) or Prealloyed Powder (PA/PREP). PM seems to be an 
affordable and economical route to produce low-cost compo-
nents but cheap titanium powder must be available [10–16].

Worldwide utilization of titanium products in the indus-
trial market was approximately 26,000 metric tons (mt) in 
2016 [17]. Figure 1 shows an industrial titanium demand 
forecast projected until the year 2020 [18], according to 
which the consumption of this metal is likely to increase 
by about 5.8% in the next 5 years. Oil & gas industry could 
promote the highest consumption increase (about 57%), 
followed by the chemical processing sector, with 10.3%; 
contrastingly, consumption in the desalination sector might 
undergo a drop of about 57%.

Titanium powders are readily formed and sintered into 
components that possess exceptional corrosion resistance, 
biological inertness, high strength at room and high tempera-
tures, and relative lightness. They are used to produce refrac-
tory compounds, particulate-reinforced titanium matrix 
composites, metal–polymer anticorrosive compositions, 

Table 1   Cost of titanium, a comparison with the production costs of 
steel, aluminum, and magnesium products [7]

a Mg sheet not commonly used. Castings are $2.5–10 per pound

Cost ($ per pound contained)

Steel Aluminum Magnesium Titanium

Ore 0.02 0.10 0.01 0.30
Metal 0.10 0.68 0.54 2.00
Ingot 0.15 0.70 0.60 4.50
Sheet 0.30–0.60 1.00–5.00 4.00–9.00a 8.00–50.00

Table 2   Process investigated in the last 10  years to synthesize tita-
nium powder

Name/company Country Type of process

Idaho titanium technolo-
gies

USA Plasma quench process

ADMA Ukrainian/USA Chemical and HDH
TiRo/CSIRO Australia Chemical
Armstrong/ITP USA Chemical
Peruke Ltd South Africa Chemical
Vartech USA Chemical
FFC/U. Cambridge UK and USA Electrolysis
MER Corp USA Electrolysis
CSRI International USA Chemical
PRP/Tokyo University Japan Calciothermic reduction
OS Process/Kyoto Uni-

versity
Japan Calciothermic reduction

Fig. 1   Worldwide titanium mill 
products shipments [18] (Color 
figure online)
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mechanical components, ceramic–metal porous filters, 
gas absorbers of electronic vacuum devices, surgical tools, 
prosthesis, frames for lenses, weapon details, and different 
components in the automobile, aerospace, and chemical 
industries. Titanium P/M components can be welded using 
argon-arc, contacts, diffusion welding, and processed using 
metal-cutting machine tools [19]. Table 3 estimates the pen-
etration of titanium-powder-made components by the year 
2020, when the demand is projected to come close to 18.944 
metric tons (mt) yearly. AM exhibiting the largest projected 
consumption counts [20].

In the last two decades, the research race began again to 
obtain low-cost titanium powder directly from its titanium 
dioxide (TiO2) or tetrachloride (TiCl4). Electrochemical pro-
cesses to obtain titanium powder from TiO2 by reduction 
through melting calcium or its salts had been researched at 
the same time by Suzuki [21, 22] and Fray (FFC process) 
[23, 24]. The Kroll and Hunter processes have improved 
to produce continuous titanium powder by the Australians 
(TiRo™ process) [25] and the American (Armstrong ITP 
Process) [26], respectively. Okabe [27] researched the direct 
production of titanium through calciothermic reduction of 
TiO2. Unfortunately, nowadays, there is no industrial scale 
up for these processes to assure a massive production of 
titanium powder at low cost. A lot of information about the 
new developments on this subject is not publicly available 
because of requirements from various government agencies, 
which have declared titanium as strategic material. Also, 
companies keep the secret of production and their devel-
oped technologies altogether for themselves [28]. Further-
more, the necessary steps to produce titanium powder must 
be reduced in comparison to commercial processes that use 
metallic titanium. During the last years, some researchers 
have investigated the magnesiothermic reduction of titanium 
dioxide with the addition of magnesium dichloride (MgCl2), 
magnesium chloride hexahydrate (MgCl2·6H2O), sodium 
chloride  (NaCl),  calcium hydroxide Ca(OH)2  in argon, 
hydrogen, or nitrogen atmospheres to obtain titanium, tita-
nium hydrogen, or titanium nitride [29–32]. The initiative to 
use H2 as deoxidant during the magnesiothermic reduction 
in trial of 50 g of reactants [29] is an attractive process and 
the content of oxygen reached in comparison to this research 
is better. However, magnesiothermic reductions carried out 

