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Abstract: In this work, the preparation of titanium sponge by magnesium thermal method is regarded
as the liquid-phase sintering process of titanium, and powder-metallurgy sintering technology is
utilized to simulate the aggregation–growth and densification behavior of titanium particles in a
high-temperature liquid medium (the molten Mg-MgCl2 system). It was found that compared with
MgCl2, Mg has better high-temperature wettability and reduction effect, which promotes titanium
particles to form a sponge titanium skeleton at lower temperature. The aggregation degree of titanium
particles and the densification degree of a sponge titanium skeleton can be improved by increasing
the temperature and the relative content of Mg in the melting medium. The kinetics study shows
that with the increase in temperature, the porosity of the titanium particle aggregates and the sponge
titanium skeleton decreases, and their density growth rate increases. With the extension of time, the
aggregation degree of titanium particles and the densification degree of sponge titanium gradually
increase. This work provides a theoretical reference for controlling the density of titanium sponge
in industry.

Keywords: titanium sponge; melting medium; aggregation and growth; pore structure; densifica-
tion; kinetics

1. Introduction

Titanium and titanium alloys have significant applications in aerospace, marine devel-
opment, petrochemical industry, and clinical medical treatment. The efficient preparation
of high-quality sponge titanium has become a concern [1]. In industrial production, the
thermal reduction of titanium using Mg metal is an important method: under the protection
of argon, titanium tetrachloride (TiCl4) is reduced by Mg metal to produce titanium sponge,
and excess Mg and residual MgCl2 are then removed through vacuum distillation. The
main reactions involved are as follows:

TiCl4(g) + 2Mg(l) = 2MgCl2(l) + Ti(s)

Akihiro Kishimoto and Tetsuya Uda [2] observed the in situ process from the addition
of TiCl4 to the reaction between Mg and TiCl4, resulting in the formation of sponge titanium.
They also studied the reaction mechanism of sponge titanium. Ch.R.V.S. Nagesh et al. [3]
examined the stacking process of titanium particles in different stages of the magnesium
thermal reduction reaction. Numerous reports have been published on the preparation
of sponge titanium through the magnesium thermal reduction of TiCl4, and researchers
have proposed various reaction mechanisms [4–12]. However, in general, the production
process involves the following steps: the magnesium-based thermal reaction leading to the
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precipitation of fine titanium particles, gradual growth of these particles, aggregation and
growth of titanium particles at high temperatures to form porous sponge titanium, and
gradual densification of the porous sponge titanium in the molten Mg-MgCl2 system to
form titanium sponge lumps [13–18]. However, the titanium sponge lumps produced using
this method often exhibit uneven density distribution, particularly with a dense and hard
core in the middle and lower parts. This results in a dense structure and coarse particles
in titanium sponge, which can lead to composition segregation and structural defects in
the preparation of titanium and titanium alloys. Consequently, controlling the particle
size and pore structure of sponge titanium during production is a significant challenge in
current research.

The process of producing sponge titanium through the magnesium thermal reduction
reaction is highly complex, involving high temperatures, sealing, and kinetics imbal-
ances [19,20]. Directly studying the laws governing the aggregation–growth and densi-
fication of titanium particles in industrial batch production is extremely difficult. In this
work, we propose considering the process of titanium particle aggregation–growth to
form sponge titanium as a liquid-phase sintering process of titanium particles in a molten
Mg-MgCl2 system. Powder-metallurgy sintering technology is utilized to simulate the
aggregation–growth and densification behavior of titanium particles in a high-temperature
liquid medium. Therefore, this paper investigates the influence of medium composition
on the aggregation–growth and densification behavior of titanium particles in the molten
Mg-MgCl2 system. The findings provide a theoretical reference for controlling the particle
size and pore structure of sponge titanium.

2. Materials and Methods
2.1. Materials

Pure Mg metal (purity ≥ 99.9%, provided by Qinghe Dingyuan Metal Products Co.,
Ltd., Xingtai, China), anhydrous MgCl2 (purity ≥ 99.9%, provided by Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China), and micron-sized titanium powder
(purity ≥ 99.9%, D50 = 28.1 µm, provided by Zhejiang Yamei Nano Technology Co., Ltd.,
Jiashan, China) were used as raw materials.

2.2. Sample Preparation

Titanium powder, pure magnesium, and anhydrous magnesium chloride were added
to a corundum crucible and thoroughly mixed before being placed into a vertical atmo-
sphere furnace (SK-5-17Q, provided by FNS (Beijing) Electric Furnace Co., Ltd, Beijing,
China) for sintering. In industrial production of titanium sponge, the reaction vessel ex-
periences a temperature range from 750 ◦C to 1200 ◦C, with higher temperatures at the
reaction center area [21,22]. As Mg undergoes thermal reduction, the molten Mg gradually
reacts, while molten MgCl2 and sponge titanium are continuously generated. To simulate
the aggregation–growth process of titanium particles, sintering temperatures were set at
800 ◦C, 900 ◦C, 1000 ◦C, 1100 ◦C, 1200 ◦C, and 1300 ◦C. The sintering media used were
molten MgCl2 media and molten MgCl2:Mg (1:1) media. Before the sintering process, the
equipment underwent three rounds of Ar gas purging. During the sintering process, Ar gas
was continuously introduced at a flow rate of 1 L/min to prevent titanium particles from
making contact with air and oxidizing at high temperatures. After sintering, the samples
were subjected to vacuum distillation at 750 ◦C for 2 h to remove residual Mg and MgCl2
and obtain pure sponge titanium.

