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Due to their excellent biocompatibility, titanium and titanium–niobium alloys are
especially interesting for biomedical applications. With regard to favorable near-
net shape production, Ti powder synthesis is the key hurdle. Extensive research
has been in progress for alternative synthesis methods since decades. Herein, an
efficient alternative method to the conventional powder production process to
prepare spherical powders with very small sizes (<45 μm) for high-strength
materials is shown. Very fine, hydrogenated Ti and Ti–Nb alloy powders are
stable in air and are synthesized by calciothermic reduction in hydrogen. The
herein presented reduction using CaH2 starts directly from the oxides instead of
chlorides. Correlations of size and morphology of the as-synthesized TiH2 and
(Ti,Nb)H2 powders with the precursors (TiO2, Nb2O5, and CaH2) are illustrated
and are used to tailor the desired powders.

1. Introduction

Titanium shows an extraordinary combination of properties such
as high specific strength, excellent corrosion resistance, and
biocompatibility. There are numerous applications, e.g., in the
aerospace and chemical industry as well as in the biomedical
field.[1] Usage is still limited by its high-cost Kroll process origi-
nating from the high oxygen affinity and challenging workability
of titanium. Therefore, near-net shape techniques are preferred
for efficient material usage and reduction of conventional
processing costs.[2,3] Especially, for implant materials, higher-
strength Ti materials are needed which can be achieved by grain
refinement or alloying with other biocompatible elements as,
e.g., Nb. Therefore, the synthesis of fine and spherical titanium
or titanium alloy powder is desired with particle sizes well below
45 μm. In particular, for metal injection moulding (MIM), small
and spherical particles are needed.[1] Using MIM, complex and
porous shapes can be produced easily. Unfortunately, this is only

a small fraction after gas atomization,
which is the conventional path for spherical
powder fabrication.[4] As an alternative,
cheap angular Ti powder prepared by the
hydride–dehydride (HDH) process can be
used. It is made by crushing hydrogenated
Ti sponge prepared by Kroll process. Due to
its brittle nature, the intermediate TiH2

powder shows angular morphology based
on the crushing routine. Therefore, the
resulting HDH Ti powder also shows angu-
lar morphology after dehydrogenation by
vacuum heat treatment. But for many
applications, as, e.g., MIM and the conven-
tional press and sinter process, spherical
powder is preferred to reach high packing
density and low interparticle friction.[4] In
addition, for fine powders, usage of TiH2

is advantageous as it is not as reactive toward oxygen as Ti pow-
der. It can be easily handled in air, and contamination during the
debindering step in the MIM process is hindered. Carreño-
Morelli et al.[5] tested commercial angular TiH2 powder
(d50¼ 20 μm) for the MIM process as fine spherical TiH2 powder
is not commercially available. The production of titanium grade 4
components was accomplished with good mechanical properties
and adequate shape preservation and reproducibility. They also
studied the effect of TiH2 powder with smaller particle size
(d50¼ 10 μm) but did not observe enhanced mechanical proper-
ties as expected. Unfortunately, sintering was performed in
argon flow (100 L h�1). Especially the sintering of fine titanium
should be conducted in vacuum,[6] and the lower sintering tem-
perature below 900 �C should be met for limited grain growth
and to prevent oxygen pickup.[7] Consequently, using finer
TiH2 should result in nanostructured cp-Ti which is especially
interesting for biomedical applications as it provides higher
strength, persistent ductility, higher wear resistance, and greater
cell adhesion.[8–10] Fine and brittle TiH2 powder might be even
suitable for the conventional press and sinter process because of
extensively reduced compaction force.[11]