in two different unsealed and sealed reactors without move-
ment with a mixture of approximately 160 g of TiO2 and Mg 
[33, 34] produce heterogeneous and no replicable products. 
The amount of the reactants changes the reaction’s yield 
dramatically and sometimes reactions become explosive. 
As results, some particles of TiO2 are not reduced or the 
titanium that has already been produced is reoxidized due 
to the high temperature generated by the violent exothermic 
reaction. The sealed rotary reactor designed for this research 
promoted a solid–gas reaction to obtain reproducible and 
heterogeneous products, using an amount of reactants of 
approximately 423 g, weighing higher than other researches. 
Compounds containing chlorine were not used to avoid neg-
ative effects on mechanical properties of titanium [19, 28].

As magnesium exhibits a boiling point 192 °C lower than 
calcium, it is used as reducer that could save energy during 
the reduction process in comparison to calcium. Magnesium 
cannot deoxidize titanium to the required levels, but calcium 
does. The use of calcium as dioxider is necessary. With this 
aim, a four-step process to obtain titanium powder is pro-
posed, it consists in a first reduction of titanium dioxide by 
magnesium to low titanium oxygen content, followed by an 
acid leaching step to recover the powder which is used as 
raw material in a subsequent calcium deoxidation process 
with its leaching process. Finally, another acid leaching 
step would obtain the low oxygen content titanium powder. 
The first and second steps, the dotted area shown in Fig. 2, 
are precisely what this research has investigated in order to 
define the suitability of other steps.

Materials and Methods

Raw Materials

The reactants used for the reduction process were titanium 
dioxide powder “Kronos 3000” with the following prop-
erties: TiO2 purity ≥ 99 wt%, size distribution 86 wt% of 
particles > 100 µm and 0.2 wt% of particles < 800 µm, X50-
Value (media size particle) of 200 µm, and granulated mag-
nesium of commercial grade purity. The leaching step was 
carried out with analytical grade HCl, HNO3, and H2SO4 
acids.

Table 3   Projected market 
penetrations of various PM 
titanium product types within 
a 5-year time frame (ending in 
2020) [20]

Product/technology type Sector Tons (p.a.)

Blended Elemental (BE) Automotive 6800
Additive manufacturing (AM) Aerospace, motorsport, medical, others 10,000
Metal Injection molding (MIM) Aerospace, medical, other 45
Prealloy Process (PREP) Aeroengineer parts 2000
Hydride–dehydride (HDH) material Automotive, engineering 90
Spray formed products Surface engineering 9
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Experimental Methods

Magnesiothermic Reduction of TiO2

Reduction was carried out in a sealed rotary tube reactor 
formed by two different compartments joined by a joint 
flange in-between. Each compartment had a capacity of 
350 ml. It was made from high-elevated temperature strength 
stainless steel DIN 1.4841. The reactor was sealed on its 
ends with blind flanges and screws made of the same mate-
rial. Graphite gaskets of “Sigraflex® Economy” were used 
on the joint flanges. The sealed reactor was designed to sup-
port pressure of 9.8 bars at 1000 °C. The trials were heated 
on an electrical atmosphere controlling rotating furnace 
(2 rpm) with facilities to inject argon (2 l/min) as protecting 
gas to ensure a complete mixture of the reagents during the 

reaction and free oxygen atmosphere outside the reactor, 
respectively. The heating program was fixed with preheating 
at 400 °C and 640 °C for 30 min and then up to the set tem-
perature. Sponge titanium was placed into the sealed reactor 
in each compartment to remove the enclosed air by reaction 
at low temperature. The reactor allowed three different con-
figurations as follows:

On the first configuration (1C, Table 4), the compart-
ments were used as separated forms, each one worked as a 
single reactor at the same time (Fig. 3(1)). In each compart-
ment, the reactants were put into contact with each other 
(TiO2 200 g). The aim of this configuration was to determine 
the influence of rotary movement on the yield of reduction. 
A factorial experimental design 22 with three repetitions was 
implemented. Variables were (1) the molar composition ratio 
of Mg/TiO2 mol (φ) of 2.5 (152.2 g) or 4 (243 g) and (2) 
holding reaction temperature of 850 °C or 1100 °C. The size 
of titanium dioxide was the powder size as received and the 
holding time was 240 min.

