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Abstract: The compound CaCl, plays a significant role in the process of direct calciothermic reduction
of Ti»O3 to prepare porous titanium. In this paper, the effect of CaCl, on reduction products by
calciothermic reduction of Ti;O3 was investigated. Results show that the distribution of CaCl, in
reduction preform influences particle size and morphology differences in reduction products both
on the surface and the inside. The CaCl, is transferred to the surface of the Ti;O3 preform due to its
volatilization before and throughout reduction. The content of CaCl, in the surface zone of Ti; O3
preform is significantly higher than that in the interior during the reduction process, contributing to
the formation of large Ti particles with a smooth shape on the surface, and small Ti particles with
inherited morphology of Ti;O3 inside. More CaCl, causes the aggregation of Ti particles to form
large Ti particles which are advantageous as they connect and form a more solid porous titanium
structure. The presence of a small amount of CaCl, in the interior also results in the coexistence of
small Ti and CaO particles, forming a loose structure with uniform distribution.

Keywords: CaCly; calciothermic reduction; TipOj3; microstructure; morphology; Ti particles

1. Introduction

Porous titanium is a widely applicable material in the chemical, petroleum, and pharmaceutical
industries due to the excellent properties it inherits from titanium and its alloys [1-3]. It is also low
density, and displays superior corrosion resistance, a high specific strength, and biocompatibility.
In the field of biomedicine, porous titanium is an increasingly attractive choice for bone implants
because it can diminish the stress shielding phenomenon and enhance the interfacial strength of
the implant [4-7]. Porous titanium can be produced by various techniques, including the metal powder
sintering technique [8,9], anodic oxidation technology [10], 3D printing technology [11], and spark
plasma sintering technology [12,13].

Almost all reported methods to prepare porous titanium use titanium powder or titanium hydride as
a raw material, and require the raw materials to have particular qualities like low oxygen content [14,15].
Based on the research of Xu, metallic titanium has been prepared successfully via calciothermic
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reduction of titanium oxide with CaCl, as an additive under vacuum conditions [16,17]. Lei and Xu
proposed and verified a new method of preparing porous titanium by calcium vapor reduction of
porous calcium titanate, omitting the preparation process of metallic titanium, and applied the concept
of metallurgical material integration [18]. Using this concept, the porous titanium structure was
successfully fabricated but porous titanium block was difficult to obtain for a higher volume ratio of
CaO and Ti in reduction products when porous CaTiO3 and TiO;, were used as precursors, respectively.
In the process of reduction, they considered using calcium metal as reductant, for the obtained
titanium has a low oxygen content. The by-product CaO was leached by dilute hydrochloric acid to
gain CaCl, which can be recycled partly and be electrolysed to prepare calcium for reduction [17,19].
Recently, porous titanium blocks with two different microstructures were prepared by calcium vapor
reduction of Ti;O3. In the surface layer there were dense and large titanium particles that were
solidly connected each other, while in the interior smaller titanium particles clumped together to
form a relatively loose structure. It was found that the behavior of CaCl, was an important factor in
structure differences. In this paper, the effect of calcium chloride on the difference in particle sizes and
morphology of calciothermic reduction products is studied in detail.

2. Experiments

2.1. Materials

Titanium sesquioxide was used as raw material, metallic calcium as the reductant, and the chemical
reagent calcium chloride as the additive, as shown in Table 1.

Table 1. Materials used in experiments.

Material Form Purity or Content/% Producer
Ti, O3 Powder >99 Aladdin Industrial Co., Ltd., Shanghai, China
Ca particles Granular >98 Aladdin Industrial Co., Ltd., Shanghai, China
CaCl, Powder >99 Sinopharm Chemical Reagent Co., Ltd., Shanghai, China
HCl Aqueous 352 Chuandong Chemical Group Co., Ltd., Chongqing, China

a Mass concentration of solution.

2.2. Experimental Procedures

2.2.1. Preparation of Samples before Reduction

A certain mix of TipO3/CaCl, (wt.%) = 4:1 is formed into cylinder feeds of about $10 mm X 2 mm
at a pressure of 4 MPa. The preform feeds are then put on a stainless steel screen plate in a stainless
steel container. The stainless steel container containing no calcium metal is next heated in a well-type
resistance furnace after the system pressure reaches 0.1 Pa. The heating rate is 5 K/min to 573 K and
10 K/min to 1125 K. When the temperature reaches 1125 K, the stainless steel container is removed
from the furnace and the vacuum valve is immediately closed. At this point the samples before
reduction are obtained.

