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a  b  s  t  r  a  c  t

A  new  processing  route  was  applied  for  the  synthesis  of  TiCr2 intermetallic  powder  directly  by  the  Cal-
ciothermic  co-reduction  of TiO2–Cr2O3 oxides.  Differential  thermal  analysis  (DTA)  and  X-ray  diffraction
(XRD)  were  used  to  determine  the  various  reactions.  According  to  DTA  results  heating  the  mixture  up  to
about  675 ◦C  resulted  in an  endothermic  peak.  This  endothermic  peak  indicates  the  formation  of  a  solid
solution  formation  by the  reaction  of TiO2 with  Cr2O3.  As the  temperature  increased  to  about  950 ◦C  the
Ca  started  to melt  (at  approximately  847 ◦C)  resulting  to  an  exothermic  peak  due  to the  reaction  of  Ca
with  Cr2O3 forming  Cr metal.  The  formation  of  CaTiO3 formed  by the  reaction  of CaO  with  TiO2 decreased

◦

ydrogen absorbing materials
-ray diffraction

the  amount  of  TiO2 in  the  mixture  of  starting  materials.  When  the mixture  was  heated  up  to 1058 C,
Ca  reacted  with  TiO2 forming  Ti as  indicated  by an exothermic  reaction  forming  Ti.  Finally,  when  the
holding  time  at 1200 ◦C  and  the  amount  of Ca  were  increased,  the  TiCr2 intermetallic  was  formed  while
the  CaTiO3 compound  was  gradually  disintegrated  into  CaO  and  Ti  and  the  amount  of  oxygen  content  in
samples  was  decreased.  The  obtained  intermetallic  powder  showed  the  capability  of hydrogen  storage

after  being  activated.

. Introduction

Nowadays the development of efficient and energy-saving tech-
ologies is of great importance. Calciothermic co-reduction and
imultaneous synthesizing are novel and simple methods for mak-
ng certain ceramics, intermetallic compounds and composites
1–7].

TiCr2, as an intermetallic compound, can absorb hydrogen under
igh pressure at room temperature. Ti–Cr-based alloys have been
eveloped in order to improve the hydrogen properties and sur-
ace sensitivity [8–13], more specifically, Ti–57.5Cr–5V alloy can
bsorb/desorb about 2.8% mass hydrogen at 313 K [14].

In the industrial production of these alloys, Ti is usually
xtracted through the Kroll process in which titanium tetrachloride
s reduced by magnesium in order to form a titanium sponge and

agnesium chloride and Cr is extracted by electrolysis or reduced
y either Al or Si [15]. To prepare alloys, these elemental metals
re arc-melted several times and heated for homogenization and
ulverized. This long process consumes a lot of thermal and chem-
cal energy, which can turn to a barrier for the mass production
f these alloys. Calciothermic co-reduction is reported as a new
nd successful method for the production of TiAl, TiV, TiNbTaZr,
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Nb–FeB, Sm–Co and Nb–Ta alloys. Previous studies were focused
on the in situ dissolution or electrolysis of the CaO by-product
in the molten salt, molar ratio of the molten salt and electrolysis
parameters of the synthesized compounds requiring long times up
to 84.4 ks [16–22].

This research is designed for the direct synthesis of TiCr2 inter-
metallic powder by the Calciothermic co-reduction of its oxides
according to the following reaction:

TiO2 + Cr2O3 + 5Ca = TiCr2 + 5CaO (1)

In this article, the various reactions in the TiO2–Cr2O3–Ca sys-
tem are investigated by means of differential thermal analysis
(DTA) and subsequent X-ray diffraction (XRD) analysis according
to the following reaction schemes:

TiO2 + 2Ca = Ti + 2CaO (2)

Cr2O3 + 3Ca = 2Cr + 3CaO (3)

Ti + 2Cr = TiCr2 (4)

Identifying the effective parameters is very important for the
schematization of mass production and this can be done by DTA sur-
veys. The information obtained by DTA can be used for optimizing

the production conditions and to have a better program.

The structure, elemental distribution and hydrogen property of
the obtained samples were analyzed to confirm the success of the
alloy’s reduction.

dx.doi.org/10.1016/j.jallcom.2011.12.174
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Green mixtures used in DTA experiments.