For the second one (2C, Table 4), the reagents were 
placed separately in each compartment. The joint flange’s 
hole allowed free flow of Mg vapor from the magnesium 
compartment to the TiO2 compartment during the entire 
heating time (Fig. 3(2)). The following variables were main-
tained constant: set-up temperature of 1100 °C, holding time 
of 240 min, and molar composition ratio of Mg/TiO2 mol 
(φ) of 4 (200 g TiO2 and 243.5 g Mg). Four repetitions were 
carried out.

Fig. 2   Investigated process to produce titanium powder by magnesio-
thermic reduction from Rutile (Color figure online)

Table 4   Variables studied in 
the first, second, and third 
configuration

Codification Molar ratio (φ) T (°C) Condition

First configuration 22

Factorial experimental design
1C-1A 1C-1B 1-1C 2.5 850 Mg and TiO2 together

Solid–liquid reaction1C-2A 1C-2B 1-2C 2.5 1100
1C-3A 1C-3B 1-3C 4 850
1C-4A 1C-4B 1-4C 4 1100

Second configuration 2C-1 2C-2 – 4 1100 Mg and TiO2 separated
Free flow Mg vapor2C-3 2C-4 – 4 1100

Third configuration 3C-1 3C-2 – 4 1100 Mg and TiO2 separated
Nickel blind
Start at 1030 °C

3C-3 3C-4 – 4 1100

Fig. 3   (1) First, (2) second, and (3) third configuration for the sealed 
rotary tube reactor
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For the third configuration (3C, Table 4), four trials were 
carried out throughout 240 min at 1100 °C and a molar 
composition ratio of Mg/TiO2 mol (φ) of 4 (200 g TiO2 
and 243.5 g Mg). In this configuration (Fig. 3(3)), the com-
partments were isolated and the TiO2 and Mg were placed 
separately for each one. A special design of graphite gas-
kets made from Sigraflex® Economy was placed in-between 
the joint flanges. They allowed arranging a special nickel 
blind plug, which blocked up the flow of magnesium vapor 
between both compartments until it had melted due to a 
reaction with the vapor magnesium. Nickel and magnesium 
vapor evolved an alloy of a melting point close to the trial’s 
set temperature. Blank trials set the melting point of this 
alloy at approximately 1030 °C ± 10 after 30 min. Since the 
evolved nickel–magnesium alloy was melted, the magne-
sium vapor at approximately 0.58 bar abruptly flowed into 
the TiO2 compartment and began the reaction at 1030 °C. 
Four trials were carried out at the set temperature of 1100 °C 
with a holding time of 240 min.

Leaching of the Reduction Products

The goal of this experimental part was the selection of an 
acid solution which achieved the highest efficiency for the 
removal of magnesium, magnesium oxide, and magnesium 
titanates; and, at the same time, the minimal oxidation of 
titanium in the best product obtained from the magnesiother-
mic reduction. The efficiency of four different acid solutions 
(6M HCl, 3M HCl, 0.55M HCl plus a mixture of 8 HCl% + 
3 HNO3%) was tested during 1 or 24 h (Table 5).

An amount of 10 ± 0.003 g of each sample was slowly 
added to the respective acid solution. An ice bath was used 
as an external cooling system to avoid the hydrogen pick 
up during the reaction. It maintained as solution at tem-
peratures below 20 °C. Magnetic stirring at 180 rpm was 
applied. Temperature and pH values were controlled during 
the leaching process. The final pH after the reaction time 
was always 1. Once the sample was completely charged into 
the beaker, the set time began to be counted. The final liquor 
was recuperated by filtration and diluted with distilled water 
to a certain volume in a volumetric flask to quantify the dis-
solved titanium, magnesium, nickel, and iron by ICP. Some-
times, white and/or black particles were observed in the liq-
uor, in that case, it was centrifuged and filtered again. The 
remaining powder was washed with distilled water, alcohol 
and acetone, and dried under protective gas at 120 °C for 
24 h. Some powder presented a pyrophoric behavior in con-
tact with the air during the drying process. The pyrophoric 
behavior is a characteristic of fine titanium particles smaller 
than 10 μm [21]. Content of oxygen into the powder was 
analyzed by EDX.