In addition to pure Ti, highly biocompatible Ti–Nb alloys
attract increasing attention as promising implant materials in
the biomedical field.[12] Fully β-phase Ti alloys can be prepared
with at least 30 at% Nb showing a comparably small Young’s
modulus, alleviating the stress shielding effect.[13] Ti and Nb
can form a mixed metal hydride (Ti,Nb)H2 with the same struc-
ture as TiH2 with a slightly increased lattice parameter (both
CaF2 structures).[14] Fine hydrogenated Ti–Nb powder is also
used for the preparation of Ti–Nb parts by MIM or conventional
press and sinter technique regarding implant applications.
A new synthesis routine for fine hydrogenated Ti and Ti–Nb
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powders is analyzed in this work. The calciothermic reduction
proposed here has distinct advantages over the conventional met-
allurgical processes. It is possible to start from the oxide powders
and obtain fine particles well below 45 μm with homogeneous
elemental distribution. Therefore, high temperatures needed
for melting processes are avoided which cover typical problems
as segregation and dendrite structures.[15] There are numerous
alternative processes for the synthesis of Ti powders either
prepared by thermochemical or by electrochemical processes
starting from TiCl4, purified TiO2, or upgraded titanium slag
(UGS).[16] In the end, oxygen content and particle size of the pow-
der as well as efficiency of the process are the crucial parameters.

The reduction of TiO2 with CaH2 known as the metal
hydride reduction (MHR) process was already reported in
1966.[17] Therein, TiO2 is reduced according to Equation (1) at
1150–1200 �C. Due to the high reduction temperature partially
sintered Ti particles in the micrometer range are obtained. In
addition, 50% excess of CaH2 is needed because of the low melt-
ing point of Ca (Tm¼ 840 �C).

TiO2 þ 2CaH2 ! Tiþ 2CaOþ 2H2 (1)

Our aim is the synthesis of very fine, hydrogenated Ti particles
by TiO2 reduction with CaH2 in H2 atmosphere according to
reaction (2) at comparably low temperatures. For that, mechano-
chemical reduction is used which contains the activation of the
starting materials prior to heat treatment for reduction.

TiO2 þ 2CaH2 ! TiH2 þ 2CaOþ H2 (2)

Recently, Zhang et al. showed the synthesis of TiH2 powder
by direct magnesiothermic reduction of TiO2 with Mg in H2

atmosphere at 650–800 �C.[18] However, an additional deoxydation
treatment is needed to decrease the oxygen content of the resulting
Ti powder below 2mol%. We use Ca instead of Mg as it is a stron-
ger reducing agent due to the higher stability of CaO. The reduc-
tion of TiO2 with Ca is extremely exothermic and hence hard to

control. Therefore, CaH2 is used as it shows a moderate reaction
enthalpy, and it can be crushed easily in contrast to Ca.

In this work, the synthesis of very fine, highly sinter active
TiH2 powder is shown by direct calciothermic reduction of
TiO2 with CaH2 at low temperatures. Particle size, morphology,
and oxygen content of the final TiH2 powders were evaluated in
consideration of the properties shown by the starting materials.
Finally, the process was also used to conduct the coreduction of
TiO2 and Nb2O5 to synthesize fine, hydrogenated Ti–Nb alloy
powder.

2. Results

2.1. TiH2 Powder Synthesis Starting with Anatase
(Pigment TiO2)

The starting materials were activated either in a planetary ball
mill or in a shaker mill to enhance the kinetics of the solid-state
reduction procedure of TiO2 with CaH2 according to
Equation (2). The particle size of the starting oxide TiO2 was
extremely small (about 100 nm confirmed by high surface area
of 9 m2 g�1 according to Brunauer–Emmett–Teller measure-
ment). Typical scanning electron microscopy (SEM) images of
the starting materials TiO2 and CaH2 before and after activation
in a shaker mill (S) or rather a planetary ball mill (PBM) are
shown in Figure 1. Evidently, the size of the TiO2 particles
did not change during the activation procedure. Instead, brittle
CaH2 was crushed easily. Its particle size was reduced extensively
during activation milling. The particle size was especially small
after planetary ball milling due to the higher energy impact dur-
ing milling. This was also confirmed by extensive peak broaden-
ing observed in the X-ray diffraction (XRD) pattern of the
planetary ball-milled powder compared with the shaker-milled
powder. Those are also shown in Figure 1. After reduction (R)
both activated powders contain only CaO and TiH2. Upon
removal of the byproduct CaO by leaching (RL) pure TiH2

