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Abstract: The leaching process of magnesiothermic self-propagating product generated during the multistage deep reduction process
was investigated. The influence of magnesiothermic self-propagating product particle size, HCI solution concentration, and leaching
solution temperature on the leaching behavior of elements Al and V was investigated. Results demonstrate that the leaching rate of Al
and V is increased with the rise in leaching solution temperature, the increase in HCI solution concentration, and the enlargement of
magnesiothermic self-propagating product particle size. The leaching processes of Al and V are consistent with the chemical reaction
control model. When the magnesiothermic self-propagation product with D, of 59.4 um is selected as the raw material, the leaching
temperature is 40 °C, and 1 mol/L HCI solution is employed, after leaching for 180 min, the leaching rates of Al and V are 24.8% and

12.6%, respectively. The acid-leached product exhibits a porous structure with a specific surface area of 3.5633 m’/g.
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1 Introduction

Ti6Al4V alloy is a typical a+p type titanium alloy", which
exhibits
biocompatibility, fine corrosion resistance, and nonmagnetic
characteristics® ™. Currently, Ti6Al4V alloy is the most

advantageous  properties, including  good

prevalent titanium alloy with a multitude of applications in

medical, aircraft manufacturing, chemical, and other fields™ .

The continuous development of 3D printing technology™”,

powder metallurgy technology™*""
technology™* "' has led to an increase in the market demand
for titanium alloy powder. Nevertheless, the high production

cost exerts a significant barrier to the further expansion of

, and selective laser melting

titanium alloy applications.
Currently, the majority of titanium alloy powder is prepared
by atomization technology. The first step in the production of
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titanium powder is the preparation of the titanium sponge,
followed by the addition of alloying elements to the sponge
for alloying and melting. Finally, the titanium alloy is
atomized into powder by atomization technology"®. The
production of titanium sponges is a high-energy-consuming,
polluting, and intermittent process. To reduce the production
cost of titanium alloys, scholars have explored and developed
different methods for the preparation of titanium alloy
powder. Common methods are the electrochemical method
and the metal thermal reduction method. Electrochemical
methods involve preparation at the temperatures below the
melting point of titanium alloys. The reduction temperatures
of the metal thermal reduction method are usually below the
melting point of titanium alloys. Even if the transient
temperature exceeds the melting point of titanium alloys, it is
still challenging to maintain the high temperature for a long
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period. Consequently, the electrochemical method and the
metal thermal reduction method can maintain the intrinsic
state of the raw materials, and titanium alloy powders can be
obtained directly through the utilization of powdered raw
materials.

The electrochemical method employs the principle of
electron transfer, which entails a direct reduction of the
cathode titanium dioxide to titanium metal or the titanium
element at the anode being transformed into the ionic state in
the molten salt. Thereafter, the titanium ions existing in the
molten salt undergo reduction to titanium metal. A novel
approach to the synthesis of titanium metal powders via
molten salt electrolysis of TiO, was initially proposed in
Ref.[17—18]. Subsequently, Suzuki!?”, Park®, Jiao™, and
Zhu™' et al investigated this method and expanded the
experimental estimation range to the scale of tens of
kilograms. Nevertheless, the challenges of recycling the
molten salt and the high production cost remain significant
obstacles to overcome. The process of thermal metal reduction
involves the removal of elemental oxygen from the feedstock
through a metal with oxygen binding ability acting as the
reducing agent. The conventional thermal metal reduction
method employs Mg and Na as reducing agents to reduce
TiCl, to obtain the titanium sponge. To reduce the addition of
CaCl, in the electrochemical process, Okab et al*! proposed
the preform reduction process. TiO,, CaCl,, and CaO were
mixed and sintered, and then the titanium powders with 99%
purity could be obtained by Ca vapor reduction at 1073—1273
K for 6 h followed by acid leaching. Yang et al® enhanced
the process-removal-product process by eliminating the pre-
sintering step and reducing the reaction time. Nevertheless,
the utilization rate of Ca vapor was found to be exceedingly
low with a considerable quantity of Ca metal condensing on
the upper part of the reactor after the reaction. To enhance the
utilization rate of metallic Ca, Yan et al®” conducted a direct
mixing process involving small particle-sized metallic Ca
powder with TiO,, V,O,, and Al powder. This process resulted
in the formation of Ti6Al4V powder through the self-
propagating reaction. Nevertheless, metallic Ca is highly
reactive, and the production of small particle metallic Ca
powder is costly and unsuitable for preservation purpose. The
production and storage costs of metallic Mg powder are lower
than those of metallic Ca powder. Consequently, the
utilization of metal Mg powder as a reducing agent can reduce
the production cost. Sarkar et al*” employed a novel reduction
process involving TiO,, MgCl,, and Mg with the introduction
of H, during the reduction. The use of hydrogen atoms to
destabilize the Ti-O solid solution results in the production of