Results and Discussion

Yield, Distribution, and Amount of Products

The first configuration (1C) where the reactants were used 
separately obtained a mixture of gray silver (GS) (Ti, Ti2O, 
MgO, and Mg), black metallic (BM) (Ti, MgO, Mg1.5Ti1.5O, 
Ti2O, and Ti2O3), and black no metallic (BnM) (Ti2O and 
Mg) products in different proportions is shown in Table 6. 
Mentioned products’ characterization is explained in the 
next part.

The analysis of variance (ANOVA) or the 22 factorial 
design of the first configuration showed that the molar ratio 
has a significance of 0.006, that is, 99.4% of probability 
molar ratio influences the yield of production of titanium. 
Holding temperature showed no influence in the yield of 
production with a significance of 0.202 that implies a prob-
ability of 79.8%. Statistically, only a probability higher than 
95% is acceptable to consider an influence of the variables 
over the measured result.

Table 5   Experimental design for the leaching process at < 20 °C

No. Acid solution Vol. sol.
(ml)

Reaction 
time (h)

0s24-H 6M HCl 80 24
0s24 6M HCl 80 24
1s1 3M HCl 160 1
1s24 3M HCl 160 24
2s1 0.55M HCl 880 1
2s24 0.55M HCl 880 24
3s1 8 HCl% + 3 HNO3% 200 1
3s24 8 HCl% + 3 HNO3% 200 24

Table 6   Yield of products from 
the first configuration

GS gray silver, BM black metallic, BnM black no metallic

Codification Molar ratio (φ) T (°C) GS (wt%) BM (wt%) BnM (wt%)

1C-1A 1C-1B 1-1C 2.5 850 11.9 12 13.4 8.7 6.4 14.9 79.4 81.6 71.7
1C-2A 1C-2B 1-2C 2.5 1100 22.2 33.8 18.3 18.4 21.3 3.4 59.4 44.9 78.3
1C-3A 1C-3B 1-3C 4 850 24.2 22.5 23.6 20.3 27.7 32.8 55.5 49.8 43.6
1C-4A 1C-4B 1-4C 4 1100 34.9 31 33.5 27.8 31.4 14.7 37.3 37.6 51.8
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On the second configuration where TiO2 and Mg were 
placed separately, the obtained products were gray silver 
(GS) (Ti, Ti2O, MgO and Mg) and black metallic (BM) (Ti, 
MgO, Mg1.5Ti1.5O, Ti2O and Ti2O3). In this case, any black 
no metallic (BnM) product (Ti2O and Mg) was not obtained 
(Table 7).

On the third configuration, the only product obtained was 
black no metallic (BnM) particles (Ti2O and Mg) (Table 8).

The product distributions in the three different reactor 
configurations were always the same: some reduced particles 
formed a sinter cake, another particles detached and free, 
magnesium condensed on the internal walls of the reactor 
and fine white MgO particles detached and homogeneously 
distributed. The reductions carried out on the first configu-
ration when TiO2 and Mg were in contact with each other 
obtained a heterogeneous no replicable mixture of tita-
nium product, titanium oxides, magnesium titanates, and 
magnesium. The second configuration where the reactants 
were placed separately reached the best yield of produc-
tion of gray silver products of 98.7 wt%. Finally, the reduc-
tion evolved in the third configuration, starting abruptly at 
1030 °C, conducted at a heterogeneous product of titanium 
hemoxide (Ti2O) due to reoxidation of the titanium. From 
the results of different configurations, it can be summarized 
that a high yield of titanium is produced when TiO2 and Mg 

are placed in a separate form and a solid–gas reaction is used 
at lower temperature.

Obtained Products by Magnesiothermic Reduction

Three kinds of different grades of reduction grouped 
products were obtained during the reduction from differ-
ent conditions study. Those commonly grouped products 
were founded in a sinter cake form, detached or placed 
on a specific place of the reactor. The products could be 
easily separated by hand due to their different colors and 
textures. The products were named as gray silver (GS), 
black metallic (BM), and black no metallic (BnM) parti-
cles in order to be analyzed by ICP, XRD, SEM, and EDX.

