INL/JOU-18-52171-Revision-0

Transformation of a ceramic
precursor to a biomedical
(metallic) alloy: Part 1
sinterability of Ta205 and
TiO2 mixed oxides

January 2022

Prabhat K Tripathy, Maureen P. Chorney, Jerome P. Downey, Bridger P.
Hurley, Kunal Mondal, Amey Rajendra Khanolkar

.

|daho National

|_(] oml‘ory INL is a U.S. Department of Energy National Laboratory operated by Battelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an
agency of the U.S. Government. Neither the U.S. Government nor any
agency thereof, nor any of their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness, of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately
owned rights. References herein to any specific commercial product,
process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the U.S. Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect
those of the U.S. Government or any agency thereof.




INL/JOU-18-52171-Revision-0

Transformation of a ceramic precursor to a biomedical
(metallic) alloy: Part | sinterability of Ta205 and TiO2
mixed oxides

Prabhat K Tripathy, Maureen P. Chorney, Jerome P. Downey, Bridger P. Hurley,
Kunal Mondal, Amey Rajendra Khanolkar

January 2022

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



Materials Science for Energy Technologies 5 (2022) 181-188

KeAi

journal homepage: www.keaipublishing.com/en/journals/materials-science-for-energy-technologies

Materials Science for Energy Technologies

KeAu

Contents lists available at ScienceDirect

Transformation of a ceramic precursor to a biomedical (metallic) alloy:

Part I - sinterability of Ta;Os5 and TiO, mixed oxides e

Maureen P. Chorney?, Bridger P. Hurley ?, Kunal Mondal ®, Amey R. Khanolkar ", Jerome P. Downey*,

Prabhat K. Tripathy ©*

2 Department of Materials Science and Engineering, Montana Tech of the University of Montana, Butte, MT 59701, USA
b Materials Science and Engineering Department, Energy and Environment Science and Technology Directorate, Idaho National Laboratory, Idaho Falls, ID 83415, USA
¢ Pyrochemistry & Molten Salt Systems Department, Fuel Cycle Science and Technology Division, Nuclear Science and Technology Directorate, Idaho National Laboratory, Idaho Falls, ID

83415, USA

ARTICLE INFO

Article history:

Received 28 October 2021
Revised 22 January 2022
Accepted 22 January 2022
Available online 27 January 2022

Keywords:
Tantalum pentoxide
Titanium dioxide
Sintering

Phase evolution
Mixed oxides

Oxide morphology

ABSTRACT

Mixed Ta,0s5 - TiO, binary system was studied by a combination of differential thermal analysis (DTA),
scanning electron microscopy-energy dispersive spectrometry (SEM-EDS), X-ray diffraction (XRD) and
in situ high temperature X-ray diffraction (HT-XRD) techniques. Different compositions of the mixed
oxide powders were fabricated by ball-milling the powdered compositions, pelletizing the homogenized
composite powders, and heating the green pellets in air at different temperatures for fixed time intervals.
The sintered pellets were evaluated and characterized with respect to porosity, morphology, and phase
distribution. DTA runs of the un-sintered powders indicated the onset temperatures for both exothermic
and endothermic changes in the binary system. Significant amount of sintering was observed to take
place at temperatures higher than 900 °C. Both room and high temperature X-ray diffraction patterns
exhibited consistency in phase formation. A ternary compound (TaTiO4) and a ternary solid solution
(Tip.33Tag 6702) were observed to form in both room and high temperatures in addition to the respective
binary phases (Ta,0s and TiO,). A sintering temperature in the range 900-1000 °C was observed to be
adequate to achieve the requisite mechanical strength and optimum internal porosity (40-48%) for sub-
sequent electrochemical polarization experiments.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

biomaterials over either monolithic titanium or tantalum [1-5].
One of the extremely attractive properties of these alloys, among

Among many alloying elements of titanium, tantalum is an
excellent choice for biomedical applications because of its high
degree of biocompatibility, corrosion resistance, good mechanical
properties and high-strength-to-density ratio. Tantalum, being a
beta stabilizer, shows superior properties with lower modulus as
compared to either alpha or alpha and beta stabilized titanium
alloys. That is why, in recent years, the binary tantalum - titanium
(Ta-Ti) alloys, both in the bulk form and as a surface film on tita-
nium, tantalum or on a suitable substrate, have evolved as superior
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others, is their ductility as the binary system is not known to easily
form intermetallic compounds and the ordering energies for these
alloys are very low [6]. As compared to some of the other biomate-
rials, such as stainless steel, cobalt-chromium alloy, pure titanium,
Ti-6Al-4 V alloy and pure tantalum, an alloy of titanium and tanta-
lum (1:1 wt%) has demonstrated a higher strength-to-density ratio
and an improved strength-to-modulus ratio, with an ultimate ten-
sile strength of ~ 925 MPa and an elastic modulus of 75 GPa. Con-
sequently, the binary titanium-tantalum alloys are being
increasingly used as implants because of the twin combinations;
improved corrosion resistance properties and excellent osseointe-
gration characteristics [1-2]. In fact, it is the osseointegration
property for which titanium-tantalum alloys are much in demand
in the biomedical industry.