low-oxygen titanium powder. Zhao et al***"

uniformly mixed
Na,TiF,, NaF, and Al powder for reduction, resulting in the
production of Ti powder, Ti,Al powder, and TiAl powder.
However, the product exhibited a high oxygen content and
was therefore unsuitable for direct use.

To reduce the oxygen content in the product while lowering
the production cost, Yan et al®*** proposed a new process for

the preparation of Ti6Al4V alloy powders by multistage deep

reduction. The Ti-Al-V-O precursor was initially obtained by
the rapid thermal self-propagation reaction rate of Mg. To
further reduce the oxygen content in the Ti-Al-V-O precursor,
deep deoxidation was conducted at 1000—1300 K using metal
Ca as a reducing agent. Nevertheless, the presence of MgO in
the primary reduction product of magnesiothermic self-
propagation process would impede the migration of oxygen
atoms during the deep reduction process. Consequently, it was
essential to eliminate MgO from the primary reduction
product of magnesiothermic self-propagation. However, the
dissolution of elements Ti, Al, and V into the HCI solution
during the MgO removal process would result in a lack of
product composition. Therefore, it is important to study the
leaching mechanism of elements Ti, Al, and V during the
dissolution of MgO in HCI solution. The leaching kinetics of
the elements Mg and Ti have been previously reported in
Ref.[35]. This research employed HCI solution as the leaching
solvent to examine the impact of particle size, the
concentration of HCI solution, and temperature of the leaching
solution on the leaching process of elements Al and V in the
primary reduction products
propagating process.

of magnesiothermic self-

2 Experiment

The Mg, TiO,, V,0,, and Al powders were uniformly
blended and subsequently compressed into lumps through
cold pressing. These lumps were then placed in a self-
propagating reactor. The gas within the reactor was replaced
on three occasions with Ar gas, after which a resistance wire
was employed to initiate the self-propagation reaction. The
reaction products were crushed and then separated into four
samples with particle size D,, of 85.3, 59.4, 50.9, and 26.7
pm. The HCI solutions of 1, 2, 3, and 4 mol/L were used as
the leaching solution, and the leaching temperatures were
selected as 30, 40, 50, and 60 °C.

To maintain a constant temperature throughout the
experiments, the HCI solution of 2 L was placed in a three-
necked flask before each experiment and stirred at a fixed
speed of 250 r/min using a stirring paddle. The flask was
maintained at a constant temperature through water bath for
30 min, after which 1.5 g magnesiothermic self-propagation
product was added. Samples of 3—5 mL were taken out at 1, 3,
5,7, 10, 15, 30, 45, 60, 90, 120, 150, and 180 min from the
beginning of the experiment to ensure that the liquid-to-solid
ratio of the experiment remained constant. The samples were
then quickly filtered. The element concentrations of Al and V
in solution were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) with calibration.
The specific experiment conditions are presented in Table 1.

The phase of the products was characterized by X-ray
diffraction (XRD, Bruker, D8). The microstructure of the
products was characterized by field-emission scanning
electron microscope (SEM, SU8010, Hitachi) coupled with
energy dispersive spectrometer (EDS). The specific surface
area of the products was determined using a surface area
analyzer (ASAP2020M). The concentrations of aluminum and
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vanadium in the solution were analyzed by ICP-OES
(Leeman, Prodigy XP).

The original morphologies of the magnesiothermic self-
propagation product are illustrated in Fig. 1. According to
Fig. la—1b, the original morphologies of the magnesiothermic
self-propagation product show an amorphous lump with
particles attached to the surface. Fig. Ic depicts the cross-
morphology of the
propagation product. It can be observed that the product can
be internally divided into two distinct regions, which are
characterized by dark and light grey hues. According to
Fig. 1d, the dark grey part is primarily composed of elements
Mg and O, whereas the light grey part is primarily composed
of elements Ti, Al, and V. These two types of enriched areas
are closely combined.