Exp. run Amount, mol  Holding time
(min) at
1200 ◦C

TiO2 Cr2O3 Ca

1 1 – 2 30–60
2 1  – 2.5 30–60
3  1 – 3 30–60
4  – 1 3 30–60
5  – 1 3.5 30–60
6  – 1 4 30–60
7 1 1 6.5  30–60
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Fig. 1. DTA curves of different systems: (a) TiO2–Ca, (b) Ca, (c) Cr2O3–Ca and (d)
TiO2–Cr2O3–Ca.
8 1 1 7  30–60–120
9  – – 1 –

. Materials and methods

The raw materials used are TiO2 (Merck, 99.9%), Cr2O3 (Merck, 99.9%), and Ca
Merck, 99.7%).

DTA was used (heating rate of 20◦ min−1, up to 1200 ◦C) with a duration time of
0 and 60 min  in order to investigate on the reaction steps of the combustion syn-
hesis. The starting mixtures used in these experiments are characterized in Table 1.
or accurate investigation on the reactions and products of the TiO2–Cr2O3–Ca sys-
em,  the TiO2–Ca and Cr2O3–Ca systems were also investigated as can be seen in
able 1.

For each experiment, green mixtures were milled in a high-energy planetary
all mill (model Fritsch P6) using WC vial and balls in highly pure Argon for 20 min.

DTA measurements were done with approximately 400 mg and heated under
tatic pressure of high-purity argon gas. In order to obtain enough material, each
xperiment was carried out 4–5 times. The materials formed in the DTA device
ere characterized by XRD (Seifert 3003TT, Cu-K� radiation), scanning electron
icroscope (SEM) (Vega©Tescan) and energy dispersive spectroscopy (EDS).

For comparison of properties a sample was prepared by arc-melting on a
ater-cooled copper hearth under the pure Argon atmosphere from pure Ti and
r  elements. This sample was re-melted 4 times to ensure its homogeneity.

The hydrogen activation and kinetics of the obtained powders (arc-melt and
alciothermic reduction powders) were characterized by Sievert’s method. The sam-
les were annealed at 560 ◦C for 12 h under vacuum and subsequently activated at
00 ◦C under 2.5 MPa  hydrogen pressure. Kinetic measurements were performed at
0 ◦C under 2.5 MPa  and 0.005 MPa  of hydrogen pressures for absorption and des-
rption, respectively. These experimental conditions were similar to the ones used
y  Hu et al. [12].

. Results and discussion

For accurate investigation on the formation mechanism, DTA
nd XRD experiments were applied separately on the TiO2–Ca and
r2O3–Ca systems.

.1. TiO2–Ca system

The DTA results of this system (mixture of TiO2 and Ca) are
hown in Fig. 1(a). According to Fig. 1(a) three peaks can be
bserved, two endothermic peaks at 457 and 847 ◦C and one
xothermic peak at 1058 ◦C. According to the DTA of Ca in Fig. 1(b),
he two endothermic peaks observed correspond to the � → �
hase transformation and melting of Ca, respectively [23]. The
xothermic peak at 1058 ◦C corresponds to the reaction between
iO2 and Ca. The XRD patterns of the material formed upon heating
iO2 and Ca up to 1200 ◦C are shown in Fig. 2.

According to Fig. 2, under reduction conditions of Ca = 2 (molar
atio) at holding time of 30 min, the spinal compound, CaTiO3, was
roduced by the reaction of CaO (by-product) with the starting TiO2
owder after some time delay. Due to the higher stability of CaTiO3
ompared to TiO2, the reduction of CaTiO3 is difficult and requires

ore time.
As can be seen in Fig. 2, at Ca = 2 (molar ratio) and t = 60 min,

aO and TiO0.325 are present while the smaller intensity of CaTiO3
eaks indicate the dissection of CaTiO3 to CaO and TiO0.325.

Fig. 2. X-ray patterns of the DTA products in the TiO2–Ca systems: (a) Ca = 2 (molar
ratio), t = 30 min  (holding time at 1200 ◦C), (b) Ca = 2, t = 60 min, (c) Ca = 2.5, t = 30 min,
(d) Ca = 2.5, t = 60 min, (e) Ca = 3 and t = 30 min  and (f) Ca = 3, t = 60 min.
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Fig. 3. SEM image of Ti obtained at Ca = 3 and t = 60 min.

owever, Ca was  not observed due to evaporation indicating that
t was not sufficient for the reduction.