Although these alloys are endowed with attractive properties,
their widespread use has been limited primarily because of the dif-
ficulties associated with their manufacturability. Use of titanium
and tantalum powders to fabricate the alloy ingots by the special-
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ized melting techniques have made the widespread application of
these alloys cost prohibitive. Besides these melting processes pose
difficulties in terms of phase segregation and alloy homogeniza-
tion. The phase segregation occurs due to a wide difference
between their densities, 16.6 gcc™! and 4.5 gcc™! for tantalum
and titanium respectively, which results in the segregation of ele-
ments during melt processing leading to alloy inhomogeneity [7].
In order to decrease the alloy inhomogeneity, the melting process
is repeated several times. Also, because of their high melting points
(Ta: 2996 °C and Ti: 1668 °C), the melting process itself is highly
energy intensive. Besides, the very high melting point of tantalum
may result in the loss of titanium by way of vaporization as the
boiling point of titanium (3287 °C) is close to the melting temper-
ature of tantalum. Currently, only specialized melting processes,
such as vacuum arc melting, 3D laser engineering net shaping
(LENS), selective laser melting techniques are used to fabricate
these alloys [5,8-9]. Thus, there is a need to develop inexpensive
manufacturing options for these as well as several other engineer-
ing alloys, widely used in energy and other critical sectors, such as
defense, automotive, chemical processing, nuclear, to name a few.

In recent years, direct electrochemical reduction of metal oxides
has been extensively studied to prepare many metals, including
titanium and tantalum, and alloys [10-18]. Although a particular
study reported the preparation of titanium-tungsten alloys from
the mixed oxide precursors, the publication lacks data and infor-
mation on the preparative aspects of the precursor materials
[19]. As the preparation parameters of the oxide precursors criti-
cally influence the subsequent electrochemical polarization mea-
surement (to prepare the constituent metals and alloys), it was
decided to study the influence of the fabrication parameters on
the mixed oxide precursor materials.

The Ta,0s5 and TiO, mixed oxide precursor approach seems to
offer a real possibility for its transformation to TiTa alloy by oxide
polarization technique. A literature survey of TiO, and Ta,0s indi-
cates that both are important high-temperature materials and find
many important applications, individually as well as in the mixed
oxide form, in corrosion, electronics, structural materials, automo-
tive, biomedical materials, chemical processing equipment, sen-
sors, (photo) catalysis, and space industries. Some of the
applications of the mixed oxide (Ta,05-TiO,) have been widely
reported (i) for the fabrication of integrated circuit capacitors (be-
cause of the remarkable features of the composite oxide films, such
as high dielectric strength, reduced leakage current and decreased
breakdown voltage) [20] (ii) to prepare coatings for the interferom-
eter mirrors used in current gravitational wave detectors [21] (iii)
as photocatalytic devices in solar cells and high-laser induced
damage threshold films [22-23] (iv) as the capacitor dielectrics
in dynamic random access memory (DRAM) devices [24-25] and
(v) as catalysts for the synthesis of chemicals, such as methanethiol
from a mixture of H,S and CO [26]. Quite a good number of studies
have been reported pertaining to the synthesis and characteriza-
tion of mixed oxide thin films with a view to improving the device
functionality and phase stabilization (when added as a dopant,
TiO, stabilizes the high temperature Ta,;0s phase). The individual
oxides have a number of common features: (i) both exhibit poly-
morphism (ii) are good dielectric materials (Ta,Os greatly
enhances the dielectric constant of the TiO,) (iii) can form protec-
tive surface coatings and as a result, resist corrosive attacks and
(iv) exhibit reversible resistance switching phenomenon. Lager-
gren and Magneli have reported that Ta,Os undergoes a phase
transition at ~ 1320 °C from the low-temperature phase (also
known as L-Ta,0s in the literature) to the high-temperature phase
(H-Ta,0s) [27]. TiO, is known to have three different crystal struc-
tures: rutile (tetragonal), anatase and brookite. Determination of
crystal structures of the high-temperature phase of Ta,0s (H-
Ta,0s) has been reported to be (i) orthorhombic [27] (ii) tetragonal
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[28] (iii) hexagonal and orthorhombic [29] (iv) one tetragonal, one
monoclinic and one triclinic lattice structures [30] and (v) a com-
bination of tetragonal, orthorhombic and monoclinic phases [31].
Unlike in the cases of individual Ta,0s and TiO,, the binary phase
(Tap05-TiO,) diagram has not been the subject matter of extensive
investigation. Perhaps, Waring and Roth were the first to construct
the binary phase diagram while they were studying the effect of
TiO, doping on the polymorphism of Ta,0s [30]. These authors
have reported the formation of an equimolar ternary oxide (TiTa,-
0,) which was observed to melt at 1662 °C. They also postulated
the existence of two other compounds (~Ti0,:49 Ta,0Os and
TiO,:7 Ta,0s). Further, they have reported that TiO, can accept a
maximum of 9 mol% Ta,0s5 in solid solution at 1630 °C and the bin-
ary system has two eutectic compositions, 31 and 54 mol% Ta;0s5
with melting temperatures as 1630 °C and 1650 °C respectively.
Ta>* has a similar ionic radius with that of Ti** and hence readily
dissolves in the TiO, lattice to form a series of substitutional alloys.
Ta,05 donates the electrons and as a result decreases the resistivity
of TiO, [32].