Fig.2 illustrates XRD pattern of the magnesiothermic self-
propagation product. As illustrated in Fig.2, the composition
of the phase in magnesiothermic self-propagation product is
predominantly MgO and the low-valent oxides of titanium.

sectional magnesiothermic  self-

The elements V and Al cannot be observed, and they exhibit a
certain degree of solid solubility in Ti.

3 Results and Discussion

3.1 Leaching process of element Al

When the HCI solution concentration is 1 mol/L and the
particle size D,, of the magnesiothermic self-propagation
product is 85.3 um, the variation curves of the leaching rate of
the element Al are shown in Fig.3. As shown in Fig.3a, with
the increase in the temperature, the leaching rate of element Al

Table 1 Experiment conditions

HCI solution

Particle size,
No. Temperature/°C

concentration/mol-L"™" D,/um
1 1 30 85.3
2 1 40 85.3
3 1 50 85.3
4 1 60 85.3
5 1 40 59.4
6 1 40 50.9
7 1 40 26.7
8 2 40 59.4
9 3 40 59.4
10 4 40 59.4

is increased. With the prolongation of leaching time, the
leaching rate of Al is also increased. After leaching for 180
min, the leaching rate of Al in the systems with temperature of
30, 40, 50, and 60 °C is found to be 5.6%, 22.0%, 43.7%, and
66.2%, respectively. This result indicates that the increase in
temperature is accompanied by a proportional increase in the
loss of element Al from the product.

When the HCI solution concentration is 1 mol/L and the
temperature is 40 °C, the variation curves of the leaching rate
of element Al with the particle size of the magnesiothermic
self-propagation product are shown in Fig.3b. As illustrated in
Fig.3b, the leaching rate of Al exhibits a clear increase trend
with the reduction in particle size of the raw material without

Fig.1 SEM morphologies (a—b) and cross-sectional morphology (c) of magnesiothermic self-propagation powder product; element distributions

corresponding to green rectangular area in Fig.1c (d)
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Fig.2 XRD pattern of magnesiothermic self-propagation product

discernible turning point. With the prolongation of leaching
time, the leaching rate of Al is also increased. After leaching
for 180 min, the leaching rate of Al reaches 22.0%, 24.8%,
25.6%, and 26.1% with particle sizes of 85.3, 59.4, 50.9, and
26.7 um, respectively. This result suggests that the reduction
in particle size of the magnesiothermic self-propagation
primary reduction product is associated with the increase in
the leaching rate of Al

When the temperature of the leaching solution is 40 °C and
the particle size Dy, of the magnesiothermic self-propagation
product particle size is 59.4 um, the variation curves of the
with the HCI
concentration are shown in Fig.3c. As illustrated in Fig.3c, the
leaching rate of Al is increased with the increase in HCI

leaching rate of element Al solution

solution concentration. With the prolongation of leaching
time, the leaching rate of Al is also increased. After leaching
for 180 min, the leaching rate of Al reaches 61.7%, 53.1%,
43.5%, and 24.8% with HCI solution concentrations of 4, 3, 2,
and 1 mol/L, respectively. This result indicates that a high HCI
solution concentration may result in a significant increase in
the amount of Al loss during the acid-leaching process. This
comparison of the effects of leaching solution temperature,
magnesiothermic self-propagation product particle size, and
HCI solution concentration on the leaching rate of Al reveals
that the temperature and HCI solution concentration exert a
significant influence on the leaching rate of Al. To minimize
the loss of element Al, it is recommended to lower the

leaching temperature and HCI solution concentration.
3.2 Leaching process of element V

When the concentration of the HCI solution is 1 mol/L and
the particle size D, of the magnesiothermic self-propagation
product particle size is 85.3 um, the variation curves of the
leaching rate of element V with temperature and time are
shown in Fig. 4a. Fig. 4a indicates that the leaching rate of
element V is comparable to that of element Al. The leaching
rate of element V is increased with the increase in temperature
and the prolongation of leaching time. After leaching for 180
min, the leaching rate of V in the systems with temperatures
of 30, 40, 50, and 60 °C is found to be 2.3%, 7.9%, 29.2%,
and 51.0%, respectively. This result indicates that with the
increase in temperature, the leaching rate of element V is
increased in the product.