At t = 30 min  and Ca = 2.5 (molar ratio), the obtained XRD pattern
as similar to the one obtained at t = 60 min  and Ca = 2 (mol ratio)

Fig. 2); with higher intensity of CaTiO3 peaks. By increasing the
ime (from 30 to 60 min), the TiO2 starting material disappeared
nd the amount of TiO0.325 increased; while Ca was not observed.

At t = 30 min  and Ca = 3 (molar ratio), the TiO2 starting material
isappeared while CaO was the main phase (Fig. 2). By increas-

ng the time (60 min), Ti peaks were observed along with very low
ntensity peaks of CaTiO3. In other words, the prolonged reaction
ime decreased the amount of CaTiO3 and reduced it to Ti and CaO.
eaks of Ca were not observed due to the evaporation during the
rocess. In order to completely eliminate the TiO2, evaporation of
a must be prevented. Also, the minimum required time for the
alciothermic reduction of TiO2 is 60 min.

Fig. 3 shows the SEM micrograph of products formed in the reac-
ion of TiO2–Ca mixture obtained for t = 60 min  and Ca = 3 (molar
atio) after leaching. By investigating these results, it can be found
hat Ti metal can be produced with particle sizes of 5–20 �m along
ith amounts of CaO particles captured in the particles (marked

n Fig. 3). As can be seen in Fig. 3, some Ti particles sinter and
oalesce into larger particles (marked as A) at the reduction reaction
emperature.

.2. Cr2O3–Ca system

DTA results of this system (the mixture of Cr2O3 and Ca) are
hown in Fig. 1(c). It is evident in Fig. 1(c) that there are three peaks
two endothermic peaks at 457 and 847 ◦C and one exothermic
eak at 947 ◦C) in these results. As explained before, two endother-
ic  peaks correspond to the phase transformation and the melting

f Ca. The exothermic peak at 947 ◦C corresponds to the reaction
etween Cr2O3 and Ca. The XRD patterns of the material formed
pon heating Cr2O3 and Ca up to 1200 ◦C are shown in Fig. 4.

At t = 30 min  and Ca = 3 (molar ratio), CaCr2O4 was  found, which
ndicates that CaO (by-product) reacted with the Cr2O3 starting

aterial in order to form CaCr2O4. According to the binary phase
iagram of CaO–Cr2O3, CaCr2O4 is stable below 900 ◦C and has a

arge confinement up to 40 mol% CaO [25]. By increasing the hold-
ng time (from 30 to 60 min), the peaks corresponding to Cr2O3

isappear and Cr metal and CaO are formed.

As is shown in Fig. 4, at t = 30 min  and Ca = 3.5 (molar ratio),
he XRD pattern and products are similar to t = 60 min  and Ca = 3
molar ratio). Although by increasing the holding time to 60 min,
Fig. 4. X-ray patterns of the DTA products in the Cr2O3–Ca systems: (a) Ca = 3 (molar
ratio), t = 30 min  (holding time at 1200 ◦C), (b) Ca = 3, t = 60 min, (c) Ca = 3.5, t = 30 min,
(d) Ca = 3.5, t = 60 min, (e) Ca = 4 and t = 30 min and (f) Ca = 4, t = 60 min.

the intensity of CaO and Cr peaks increase, which indicates that
the disintegration of CaCr2O4 is in progress. The peaks of Ca were
not observed at this stage indicating that the amount of Ca was not
enough.

At t = 30 min  and Ca = 4 (molar ratio), the intensity of CaCr2O4
was  less and by increasing the holding time to 60 min, it disap-
peared. Therefore, the reduction of Cr2O3 was completed at this
condition.

Fig. 5 shows the SEM micrograph of the products formed in the
reaction of Cr2O3–Ca mixture at t = 60 min  and Ca = 4 (molar ratio)
after leaching the DTA products. It can be seen that Cr metal can
be produced with particle sizes of about 10–20 �m.  The marked
difference in the size of the powders can be attributed to the higher
melting point of Cr (1866 ◦C) in comparison with that of Ti (1668 ◦C).

3.3. TiO2–Cr2O3–Ca system

Due to the evaporation of Ca during the reduction process, the
mixture of TiO2–Cr2O3 was heated with Ca = 6.5 and 7 (molar ratio).
DTA curves are shown in Fig. 1(d). According to these results, three
endothermic peaks are seen at 457, 675 and 847 ◦C. Two peaks
at 457 and 847 ◦C correspond to the phase transformation and Ca
melting, respectively (as mentioned in Section 3.1).