The objective of the present research was therefore to develop a
molten salt electrochemical process to prepare the binary alloy
powders directly from the inexpensive mixed oxide precursors.
Although formation of tantalum-tungsten alloy has been reported,
no study has been reported on the preparation of titanium-
tantalum alloy directly from the mixed oxide precursors. There-
fore, the present study was undertaken to examine the feasibility
of such a process. The electrochemical conversion of the mixed oxi-
des to the alloy required the fabrication of the oxide precursor by a
powder metallurgical process involving sintering of the powder
mixture to design the oxide precursor with a set of desirable char-
acteristics, such as percentage open porosity, oxide morphology,
sintering atmosphere etc., prior to its electrochemical reduction.
The present manuscript reports the first part of the experimental
research pertaining to the preparation of the (mixed) oxide precur-
sors for their subsequent electrochemical conversion to the
tantalum-titanium (TaTi) alloys in situ (to be published as part
II). The oxide precursors were prepared by ball-milling high purity
Ta,05 and TiO, powders, pelletizing the milled powder (to green
pellets) and sintering them at elevated temperatures for fixed
durations. The sinterability, phase formation and % porosity in
the sintered oxides were determined by differential thermal anal-
ysis, X-ray diffraction and Archimedes principle respectively.
Another highlight of the present work was the recording of the
in situ high-temperature XRD data during the sintering process.

2. Experimental
2.1. Materials

High-purity and finely powdered Ta,Os5 (Sigma Aldrich 99.99%,
trace metals basis, < 44 pm) and TiO,, (J.T. Baker, AR grade,
<44 um) were used as the start materials. Poly(ethylene glycol)
(PEG, Sigma-Aldrich, average MW = 200) and poly(vinyl butyral-
co-vinyl alcohol-co-vinyl acetate) (PVB/PVA, Sigma-Aldrich, aver-
age MW = 50,000-80,000 by GPC) were added as the binders to
the mixed oxides during the milling stage.

2.2. Preparative method

The powder mixture (with the binders) was homogenized by
way of preparing a slurry in isopropyl alcohol (91%). The mixed
slurry was ball-milled for a duration of 12 h to ensure homogeniza-
tion of the contents. The homogenized powder was then pelletized,
in a 13 mm dia. steel die, under a laboratory hydraulic press by
applying a pressure in the range 31.0-33.1 MPa.
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2.3. Instruments/Equipment

The green pellets were placed in an alumina boat and heated,
both in air and under hydrogen flow, in an MTI 1100X series fur-
nace to the desired temperature for different durations. The initial
characterization of the mixed powder was carried out in a TGA-
DSC (SDT Q600 Series) set up. The sintered pellets were evaluated
and characterized, with respect to phase distribution and morpho-
logical features, by powder X-ray diffraction (Rigaku Ultima IV
diffractometer with PDXL software) and SEM-EDS SEM (TESCAN
MIRA3 with an EDS attachment) techniques. High-temperature
X-ray diffraction (HT-XRD) patterns were recorded by attaching
the furnace to the Rigaku diffractometer and heating the mixed
powders to the desired temperatures. The samples were prepared
on a platinum stage to minimize the effects of thermal expansion
on the samples. A heating rate of 10 °C/min was employed to
achieve the set temperature. The samples were held at the pre-
determined temperatures for about five minutes before recording
the diffraction patterns.