2.3. Characterization

Samples collected from different parts of the titanium sponge after sintering–distillation
were analyzed. The high-temperature contact angles of the Mg-Ti and MgCl2-Ti systems
were measured using a high-temperature contact angle measuring instrument (KRUSS
DSAHT17C, Hamburg, Germany) to characterize the differences in wettability of different
media on sponge titanium. The oxygen content of titanium particles and the composition
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of the oxide layer were characterized using a nitrogen–oxygen analyzer (ON-3000, Beijing,
China) and X-ray photoelectron spectroscopy (XPS, K-Alpha, Waltham, MA, USA), respec-
tively. The area percentage of titanium particles was measured using a metallographic
microscope (Axio Observer A5m, Hanover, Germany) combined with Image-Pro Plus 6.0
software to assess the degree of aggregation of titanium particles. The average size change
of titanium particle aggregates was measured using a laser particle size analyzer (Malvern
Mastersizer 3000, Malvern, UK), and the growth behavior of aggregates in different me-
dia and at different temperatures was analyzed. The microstructure of the samples was
observed using a field emission scanning electron microscope (ZEISS Sigma 500 FE-SEM,
Oberkochen, Germany) to analyze the differences in the microstructure of titanium particles
in different media. The total pore area, average pore size, and porosity of the samples were
measured using a mercury intrusion meter (MicroActive AutoPore V 9600, Purchase, NY,
USA) to analyze the changes in the pore structure of sponge titanium.

3. Results and Discussion
3.1. Influencing Factors in Liquid-Phase Sintering

Figure 1 presents the results of the Mg-Ti wettability test. As the temperature rises
from room temperature to 850 ◦C, the Mg remains solid and its shape remains unchanged.
When the temperature reaches 900 ◦C, the Mg gradually melts. After holding at 900 ◦C for
1 min, the molten Mg starts to spread on the surface of the titanium substrate, resulting in a
significant decrease in the contact angle. The contact angle of the molten Mg on the Ti sheet
continues to decrease and eventually stabilizes at around 3.1◦ when the holding time is
extended. Figure 2 shows the test results of the MgCl2-Ti wettability. As the temperature
rises from room temperature to 714 ◦C, the shape of the MgCl2 remains unchanged as it
has not yet melted. At 900 ◦C, the MgCl2 begins to melt, and its appearance undergoes
a noticeable change. After holding at 900 ◦C for 1 min, the MgCl2 completely melts and
spreads on the surface of the titanium substrate, leading to a significant decrease in the
contact angle. When the holding time is extended to 5 min, the molten MgCl2 spreads
completely on the titanium sheet, and the contact angle decreases to 6.9◦. The contact angle
of Mg-Ti is smaller than that of MgCl2-Ti, indicating that molten Mg has better wettability
with Ti at high temperatures compared to molten MgCl2. This suggests that Ti atoms
diffuse more easily in molten Mg [23,24]. On the other hand, better wettability of Mg/Ti
means that molten Mg spreads more fully on the surface of titanium particles. The capillary
force between adjacent titanium particles is greater, promoting the particles to come into
contact with each other and form a sponge titanium framework, thereby accelerating the
aggregation speed of titanium particles.
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Figure 1. Photographs of the Mg-Ti contact angle test: (a) 25 ◦C, (b) 850 ◦C, (c) 900 ◦C, (d) holding
the temperature at 900 ◦C for 1 min, (e) holding the temperature at 900 ◦C for 3 min, and (f) holding
the temperature at 900 ◦C for 5 min.



Materials 2024, 17, 2904 4 of 16

Materials 2024, 17, x FOR PEER REVIEW 4 of 17 
 

 

 
Figure 1. Photographs of the Mg-Ti contact angle test: (a) 25 °C, (b) 850 °C, (c) 900 °C, (d) holding 
the temperature at 900 °C for 1 min, (e) holding the temperature at 900 °C for 3 min, and (f) holding 
the temperature at 900 °C for 5 min. 

 
Figure 2. Photographs of the MgCl2-Ti contact angle test: (a) 25 °C, (b) 714 °C, (c) 900 °C, (d) holding 
the temperature at 900 °C for 1 min, and (e) holding the temperature at 900 °C for 5 min. 

Figure 3 displays the XPS spectra of O1s and Ti2p on the surface of titanium sponge 
sintered in different mediums. The O1s spectra exhibit two characteristic peaks, with 
binding energies of 531.0 eV and 531.3 eV, corresponding to the O element in TiO2 and 
TiO2, respectively. Additionally, the peak at 532.8 eV corresponds to the O element in 
bound water [25]. Thus, when titanium particles are sintered in a molten Mg medium, 
TiO2 is present on the surface of sponge titanium. After sintering the titanium particles in 
a molten Mg:MgCl2 (1:1) medium and a molten MgCl2 medium, the surface of the titanium 
particles contains TiO2 and TiO. The Ti2p spectrum can be fitted into three characteristic 
peaks, where the peaks at binding energies of 458.5 eV and 464.7 eV correspond to Ti4+ 
[26,27] in TiO2, and the peak at 453.86 eV corresponds to Ti (0) [28]. Following sintering in 
the three media, the characteristic peaks of TiO2 and elemental Ti (0) can be observed on 
the surface of titanium sponge, indicating that oxygen enters the titanium crystal lattice 
on the surface of the titanium particles and partially forms Ti-O bonds. In other words, 
there is an oxide layer on the surface of the titanium particles after liquid-phase sintering. 
This is because molten MgCl2 does not have a reducing effect, while titanium powder is 

Figure 2. Photographs of the MgCl2-Ti contact angle test: (a) 25 ◦C, (b) 714 ◦C, (c) 900 ◦C, (d) holding
the temperature at 900 ◦C for 1 min, and (e) holding the temperature at 900 ◦C for 5 min.