2.2.2. Preparation of Reduction Samples

Mixed powders of TiyO3 and CaCl, with different mass ratios are milled and preformed into cylinder
feeds of about @10 mm X 2 mm at a pressure of 4 MPa. These preform feeds are then transferred to
a stainless steel screen plate in a stainless steel cylindrical container as shown in Figure 1. The stainless
steel cylindrical container with reductant calcium in the bottom is next placed in a well-type resistance
furnace. Calciothermic reduction is conducted below 0.1 Pa and the materials are heated constantly at
different temperatures for assorted holding times. There is a stainless steel pipe as a condenser between
the pump and reactor, so the calcium can condense before it enters the vacuum pump. After reduction,
the reduction products are leached with dilute hydrochloric acid for 3 h and washed with deionized
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water and absolute alcohol three times. The heating rate in the experiment is 5 K/min to 573 K and
10 K/min to 1273 K. These experimental procedures are presented in Figure 1.

vapor

+

samples
(porous titanium)

metal

caleium dilute hydrochloric acid

Figure 1. Schematic representation of the experiment.

2.3. Characterization

The phase of reduction products was identified by X-ray diffraction (XRD) using a Rigaku
(Tokyo, Japan) D/max-3B X-ray diffractometer equipped with graphite-monochromatized Cu Ka
radiation. Scanning electron microscope (SEM) of S3400 N (Hitachi, Tokyo, Japan) was used to obsreve
the particles and microstructure of the reduction products and its energy dispersive spectrometer (EDS)
(Hitachi, Tokyo, Japan) was used to detect the element distribution of O, Ca, Cl and Ti.

3. Results and Discussion

3.1. Phase and Microstructure of Preform Feeds before Reduction

According to the relationship between the saturated vapor pressure of calcium and temperature,
metal calcium begins to volatilize once the temperature reaches 1125 K. This is consistent with
the change of steam pressure in the experiment. It is understood that reduction has not occurred before
the temperature reaches 1125 K because no calcium vapor comes into contact with the preform feeds.
The weight loss ratio of the sintering products is 16.52%, higher than 9.86% calculated when all CaCl, in
the raw material was transformed to CaCl,-6H,0 and all moisture was removed. Experiments conducted
by Xu [20] also verify that calcium chloride begins to volatilize after 973 K. This result indicates calcium
chloride volatilizes prior to calcium metal when they coexist in the same container. Figure 2 presents
the scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) and X-ray diffraction
(XRD) analysis of the cross section of sintered samples. It can be seen that the material preforms are
structurally enhanced and stronger, and holes appear in the surface zone. The XRD patterns show a main
phase of Ti;O3 and weak peaks of CaCl, because of its relatively low content. A small amount of Ti3Os
and Ca(ClOy); is detected because the Ti,Os is oxidized and CaCl, absorb water and is dehydrated
during heating. The Ti; O3 retains the shape of the original particles, and uniformly embeds in molten
calcium chloride as shown in Figure 2c (the inset is particles of Ti;O3).
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Figure 2. Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) and X-ray
diffraction (XRD) analysis of cross section of sintered sample at 1125 K: (a) overall morphology; (b)
line-scan image; (c) local morphology; (d) XRD pattern; (e—g) EDS results of (c).