3. Results and discussion
3.1. TG-DTA characterization of the sintering behavior

On the basis of phase diagram, proposed by Waring and Roth
[30], three compositions (mol%) (45Ta,05 — 55 TiO,, 50Ta;05 —
50TiO, and 55Ta,05 — 45TiO,) were selected to prepare and char-
acterize the mixed oxide precursors. All the three compositions
were heated, in air atmosphere, up to a maximum temperature
of 1150 °C. Out of these three compositions, two (45Ta;0s —
55TiO, and 55Ta,0s — 45TiO,) were observed to exhibit pro-
nounced DTA peaks (Figs. 1 and 2 respectively), which perhaps
indicated the formation of possible chemical interactions. The
appearance of broad exotherms in the temperature
ranges ~ 770-1000 °C could have been due to the disordering of
metal atoms, crystallization, phase change(s) or rapid grain
growth. As expected, both the thermogravimetric analysis (TGA)
patterns recorded insignificant weight losses (1.88 wt% and
1.33 wt% respectively). Fig. 1 also indicated a very broad DTA peak
in the temperature range ~ 800-1000 °C. On the other hand, the
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55Ta,05 — 45TiO, indicated possible chemical interactions at com-
paratively lower temperatures (~773 °C and 982 °C respectively).
On the basis of these DTA patterns, bulk samples, with both com-
positions, were prepared. The green pellets were sintered at two
different sets of temperatures (825 °C and 1000 °C for the
45Ta,05 — 55TiO, mixture and 625 °C and 900 °C for the
55Ta,0s5 — 45TiO, composition) in order to examine their sintering
behaviors. Unlike in the case of both 45 Ta,0s5-55 TiO, and
55Ta,05-45 TiO, compositions, the 50:50 composition didn’t show
any significant sintering behavior up to a temperature of 1050 °C
and as a result was not chosen as a possible composition for the
fabrication of the mixed oxide precursor.

3.2. Phase analysis by room-temperature XRD

3.2.1. 45Ta,05 — 55TiO, (mol%) composition

Except for the formation of a tiny amount of a ternary phase
(TiTaOy4), the X-ray diffraction pattern of the pellet, prepared at
825 °C (in air), did not show the formation of any major mixed
(ternary) oxide phase. The major phases were tantalite (43.8%
Ta,05), rutile (36.74%, TiO,) and anatase (12.02%, TiO,) (Table 1).

Besides TiTaOy4, the pellet, sintered at 1000 °C (in air), showed
the formation of a minor solid solution phase (Tig33Tage702)
(Table 2). Also, a sharp drop in the anatase phase content (from
12.02 at 825 °C to 1.2 at 1000 °C) was observed at higher sintering
temperature. The major phases were just Ta,05 (43.8%) and TiO,
(rutile, 37.1%) respectively.

The two ternary phases, described by Equations (1) and (2),
together accounted for the 13.4% phase composition (Table 2).

Ta,0s(s) + 2TiOy(s) = 2TiTaO4(s) + 0.50,(g) (1)

Ta;0s(s) + TiOy(s) = 3Tig33Tage702(s) + 0.50,(g) (2)

3.2.1.1. 55Ta,05-45TiO, (mol%) composition. The pellet, sintered at
625 °C, was analyzed to have three major phases: tantalite
(64.8%), rutile (12.07%) and anatase (11.47%) (Table 3).

The three minor phases consisted of two mixed oxides and a
solid solution phase and together they formed 9.7% of the total
phases. The combined fraction of the rutile and anatase phases
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Fig. 1. TG- DTA scan of the mixed oxide powder (45Ta,;0s5 — 55 TiO,, mol%), powder amount — 8.444 mg, blue line: TGA and green line: DTA trace. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. TG-DTA scan for the 55Ta;05-45TiO, (mol.%) sample (sample weight — 8.886 mg).

Phase analysis of the 45Ta;05-55TiO-, pellet sintered at 825 °C by room temperature XRD.