Figure 3 displays the XPS spectra of O1s and Ti2p on the surface of titanium sponge
sintered in different mediums. The O1s spectra exhibit two characteristic peaks, with
binding energies of 531.0 eV and 531.3 eV, corresponding to the O element in TiO2 and TiO2,
respectively. Additionally, the peak at 532.8 eV corresponds to the O element in bound
water [25]. Thus, when titanium particles are sintered in a molten Mg medium, TiO2 is
present on the surface of sponge titanium. After sintering the titanium particles in a molten
Mg:MgCl2 (1:1) medium and a molten MgCl2 medium, the surface of the titanium particles
contains TiO2 and TiO. The Ti2p spectrum can be fitted into three characteristic peaks,
where the peaks at binding energies of 458.5 eV and 464.7 eV correspond to Ti4+ [26,27]
in TiO2, and the peak at 453.86 eV corresponds to Ti (0) [28]. Following sintering in the
three media, the characteristic peaks of TiO2 and elemental Ti (0) can be observed on the
surface of titanium sponge, indicating that oxygen enters the titanium crystal lattice on the
surface of the titanium particles and partially forms Ti-O bonds. In other words, there is
an oxide layer on the surface of the titanium particles after liquid-phase sintering. This is
because molten MgCl2 does not have a reducing effect, while titanium powder is highly
reactive. During sintering, both the water introduced by MgCl2 and the brief contact of
titanium powder with air will promote the oxidation of sponge titanium, forming TiO2 and
TiO. Molten Mg can reduce the titanium oxides on the surface of sponge titanium, but due
to the short reduction time, the reduction is not fully complete, leaving some residual TiO2.

Figure 4 illustrates the changes in oxygen content of titanium particles after liquid-
phase sintering in different mediums. In molten Mg, the oxygen content of titanium
particles increases by only 0.11 wt% (growth rate: 12.1%). In the medium of molten
Mg:MgCl2 = 1:1, the oxygen content increases by 2.51 wt% (growth rate: 275.8%). In molten
MgCl2, the oxygen content increases significantly by 3.90 wt% (growth rate: 428.6%). The
oxygen content in titanium particles increases with the increase in molten MgCl2 content.
This is because a small amount of water-absorbing MgCl2, when melted, results in the
adsorption of MgO on the surface of titanium particles. Furthermore, molten MgCl2
cannot effectively reduce the oxide layer on the surface of titanium particles. On the other
hand, molten Mg can help reduce the increase in oxygen content on the surface of titanium
particles during sintering. However, MgO, a by-product of the reduction process, is difficult
to eliminate from the surface of titanium particles and remains within the particles after
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distillation. As a result, compared to other mediums, the titanium particles sintered in
molten Mg show the smallest increase in oxygen content.
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3.2. Aggregation Behavior of Titanium Particles

Figure 5 depicts a metallographic photograph of titanium particles aggregated in a
molten MgCl2 medium at different temperatures for 2 h. In the metallographic diagrams,
white area represents titanium particles or aggregates, while black area represents pores.
As the temperature increases, the wettability between the liquid phase and the solid phase
improves [29,30]. The molten medium can spread more thoroughly over the surface of
the titanium particles, enhancing the capillary forces between them and accelerating their
aggregation. At 800 ◦C (Figure 5a), the number of titanium particles in the medium
per unit area is small and sparsely distributed, accounting for 17.2% of the area. As the
temperature increases to 900 ◦C and 1000 ◦C (Figure 5b,c), the number of titanium particles
in the medium per unit area begins to increase, and the degree of aggregation gradually
intensifies. The area proportion occupied by titanium particles reaches 20.0% and 31.4%,
respectively. There are still gaps between adjacent titanium particles, indicating that they
have not yet fully connected with each other, and the titanium particles remain in the
aggregation stage. At 1100 ◦C (Figure 5d), the diffusion of titanium atoms becomes more
pronounced. The area proportion of titanium particles further increases to 35.4%, and
adjacent titanium particles become connected, resulting in the aggregation of titanium
particles and the formation of a sponge titanium skeleton.
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Figure 5. Metallographic photographs of titanium particles after 2 h of aggregating in molten MgCl2
at different temperatures: (a) 800 ◦C, (b) 900 ◦C, (c) 1000 ◦C, and (d) 1100 ◦C.

Figure 6 presents a metallographic photograph of titanium particles aggregated in a
molten Mg:MgCl2 (1:1) medium at different temperatures for 2 h. The wettability between
Mg and Ti is better than that between MgCl2 and Ti. In molten Mg, the capillary force
between titanium particles is stronger, accelerating the aggregation speed of titanium
particles. Additionally, molten Mg has a reducing effect, which reduces the oxide layer on
the surface of titanium particles and weakens the obstacle to the diffusion of titanium atoms.
This further accelerates the aggregation of titanium particles, allowing the formation of a
sponge titanium skeleton at a lower temperature. Compared to the molten MgCl2 medium,
the increased content of molten Mg in the mixed medium accelerates the aggregation
rate of titanium particles. At 800 ◦C (Figure 6a), the proportion of titanium particles is
19.7% (an increase of 2.5% compared to Figure 5a), and their distribution remains relatively
dispersed. At 900 ◦C (Figure 6b), titanium particles continue to gather, and their quantity
increases, resulting in an area proportion of titanium particles of 21.4%. Upon reaching
1000 ◦C (Figure 6c), the area ratio of titanium particles reaches 32.2%. Adjacent titanium
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particles are connected to each other, leading to the aggregation of titanium particles and
the formation of a sponge titanium skeleton.
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Figure 7 displays metallographic photographs of titanium particles after liquid-phase
aggregating in molten Mg at different temperatures for 2 h. The content of Mg in the molten
medium continues to increase, and the wetting and reducing effects of the molten medium
are strengthened, which accelerates the aggregation speed of titanium particles. At 800 ◦C
and 900 ◦C (Figure 7a,b), titanium particles continue to aggregate, accounting for 23.2%
and 26.8%, respectively, which is significantly higher compared to the other two media.
At 1000 ◦C (Figure 7c), the aggregation degree of titanium particles increases significantly,
resulting in an area proportion of 34.3%. The titanium particles are interconnected, forming
an aggregated structure resembling a sponge titanium skeleton. As the content of molten
Mg in the medium increases, the aggregation speed of titanium particles also increases,
leading to a higher area proportion at the same temperature.
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Figure 7. Metallographic photographs of titanium particles after 2 h of aggregating in molten Mg at
different temperatures: (a) 800 ◦C, (b) 900 ◦C, and (c) 1000 ◦C.