When the concentration of the HCI solution is 1 mol/L and
the temperature is 40 °C, the variation curves of the leaching
V with the particle of the
magnesiothermic self-propagation product and time are shown
in Fig.4b. As illustrated in Fig.4b, a reduction in the particle
size of the raw material is accompanied by an increase in the

rate of element size

leaching rate of element V. With the prolongation of leaching
time, the leaching rate of V is also increased. After leaching
for 180 min, the leaching rate of V reaches 7.9%, 12.6%,
12.8%, and 13.6% with particle sizes of 85.3, 59.4, 50.9, and
26.7 pm, respectively. This result indicates that the reduction
in particle size of the magnesiothermic self-propagating
primary reduction product results in an increase in the amount
of V loss.

When the temperature of the leaching solution is 40 °C and
the particle size D, of the magnesiothermic self-propagation
product particle size is 59.4 um, the variation curves of the
V with the HCI
concentration and time are shown in Fig.4c. As illustrated in

leaching rate of element solution
Fig. 4c, the leaching rate of element V is increased with the
increase in HCI solution concentration. With the prolongation
of leaching time, the leaching rate of V is also increased. After
leaching for 180 min, the leaching rate of V reaches 57.0%,
46.37%, 33.0%, and 12.6% with HCI solution concentrations
of 4, 3, 2, and 1 mol/L, respectively. This result indicates that
the increase in HCl solution concentration causes a significant
increase in the leaching rate of V in the process of acid
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Fig.3 Influence of temperature (a), particle size (b), and HCI solution concentration (c) on leaching rate of element Al
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leaching. The comparison of the effects of leaching solution
temperature, magnesiothermic  self-propagation  product
particle size, and HCI solution concentration on the leaching
rate of elemental V reveals that the temperature and HCI
solution concentration exert a significant influence on the
leaching rate of element V. To prevent the loss of element V, it
is recommended to lower the leaching temperature and HCI
solution concentration.

3.3 Leaching kinetic analysis

To investigate the nature of the interaction of the elements
Al and V with the HCI solution, leaching rate data at different
temperatures were fitted using different reaction control
models. The leaching of metallic elements from
magnesiothermic self-propagation products is a solid-liquid
non-homogeneous phase reaction. The reaction occurs at the
surface of unreacted particles. In the process of continuous
leaching, the reaction interface gradually contracts towards the
interior of the particle, resulting in the formation of a porous
structure. Consequently, the leaching kinetics are consistent
with the unreacted shrinkage kernel model. These phenomena
can be classified into three categories: chemical reaction
control, internal diffusion control, and external diffusion
control. The leaching kinetic models corresponding to
chemical reaction control, internal diffusion control, and
external diffusion control, as presented in Eq. (I — 3)
respectively, as follows:

1-(1-a) =kt (1)
1-20/3~(1-a)** =kt (2)
1-(1-a)"*=k;t 3)

where a is the leaching rate; ¢ is time; k,, k,, and k, are
constants.

Arrhenius equation is also required for calculation, as
follows:

Ink=B-E/RT 4)
where k is the leaching rate constant; B is the intercept value
of fitting line; E is the apparent activation value; R is the
thermodynamic constant; 7 is the temperature.

Because the leaching rate constant £ is a function of the
HCI solution concentration C, it is necessary to consider the
formula in Eq.(5), as follows:

Ink=D+nInC %)

where D is the intercept value of fitting line; n is the number

of reaction stages; C is the concentration of HCI solution.

To investigate the leaching kinetics of Al during the
leaching process in HCI solution, the leaching rate data for
the element Al were input into different kinetic functions for
fitting analysis. The calculated results are shown in Table 2.
It is found that the correlation coefficient R’ of all data
exceeds 0.97 when the chemical reaction control model is
used for fitting. This result indicates that the leaching process
of Al during the experiment is in accordance with the
chemical reaction control model, as illustrated in Fig. Sa
and 5Sc.