Phase Formula Figure of Merit (FOM) value Card No Amount (wt. %) Total Ta,Ti,O,
Tantite, syn Ta,05 0.615 01-089-2843 43.79
Anatase TiO, 1.098 01-071-1169 12.02
Rutile HP, syn TiO, 2.333 01-071-4513 36.74
Struverite, syn TaTiO4 3.664 01-071-0929 3.48
Titanium (III) Tantalum Oxide TaTiO4 3.165 01-081-0912 3.97
100.0 7.45
Table 2
Phase analysis of the 45Ta;05-55TiO, pellet sintered at 1000 °C by room temperature XRD.
Phase Formula Figure of Merit (FOM) value Card No Amount (wt.%) Total Ta,Ti,0,
Tantalum Oxide Ta,05 0.704 01-070-9177 48.24
Anatase TiO, 1.470 01-071-1169 1.20
Rutile HP, syn TiO2 3.338 01-071-4513 37.11
Titanium Tantalum Oxide (Tip.33Tape7)02 1.776 01-085-0103 3.51
Titanium (III) Tantalum Oxide TiTaO4 3.099 01-081-0912 9.93
99.99 13.44
Table 3
Phase analysis of the 55Ta,05-45TiO, pellet sintered at 625 °C (in air) by room temperature XRD.
Phase Formula FOM Card No Amount (wt.%) Total Ta,Ti,0,
Tantalite, syn Tay05 0.623 01-089-2843 64.79
Anatase, syn TiO, 0.838 01-084-1285 11.47
Rutile HP, syn TiO, 3.957 01-071-4513 12.07
Struverite TiTaO4 2.209 01-071-0929 3.02
Titanium Tantalum Oxide (Tip33Tape7)04 1.567 01-085-0103 2.62
Titanium (III) Tantalum Oxide TiTaO4 3.073 01-081-0912 6.04
100.01 9.68
Table 4
Phase analysis of the 55Ta;05-45TiO, pellet sintered at 900 °C (in air) by room temperature XRD.
Phase Formula FOM Card No Amount (wt. %) Total Ta,Ti,O,
Tantalite, syn Ta,0s5 0.536 01-089-2843 75.6
Anatase, syn TiO, 1.015 01-084-1285 114
Rutile HP, syn TiO, 4.036 01-071-4513 3.00
Struverite TiTaO4 3.53 01-071-0929 4.00
Titanium (III) Tantalum Oxide TiTaO4 1.702 01-081-0912 6.00
100.00 10.0
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was observed to be lower as compared to the fractions observed in
the 45Ta,05-55TiO, composition. At 900 °C, two mixed oxide (and
no solid solution) phases were formed (Table 4) and the total con-
tent of the mixed phases was marginally higher than that formed
at 625 °C (Table 4).

Waring and Roth’s binary phase diagram [30] has reported the
formation of three phases: low-temperature Ta,Os5 (L-Ta,0s postu-
lated to occur at ~ 7Ta;05:TiO,) and a mixed oxide phase (TiTa,05)
for compositions between ~ 12-50 mol%Ta,Os up to a
temperature ~ 1200 °C. At temperatures higher than 1200 °C and
in the same composition ranges, they have reported the formation
of a solid solution, high temperature Ta,Os phase (H-Ta;0Os) and
one mixed oxide phase (TiTa;07). At a concentration higher than
50 mol%Ta;0s, and up to a temperature of 1200 °C, the phases con-
sisted of a TiO; solid solution and the mixed oxide phase (TiTa,07).
Finally, at concentrations < ~ 12 mol% Ta,0s, they have reported
the formation of multiple phases that include triclinic (metastable)
Ta,Os5 solid solution, monoclinic (metastable) Ta,Os, triclinic
(metastable) Ta,Os and tetragonal Ta,Os, L-Ta,05 (with approxi-
mately two compositions, 49 Ta;05:TiO, and 7Ta;0s5:TiO3) in the
temperature range 100-1200 °C. In another investigation, Bren-
necka and Payne have reported the formation of a porous
microstructure with 8Ti0,.92Ta,05 composition by sintering the
mixed oxides at 1400 °C for 24 h. These authors have also reported
that the addition of TiO, to Ta,05 resulted in the reduction of the
densification temperature of the composite ceramics, which, in
turn, hindered phase transformation of the L-Ta;Os to H-Tay0s5
[33]. Unlike their studies, the present studies have reported the
formation of two different mixed oxide phases, (Tig33Tags7)0>
and TiTaO4 respectively. The absence of the stoichiometric mixed
oxide (TiTa,07) and other phases, reported by Waring and Roth,
can perhaps be explained by the fact that these authors adopted
an elaborate and sequential heating schedule to prepare the sam-
ples at higher temperatures than the temperatures used in the pre-
sent studies. In the first stage, they heated the mixtures of TiO, and

Table 5
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Ta,0s5 at 1000 °C for 16 h which was followed up by another heat-
ing cycle at higher temperatures (1400-1657 °C) for durations
ranging from 2 to 264 h [29] to improve the diffusion kinetics. As
the objective, in the present study, was to achieve some degree
of sinterability prior to the electrochemical reduction of the mixed
oxide to form the binary alloys, a longer duration heating cycle, to
observe the formation of different oxide phases, was not adopted.