Figure 8 depicts the micrograph of titanium particles aggregated in different media at
900 ◦C for 2 h. In the case of aggregating in a molten MgCl2 medium, titanium exhibits no
solubility, resulting in the preservation of the original irregular morphology of titanium
particles. Fine titanium particles and sharp edges of titanium particles cannot be dissolved,
leading to their accumulation on the surface of larger particles (Figure 8a). According to
the Ti-Mg binary phase diagram [31,32], titanium possesses certain solubility in molten
Mg, which increases gradually with temperature. During aggregating, particles with high
surface energy and sharp edges tend to dissolve first [33]. They subsequently nucleate and
precipitate on the surface of larger particles or defective areas, causing the disappearance
of smaller particles and the growth and spheroidization of larger particles. This process,
known as Oswald ripening, can be observed in Figure 8a,b (highlighted by the red boxes).
Consequently, the fine particles dissolve and vanish, while the sharp edges of larger



Materials 2024, 17, 2904 8 of 16

particles continuously dissolve and spheroidize. The Oswald ripening phenomenon of
titanium particles in molten Mg accelerates the diffusion of titanium atoms through the
continuous dissolution and reprecipitation of titanium. This enhances solid-phase mass
transfer, accelerating the aggregation of titanium particles. The aggregation of titanium
particles leads to the formation of more particle interfaces, as shown in Figure 8c. The
microstructure of titanium particles after aggregation is similar to that of mesoporous
hematite/alumina nanocomposites [34] and iron oxide nanochains coated with silica [35],
as reported by Marin Tadic. The particles contact and adhere to each other to form a
‘spongelike’ structure, with numerous pores between the particles.
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Figure 8. SEM images of titanium particles aggregated in different mediums for 2 h at 900 ◦C:
(a) molten MgCl2 medium, (b) molten MgCl2:Mg (1:1) medium, and (c) molten Mg medium.

Figure 9 illustrates the changes in the average size of titanium particle aggregates with
temperature after aggregating in various media for 2 h. The average size of titanium particle
aggregates increases with temperature in all three mediums. In the case of aggregating
in molten MgCl2, small particles accumulate on the surface of larger particles. As the
temperature rises, the number and size of aggregates formed by small particles increase.
In the medium containing molten Mg, titanium particles undergo continuous growth
through Oswald ripening. Simultaneously, the reduction of the oxide layer on the particle
surfaces by molten Mg accelerates mass transfer between titanium particles, facilitating
faster particle aggregation and the formation of interfaces. With increasing temperature,
the coarsening rate of particles intensifies, resulting in a greater number of particles in
contact with each other and larger aggregate sizes.
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The average size of aggregates is largest in molten Mg and smallest in molten MgCl2.
This is attributed to the formation of a liquid-phase film that covers the surface of titanium
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particles during aggregating. Capillary forces drive the liquid phase to fill the gaps between
particles, promoting particle aggregation, increasing the contact area between particles,
enhancing mass transfer, and facilitating easier diffusion of atoms between adjacent tita-
nium particles through the liquid-phase channels. Compared to molten MgCl2, molten
Mg exhibits better wetting properties toward titanium and stronger capillary action [36],
which promotes particle aggregation and leads to larger aggregate sizes. Additionally,
molten Mg reduces the oxide layer on the surface of titanium particles, accelerating mass
transfer between particles and promoting particle aggregation. On the other hand, molten
MgCl2 cannot reduce the oxide film on the surface of titanium particles, thereby inhibiting
titanium atom diffusion and impeding particle aggregation. Therefore, a higher content of
molten Mg in the medium facilitates greater particle aggregation and faster growth rates
of aggregates.

The process of titanium particle aggregation involves the precipitation of dissolved
titanium atoms from molten Mg, the nucleation of titanium atomic clusters to fill the pores,
and the nucleation and growth process after particle contact, thereby reducing the porosity
of titanium particle aggregates. The nucleation and growth rates of titanium particles
during the aggregation process are uniform and occur at a certain rate, and this process,
controlled by nucleation and growth dynamics, can be effectively explained by the Johnson–
Mehl–Avrami (JMA) model [37–39]. Using the JMA model, the aggregation process of
titanium particles at different temperatures and times can be studied to explain the kinetics
of the aggregation process. Its expression formula is as follows:

ξ = 1 − exp (−ktn) (1)

where “ξ” presents the percentage of phase proportion, which can be expressed by the rela-
tive density of aggregates of titanium particles; “k” presents a kinetics constant dependent
on temperature (T); “t” presents time; and “n” presents Avrami index, which reflects kinet-
ics of the aggregation process of titanium particles. The evolution of Equation (1) yields
Equation (2), where “1 − ξ” can be expressed as the porosity of aggregates of particles.

ln(1/(1 − ξ)) = lnk + nlnt (2)

Figure 10 illustrates the porosity of titanium particles after aggregation at different
temperatures and different times in MgCl2:Mg (1:1). At room temperature, the bulk
density of raw titanium powder is 1.26 g/cm3, and the calculated porosity is 72.0%. After
aggregating in MgCl2:Mg (1:1) at 800 ◦C for 1 h, the porosity of titanium aggregates rapidly
decreases to 61.16%. At the same aggregation time, with the increase in temperature, the
wettability, reduction, and dissolution–precipitation effect of molten Mg are enhanced, and
the diffusion of Ti atoms is also strengthened, which promotes the aggregation process of
the titanium particles. After the titanium particles are aggregated at 900 ◦C for 1 h, the
porosity of the particles decreases to 60.61%. The porosity of the aggregates decreases with
the increase in temperature and time.