The main difference in the DTA results was revealed at the 675 ◦C
when the TiO2–Cr2O3–Ca system (Fig. 1(d)) was  compared with the
TiO2–Ca and Cr2O3–Ca systems (Fig. 1(a and c). At this temperature,

no reaction is observed between Ca on the one hand and TiO2 or
Cr2O3 on the other hand, therefore it seems that an endothermic
reaction occurs between TiO2 and Cr2O3. To prove this fact, the
mixture of TiO2–Cr2O3 with a molar ratio of 1:1 was  prepared. The
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particles are pure Ti and Cr. As be shown in Fig. 8 a small particle
of Ti was isolated from the grains (marked as A), which might be
formed from the CaTiO3. EDS analyses (Fig. 8) indicated that at the
interface of the Ti and Cr particles, Ti–Cr alloy was formed, which
Fig. 5. SEM image of Cr obtained at Ca = 4 and t = 60 min.

ixture was charged into a WC vial with WC  balls under a high-
urity Argon atmosphere and milled for 20 min  and subsequently

t was heated up to 750 ◦C for 30 min. Fig. 6 shows the XRD pattern
f products. According to the TiO2–Cr2O3 phase diagram [24], these
wo oxides form a solid solution and Cr2O3 at 750 ◦C. As can been
een in Fig. 6, XRD results show the presence of the starting mate-
ials (TiO2) indicating that the time of the process was not enough
or the complete formation of the solid solution.

According to the DTA data (Fig. 1), after the melting of Ca, two
xothermic peaks are seen at 947 and 1058 ◦C. A review of the
iO2–Ca (Fig. 1(a)) and Cr2O3–Ca (Fig. 1(c)) systems reveal that
hese peaks correspond to the reaction between the melting of Ca,
r2O3 and TiO2, respectively.

Fig. 7 shows the XRD results of the reduced samples obtained
rom the DTA experiments. At Ca = 6.5 (molar ratio) and t = 30 min,
aTiO3, CaO and Cr were present. As shown in Fig. 7, CaTiO3 is the
ain phase and by increasing the time (from 30 to 60 min), the

ntensity of CaO peaks increase and TiO0.325 is formed. This means
hat the prolonged reaction could decrease the amount of CaTiO3
nd reduce it to CaO and Ti.

At the reduction condition t = 60 min  and Ca = 7 (molar ratio),
he XRD pattern was similar to t = 60 min  and Ca = 6.5 (molar ratio)

Fig. 7b and c). The higher the intensity of the CaO peaks, the more
he dissection of CaTiO3. By increasing the time to 60 min, the Ti and
r metals were formed while the intensity of the TiCr2 intermetal-

ic peaks was very weak. As shown in Fig. 6 the TiCr2 compound

ig. 6. X-ray patterns of the material formed during TiO2–Cr2O3 heated at 750 ◦C
nd  30 min.
Fig. 7. X-ray patterns of the DTA products in the TiO2–Cr2O3–Ca systems: (a) Ca = 6.5
(molar ratio), t = 30 min  (holding time at 1200 ◦C), (b) Ca = 6.5, t = 60 min, (c) Ca = 7,
t  = 30 min, (d) Ca = 7, t = 60 min and (e) Ca = 7 and t = 120 min.

appeared by increasing the holding time to 120 min. This implies
that the formation of TiCr2 intermetallic is a diffusion process and
needs more time at the elevated temperature.

SEM and EDS results of the products at t = 60 min  and Ca = 7
(molar ratio) are shown in Fig. 8. The results show that most
Fig. 8. SEM image of Ti–Cr obtained at Ca = 7 and t = 60 min and EDS analysis of
particles.
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Fig. 9. SEM image of Ti–Cr obtained at Ca = 7 and t = 120 min.

mplies that the formation of TiCr2 compound is a mutual diffusion
rocess.

Fig. 9 shows the SEM micrograph of the products at t = 120 min
nd Ca = 7 (molar ratio). The averaged concentration by EDS was
n agreement with the target concentration and most particles

ere consistent with the composition of �-TiCr2. According to the
i–Cr phase diagram [25], the �-TiCr2 compound is stable at room
emperature and contains 64 wt% Cr also �-TiCr2 is stable at high
emperatures containing about 66 wt% Cr. In equilibrium condi-
ions and at 1200 ◦C, two  phases are stable, �-TiCr2 and � solid
olution. �-TiCr2 transformed to �-TiCr2 and �-solid solution at
50 ◦C by cooling. However, the concentrations of some particles
ere analyzed as a Ti–Cr solid solution, which indicates that the
iffusion after co-reduction or the decomposition product from �-
iCr2 was not sufficient. This means that the time of reaction is
ot enough for the diffusion of elements in order to form TiCr2,
r the local heterogeneity of the compound caused space between
articles and, therefore, the time of reduction must be increased.