Product Form of Ti, Ti2O, MgO, and Mg: Gray Silver (GS)

The gray silver product (GS) (Fig. 4a) was obtained dur-
ing trials where reagents were placed in contact with each 
other or separately in the first and second configurations 
(Tables 6 and 7). XRD pattern from a mixture of GS prod-
ucts of samples 2C-1, -2, -3, and -4 (Fig. 5) shows metal-
lic titanium (Ti), a low proportion of hemioxide (Ti2O), 
magnesium oxide (MgO), and metallic magnesium (Mg).

Table 7   Yield of product from 
the second configuration

GS gray silver, BM black metallic, BnM black no metallic

Codification GS (wt%) BM (wt%) BnM (wt%)

2C-1 2C-2 98.6 99.3 1.4 0.7 0 0
2C-3 2C-4 98.7 98.8 1.3 1.2 0 0

Table 8   Yield of products from 
the third configuration

GS gray silver, BM black metallic, BnM black no metallic

Codification GS (wt%) BM (wt%) BnM (wt%)

3C-1 3C-2 0 0 0 0 100 100
3C-3 3C-4 0 0 0 0 100 100

Fig. 4   Stereoscopic images of 
mixture trials 2C-1, -2, -3, and 
-4 of a GS product forms of Ti, 
MgO, and Mg; b BM product 
forms of Ti, MgO, Mg1.5Ti1.5O, 
Ti2O, and Ti2O3 (Color figure 
online)
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Product Forms of Ti, MgO, Mg1.5Ti1.5O, Ti2O, and Ti2O3: Black 
Metallic (BM)

The black metallic (BM) products (Fig. 4b) were produced 
during second configuration trials where the reagents 
were placed separately where only a solid gas reaction 
could take place (Table 7). BM product mixtures from tri-
als 2C-1, -2, -3, and -4 were composed of titanium metal 
(Ti) and magnesium oxide (MgO) as main components, 
together with low peaks of quandilite (Mg1.5Ti1.5O4), tita-
nium sesquioxide (Ti2O3), and titanium hemioxide (Ti2O) 
as the XRD patterns show (Fig. 6). Although the peaks of 
Ti and MgO phases show higher intensity in comparison 
to the Mg1.5Ti1.5O, Ti2O, and Ti2O3 ones, the presence of 
those products suggests a partial reduction in some places 
of the particles, in other words, the reduction grade in the 
particles was heterogeneous.

Product Forms of Ti2O and Mg: Black No Metallic (BnM)

This product was obtained (Fig. 7) during the first configu-
ration together with the previous ones (Table 6) and as a 
single product in the third configuration (Table 8) when 
a nickel blind plug was used. The XRD (Fig. 8) pattern 
from BnM products mixture from samples 3C-1, -2, -3, 
and -4 shows that titanium hemioxide (Ti2O) and magne-
sium oxide (MgO) are the phases present in those product.

Leaching Process

The products obtained during second configuration trials 
(2C-1, -2, -3, and -4 trials) were mixed to be used as raw 
material. The total weight of mixed products was 1701.2 g 
and its chemical composition can be seen in Table 9. Con-
tamination of Ni and Fe in the product is due to the reac-
tion of the magnesium with the high-temperature special 
steel reactor’s wall during the reduction process.

Fig. 5   XRD patterns of GS product mixtures from trials 2C-1, -2, -3, and -4, formed of Ti, Ti2O, MgO, and Mg (Color figure online)

Fig. 6   XRD patterns of BM product mixtures from trials 2C-1, -2, -3, and -4 formed of Ti, MgO, Mg1.5Ti1.5O, Ti2O, and Ti2O3 (Color figure 
online)

Fig. 7   Stereoscopic image of BnM product mixture from samples 
3C-1, -2, -3, and -4 formed of Ti2O and MgO
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Samples of 10 ± 0.003 g were extracted from the bulk 
of mixed products and they were leached in different acid 
mixtures as show in Table 5. The efficiencies of dissolved 
metals for products are shown in Table 10. The trials carried 
out with 6M HCl (0s24, 0s24h) were not analyzed because 
of the products’ dissolution rate.