Figure 11 illustrates the fitting curves of the relationship between ln(1/(1 − ξ)) and
lnt at different temperatures, which are plotted according to the data in Figure 10. As can
be seen from Figure 11, the relationship between ln(1/(1 − ξ)) and lnt basically presents a
linear relationship at different temperatures. According to Equation (2), the Avrami index
“n” and the kinetics constant “k” can be calculated by the slope and intercept of the fitted
lines in the figure, respectively, and their values are shown in Table 1.

According to the kinetics equation, the corresponding kinetics curve is shown in
Figure 12. At room temperature, the bulk density of raw titanium powder is 1.26 g/cm3,
and its relative density is 28.0%. In this paper, it is considered that the initial relative
density in the kinetics curve is 28.0% (i.e., ξ = 0.28). Figure 12a shows that at the same
time, the higher the temperature, the higher the density of the titanium particle aggregates
and the lower the porosity. This is because as the temperature increases, the diffusion
of titanium atoms speeds up. Simultaneously, the wettability, reducibility, and solubility
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of molten Mg improve, promoting the diffusion of titanium atoms, accelerating particle
aggregation, and reducing aggregate porosity. However, when the temperature is low, the
activation energy for atomic diffusion is insufficient, and the density of the aggregates
remains close to 80% even after 400 h of aggregation. Figure 12b indicates that the porosity
of the aggregates increases rapidly from 0 to 3 h and then increases slowly with prolonged
time. This is because during the initial 0 to 3 h, molten Mg fully dissolves the titanium
in the concave–convex or angular parts of the surface, reaching dynamic equilibrium,
while also essentially completing the reduction of the oxide layer on the titanium particle
surfaces. Over time, the dissolution–precipitation effect significantly weakens the filling of
pores, thereby slowing down the aggregation rate of titanium particles. From the kinetics
curves, it can be observed that during the aggregation of titanium particles, increasing the
temperature from 800 ◦C to 900 ◦C results in only a slight increase in the relative density
of the aggregates at the same time. However, with prolonged time, the relative density
increases significantly. This indicates that time has a more significant effect on the relative
density and porosity of titanium sponge during the aggregation process.
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Table 1. The kinetics equation of the aggregation of titanium particles at different temperatures.

Temperature Kinetics Formulas
1 − ξ

1 h 2 h 3 h 4 h 5 h

800 ◦C ξ = 1 − exp(−0.4819t0.1878) 0.6116 0.5857 0.551 0.5342 0.5156

900 ◦C ξ = 1 − exp(−0.4966t0.1906) 0.6061 0.5820 0.5301 0.5266 0.5122
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(1:1): (a) in the range of 0~400 h and (b) partially enlarged detail in the range of 0~10 h.

3.3. Densification Behavior of Sponge Titanium

Figure 13 illustrates the densification behavior of titanium sponge in three different media.
In the metallographic diagrams, white area represents the titanium sponge skeleton, while black
area represents the pores. At 1100 ◦C, the wetting, dissolution, and reduction caused by molten
Mg accelerate the densification of titanium sponge. As a result, the area ratio of the titanium
sponge skeleton is the smallest in molten MgCl2 and the largest in molten Mg, measuring 36.2%
(in molten MgCl2, Figure 13(a1)) and 38.6% (in MgCl2:Mg (1:1), Figure 13(b1)), respectively. At
1200 ◦C, compared to the values at 1100 ◦C, the area proportion of the titanium sponge skeleton
increases to 38.9% (in molten MgCl2, Figure 13(a2)), 47.5% (in MgCl2:Mg (1:1), Figure 13(b2)),
and 52.5% (in molten Mg, Figure 13(c2)), respectively. At 1300 ◦C, the area proportion of the
titanium sponge skeleton further increases to 52.3% (in molten MgCl2, Figure 13(a3)), 60.0% (in
MgCl2:Mg (1:1), Figure 13(b3)), and 78.7% (in molten Mg, Figure 13(c3)).

The wettability and reducibility of molten Mg promote the diffusion of titanium atoms.
Simultaneously, titanium dissolves in molten Mg at high temperatures. The precipitation
of titanium clusters at the pores reduces the surface energy of the system due to the high
surface energy at the pores. This promotes the nucleation and precipitation of titanium
atoms at the pores, allowing for local filling of macropores and rapid reduction in the pore
area. In molten MgCl2, titanium cannot fill the pores through dissolution–precipitation,
hindering pore shrinkage. Consequently, the total pore area of the titanium sponge is larger
than that in the molten Mg medium (Figure 13d). At 1100 ◦C, the dissolution of titanium
particles in molten Mg causes their shape to become spheroidized. This change promotes
alterations in pore shape and increases the pore size between the skeleton structures,
resulting in the largest average pore diameter of the titanium sponge. As the temperature
rises, the solubility of titanium in molten Mg increases, leading to stronger precipitation
and filling of titanium atoms and a gradual decrease in the average pore size of the titanium
sponge. In molten MgCl2, the fine pores in the titanium sponge gradually shrink and
disappear, while molten MgCl2 tends to remain in the large pores of the titanium sponge,
hindering shrinkage and causing a continuous increase in the average pore size of the
titanium sponge (Figure 13e). At 1100 ◦C, the spheroidization of titanium particles in molten
Mg alters the pore shape between the skeleton structures and weakens the mechanical
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locking between particles, resulting in a high porosity of the titanium sponge. In molten
MgCl2, the titanium sponge continuously densifies through atomic diffusion, leading to
a continuous reduction in porosity. As the temperature rises, the diffusion of titanium
atoms becomes the dominant factor. Compared to molten MgCl2, the titanium sponge
exhibits higher density in molten Mg, with the lowest porosity, while the highest porosity
is observed in MgCl2.

