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Vanadium and newly developed V-Ti-Ta alloys have been systematically investigated for wear character-
istics using ball-on-flat reciprocative sliding experiments. These materials have been tested at different
sliding conditions (load and frequency) against hardened steel (AFBMA Grade 10) ball as counter-body.
Coefficient of friction, wear volume and specific wear rate were measured and evaluated. Friction coeffi-
cient of vanadium and its alloys increases with increase in applied load irrespective of sliding frequencies.
Wear rate decreases with increase in alloying content. Among the investigated compositions, V-4Ti-7Ta
alloy exhibited superior wear performance having a least wear rate of 3.06 3 1026 mm3/Nm, which is three
times lower as compared with unalloyed vanadium when tested at 5 N and 5 Hz conditions. Addition of Ti
and Ta strengthens the vanadium matrix by solid solution and contributes to enhanced wear resistance of
the material without affecting the friction coefficient values. The major phases identified in the wear track
regions were V2O5 and Fe0.11V2O5.15. Microstructural investigation reveals the predominant presence of
adhesive wear regions at higher loads (15 N).

Keywords coefficient of friction, microstructures, phase analysis,
reciprocative sliding, vanadium, wear rate

1. Introduction

Vanadium alloys and steel are the potential candidate
materials for fast neutron reactor due to their attractive
properties like high temperature strength, low neutron-induced
activation characteristics and strong resistance to neutron
irradiation (Ref 1-6).These materials sustain high temperatures
in liquid sodium environment(working temperatures up to
550 �C) during normal reactor operating condition (Ref 1-6).
Vanadium has gained an increased attention of the researchers
as it provides flexibility of extending reactor operation
temperatures up to 700 �C (Ref 4), where steel suffers poor
creep resistance (Ref 5) at that high-temperatures regime.
Hence, opting for vanadium as structural material would give
an edge of operating future/advanced fast neutron reactors
beyond 550 �C, which is the existing molten sodium pool
temperature. Among published reports till date (Ref 7-11), V-
4Cr-4Ti alloy is reported to exhibit good high temperature
stability, strength and low neutron activation criteria. In another
study, tantalum (Ref 11, 12) is reported to be an effective solid
solution strengthening element compared with other elements
(Cr, Mo, Nb, Ta, Ti and W) that satisfies low neutron activation
criteria (Ref 10, 13). In order to strengthen the vanadium alloy,
Jain et al. (Ref 14) have recently developed a novel vanadium

alloy with titanium and tantalum as solid solution agents
satisfying the low neutron activation criteria as well and
reported its thermodynamic properties.

In fast neutron reactor, the structural materials such as fuel
rod and control rod cladding assemblies are reported to undergo
‘‘wear’’ during its service conditions majorly due to the relative
motion of the subassemblies as well as caused by flow-induced
vibrations in reactor pool (Ref 15, 16). Thus, it is worth to
explore the tribological aspects of vanadium alloys, which are
one of the proposed structural materials in fast reactor
assemblies. The work of Garcia et al. (Ref 17) is one of the
few reports in the literature that probed the modifications in
wear properties of V alloys (V-5%Ti alloy) by surface treatment
procedures. However, the reported study lacks information on
the wear mechanisms that are active in the vanadium and its
alloys. In view of this gap, the present study is focused on the
wear resistance of unalloyed vanadium and newly developed V-
Ti-Ta alloys. For this purpose, reciprocating sliding wear tests
under dry sliding conditions and hardened steel ball counter-
body on unalloyed vanadium and V-4Ti-(1-7) Ta alloys were
carried out. The present study is aimed at investigating the wear
characteristics of unalloyed vanadium metal with respect to
wear testing parameters and understanding the effect of
alloying additions on wear behavior.

2. Experimental Procedure

2.1 Sample Preparation

V-4Ti alloys with varying compositions of Ta (1, 3 and 7
wt.%) were prepared in a non-consumable vacuum arc furnace.
Chemical composition and calculated neutron absorption cross
section of base metal (vanadium) and alloying elements
(titanium and tantalum) are given in Table 1. Samples were
melted multiple times to ensure better homogeneity in mixing.
The developed alloys were tested for their composition by x-ray
fluorescence (XRF). Alloys were cold rolled and subsequently
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annealed at 1200 �C in 10�5 mbar vacuum. Annealed samples
were ground and polished to 1-lm surface finish. These
polished samples were taken as base samples for all experi-
ments. The microstructure of starting base material (unalloyed
vanadium and V-4Ti-7Ta alloy) obtained using scanning
electron microscope (SEM Zeiss EV040) is shown in Fig. 1(a)
and (b).

2.2 Wear Experiments

Wear experiments were conducted on unalloyed vanadium
and on developed alloys (V-4Ti-(1-7)Ta) in dry unlubricated
condition at room temperature with 60% relative humidity,
using a ball-on-flat reciprocative sliding wear and friction
machine (Plint TE 70SLIM Micro-friction, DUCOM, India).
The schematic of the wear testing configuration has been
reported elsewhere (Ref 18). Hardened steel ball (AFBMA
Grade 10, diameter 10 mm) was used as a counter-body
material. Samples were subjected to normal loads of 5, 10 and
15 N with varying sliding frequencies (5-15 Hz) keeping an
amplitude of 1 mm for 100-min duration.