3.3. Phase evolution in the mixed oxides (high-temperature X-ray
diffraction)

With a view to examining the dynamic phase evolution, in the
mixed oxides, both the 45Ta,05 — 55TiO, (mol.%) and 55 Ta,Os5
— 45 TiO, (mol.%) compositions were subjected to high-
temperature X-ray diffraction studies. Calculated quantities of
high-purity and fine-grained mixed oxide (Ta;Os and TiO;) pow-
ders were placed on a platinum stage, to minimize the effects
due thermal expansion, and the mixture was subjected to heating
(in air) up to a maximum temperature of 1000 °C at a heating rate
of 10°Cmin . The samples were held for 5 min., at each tempera-
ture, prior to recording the respective diffraction patterns using a
scintillation counter. The X-ray diffractrograms were recorded at
different temperatures. Tables 5 and 6 show the quantitative phase
analyses data for both the compositions.

3.3.0.1. 45 Ta,05 — 55 TiO, composition

As expected, XRD patterns recorded in the temperature range
30-1000 °C looked identical (Table 3). However, the quantitative
phase analysis indicated a gradual increase in the formation of
the mixed oxides up to a temperature of ~ 930 °C (Table 5). Further
increase in temperature to 1000 °C resulted in a decrease in the
mixed oxide contents (Table 5). The quantitative analysis per-
formed on the five diffractograms indicates a large increase in
the formation of mixed oxides as the temperature of the sample
is increased from 825 °C to 930 °C (only 6.07 % mixed oxide versus

Quantitative analysis results (WPF) for the 45 Ta,;0s — 55TiO, (mol.%) system, obtained from the high temperature XRD diffractograms.

Temp. (°C) Phase Formula FOM Card No Content Total Ta,Ti,0,
30 Tantalum Oxide Ta,0s 0.670 01-070-9177 78.58
Anatase TiO, 0.913 01-071-1167 14.41
Rutile HP, syn TiO, 1.969 01-071-4513 7.01
100.00
825 Tantalum Oxide Ta,0s 0.572 01-070-9177 52.74
Anatase TiO, 0.733 01-071-1167 7.36
Rutile HP, syn TiO, 2.344 01-071-4513 33.83
Struverite, syn TiTaO4 3.072 01-071-0929 1.00
Titanium (III) Tantalum Oxide TiTaO4 2.025 01-081-0912 3.48
Titanium Tantalum Oxide (Tip33Tage7)02 3.142 01-085-0103 1.59
100.00 6.07
930 Tantalum Oxide Ta,0s5 0.580 01-070-9177 49.54
Anatase TiO, 0.743 01-071-1167 9.49
Rutile HP, syn TiO, 2.199 01-071-4513 9.99
Struverite, syn TiTaO4 2.251 01-071-0929 21.98
Titanium (III) Tantalum Oxide TiTaO4 3.195 01-081-0912 4.00
Titanium Tantalum Oxide (Tip33Tage7)02 2.553 01-085-0103 5.00
100.00 30.98
960 Tantalum Oxide Ta,0s 0.558 01-070-9177 59.46
Anatase TiO, 0.723 01-071-1167 10.51
Rutile HP, syn TiO, 3.261 01-071-4513 1.00
Struverite, syn TiTaO4 2.341 01-071-0929 20.02
Titanium (III) Tantalum Oxide TiTaO4 3.740 01-081-0912 6.01
Titanium Tantalum Oxide (Tip33Tane7)02 3.038 01-085-0103 3.00
100.00 29.03
1000 Tantalum Oxide Ta,0s5 0.557 01-070-9177 55.40
Anatase TiO, 0.577 01-071-1167 11.30
Rutile HP, syn TiO, 1914 01-071-4513 12.00
Struverite, syn TiTaO4 2.410 01-071-0929 16.00
Titanium (III) Tantalum Oxide TiTaO4 3.764 01-081-0912 5.30
100.00 21.30
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Table 6
Quantitative analysis results (WPF) for the 55 Ta;05 — 45TiO, (mol.%) system, obtained from the high temperature XRD diffractograms.
Temp. (°C) Phase Formula FOM Card No Content Total Ta,Ti,0,
625 Tantalum Oxide Ta,0s5 0.462 01-070-9177 44.98 10.04
Anatase TiO, 0.695 01-071-1168 6.83
Rutile HP, syn TiO, 1.809 01-071-4513 38.15
Struverite, syn TiTaO4 1.626 01-071-0929 6.02
Titanium Tantalum Oxide (Tip33Taoe7)02 2.785 01-085-0103 4.02
100.00
775 Tantalum Oxide Tay0s5 0.457 01-070-9177 53.95
Anatase TiO, 0.890 01-071-1167 5.92
Rutile HP, syn TiO, 1.809 01-071-4513 9.03
Struverite, syn TiTaO4 2.379 01-071-0929 19.06
Titanium (III) Tantalum Oxide TiTaO4 2.200 01-081-0912 12.04
100.00 31.10
928 Tantalum Oxide Tay0s5 0.517 01-070-9177 72.94
Anatase TiO, 0.698 01-071-1167 5.81
Rutile HP, syn TiO, 2117 01-071-4513 8.02
Struverite, syn TiTa04 3.623 01-071-0929 9.22
Titanium Tantalum Oxide Tig33Tags702 2.608 01-085-0103 4.01
100.00 13.23
983 Tantalum Oxide Ta,0s 0.539 01-070-9177 51.60
Anatase TiO, 0.911 01-071-1167 5.49
Rutile HP, syn TiO, 2.302 01-071-4513 34.93
Struverite, syn TiTaO4 3.360 01-071-0929 7.98
100.00 7.98
1000 Tantalum Oxide Ta,0s5 0.603 01-070-9177 52.58
Anatase TiO, 1.091 01-071-1167 5.75
Rutile HP, syn TiO, 3.303 01-071-4513 33.73
Titanium (III) Tantalum Oxide TiTaO4 3.821 01-081-0912 6.94
Titanium Tantalum Oxide Tig33Tag6702 3.840 01-085-0103 1.00
100.00 7.94