The relationship between Ink and 1000/7 can be observed in
Fig. 5b. After linear fitting of the relevant data, the apparent
activation value E of the reaction can be obtained. The
apparent activation E of the Al leaching reaction is calculated
to be 80.06 kJ/mol when the HCI solution concentration is
1 mol/L. The apparent activation E, derived from the
Arrhenius formula, is greater than 41.8 kJ/mol, which
indicates that the Al leaching process is in accordance with the
chemical reaction control. According to Eq. (5), the
relationship of Ink-InC can be obtained in Fig.5d. The number
of reaction levels of the leaching reaction can be obtained by
linear fitting of the relevant data. The slope of the fitted line in
Fig. 5d represents the reaction order of Al leaching from the
HCI solution. It can be calculated that the reaction order of Al
leaching from HCIl solution with different HCI solution
concentrations is 0.937, which indicates that increasing the
HCI solution concentration has a significant effect on the
leaching rate of Al

To investigate the leaching kinetics of V during the leaching
process in HCI solution, the leaching rate data for the element
V were input into different kinetic functions for fitting
analysis. The calculated results are shown in Table 3. It is
found that the correlation coefficient R* of all data exceeds
0.99 when the chemical reaction control model is used for fit-
ting. This result indicates that the leaching process of V during
the experiment is in accordance with the chemical reaction
control model, as illustrated in Fig.6a and 6c.

The relationship between Ink and 1000/7 is shown in
Fig. 6b. After linear fitting of the relevant data, the apparent
activation E of the reaction can be obtained. The apparent
activation E of the V leaching reaction is calculated to be
97.98 kJ/mol when the HCI solution concentration is 1 mol/L.
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Fig.4 Influence of temperature (a), particle size (b), and HCI solution concentration (c) on leaching rate of element V
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Table 2 Correlation coefficient R” of leaching rate of Al fitted under different kinetic models

RZ
Temperature/°C HCl solution concentration/mol-L™" y y
1-(1-a)"” 1-(1-a)* 1-20/3~(1-a)**
30 1 0.987 0.959 0.992
40 1 0.997 0.965 0.901
50 1 0.997 0.990 0.968
60 1 0.993 0.992 0.985
40 2 0.994 0.990 0.902
40 3 0.992 0.986 0.972
40 4 0.972 0.965 0.991
0.35
= 30°C, R*=0.987 4 -6.0+ b
030F o 40°c, R~0.997 by
0.25L + %0 °C, R*=0.997 -6.5F
o v 60°C, R*=0.993 7.0k
= 020} '
I = -7.5r
= 0.15¢ =
T [ ¥=9.6314X+22.7594
= -8.0
0.10 R?=0.983
8.5+
0.05
9.0r
0.00 05 e
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— 010 ¥=0.937X-7.7
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0.00} ’ . .
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13

Fig.5 Relationship between 1-(1-a)

00 03 06 09 12 15
In(C/mol-L™")

and time at different temperatures (a) and under different HCI solution concentrations (c) during Al

leaching process; relationships of Ink-1000/7 (b) and Ink-InC (d) during Al leaching process

Table 3 Correlation coefficient R* of leaching rate of V fitted under different kinetic models

Temperature/°C HCl solution concentration/mol-L™ K
1-(1-a)'"? 1-(1-a)*? 1-20/3-(1-a)**
30 1 0.999 0.966 0.971
40 1 0.995 0.990 0.880
50 1 0.999 0.997 0.946
60 1 0.998 0.980 0.965
40 2 0.999 0.998 0.925
40 3 0.996 0.995 0.930
40 4 0.996 0.992 0.953

The apparent activation E, derived from the Arrhenius
formula, is greater than 41.8 kJ/mol, which indicates that the
V leaching process is in accordance with the chemical
reaction control model. According to Eq.(5), the relationship
of Ink-InC is shown in Fig. 6d. The reaction order of the

leaching reaction can be obtained by linear fitting of the
relevant data. The slope of the fitted line in Fig.6d represents
the reaction order of V leaching from the HCI solution. It can
be calculated that the reaction order of V leaching from HCl
solution with different HCI solution concentrations is 1.3223,
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Fig.6 Relationship between 1-(1-a)"” and time at different temperatures (a) and under different HCI solution concentrations (c) during V

leaching process; relationships of Ink-1000/7 (b) and Ink-InC (d) during V leaching process

which indicates that increasing the HCI solution concentration
has a significant effect on the leaching rate of V.
3.4 Characteristics of product after acid leaching

The magnesiothermic self-propagating primary reduction
product with the particle size D,, of 59.4 um was employed as
the raw material, and 1 mol/L HCI was used as the leaching
solution for the following analysis. After leaching at 40 °C for
180 min, XRD and specific surface area analysis results of the
leached product are presented in Fig.7. As shown in Fig.7a,
the phase of the acid-leached product is predominantly
composed of low-valent titanium oxides. Compared with the
analysis from Fig.2, the diffraction peaks of MgO disappear.
Furthermore, the diffraction peaks of Al and V are absent in
Fig.7a.