In almost all cases, the magnesium content was almost 
completely removed in the final product. The dissolution of 
magnesium was higher than 92% with a maximal efficiency 
for the sample No. 3s24. It may be that at the high HCl 
concentration, the time does not influence the dissolution 
percentage. This behavior could be the result of a surface 
passivity that inhibits any further dissolution. For these tri-
als, some particles remained without any reaction. Other tri-
als (2s1, 2s24, 3s1, and 3s24) exhibited an obvious behavior, 
the longer the time for reaction, the higher the dissolution of 
magnesium. No passivity was developed with the additional 
presence of the stronger oxidant agent (HNO3). The acid 
mixture 8 HCl% + 3 HNO3% during 24 h resulted in being 
the best leaching efficiency with both the lowest titanium 
dissolution (0.03%) and total dissolution of magnesium.

Yield of titanium from the best configuration of reduc-
tion process and the more efficient acid mixture resulted 

on 98.22%wt. It was calculated using the following data: 
amount of Ti (479.58 g) contains on the TiO2 used as raw 
material of all trials of the second configuration reactor; 
weight of mixed products (1701.2 g) from the magnesiother-
mic reduction; and the chemical composition of the powder 
produced from the leaching process 3s24 (Table 10). Finally, 
trials with the best yield of gray silver product (Ti, Ti2O, 
MgO, and Mg) from the first configuration, also 1C-4A, -4B, 
and -4B, were leached using the acid mixture (8 HCl% + 3 
HNO3%) for 24 h.

Obtained Powder from the Leaching Process

Three different morphologies were observed by SEM in the 
particles obtained from the leaching process, as described 
in the following:

Equiaxed Particles from First Configuration

The particles obtained from the first configuration’s leaching 
process (1C-4A, -4B, -4C) exhibited an equiaxed form with 
holes on their surface (Fig. 9). Particle size ranges from 0.5 
to 3.5 μm. The SEM micrograph renders a facetted growth 
of the titanium particle from the prior magnesium titanates 
particle. The prior ones are decomposed on both MgO and 
titanium particles. The SEM micrograph renders a facetted 
titanium particle growth from the prior magnesium titanates 
particle. The prior ones were decomposed on both MgO 
and titanium particles. The MgO particles were released 
leaving behind a high porosity of octahedral holes on the 
surface which was then transformed into titanium metal by 
the removal of magnesium and oxygen. This micrograph 
shows larger particles than other samples; it could be that 
the smaller particles have been adsorbed by the bigger ones 
in a ripening process promoted by the high temperature and 
longer time. The titanium particle shapes are semi-spherical.

The EDX chemical analysis shows the presence of oxygen 
and magnesium (Table 11). The oxygen content is approxi-
mately 4.38 wt% (89.46% degree of reduction) and magne-
sium is only on point 1 with 2.79 wt%.

Fig. 8   XRD patterns of BnM product mixture from samples 3C-1, -2, -3, and -4 formed of Ti2O and Mg (Color figure online)

Table 9   Chemical composition of products from second configura-
tion

Sample Mg (wt%) Ti (wt%) Fe (ppm) Ni (ppm)

2C-1,2,3,4 53.4 27.7 280 218

Table 10   Elements percentages dissolved from products of second 
configuration by different acid solutions

Experiment no. Acid %Mg %Ti %Fe %Ni

1s1 3M HCl 94.04 0.04 13.57 14.65
1s24 94.04 0.41 22.86 17.39
2s1 0.55M HCl 94.04 0.05 14.29 13.73
2s24 97.40 0.04 14.29 13.73
3s1 8 HCl% + 3 HNO3% 92.36 0.05 10.71 16.02
3s24 100.00 0.03 25.00 18.31
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Spherical and Semi‑spherical Particles

Two different morphologies (Fig. 10) were observed in the 
leached products (3s24) from the second configuration (2C-
1, -2, -3, and -4). The first one of these morphologies cor-
responded to spherical and semi-spherical titanium particles 
with a 0.53 μm to 1.93 μm size. They were detached from 

the continuous matrix structure under a “free flow” behavior 
mode. The latter morphologie consists in an angular mon-
olithic material, containing an elevated amount of nickel 
(circa 52 wt%) that suggests chemical reactions between 
some of the reactants and the nickel contained in the reac-
tor’s wall of the high-temperature-resistant steel alloy. The 
EDX chemical analysis (Table 12) shows that the oxygen 
content is approximately 3.25 wt%, leading to a degree of 
reduction of 92.29%.