.4. Oxygen concentration

The samples were washed with distilled water several times and
hen leached by a 10 vol% HCl solution to remove the by-products.
inally the powders were dried under vacuum. The oxygen con-
ent of the samples was analyzed by the inert gas fusion – infrared
bsorption method (LECO TC600) (Table 2).

The amount of oxygen in initial starting mixture was about 35%
ass, but, in the products, this amount had a sharp decrease. How-

ver, the thermodynamic equilibrium oxygen content at 1200 K
s evaluated as about 500 ppm in Ti and less than 1 ppm in Cr
nder Ca/CaO equilibrium. In practice, these values are less than

he theoretical values as shown in Table 2. The reason is that the
olding time of process was not enough in the systems resulting in
ncompleted synthesis. CaO was captured in the grain boundaries
f the product during sintering which was hardly removed by acid

able 2
xygen content in various metal products at different conditions.

Reaction conditions
(mixture, time of process) Product Oxygen (ppm)

TiO2 + 3Ca, t = 60 min. Ti 1650
Cr2O3 + 4Ca, t = 30 min. Cr 32
Cr2O3 + 4Ca, t = 60 min. Cr 20
TiO2 + Cr2O3 + 7Ca, t = 120 min  TiCr2 1320
Fig. 10. Hydrogen adsorption–desorption capacities and kinetics of the co-reduced
and arc-melted TiCr2 at 50 ◦C.

leaching and also the amount of Ca was not enough since it evapo-
rated during the process.

As is shown in Table 2, the oxygen content in pure Cr decreased
from 32 to 20 ppm by increasing the holding time from 30 to 60 min.
The oxygen content in the TiCr2 compound was also less than that
the total oxygen content in the pure Ti and Cr, which was caused
by increasing the holding time (from 60 to 120 min).

Suzuki and Inoue [26] reported that at the best condition less
than 1000 ppm oxygen remained in the Ti powder when pure TiO2
was  reduced in the CaCl2 by Ca. It is expected that the oxygen
content in this work can be decreased by finding the optimum con-
dition for the holding time at the elevated temperature and the
optimum amount of Ca.

3.5. Hydrogen sorption properties

Activation treatment (see Section 2) was  applied prior to the
hydrogen property measurements to remove the oxide or organic
layer contaminates generally formed at the surface of the samples.

Fig. 10 shows the hydrogen adsorption and desorption capaci-
ties and kinetics for arc-melting and co-reduction of TiCr2 alloys
at 50 ◦C. It can be seen that both co-reduced and arc-melted
TiCr2 can adsorb an amount of hydrogen. The maximum hydro-
gen adsorped for the arc-melted and co-reduced samples under
2.5 MPa  hydrogen pressure are 0.65 and 0.44 wt%, respectively,
while for hydrogen desorption they are 0.34 and 0.23 wt%, respec-
tively. This discrepancy is due to different production processes.
The arc-melted samples contain � and �-TiCr2 phases since the
solidification rate is very high in the water-cooled copper mould;
the amount of oxygen concentration of the co-reduced sample is
also high (Table 2). Therefore, hydrogen adsorption decreases in
this sample [27].

The kinetic adsorption of the co-reduced sample is better than
that of the arc-melted one due to the morphology and high surface
area of this sample as can be seen in Fig. 8. This morphology is
suitable for hydrogen adsorption [18].

4. Conclusions

Calciothermic co-reduction was  used as a new method in order
to synthesize TiCr2 intermetallic powder directly from the oxide
mixture of TiO2 and Cr2O3. DTA and XRD results showed an
exothermic reaction at about 947 ◦C between Ca and Cr2O3 forming

Cr metal. When the mixture was  heated up to 1058 ◦C, Ca reacted
with TiO2 by an exothermic reaction leading to the formation of
Ti. Increase in the holding time of the mixture and the amount
of Ca, gradually disintegrated the CaTiO3 compound into CaO and
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