Figure 1. SEM images (left) of the starting materials CaH2 and TiO2 in anatase (A-TiO2) modification. Activated mixtures after shaker milling (S) and
planetary ball milling (PBM) are shown: as-milled, reduced (R), and leached (RL). Corresponding XRD patterns (right) for the as-milled activated mixtures
(I–II), after reduction (III–IV), and after leaching (V–VI).
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powder is obtained in both cases as proven by the XRD analysis,
as shown in Figure 1. As expected, the rounded TiH2 powder
synthesized after activation in the planetary ball mill is much
smaller than after activation in the shaker mill. Actually, the
TiH2 powder prepared by planetary ball-milled powder looks
exactly like the TiO2 starting material in morphology and size.
This is because of the very fine CaO which acts as the particle
separator and prevents sintering of the fine powder.

The oxygen content of the synthesized powder is especially
sensitive to the crucible material and drying procedure.
Shaker-milled TiH2 powder reduced in a Coors high-alumina
crucible (99.8% pure Al2O3) and dried in air at 50 �C exhibited
an elevated oxygen content of 4.5 mol%. Using a crucible made
of conventional stainless steel (1.4301) reduced the oxygen con-
tent to 2.5 mol% for the shaker-milled TiH2 powder dried in air at
50 �C. Drying in vacuum reduced the oxygen content to only
1.3mol% (3.0 m2 g�1). This value still seems comparably high
but this is due the small size of the powder. The oxygen content
of the commercial HDH TiH2 powder was also comparably high
with 0.7 mol% (0.6m2 g�1). This powder was always handled and
stored in the glovebox but the measured oxygen content did not
change appreciably over time when storing it in the desiccator.
Naturally, the oxygen content has a strong surface contribution as
Ti forms a thin TiO2 passivation layer. A passivation layer of
2.9 nm TiO2 was measured for Ti powder.[19] Therefore, this
would result in an enhancement of 1.5 mol% oxygen for the
shaker-milled TiH2 with a surface area of 3.0 m2 g�1. As sug-
gested by Zhang et al.[20] TiH2 forms an even thinner oxide layer
than Ti powder. Presuming a 2.0 nm TiO2 layer seems to be rea-
sonable with a contribution of 1.0 mol% surface oxygen for the
shaker-milled TiH2 powder (3.0m

2 g�1), as shown in Figure 2.
This means the surface-to-volume ratio increases tremendously
from 0.5% for the commercial TiH2 powder to 2.2% for the
shaker-milled TiH2 and 6.5% for the planetary ball-milled
TiH2, respectively.

Sintering these fine powders will produce highly activated
surfaces after hydrogen desorption around 400 �C. Due to the

surface cleaning effect, atomic hydrogen reduces the passivation
layer upon diffusion from the lattice toward the surface.[21]

Cleaning of the surface by desorption of water needs to be
completely before 700 �C. Above this temperature, extensive oxy-
gen diffusion into the titanium lattice starts, which makes oxygen
removal impossible.[2]

Figure 3 shows the particle size distribution of the shaker-
milled and planetary ball-milled TiH2 in comparison with
cheap angular commercial TiH2 powder and gas-atomized Ti
with the smallest fraction below 45 μm. Both synthesized pow-
ders show considerably smaller particles than the commercial
powders. Again, it is confirmed that the planetary ball-milled
TiH2 powder is much smaller than the shaker-milled powder.
The surface area was also measured to compare the synthesized
powders with each other as the surface has a substantial
contribution when dealing with very fine powders. The powder
which was activated in the planetary ball mill has a much larger
surface area of 13.6 m2 g�1 compared with 3.0 m2 g�1 measured
for the TiH2 powder which was activated in the shaker mill.

2.2. Effect of TiO2 Size, Morphology, and Crystal Structure

Different TiO2 starting materials were used to elucidate particle
size and morphology dependence of the product after calciother-
mic reduction. Therefore, two additional types of TiO2 starting
materials were examined. Their SEM images are shown in
Figure 4.