3.2. Effect of Calcium Chloride on Microstructure of Reduction Products

The reduction of Ti;Oj3 is considered step by step [16]: Ti;O3-TiO-Ti, and the Gibbs energy of
these reactions is shown in Figure 3. The entire cross-section of reduction products after 4 h using
the raw material with Ti;O3/CaCl, (wt.%) = 4:1 is illustrated in Figure 4. Two distinct areas in the
reduction sample are presented. Clear antler-shaped titanium particles and polyhedral CaO particles
are distributed in the surface layer at about 0.5 mm depth, while there is a mixed zone of Ti and CaO
particles in the compact interior of samples detected by XRD, as shown in Figure 4(el). No definite
chloride composites are present in reduction samples and more titanium particles are present in the
surface layer than in the interior body solidly connected to each other. It is found that even with an
extended holding time and larger samples (D = 20 mm; & = 2 mm/ h = 4 mm), two different areas
still coexist in the reduction products. Metal titanium is obtained after leaching, detected by XRD as
shown in Figure 4(e2). Figure 4b,c shows SEM images of the surface and the interior of the sample
after leaching. Titanium particles in the surface area have a large size and smooth morphology, while
in the interior they are small in size. Pores with varying sizes are formed in the surface area.
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Figure 4. The SEM images and XRD pattern of cross section of reduced products: (a) the cross section
of reduced products; (b,c) the samples after leaching; (d) The middle area of cross section; (e1) the XRD
pattern of (d); (e2) the XRD pattern of the leaching sample.
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The behavior of calcium chloride and its effect on the microstructure of the cross section is
investigated. Composition distribution of reduction products of different reduction temperature and
time is also studied. With the temperature rising to 1173 K, CaCl, accumulates on the surface and
inside, as shown in Figure 5a. The bright areas in Figure 5a were identified as the aggregation of CaCl,
by EDS analysis as shown in Figure 5b,c. At this time, although metallic calcium begins to evaporate,
no significant reduction area develops. In addition to the partial aggregation of calcium chloride, the
overall morphology does not change significantly. When the temperature reaches 1273 K, the thickness
of calcium chloride on the surface increases significantly and holes appear in the CaCl; interior due to
volatilization, as shown in Figure 5d. At this temperature, a large amount of calcium vapor comes
into contact with the material layer and diffuses into the interior to initiate the reduction reaction. In
molten calcium chloride at about 50 pm depth of surface area, dense and large-sized titanium particles
and by-product calcium oxide particles form. In the interior, however, only titanium sponge takes
shape, as shown in Figure 5e.
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Figure 5. The cross section and EDS analysis of reduction products with different temperature:
(a) line-scan image of reduction product at 1173 K; (b) microstructure of reduction product at 1173 K;
(c) EDS result of (b); (d) line-scan image of reduction product at 1273 K; (e) microstructure of reduction
product at 1273 K; (f) EDS results of (e).

After reduction at 1273 K for 30 min, the morphology of the sections morph into two different
parts which approach the morphology of the reduction product after 4 h. Figure 6a,b illustrates that
the surface layer is completely reduced to titanium and the interior is in the process of being reduced
because of the obvious Ti,O peaks and faint peaks of Ti and Ti;O3. The CaCl,Ca(OH),H,O phase
detected in the surface area is generated by water absorption of CaCl, and CaO in the reduction sample.
Figure 7a—f is the SEM images of the product cross sections. The internal titanium particles, which
are not completely reduced, retain the morphology of Ti,O3 particles, while the titanium particles in
the surface melt and transform into dense and large particles. Compared with the reduction products
of 4 h, the products under this condition are regarded as transitional. In order to clearly present
the distribution of calcium chloride and its relationship with other elements, the section is analyzed
using elemental map-scanning. Results indicate that other elements uniformly distribute in general,
but there is significantly higher chlorine content in the surface area where there are existing dense
titanium particles. This is caused by the volatilization and diffusion of CaCl, from inside to outside. It
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is known that titanium particles with the same morphology are obtained in the experiments of molten
salt electrolysis of titanium dioxide. Kikuchi and his coworkers also investigated the morphology and
size of titanium particles in calcium chloride molten salt [21], and in their experiments the titanium
dioxide particles were reduced by metallic calcium in calcium chloride molten salt. The size of the
metallic titanium increased with reduction time by sintering in CaCl, molten salt at a high temperature
(T =1173 K). Therefore, in the process of calciothermic reduction of Ti, O3, the effect of molten CaCl, salt
is notable in the surface zone because of the enrichment of CaCl,, while in the interior the presence of
much less calcium chloride barely affects the morphology and size of titanium particles. The reduction
in the surface zone is similar to the experiments of Kikuchi. Compact Ti particles are generated because
CaCl; can significantly accelerate the aggregation and growth of metallic particles [22]. The SEM and
map-scan images illustrating results when the reaction time was extended to 1 h, are presented in
Figure 7g-1. In this condition, calcium chloride on the surface volatilizes and uniformly distributes
across the entire section with less content, along with CaO particles that appear clear. Analysis by XRD
shows that the products are mostly titanium and calcium oxide, while chlorinated compounds are not
detected because of their low content, as shown in Figure 6¢,d.
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Figure 6. XRD analysis of reduction products with different time and regions at 1273 K: (a) surface
of reduction product for 30 min; (b) interior of reduction product for 30 min; (c) surface of reduction
product for 1 h; (d) interior of reduction products for 1 h.
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Figure 7. SEM images and corresponding map-scan of products with different reduction time at 1273 K:
(a,b) reduction product for 30 min; (c—f) distribution of element of (b); (g,h) reduction product for 1 h;
(i-1) distribution of element of (h).