Materials 2024, 17, x FOR PEER REVIEW 12 of 17 
 

 

(1:1), Figure 13(b1)), respectively. At 1200 °C, compared to the values at 1100 °C, the area 
proportion of the titanium sponge skeleton increases to 38.9% (in molten MgCl2, Figure 
13(a2)), 47.5% (in MgCl2:Mg (1:1), Figure 13(b2)), and 52.5% (in molten Mg, Figure 13(c2)), 
respectively. At 1300 °C, the area proportion of the titanium sponge skeleton further in-
creases to 52.3% (in molten MgCl2, Figure 13(a3)), 60.0% (in MgCl2:Mg (1:1), Figure 13(b3)), 
and 78.7% (in molten Mg, Figure 13(c3)). 

The wettability and reducibility of molten Mg promote the diffusion of titanium at-
oms. Simultaneously, titanium dissolves in molten Mg at high temperatures. The precip-
itation of titanium clusters at the pores reduces the surface energy of the system due to 
the high surface energy at the pores. This promotes the nucleation and precipitation of 
titanium atoms at the pores, allowing for local filling of macropores and rapid reduction 
in the pore area. In molten MgCl2, titanium cannot fill the pores through dissolution–pre-
cipitation, hindering pore shrinkage. Consequently, the total pore area of the titanium 
sponge is larger than that in the molten Mg medium (Figure 13d). At 1100 °C, the disso-
lution of titanium particles in molten Mg causes their shape to become spheroidized. This 
change promotes alterations in pore shape and increases the pore size between the skele-
ton structures, resulting in the largest average pore diameter of the titanium sponge. As 
the temperature rises, the solubility of titanium in molten Mg increases, leading to 
stronger precipitation and filling of titanium atoms and a gradual decrease in the average 
pore size of the titanium sponge. In molten MgCl2, the fine pores in the titanium sponge 
gradually shrink and disappear, while molten MgCl2 tends to remain in the large pores of 
the titanium sponge, hindering shrinkage and causing a continuous increase in the aver-
age pore size of the titanium sponge (Figure 13e). At 1100 °C, the spheroidization of tita-
nium particles in molten Mg alters the pore shape between the skeleton structures and 
weakens the mechanical locking between particles, resulting in a high porosity of the tita-
nium sponge. In molten MgCl2, the titanium sponge continuously densifies through 
atomic diffusion, leading to a continuous reduction in porosity. As the temperature rises, 
the diffusion of titanium atoms becomes the dominant factor. Compared to molten MgCl2, 
the titanium sponge exhibits higher density in molten Mg, with the lowest porosity, while 
the highest porosity is observed in MgCl2. 

 
Figure 13. Densification behavior of sponge titanium in three different mediums and temperature: 
(a1–a3) represent the metallographic diagrams of sponge titanium densified in molten MgCl2 at 1100 
Figure 13. Densification behavior of sponge titanium in three different mediums and temperature:
(a1–a3) represent the metallographic diagrams of sponge titanium densified in molten MgCl2 at
1100 ◦C, 1200 ◦C, and 1300 ◦C, respectively; (b1–b3) represent the metallographic diagrams of sponge
titanium in MgCl2:Mg (1:1) densified at 1100 ◦C, 1200 ◦C, and 1300 ◦C, respectively; (c1–c3) represent
the metallographic diagrams of sponge titanium densified in molten Mg at 1100 ◦C, 1200 ◦C, and
1300 ◦C, respectively; the length of the scale in the photomicrograph represents 50 µm; (d–f) represent
the variations in total pore area, average pore size, and porosity of the titanium sponge samples.

Figure 14 illustrates the porosity variation of titanium sponge in MgCl2:Mg (1:1) after
densification at different temperatures and at different times. With the extension of time,
the mass transfer between solid titanium is more sufficient, and the number of titanium
clusters precipitated in molten Mg increases, enhancing the filling effect on the pores in the
skeleton and continuously reducing the porosity of the sponge titanium. The porosity of
titanium sponge decreased from 55.47% to 44.87% at 1000 ◦C and from 53.91% to 37.31% at
1100 ◦C. For the same time period, the porosity of titanium sponge at 1100 ◦C is lower than
that at 1000 ◦C. This is because, at higher temperatures, the diffusion of titanium atoms
and grain growth occur more rapidly, promoting the densification of the titanium sponge.
Additionally, the strengthened dissolution–precipitation effect of molten Mg on titanium
increases the filling effect on the pores, leading to a reduction in the porosity of the titanium
sponge skeleton.

The Avrami formula is also used to study the kinetics of sponge titanium skeleton
densification. The “ξ” in Equation (1) can be used to represent the relative density of the
titanium sponge skeleton. The curves for ln(1/(1 − ξ)) and lnt are fitted by using the
same method as in Section 3.2 and are shown in Figure 15. As can be seen from Figure 15,
the relationship between ln(1/(1 − ξ)) and lnt basically presents a linear relationship at
different temperatures. According to Equation (2), the Avrami index “n” and the kinetics
constant “k” are calculated and listed in Table 2.
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Table 2. Kinetics formulas at different temperatures.

Temperature Kinetics Formulas
1 − ξ

1 h 2 h 3 h 4 h 5 h

1000 ◦C ξ = 1 − exp(−0.5769t0.1955) 0.5547 0.5271 0.4816 0.4693 0.4487

1100 ◦C ξ = 1 − exp(−0.6005t0.2893) 0.5391 0.4938 0.4452 0.4079 0.3731

Figure 16 shows the kinetics curve of the titanium sponge skeleton at different tem-
peratures in MgCl2:Mg (1:1). The kinetics curve exhibits a rapid rise from 0 h to 3 h, and
then shows a slow increase from 3 h to 80 h and continues to extend the time. The kinetics
curve essentially remains stable, indicating that the densification process has reached its
limit. In the early stage of densification, there are a lot of pores in the titanium sponge.
Through the diffusion of titanium atoms and the filling of the precipitated titanium atoms,
the pores in the titanium sponge shrink and close rapidly, leading to a rapid decrease in
porosity. In the latter stage of densification, as the number of pores decreases, it becomes
difficult for the remaining pores to continue shrinking without external force, resulting in
a slower decrease in porosity. With the increase in temperature, the diffusion of titanium
atoms is accelerated, and the solid-phase mass transfer rate of Ti is increased, resulting in
the increase in the limit value of the kinetics curve, indicating that the maximum degree of
densification is increased.
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From the kinetics curves of the densification process, it is evident that the trend of
relative density increase in the sponge titanium is similar over time. But at 1200 ◦C, the
sponge titanium exhibits a significantly higher relative density. This shows that during
the densification stage of the sponge titanium, temperature is the main factor affecting its
relative density and porosity.

