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Abstract

Synthesis of V-Ti-Cr solid solution alloy by co-reduction of V,0,, Cr,0, and TiO, with aluminium in an open
bomb reactor was investigated. The reduction of V,0; and Cr,0,was highly exothermic while reduction of
TiO, was not sufficiently exothermic for self-sustaining reaction. A range of composition of V,0., Cr,0, and
TiO, mixture was chosen to make overall process sufficiently exothermic to sustain the reaction in a controlled
manner. After the co-reduction, V-Ti-Cr-Al solid solution was obtained. As-obtained solid solution was refined
by electron beam melting (EB) to remove the aluminium and residual oxygen. EB melted V-Ti-Cr thus obtained
contains substantially less amount of aluminium (~0.081%.) Throughout the synthesis process the prepared
products were analyzed using scanning electron microscope (SEM), energy dispersive X-ray fluorescence
(EDAX), chemical analysis, gravimetric analysis and X-ray diffraction.
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I. Introduction

Metallic vanadium (V) is one of the few refractory
metals that can absorb hydrogen even at low tempera-
ture and ambient pressure. Vanadium based alloys have
shown very good properties of hydrogen absorption and
hydrogen permeation. Vanadium-titanium-chromium
(V-Ti-Cr) alloy with substantially varying composition
of Ti and Cr is potential candidate material for hydro-
gen storage due to its high volumetric hydrogen absorp-
tion properties [1] compared to the existing hydrogen
storage materials. The V-Ti-Cr alloys with high vanadi-
um contents possess also good cyclic properties [2,3].
Therefore, V-Ti-Cr alloys are candidates for hydrogen
storage medium. Vanadium based alloy V-4Cr-4Ti was
considered as first wall structural material for fusion
[4] reactor due to many advantages, including low long
term activation, high temperature strength, high irradia-
tion resistance properties, high temperature stress resis-
tance and liquid metal compatibility.

Vacuum arc-melting of the constituent alloying com-
ponents in high pure metallic form is the most conven-
tional route for the synthesis of alloys and intermetallic
compounds including V-Ti-Cr alloy [5]. Key issues in
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this synthesis process are the production cost, due to the
use of the expensive highly pure metals, and inhomo-
geneity, due to the insufficient mixing during arc melt-
ing. Another synthesis process of V-Ti-Cr alloy reported
earlier was from oxide mixture in CaCl,, similar to FFC
Cambridge process [6,7].

Aluminothermy has been commercially used for
the synthesis of pure vanadium and chromium metals
[8,9]. Synthesis of V-Al, V-Ti, V-Cr and many other al-
loys of vanadium by thermite process has been report-
ed by Krishnamurthy et al. [8]. Recently, synthesis of
orthopaedic and dental implant material, Ti-6Al-14V,
by thermite process was reported [10]. The critical is-
sues associated with the synthesis of V-Ti-Cr alloys by
the thermite process are: 1) unpredictable loading of al-
loying components in the vanadium matrix, particularly
titanium, because of less exothermicity of TiO,-Al re-
duction, ii) possibility of refinement of the thermite [ 11—
14], iii) V-Ti-Cr-Al-O alloy to V-Ti-Cr alloy change-
over with reproducible composition by electron beam
melting and iv) yield of the product, because of evap-
oration of the product alloying components in metallic
as well as sub-oxide form (all the components are prone
to evaporation in sub-oxide form). In spite of these is-
sues, better product homogeneity, single step synthesis
and use of unexpensive oxides make thermite process



S. Kumar & N. Krishnamurthy / Processing and Application of Ceramics 5 [4] (2011) 181-186

cr,o; (Kl
| e

Figure 1. SEM micrographs of raw materials:

a) Al, b) V,0,, ¢) Cr,0, and d) TiO,
attractive. The two important components for studying
the process are therefore thermite making (loading of
Cr&Ti) and refining (maintaining the alloy’s composi-
tion). The percentage yield of the product could be sub-
stantially increased by the use of slag-metal separator/
heat-sinker. The present paper deals with: loading pat-
tern of the alloying elements (Cr and Ti), possibility of
refinement process, removal of Al and oxygen by elec-
tron beam (EB) melting and effects of slag metal sepa-
rators on the percentage yield.

I1. Experimental

The starting materials used were V,0,, TiO,, Cr,0,,
Al, CaO, CaF and CaSiO, in powdered form of 99.50,
99.90, 99.93, 99.97, 99.00, 99.00 and 98.90 % purity,
respectively. All these raw materials were oven dried
at 100°C under rotary vacuum to remove moisture be-
fore use. Microstructural analysis obtained with scan-
ning electron microscope SEM (AIS-2100 CERON) of

V,0,, TiO,, Cr,0, and aluminium is presented in the
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Figure 2. Particle size distribution of raw materials:
a) Al, b) VO, ¢) Cr,0, and d) TiO,

Fig. 1. The size distribution of the particles was also an-
alyzed by laser diffraction method (Particle Size Ana-
lyzer CILAS PSA 1064 L) and presented in Fig. 2. The
XRD patterns (measured on Philips PW 1830) of these
materials are shown in the Fig. 3.