3.3. Effect of Calcium Chloride on the Size of Titanium Particles

The reason that different parts appear is that titanium particles have different morphologies and
sizes. Through the above analysis, it is also found that calcium chloride plays a key role in the formation
of different titanium particles. In order to further explore the effect of calcium chloride on the morphology
and size of titanium particles, reduction products are dissolved by low content hydrochloric acid for
3 h and washed with deionized water and absolute alcohol three times; then, the products are dried
in a vacuum at 373 K. When the content of calcium chloride in the raw material reaches Ti, O3 /CaCl,
(wt.%) = 2:1, the porous block is not obtained because the titanium particles are not interconnected after
leaching. When the raw material is TiyO3/CaCl, (wt.%) = 4:1 and 6:1, the complete porous titanium block
is obtained and the shape of the leaching products are the same as after the reduction. The morphologies
and sizes of the titanium particles are presented in Figure 8. Corresponding with the decrease of calcium
chloride content in the raw materials, large titanium particles decrease significantly and small titanium
particles, which merge together, increase. This process indicates that calcium chloride significantly
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promotes the agglomeration of titanium particles to grow. For materials with Ti;O3/CaCl, (wt.%) = 2:1,
a high content of calcium chloride advances the formation of dense and large size titanium particles in
the interior.

Figure 8. Leaching samples with different content of CaCl, in raw material: (a) TipO3/CaCl, (wt.%) = 2:1;
(b) Ti203 /CaClz (Wt.o/o) =4:1; (C) TizOg, /CaC12 (Wt.o/o) =6:1.

Pure calcium chloride and Ti;O3 are designed in different layers in the raw materials, as shown
in Figure 9a. The preformed feeds are reduced by the same conditions and were characterized by
SEM, which can be seen in Figure 9b,c. The reduction on both sides with Ti,Os is carried out, but not
completely, indicating that the reaction rate for the calciothermic reduction of pure Ti;Oj3 is slow
without mixed calcium chloride. The thickness of the reaction layer on one side of the calcium chloride
is slightly larger than on the other side, also indicating that calcium chloride has a significant promoting
effect on the reduction reaction. On the side with calcium chloride, the reduction products are large
antler-shaped titanium particles, while on other side, the reduction products are small titanium
particles. This confirms the effect of calcium chloride on the agglomeration of titanium particles.

Figure 9. Schematic diagram of raw materials; (b,c) SEM images of reduction products.

4. Conclusions

The effect of CaCl; on the calcium vapor reduction process of Ti;O3 was investigated in this paper.
CaCl, volatilizes prior to calcium metal in the container, and the main phases are still titanium and
calcium chloride before Ca volatilizes. CaCl, undergoes a notable transfer to the surface of the preform
throughout the reduction, leading to a higher content of the compound in the surface area than in
the interior. This distribution difference of CaCl; in reduction preform causes the microstructure
differences of reduction products. More CaCl, causes the aggregation of Ti particles to form large Ti
particles which are advantageous as they connect and form a more solid porous titanium structure.
The presence of a small amount of CaCl, in the interior also results in the coexistence of small Ti and
CaO particles, forming a loose structure with uniform distribution. The porous titanium obtained
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by leaching the reduction product does not have enough structural strength; however, its structural
strength needs to be vacuum sintered to strengthen. Meanwhile, further research is needed into how
to control the structure and particles size.
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