30.98 % mixed oxide). The high percentage of mixed oxide present
was maintained through 960 °C, but the increase of temperature to
1000 °C caused a slight decrease resulting in the sample containing
21.30 % mixed oxides.

No sintering was observed to take place at a
temperature<100 °C for both the compositions. Formation of a
solid solution (Tig33Tags702) and mixed oxides (two forms of
TiTaO4) were seen in the two compositions and their quantities
were observed to be maximum at 775 °C (31.1%) and 930 °C
(30.98%) for 55Tap05-45TiO, and 45Ta,05-55TiO, compositions
respectively (Tables 5 and 6). No definite phase formation patterns
were observed in both the compositions. For example, in the
45Ta,05-55Ti0, composition, the solid solution phase was
observed at a comparatively higher temperature (825 °C) than that
seen in the 55Ta,05-45TiO, mixture (625 °C). Similarly, this phase
was not observed at 1000 °C in the 45Ta,05-55TiO, mixture but
was present in the composition containing higher amounts of
Ta,0s. Another notable observation was the effect of pelletization.
While pelletization resulted in higher fractions of mixed oxides at

3

A |

Lol

2pm

SEM HV: 25.0 kV WD: 15.03 mm
View field: 7.93 pm Det: SE
SEM MAG: 26.2kx Date(m/dly): 03/19/18

MIRA3 TESCAN|

comparatively lower temperatures, 900 °C (55Ta,0s — 45TiO,) and
825 °C (45Ta,05 — 55Ti0,) respectively, both the compositions at
1000 °C showed relatively lesser amounts of the mixed oxide
phases.

Both room and high temperature X-ray diffractograms indi-
cated consistency in terms of the formation of possible phases in
the binary Ta,;0s5-TiO, system.

4. Morphology of the sintered pellets

Morphological features of the sintered pellets were examined
under a scanning electron microscope. Fig. 3 shows the microstruc-
ture of the 45Ta,05-55TiO, (mol.%) prepared at 825 °C and 1000 °C
respectively.

Sintering temperature, among other parameters such as particle
size distribution, pelletization pressure, sintering additives, sinter-
ing duration etc. influences the morphology of the sintered products.
Temperature, in general, has been observed to profoundly influence

SEM HV: 25.0 kV WD: 14.91 mm
View field: 8.51 ym Det: SE
SEM MAG: 24.4 kx | Date(m/dly): 03/19/18

N

‘me

Fig. 3. Fig. 3: SEM images of 45 Ta,0s - 55 TiO, sintered at 825 °C in air (left) and 1000 °C (right). White (jagged) pieces were due to the aluminum contamination during ball

milling operation.
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the microstructure of the sintered body. Too high a temperature can
result in extensive necking and/or significant grain growth resulting
in the formation of a very dense microstructure. Similarly, a low
temperature may not be adequate to sinter the particles and impart
mechanical rigidity. Such a scenario will not be able to hold the oxide
particles together during the reduction process.