The first powder (pigment TiO2) has anatase modification
with a very high surface area of 9.0m2 g�1 (A–TiO2). The other
two oxide powders have a rutile structure. R-TiO2 shows rounded
morphology and a slightly smaller BET surface area (3.6m2 g�1).
The second type of rutile powder (RP-TiO2) was made by
heat treating the pigment anatase powder up to 1200 �C in a
quartz ampule. The growth of prismatic rutile needles was
observed along with the crystal structure modification to rutile.
This powder shows an even lower surface area of only 0.2 m2 g�1.
The hydrogen pressure was monitored while proceeding the
reduction for all three different TiO2 starting powders shaker
milled with CaH2 (see Figure 5).

In addition, desorption curves for anatase and rounded rutile
after activation in the planetary ball mill are shown. For the plan-
etary ball-milled powders, the reduction starts at already around
200 �C with the subsequent desorption of TiH2 at about 650 �C
and reabsorption during cooling. For shaker-milled powders of
anatase and rounded rutile, the reduction reaction starts at about
500 �C with subsequent H2 desorption which is completed after
2 h at 800 �C. Reduction of shaker-milled rutile needles with a
smaller surface area takes much longer. Therefore, it needs
extended reduction time. The reduction reaction temperature
and time depend on the size of the starting materials. The parti-
cle size of the oxide starting material is important in terms of
diffusion time. The reduction time increases with increasing
TiO2 particle size. The reduction temperature decreases with
decreasing CaH2 particle size. The reduction starts at lower tem-
perature with decreasing CaH2 particle size due to increased con-
tact with the TiO2 particles. This was confirmed by differential
calorimetric analysis, shown in our former work, for anatase
activated in the shaker mill in comparison with the planetary

Figure 2. Oxygen content and particle size plotted versus the powder
surface area for commercial and as-synthesized TiH2 powder. In
comparison, the contribution of a 2 and 3 nm TiO2 passivation layer
is shown.
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ball mill.[22] The reduction product CaO preserves approximately
the same size as the starting material CaH2. It acts as a particle
separator and prevents sintering of the particles, which takes
place at much lower temperatures for these fine powders. By rule
of thumb, the sintering temperature is around 0.7–0.8 times the
melting point of thematerial. But nanocrystalline Ti starts sintering
already at 800 �C. The SEM images of the as-synthesized TiH2

powders after reduction from the different TiO2 precursors are
shown in Figure 4. The morphology of the precursor oxide is
transferred to the reduction product TiH2. The surface area of
the product depends strongly on the particle size of both starting
components, as shown in Table 1.

According to the SEM analysis, TiH2 synthesized after acti-
vation in the planetary ball mill shows the same size and
morphology as the corresponding precursor powder of TiO2.
The surface are of TiH2 is increased due to breaking of the
agglomerates into aggregates during the activation proce-
dure.[23] The surface area of the powder activated in the shaker
mill is reduced as some TiH2 particles can aggregate due to a
higher reduction temperature, longer holding time, and bigger
CaO spacer particles. When starting with TiO2 fibers, prepara-
tion of Ti fibers is possible due to transfer of morphology.
These can be used for the fabrication of fiber porous metals
with high porosity and small pore size for a variety of possible
applications.[24]

2.3. Synthesis of Hydrogenated Ti–Nb Powder

The coreduction of TiO2 (9.0 m
2 g�1) and Nb2O5 (3.9 m

2 g�1) was
conducted with 10mol% excess of CaH2 for the synthesis of
hydrogenated Ti–Nb powder. A Nb content of either 17 wt%
(10 at%, x¼ 0.1) or 45 wt% (30 at%, x¼ 0.7) is of special interest
for biomedical applications due to the low Young’s modulus
expected for those compositions.[13] Therefore, a suitable stoichi-
ometry was chosen to perform the following reduction reaction (3)

x TiO2 þ
1� x
2

Nb2O5 þ
�
2.5� x

2

�
CaH2

!
�
TixNbð1�xÞ

�
H2 þ

�
2.5� x

2

�
CaOþ

�
1.5� x

2

�
H2

(3)