Fig.7b illustrates that the adsorption and desorption curves

of the acid-leached product exhibit characteristics consistent
with class II adsorption isotherms, as defined by the
International Union of Pure and Applied Chemistry (IUPAC)
classification criteria. The adsorption curve exhibits a clear
inflection point in the low-pressure section, indicating that
monolayer adsorption has been completed at this point.
Subsequently, multilayer adsorption occurs with the increase
in partial pressure. A clear hysteresis can be observed in the
desorption curve in the high-pressure area. This phenomenon
can be attributed to the occurrence of capillary condensation
between particles and within the macropores, which results in
a hysteresis in the desorption curve. This result implies that
the isotherms obtained at the time of desorption do not
coincide with the isotherms obtained at the time of adsorption.
The specific surface area of the product after acid leaching is

3 [ « TiO T —=— Adsorption b
30 . #TiO ) 6l —e— Desorption
&25r 5|
% 2071 E 4}  Specific surface area: 3.5633 m%g
2 1sf Z 5l
5 10f 25l
5 1 +‘ Hoe i,
5 !J‘ . P 1+
0 2I0 4I0 6I0 8I0 0 OiO 012 014 0j6 0i8 liO
26/ P/P°

Fig.7 XRD pattern (a) and adsorption-desorption curves for N, (b) of products after acid leaching
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Fig.8 Morphologies of magnesiothermic self-propagation products

3.5633 m%/g. Fig. 8a— 8b illustrate the morphologies of the
product after acid leaching. It is revealed that the acid-
leaching process results in the removal of MgO and the
formation of a porous and loose product.

4 Conclusions

1) With the increase in leaching temperature, the increase in
HCI solution concentration, and the decrease in raw material
particle size, the leaching rates of Al and V are increased. The
leaching process of both Al and V conforms to the chemical
reaction control model.

2) The apparent activation E of the Al leaching reaction is
calculated to be 80.06 kJ/mol when the HCI solution
concentration is 1 mol/L. The reaction order for the leaching
of Al with different HCI solution concentrations is found to be
0.937.

3) The apparent activation £ of the leaching reaction of V is
determined to be 97.98 kJ/mol. The reaction order for the
leaching of V with different HCI1 solution concentrations is
found to be 1.3223.
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ZRE TR EHIZ TieAV A& iZH AIM VIR EE HE

FIEEAR Y, KU, B, B, RIES, M 57, RAE
(1. i PEEE T2 300 ol A SR AL bR TR T L, T P 473004)
(2. P T 22w B TR AR 5 4 S SR, TR A 473004)
G. FAk¥ ZERIVETES A SHE MR ALK E, LT LM 110819)
(4. BeSUIERFRY TR, JEE SRR EX4 4QF)

W O WZYIRERFEE PR A YRR I RERAT T ORI, RTT T BN SRR HRIEE 3R H R v R R A TR AR A
BB FEXT ALFIV SR AT ISR . 255 R M, BB R BRI e SRRV IR0 FE i B A SRR B2 k)N, AR
[EJ B[] A ALFINV TR IR 3 0. AURTV JCER IR M R BIRF A 4 5 IR NI . A Dy, 59.4 um IOEERR B S 48 P24 N JE R,
12 R 40 ‘CHIT mol/L MR FRIA AT IR 21, 283 180 min (IR, ARV JCE IR H Z 00008 24.8% AT 12.6%. FREE G M=
RNEFLAER, AR 3.5633 mY/g.

XBIE: ZRIRFLER; TICAIV & ERd; Rk B H B

R M. EHEAR, W, 1993484, fd:, b, w2 Bein e A S AT AR AR S, TR B9 FT 473004, E-mail :
3011111@nyist.edu.cn