As can be seen from the Fig. 3, a sintering temperature of 825 °C
was inadequate to achieve good sinterability of the mixed oxides.
On the other hand, the pellet sintered at 1000 °C showed definite
signs of necking and particle growth. As expected, the sintered pel-
let, prepared at 1000 °C, was observed to have a reduced porosity
compared to that prepared at 825 °C. However, a slight reduction
in porosity at 1000 °C did not affect the overall reduction efficiency
of the pellet to form the binary alloy.

Fig. 4 shows the morphology of the 55Ta,05-45TiO,, sintered at
two different temperatures (625 °C and 900 °C respectively). As can
be seen from the microphotographs, the pellet sintered at 900 °C
showed somewhat better sintering behavior. Lower temperature
heating (625 °C and 825 °C) did not result in good sintering as is
evident from the formation of more granular particles after sinter-
ing (Figs. 3 and 4). These pellets were also observed to crack and
break into pieces during subsequent handling. The pellets, pre-
pared at 890 °C and 1000 °C, were observed to have better strength
for their subsequent electrochemical conversion to binary alloys.

5. Sintered pellet porosity

The presence of porosity in sintered ceramic bodies is often not
preferred for certain applications and the objective is to achieve
the density as close to the theoretical density. However, in the pre-

al®
SEM HV: 25.0 kV WD: 15.03 mm MIRA3 TESCAN|
View field: 7.93 pm Det: SE

SEM MAG: 26.2 kx Date(m/dly): 03/19/18

View field: 7.71 pm
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sent study a sintered pellet with certain degree of porosity proved
beneficial from the standpoint of achieving better oxygen removal
kinetics during its subsequent polarization in the fused salt. Too
high a porosity (~80%) resulted in the disintegration of the
sintered pellet, in the fused salt. A relatively lower porosity (<10%)
was observed to have incomplete electrochemical reduction. A
porosity in the range 30-50% resulted in the formation of better-
quality alloys. A combination of 900/1000 °C sintering temperature
and 2 h of sintering duration (for the green bodies) in air yielded an
open porosity in the range 40-48% (Fig. 5), which proved to be ade-
quate for the formation of the binary alloys (Fig. 6). A monolithic

Fig. 6. Reduced TaTi powder, prepared from the pellet 45Ta;05-55TiO, (air-
sintered): electrolyte — CaCl,-1% CaO; polarization temperature: 950 °C; polariza-
tion duration: 36 h; cell potential: 2.5-3.1 V; counter electrode - 3 mm dia. and
100 mm long ruthenium rod.

WD: 14.94 mm

Det: SE
SEM MAG: 26.9 kx Date(m/dly): 03/19/18

SEM HV: 25.0 kV MIRA3 TESCAN|

I

2pm

Fig. 5. Air-sintered pellets: (left): 45 Ta,0s5-55TiO, (1000 °C/2h) and (right): 55Ta,05-45TiO, (900 °C/2h). The respective porosities were 40% and 48% respectively.
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platinum group metal anode [34-35], for the electrochemical con-
version of the sintered bodies (Fig. 5) to the constituent alloy pow-
ders (Fig. 6), proved to be highly beneficial in terms of rendering the
overall alloy manufacturing process environmentally friendly.

6. Conclusions

Sintering and phase evolution behavior in the binary Ta,05 and
TiO, mixed oxide system were studied at different temperatures.
Simultaneous TG-DTA analysis yielded composition-dependent
thermograms. Although thermograms indicated some chemical
interactions at an onset temperature as low as ~ 625 °C, significant
sintering could only be observed at a relatively higher temperature
(900 °C). Both room as well as high temperature X-ray diffraction
patterns revealed the formation of limited mixed oxide and solid
solution phases when two specific mixed powder compositions,
45 mol%Ta,05 — 55 mol%TiO, and 55 mol%Ta,05 — 45 mol¥%TiO,
respectively, were heated in air up to a maximum temperature of
1000 °C for a duration of 4 h. The green (sintered) pellets, prepared
at 900 °C and 1000 °C, were observed to have adequate mechanical
integrity and percentage open porosity (in the range 40-48%) for
their subsequent electrochemical transformation to alloy powders.
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