4. Conclusions

This paper investigates the effects of the composition of a high-temperature liquid
medium (the molten Mg-MgCl2 system) on the aggregation–growth and densification
behavior of titanium particles, coming to the following conclusions:

1. Compared to molten MgCl2, molten Mg demonstrates superior reduction, dissolution,
and wetting effects, which promote the diffusion of titanium atoms, facilitate the
aggregation of titanium particles, and accelerate the formation of the titanium sponge
skeleton. In the molten MgCl2 medium, titanium particles aggregate and grow at
1100 ◦C, resulting in the formation of the titanium sponge skeleton. In the molten
Mg medium and MgCl2:Mg (1:1) medium, titanium particles aggregate and grow at
1000 ◦C, leading to the formation of the titanium sponge skeleton. With the increase in
temperature, the wettability, reducibility, and solubility of the molten medium are im-
proved, promoting the diffusion of titanium atoms, strengthening the capillary forces
between titanium particles, and accelerating the aggregation of titanium particles.

2. The Oswald ripening mechanism promotes the coarsening of titanium particles, and
the reduction in molten Mg accelerates the aggregation of particles, causing the
aggregates to grow rapidly in molten Mg. When aggregated in molten MgCl2, the
aggregate size increases through the gathering of small particles on the surface of
large particles, resulting in a slower growth rate.

3. With an increase in the relative content of molten Mg in the medium, the diffusion
of titanium atoms is promoted, and the solid titanium’s mass transfer is accelerated,
which benefits the densification of the titanium sponge. At different temperatures,
the area ratio of the titanium sponge skeleton is highest in molten Mg, while the total
pore area, average pore size, and porosity are lower compared to the other media.

4. Kinetics studies show that the porosity of titanium particle aggregates and the porosity
of the titanium sponge skeleton decrease with increasing temperature at the same
time, and the limiting value of the relative density increases. The aggregation rate of
titanium particles and the densification rate of titanium sponge were higher at 0~3
h. From 3 h to 80 h, the aggregation rate of titanium particles and the densification
rate of titanium sponge gradually decreased and continued to extend the time. The
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relative density basically remained unchanged, and the density of aggregates and
titanium sponge reached the limit.

In summary, increasing the Mg content in the melting medium and raising the tem-
perature will accelerate the aggregation–growth and densification of titanium particles,
resulting in low-quality sponge titanium with low porosity and high compactness. There-
fore, in industrial production, the aggregation–growth rate and densification degree of
titanium particles can be delayed by controlling the temperature (enhancing heat dissipa-
tion, etc.) and adjusting the composition of the melting medium (reducing the emission of
MgCl2, etc.) to obtain high-quality titanium sponge with a loose structure.

Author Contributions: Conceptualization, Y.L. and K.L.; investigation, K.L. and Z.S.; data curation,
X.Y.; writing—original draft, X.Y.; writing—review and editing, J.L. and K.L.; funding acquisition,
K.L. and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Nature Science Foundation of China (Fund
number: 52341402) and the Science and Technology Department of Sichuan Province (Fund number:
2023ZDZX0027).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Authors Kaihua Li and Zhuo Sheng were employed by the company Pangang
Group Research Institute Co., Ltd. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References
1. Lutjering, G.; Williams, J.C. Titanium; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2007.
2. Kishimoto, A.; Uda, T. In-situ observation on the magnesiothermic reduction of TiCl4 around 800 ◦C by microfocus X-ray

fluoroscopy. J. Alloys Compd. 2021, 874, 159855. [CrossRef]
3. Nagesh, C.R.; Rao, C.S.; Ballal, N.B.; Rao, P.K. Mechanism of titanium sponge formation in the Kroll reduction reactor.

Metall. Mater. Trans. B 2004, 35, 65–74. [CrossRef]
4. Wartman, F.S.; Baker, D.H.; Nettle, J.R.; Homme, V.E. Some observations on the Kroll process for titanium. J. Electrochem. Soc.

1954, 101, 507. [CrossRef]
5. Wang, W.; Wu, F.; Jin, H. Enhancement and performance evaluation for heat transfer of air cooling zone for reduction system of

sponge titanium. Heat Mass Transf. 2017, 53, 465–473. [CrossRef]
6. Evdokimov, V.I.; Krenev, V.A. Magnesium reduction of titanium tetrachloride. Inorg. Mater. 2002, 38, 490–493. [CrossRef]
7. Noda, T. Outline of Presentation on Development in Ti Sponge Production in Halda Century. Titan. Jpn. 1994, 42, 85–89.
8. Okabe, T.H.; Sadoway, D.R. Metallothermic reduction as an electronically mediated reaction. J. Mater. Res. 1998, 13, 3372–3377.