The oxides of the vanadium, chromium and titani-
um along with aluminium in stoichiometric ratio were
mixed thoroughly according to the reactions 1, 2 and 3:

V.0, + 10/3A1=2V +53AL0; AH=-915.6LJ (1)

Cr,0, + 2A1=2Cr + ALO; AH=-438.6 kJ (2)

TiO, + 4/3A1=Ti + 2/3A1,0,; AH=-218.9kJ (3)
In our experiment, approximately 8—20 wt.% excess al-
uminium was used because the reaction was carried out
in an open bomb reactor and 8-14 wt.% of Al loading
in the thermite was required for the subsequent refining
process. The reduction was carried out in an open top
end magnesia lined steel reactor. The reaction was vig-
orous and completed within few minutes. The reduc-
tion processes were illustrated schematically in the Fig.
4. The product was allowed to cool down overnight and
removed by inverting the reactor and gentle tapping;
followed by separation of solidified slag from the al-
loy ingot readily. The yield of the experiment was cal-
culated by using the theoretical 100% yield obtained
after complete recovery of the metallic value in the
used oxides. Many experiments were carried out along
with CaO, CaSiO, and CaF (20-30% of total weight)
as a fluidizers/slag metal separator/heat sinker and the
yield was calculated. The alloys thus obtained were al-
loys of V-Ti-Cr-Al along with residual oxygen and ni-
trogen (Table 1). The morphology and composition of
the crude thermite product was analysed by scanning
electron microscope (SEM AIS-2100 CERON), energy
dispersive analysis (EDAX, SEM AIS-2100 CERON)
and wet chemical analysis. The products thus obtained
were refined by electron beam melting under high vacu-
um condition to remove excess aluminium and residual
oxygen up to the possible extent.

IT1. Results and discussion

3.1 Theoretical aspects

The free energy changes with temperature of the re-
actions (1-3) are shown in the Fig. 5 and it indicates the
feasibility of the reaction at low temperature, although
heat of reaction is a key parameter to decide about the
self-sustainability of the reaction. The exothermicity of
the reaction, represented as the ratio of the heat of the
reaction and the sum of the molecular weights of the
products, is calculated. The value needed is in the range
between 2.25 kJ/g and 4.50 kJ/g for the reaction to de-
velop in a controlled manner, resulting in melting of
both the reduced metal and the slag, and to retain them

182



S. Kumar & N. Krishnamurthy / Processing and Application of Ceramics 5 [4] (2011) 181-186

6000 -
A
a)
5000- : JI J
B Ao Al PCPOF 04-0787
é: v.0 PCPDF 77-2418
: 4000- 6 %= :r2503 PCPODF 84-1286
IEI 5 6 o: TiC|2 PCPDF 24-1286
i ]
23000 ’L B 5
[72] 6y © 8,5
c
© 2000- %
£ °) L }l
1000
| d 0
o & Aoy S
0 .
% 1 1 5 1
15 30 45 60

26 [°]
Figure 3. XRD of raw materials (rotary vacuum oven dried at 100°C) used in the synthesis:
a) Al, b) VO, ¢) Cr,0, and d) TiO,

in the fluid condition long enough for good slag metal
separation [15]. The heat of aluminothermy reduction of
TiO, is very low and heat booster is essential in general.
The ternary alloy V-Ti-Cr was made by aluminothermy
reduction of mixed oxides of V,0O,, TiO, and Cr,O,. The
reduction of V,0, and Cr,0O, with Al are highly exother-
mic which overcome the shortfall of the heat required

for self sustaining of TiO, reduction by Al

Magnesium
ribbon

KCIO, + Al
powders

——Steel container

High temperature
cement

MgO coatings

Charge
Open bomb

High exotermic reaction

3.2 Effect of slag fluidizer on yield

Table 2 illustrates that the yield of the thermite reac-
tion without any additive was substantially lower. Alu-
mina, as a slag formed during the thermite reaction, is
the highest melting point component in the system and
its fusion point was lowered by making eutectic with ad-
ditive like CaO/CaSiO,/CaF. The use of slag flux/fluid-
izer substantially decreases the melting point of alumina

V-Ti-Cr-Al alloy

V-Ti-Cr alloy

Figure 4. Flow sheet of highly exothermic thermite process

Table 1 Wet chemical / inert gas fusion technique and EDAX analysis of the crude thermite and the EB melted samples