Continuous Matrix Structure

The second morphology corresponds to a continuous tita-
nium matrix spotted by traces of small, detached titanium 
particles (Fig. 11), that had been absorbed by the matrix. 
Small cavities on its surface, left by leached MgO were 
observed as well. This confirms the formation of a continu-
ous matrix resulting from facetted growth by a sinter/rip-
ening process. The EDX shows that the oxygen content is 
approximately 5.22 wt%, leading to a degree of reduction of 
87.35% (Table 13).

Morphology Analysis

As it can be determined by the morphological analysis, the 
metallic titanium powder obtained under the best of the tested 
conditions (separated reactants, rotational reactor, free flow 

Fig. 9   SEM of powder obtained from the leached gray silver product from 1C-4A, -4B, -4C trials. Left—The bigger particles size approximately 
3.5 μm and the smaller ones 0.5 μm. Right—Octahedral holes on the particle surface originate from released MgO particles (Color figure online)

Table 11   EDX chemical 
composition of powder obtained 
from the leached gray silver 
product from the 1C-4A, -4B, 
-4C trials

Point %Ti %O %Mg

1 93.01 4.2 2.79
2 39.99 6.01 0.00
3 95.71 4.29 0.00

Fig. 10   SEM of semi-spherical powder obtained from the leached 
mix of product from the second configuration. Left—the bigger par-
ticles size approximately 3.5 μm and the smaller ones 0.5 μm (Color 
figure online)

Table 12   EDX chemical 
composition of the semi-
spherical powder of the leached 
mix product from the second 
configuration

Point %Ti %O %Ni

1 86.76 5.46 7.76
2 96.63 3.37 0.00
3 43.66 3.48 52.86
4 44.34 2.90 52.76
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of magnesium in the reactor’s compartment, 1100 °C set tem-
perature, and 4-h holding time) exhibits free flowing particles 
with semi-spherical shape, sizing between 0.5 and 1.4 µm. 
The degree of reduction achieved was 92.3%, corresponding 
to 3.25% oxygen content. As it can be observed in some of the 
trials, it is possible to obtain spherical particles, but for the 
goal established, the process window is quite narrow. Owing to 
its elevated oxygen content, the titanium metal obtained in the 
present research could be used in new processes such as PIM 
or PMV, wherein oxygen content has been determined to be no 
more than 10%. This is so because the components’ mechani-
cal requirements do not require a very high performance. In 
addition, and as it was initially envisioned, the magnesiother-
mic reduction process may be an intermediate step when it 
comes to obtaining high-performance titanium powder. The 
next step could use calcium as oxygen cleaner in a lower con-
tent than the other investigated processes.

Conclusion

High yield of titanium and a homogeneous product mainly 
conformed by Ti, Mg, and MgO with low proportion of Ti2O 
and Ti2O3 was obtained when Ti2O and Mg were placed 

separately in the sealed rotary reactor and a solid–gas reac-
tion lead the process of reduction. On the other hand, when 
TiO2 and Mg were placed with each other, a heterogene-
ous product conformed of Ti, Mg, MgO, Mg1.5Ti1.5O, Ti2O, 
and Ti2O3 was obtained. Finally, when magnesium gas was 
allowed to react at 1030 °C (0.68 bar) with titanium, the 
homogeneous product obtained was titanium hemioxide 
(Ti2O) and magnesium oxide (MgO).

The best leaching condition found was a mixture of 8 
HCl% + 3 HNO3% for 24 h at maximum 20 °C, which 
results in the highest dissolution of both the magnesium 
excess and magnesium oxide, very close to 100% and the 
lowest dissolution of the titanium about of 0.03 wt%.

The semi-spherical titanium particles obtained were 
approximately of 0.5 μm size with a content of oxygen on an 
average of 3.25 wt% on average, corresponding to a degree 
of reduction of 92.3% referring to TiO2. Lower oxygen con-
centration was reached in some trials to about 2.9 wt%, and 
degree of reduction of about 93.17%. No chlorine contami-
nation was detected.

The shape of the titanium powder was not homogeneous, 
and it depended on conditions of the trial. Generally, small 
and detached equiaxed particles were obtained when reac-
tants were in contact, but when they were placed separately, 
a continuously sinter structure or semi-spherical particles of 
titanium was obtained.
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