Figure 6 shows the XRD patterns of the activated powder mix-
ture before and after reduction in Ar. The shaker-milled powders
were subsequently reduced in H2 (800 �C) for different times and
washed afterward (see XRD patterns in Figure 6). The activated
powder (S) exhibits only reflections of the starting materials
TiO2, Nb2O5, and CaH2. The reduction of the shaker-milled pow-
der in Ar atmosphere (800 �C) results in a mixture of Ti, Nb, and
CaO. The following reduction procedures were conducted in
hydrogen atmosphere to synthesize the mixed (Ti,Nb)H2. The
XRD patterns (Ti-45Nb) of the leached powders after reduction

Figure 3. Particle size distribution and the corresponding SEM images of TiH2 after calciothermic reduction activated in the planetary ball mill (PBM) or
shaker mill (S) compared with commercial TiH2 powder and the smallest fraction of gas-atomized Ti powder (<45 μm).
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in H2 for 2 and 5 h are also shown in Figure 6. In all cases, there
is no starting material left after reduction. But, after reduction for

only 2 h and subsequent washing, a mixed product of Ti-rich and
Nb-rich (Ti,Nb)H2 as well as NbH was obtained. Extending the
reduction time to 5 h reduced the amount of NbH extensively.
The mechanism is similar to that described in our former work
for the synthesis of hydrogenated Ti–Nb alloy powder from the
elements.[14] Therein, the elements Ti and Nb were milled in
hydrogen atmosphere. First, the elemental hydrides were formed
(TiH2, NbH) and with prolonged milling duration NbH was con-
sumed due to the incorporation of Nb into the TiH2 lattice, form-
ing a mixed metal hydride (Ti,Nb)H2. The structure of both
hydrides is the same but the lattice constant of (Ti,Nb)H2 slightly

Figure 4. SEM images of different TiO2 powders anatase (1a), rounded rutile (1b), and prismatic rutile (1c) before and after calciothermic reduction either
activated in the shaker mill (S) (1-3b) or planetary ball mill (PBM) (1-3c).

Table 1. Surface area (m2 g�1) of different TiO2 starting materials as
received and the values for the as-synthesized TiH2 activated in the
shaker mill (S) or planetary ball mill (PBM) after the calciothermic
reduction of the corresponding starting oxide.

Starting material As-received TiH2 (S) TiH2 (PBM)

A-TiO2 9.0 3.0 13.6

R-TiO2 3.6 2.1 8.1

RP-TiO2 0.2 1.2 4.6

Figure 5. Desorption curves of different TiO2 starting powders (A—anatase,
R—rutile, RP—rutile prismatic) activated either in the planetary ball mill
(PBM) or the shaker mill (S).
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increases with increasing Nb incorporation. Therefore, longer
diffusion time is needed to end up with a completely homoge-
neous hydrogenated Ti–Nb powder. Even after reduction for 5 h,
there is still a reflection of NbH visible. The driving force for the
diffusion is reduced with a lower concentration gradient. In con-
trast, the powder with lower Nb content (Ti-17Nb) is synthesized
already after 2 h (see pattern (V) in Figure 6). Thus, with higher
Nb content, a longer reduction time is needed which leads to a
slightly reduced surface area of the product. After a reduction
time of 2 h, a surface area of 3.8 m2 g�1 was measured compared
with only 2.2 m2 g�1 after reduction for 5 h. The particle size dis-
tribution was measured for the sample reduced for 5 h in com-
parison with the TiH2 (S) powder reduced for 2 h (see Figure 7).
The size of the powders is comparable. The inset of Figure 7
shows the SEM images of (Ti,Nb)H2 compared with TiH2 (S).
Size and morphology of both powders are similar. The flow of
the particles is quite reasonable as the small particles form

macroflakes due to the wet chemical filtration procedure with
the formation of Ca(OH)2 and calcium acetate as flocculation
agents. Therefore, the powders are even suitable for conventional
press and sinter approach.