Sample \Y Ti Cr Al O N
(a) EDAX analysis
Crude thermite Balance 5.81 10.31 5.80 - -
EB melted Balance 5.31 10.02 - - -
(b) Chemical analysis
Crude thermite Balance 5.891 10.531 5.791 0.075 0.025
EB melted Balance 5.322 10.125 0.081 0.003 0.022
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Table 2. Effects of slag fluidizer on yield

Charge Sample [ Sample 11 Sample 11T Sample IV
Size of charge [g] 302 301 302 307
CaO [wt.% of total charge] - - - 20
CaSiO, [wt.% of total charge] - 20 - -
CaF [wt.% of total charge] - - 20 -
Yield [wt.%] 79 92 80 86
Excess Al in the product [wt.%] 16 9 15 12
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Figure 5. Gibes free energy vs. temperature plot to confirm
the feasibility of reactions

formed by making eutectic composition. The improve-
ment in the yield is clearly visible in Table 2, by use of
Ca0, CaSiO, or CaF as slag-metal separators, which sep-
arate the metals from the slag by making it more fluid-
ized and decrease the cooling period to prevent the metal
loss due to evaporation. As indicated in Table 2, CaSiO,
is better heat sinker than CaO or CaF and gives better
slag metal separation to enhance the yield up to 92%.
In the absence of slag fluidizer only about 20% titanium
oxide ends up in the thermite. The loading of titanium
was increased substantially by the use of fluidizers.

3.3 SEM-EDAX and chemical analysis

The microstructure of the crude thermite product,
shown in the Fig. 6, was partially dendritic due to fast
cooling. The presence of aluminium may be responsible
for the dendritic structure, which became more grained
structure after the EB melting as illustrated in Fig. 7. The
SEM-EDAX and wet chemical analysis of the crude and
EB melted samples are shown in Table 1. In the EDAX
analysis, oxygen and nitrogen were not present. That
could be due to low amount of oxygen (less than 500
ppm could not be recognized in EDAX analysis). The
crude sample contains relatively high amount of alumini-
um (~5.8), which was confirmed by chemical and EDAX
analysis. The product refined by electron beam melting
shows substantial removal of aluminium as shown in the
Table 1. Aluminium evaporates as elemental as well as
sub-oxide form. The oxygen and nitrogen contents in the
crude thermite as well as EB melted sample are shown in
the Table 1. It is clear from the analysis that oxygen con-
tents were substantially removed along with aluminium
but the nitrogen remained in the product. However, the
nitrogen and oxygen were below the solubility limit since
no new phase (oxides or nitrides of vanadium) was ob-
served in the XRD analysis.

3.4 XRD Analysis

The XRD analysis of the EB refined sample is shown
in the Fig. 8. It is interesting to note that presence of tita-
nium or chromium in any form was not detected. Also a
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Figure 6. SEM-EDAX analysis of crude thermit
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Figure 7. SEM-EDAX analysis of EB melted sample

positive shift of 26 value by 0.1° with respect to vanadium
matrix was observed. Essentially, these observations are
indication of V-Ti-Cr solid solution formation. The com-
position of the Ti and Cr in the V-Ti-Cr alloy was with-
in the solid solubility limit according to the V-Ti-Cr ter-
nary phase diagram [16]. The volumetric size of titanium
is larger than vanadium which is larger than chromium
atom. As the alloy contains higher amount of Cr than Ti,
the positive shift of 20 for 0.1° can be explained with the
fact that increase in 26 value because of chromium is dom-
inant over the decrease in 26 value because of titanium.

Even though oxygen and nitrogen were present in
the EB melted V-Cr-Ti solid solution no other phase
was detected by XRD (Fig. 8). The observation thus
confirms that the oxygen and nitrogen were below the
solid solubility limit.

V. Conclusions

V-Ti-Cr master alloys were synthesized successfully
by co-reduction of V,0,, Cr,0, and TiO, with alumin-
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Figure 8. XRD analysis of V-Ti-Cr alloy after electron beam
refining (all peaks are matching with the pure vanadium
metals with positive shift of 0.1°)

ium in open bomb reactor. The reduction of V, O, and
Cr,0, are highly exothermic and lead to self propagat-
ing type of reaction which results in self sustaining re-
duction of less exothermic TiO, by Al. A range of com-
positions of a mixture of V,O, TiO, and Cr,O, can be
chosen to make the overall reduction with aluminium
sufficiently exothermic for a self- sustaining reaction.
SEM-EDAX and chemical analysis confirmed that the
co-reduction process lead to V-Ti-Cr-Al which refined
to V-Ti-Cr alloy by EB melting. The excess aluminium
was removed in metallic as well as sub-oxide form with
the residual oxygen. The use of slag metal separator is
beneficial to improve the percentage loading of titani-
um and chromium. The overall yield has been improved
successfully using slag metal separator.
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