[CrossRef]
9. Uda, T.; Okabe, T.; Kasai, E.; Waseda, Y. Direct evidence of electronically mediated reaction during TiC14 reduction by magnesium;

TiCl4 no magnesium kangen ni okeru dendotai wo kaishita hanno (EMR) no jissho. J. Jpn. Inst. Met. Mater. 1997, 61, 602–609.
[CrossRef]

10. Shimosaki, S.; Kuramoto, M. Production rate of titanium by reduction of titanium tetrachloride with magnesium; TiCl4 no Mg
kangen ni yoru kinzoku Ti no seisei sokudo. Kagaku Kogaku Ronbunshu 1995, 21, 740–745. [CrossRef]

11. Uda, T.; Okabe, T.H.; Waseda, Y. Location control of titanium deposition during magnesiothermic reduction of TiCl4 by long
range electronically mediated reaction. J. Jpn. Inst. Met. Mater. 1998, 62, 76–84. [CrossRef]

12. Nagesh, C.R.V.S.; Ramachandran, C.S.; Subramanyam, R.B. Methods of titanium sponge production. Trans. Indian. Inst. Met.
2008, 61, 341–348. [CrossRef]

13. Zhou, L.G. Research on Key Technologies of Magnesium Reduction in Titanium Sponge Production; Yunnan University: Kunming,
China, 2016.

14. Wang, C. Cause Analysis and Control Measures of Titanium Sponge Densification; Kunming University of Science and Technology:
Kunming, China, 2015.

15. Lee, J.C.; Jung, J.Y.; Sohn, H. Effect of TiCl4 Feeding Rate on the Formation of Titanium Sponge in the Kroll Process. J. Korean Inst.
Met. Mater. 2012, 50, 745–751.

https://doi.org/10.1016/j.jallcom.2021.159855
https://doi.org/10.1007/s11663-004-0097-2
https://doi.org/10.1149/1.2781146
https://doi.org/10.1007/s00231-016-1836-z
https://doi.org/10.1023/A:1015475122802
https://doi.org/10.1557/JMR.1998.0459
https://doi.org/10.2320/jinstmet1952.61.7_602
https://doi.org/10.1252/kakoronbunshu.21.740
https://doi.org/10.2320/jinstmet1952.62.1_76
https://doi.org/10.1007/s12666-008-0065-7


Materials 2024, 17, 2904 16 of 16

16. Hockaday, S.A.C.; Bisaka, K. Experience and results from running of a 1 kg Ti scale Kroll reactor. In Proceedings of the Advanced
Metals Initiative: Light Metals Conference 2010; Southern African Institute of Mining and Metallurgy: Johannesburg, South Africa,
2010; pp. 265–280.

17. Withers, J.; Laughlin, J.; Elkadi, Y.; DeSilva, J.; Loutfy, R.O. A Continuous Process to Produce Titanium Utilizing Metallothermic
Chemistry. Key Eng. Mater. 2010, 436, 55–60. [CrossRef]

18. Bae, H.N.; Kim, S.H.; Lee, G.G.; Jo, S.K.; Jung, J.Y. Study of Thermal Behavior in a Kroll Reactor for the Optimization of Ti Sponge
Production. Mater. Sci. Forum 2010, 654–656, 839–842. [CrossRef]

19. Wang, W.; Wu, F.; Jin, H.; Gao, C. Heat Transfer Model of Molten Bath in Sponge Titanium Production with Magnesiothermic
Reduction. Nonferrous Met. (Extr. Metall.) 2013, 11, 19–21.

20. Dou, S.; Wu, F.; Gao, C. Study on Forced Heat Dissipation for Titanium Sponge Production through Magnesium Thermal
Reduction Process. Nonferrous Met. (Extr. Metall.) 2013, 6, 22–25.

21. Chen, Y.; Li, Z.; Zhang, J.; Xie, L. Effect of Reduction Temperature on Structure of Titanium Sponge Produced by Kroll Process.
Nonferrous Met. (Extr. Metall.) 2014, 4, 29–32.

22. He, Y.; Chen, D.; Sun, X.; Liu, H.; Chen, Y.; Zhou, Y.; Zhao, Y. Simulation of Temperature Field in a 13 t Large-scale Titanium
Sponge Reduction Reactor. Spec. Cast. Nonferrous Alloys 2021, 41, 956–960.

23. Feng, T.; Zheng, W.; Chen, W.; Shi, Y.; Fu, Y.Q. Enhanced interfacial wettability and mechanical properties of Ni@Al2O3/Cu
ceramic matrix composites using spark plasma sintering of Ni coated Al2O3 powders. Vac. Technol. Appl. Ion Phys. Int. J. Abstr.
Serv. Vac. Sci. Technol. 2021, 184, 109938. [CrossRef]

24. Ebrahimi, S.; Heydari, M.S.; Baharvandi, H.R.; Ehsani, N. Effect of iron on the wetting, sintering ability, and the physical and
mechanical properties of boron carbide composites: A review. Int. J. Refract. Met. Hard Mater. 2016, 57, 78–92. [CrossRef]

25. Zhou, R.; Wei, D.; Cheng, S.; Li, B.; Wang, Y.; Jia, D.; Zhou, Y.; Guo, H. The structure and in vitro apatite formation ability of
porous titanium covered bioactive microarc oxidized TiO2-based coatings containing Si, Na and Ca. Ceram. Int. 2014, 40, 501–509.
[CrossRef]

26. González-Elipe, A.R.; Munuera, G.; Espinos, J.P.; Sanz, J.M. Compositional changes induced by 3.5 keV Ar+ ion bombardment in
Ni-Ti oxide systems: A comparative study. Surf. Sci. 1989, 220, 368–380. [CrossRef]

27. Sodhi, R.N.S.; Weninger, A.; Davies, J.E.; Sreenivas, K. X-ray photoelectron spectroscopic comparison of sputtered Ti, Ti6Al4V,
and passivated bulk metals for use in cell culture techniques. J. Vac. Sci. Technol. A Vac. Surf. Film. 1991, 9, 1329–1333. [CrossRef]

28. Biesinger, M.C.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. Resolving surface chemical states in XPS analysis of first row transition
metals, oxides and hydroxides: Sc, Ti, V, Cu and Zn. Appl. Surf. Sci. 2010, 257, 887–898. [CrossRef]

29. Zhang, M.; Chen, C.; Li, C. Wetting and sealing of the interface between silicate glass and copper. Int. J. Mater. Res. 2019, 110,
163–173. [CrossRef]
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