3. Conclusion

Calciothermic synthesis of very fine hydrogenated Ti and Ti–Nb
powder was successful under moderate conditions in hydrogen
atmosphere. The size and morphology of the final powder
products can be tailored by the size and morphology of the
starting materials and the used activation routine. This is
the only process known to the authors to produce rounded
TiH2 and (Ti,Nb)2 powders with such small sizes well below
45 μm. The measured oxygen content of the reduction products
was comparably high due to extraordinary high surface area of
the fine agglomerated powder particles (2.2–13.6 m2 g�1).
Nevertheless, the surface cleaning effect during the sintering
process in vacuum will remove the passivation layer by choos-
ing an appropriate heating ramp.[25] Therefore, fine-grained Ti
and Ti–Nb specimens can be prepared by either the conven-
tional press and sinter technique or MIM. Thus, these fine
brittle hydrogenated powders are especially interesting in
the biomedical field.

4. Experimental Section

Synthesis: Pigment TiO2 powder in anatase modification (Sigma
Aldrich, 99.9%,�325mesh), TiO2 in rutile modification (Alfa Aesar,
min. 99.5%, 1–2 μmAPS), and Nb2O5 (Sigma Aldrich, 99.9%,�325mesh)
were used for reduction experiments. CaH2 (Alfa Aesar, 90–95%, 2mm
and down) was used as the reductant. The entire synthesis procedure con-
tained three main steps: 1) Activation: The activation of the starting pow-
ders of TiO2 with CaH2 in the ratio 1:2.2 (10mol% excess of CaH2) was
conducted in Ar atmosphere either in a shaker mill (S) or in a planetary ball
mill (PBM). The following parameters were used: shaker mill (Retsch
MM200): 25 Hz, 3 min, V¼ 10mL, 1 g, 1 SS ball (Ø10mm) and planetary
ball mill (Fritsch P6): 200 rpm, 15 h, V¼ 220mL, 6 g, 55 SS balls
(Ø10mm). 2) Reduction (R): The reduction synthesis was conducted with
a starting pressure of 0.3 bar H2 atmosphere with the filled crucible inside
a quartz glass tube monitoring reduction reaction pressure with a Si chip.
The shaker-milled powder (S) was reduced at 800 �C for 2 h, and the
planetary ball-milled powder (PBM) was only heated to 750 �C for 1 h.
3) Leaching: Handling and storing of the materials were done in an Ar
glovebox up to the leaching procedure. Then, for removal of the CaO
byproduct, the powders were handled in air. Therefore, the reduction prod-
uct was dissolved and stirred in deionized water (DI). Afterward, it was
leached with diluted acetic acid (5%) and washed with a large volume
of DI water using a membrane filter from Pall Corporation (Versapor
<0.8 μm). Washing was completed with ethanol followed by drying in
vacuum.

Characterization: The particle size distribution was measured with a
Microtrac Bluewave particle sizer in aqueous solution and addition of
1mol% SDS for the very fine powder synthesized by calciothermic
reduction. The surface areas of the powders were analyzed by the BET
method with a Quadrasorb SI (Quantachrome) by 5-point BET
(p/p0¼ 0.1, 0.15, 0.2, 0.25, and 0.3). The imaging of the powders on
carbon tape was done with SEM (LEO Gemini, 10 kV, InLens).
Structural analysis was conducted by XRD with a STOE Stadi with
MoKα1 (λ¼ 0.70926 nm) radiation.

Figure 7. Particle size distribution of TiH2 (S) compared with
(Ti,Nb)H2 (S). Inset: SEM images of the corresponding loose
powders.

Figure 6. XRD patterns of (I) the as-milled mixture 0.1 TiO2þ 0.15
Nb2O5þ 2.4 CaH2 (II) after reduction in Ar and the leached powders
(III) with x¼ 0.3 after reduction in H2 for 2 h or (IV) 4 h and (V) x¼ 0.1
after reduction for 2 h.
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