2.3 Sample Characterization

Wear debris were collected on an adhesive tape and
analyzed for their phase(s) using x-ray diffraction technique
(MoKa, XRD). Wear scars were characterized for surface
topography, depth and volume using non-contact 3D optical

profilometer (CCIMP3D, Taylor Hobson, UK). Microstructure
of wear track regions was also investigated using SEM–EDS.
In order to understand the micro-chemistry of wear track
regions, electron spot pattern analysis was performed. Unal-
loyed vanadium and the developed alloys were tested for their
mechanical properties (hardness and yield strength) using
Vickers�s micro-hardness tester (ESEWAY4000TM, Innovatest,
Netherland) and miniature tensile testing machine (5kN mod-
ule, Deben UK). Hardness was measured using the applied load
of 0.5 kg for 15 s dwell time (Refer Table 1). Yield strength of
the annealed samples was measured using miniature tensile
samples having gauge length, width and thickness of 5.1, 1 and
0.3 mm, respectively, with a crosshead speed of
0.04 mm min�1 in room-temperature condition. Coefficient of
friction was recorded as a function of sliding distance/time.
Wear rate was derived using the measured wear volume,
applied normal load and total sliding distance (Eq 1). The data
reported in the present study are an average of five wear
experiments under each condition.

Specific wear rate
mm3

N � m

� �

¼ Wear volume mm3ð Þ
Load Nð Þ � Total sliding distance mð Þ

ðEq 1Þ

Fig. 1 (a, b) SEM micrograph of annealed (a) unalloyed vanadium and (b) V-4Ti-7Ta alloy samples used as base materials for wear testing

Table 1 Composition and material properties

Material

Elements, wt.%
Calculated fast neutron absorption cross section

(millibarn, mb) (a)
Vickers

hardness, MPaV Ti Ta

V 99.90 ± 0.05 ... … 1.3 150 ± 5
Ti (material used for

alloying)
… 99.90 ± 0.10 … 1.2 …

Ta (material used for
alloying)

… ... 99.80 ± 0.12 50 …

V-4Ti-1Ta 95.20 ± 0.20 3.95 ± 0.05 0.8 ± 0.02 1.4 165 ± 8
V-4Ti-3Ta 93.25 ± 0.18 4.10 ± 0.20 2.6 ± 0.05 1.7 180 ± 7
V-4Ti-7Ta 89.40 ± 0.26 3.90 ± 0.10 6.6 ± 0.12 2.3 215 ± 10
(a) Theoretical neutron cross section of alloys calculated by considering the atomic proportion of the individual alloying elements using nist database
(Ref 34)
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3. Results and Discussion

3.1 Coefficient of Friction (COF)

COF of unalloyed vanadium and V-4Ti-(1-7)Ta alloys was
recorded at different loads (5-15 N) and frequencies(5-15 Hz)
conditions for a fixed duration of 100 min. COF of unalloyed
vanadium as a function of time is shown in Fig. 2(a), (b) and
(c). The mean coefficient of friction obtained as a function of
different loads (5, 10 and 15 N) for constant sliding frequencies
of 5 Hz and 15Hz for unalloyed vanadium and its alloys is
given in Fig. 3(a), (b) and (c).

It was observed that at 5 Hz and 5 N conditions, the mean
COF recorded for unalloyed vanadium sample was 0.39. At
5 Hz, upon increasing the normal load from 5 to 15 N, the COF
of vanadium was found to vary from 0.39 to 0.51, respectively.
At 15 N normal load, variation in sliding frequency from 5 Hz
to 15 Hz resulted in marginal decrease in COF from 0.51 to
0.46 in unalloyed vanadium sample. Similar to unalloyed
vanadium, the developed vanadium alloy samples also exhib-
ited identical trend in COF with respect to the applied normal
load (Fig. 3a, b, and c). On comparing vanadium and its alloys,
it was noticed that the inclusion of alloying elements results in
only marginal variation in COF values. It infers that any
variation in normal load impacts the mean COF values as
compared with changes in the sliding frequency condition and
alloying additions. The strong dependence of COF on applied
load shall be explained as follows: The higher is the normal
load, the higher would be the stress generated which would
result in severe fracturing and fragmentation of the investigated
material and contribute to increased COF values.

3.2 3D Profilometry

Figure 4(a) and (b) shows the 3D optical profilometric
results obtained for an unalloyed sample tested at (a) 5 N and
15 Hz and (b) 15 N and 15 Hz loading conditions, respectively.
Surface profiles of worn regions consist of abraded abrasive
regions with continuous grooves parallel to the sliding
directions. The derived cross-sectional depth profiles show
the presence of shallower (42 lm) and deeper (65 lm) grooves,
when tested at 5 and 15 N conditions, respectively, for a
constant frequency of 15 Hz. The wear volume obtained using
optical profilometry for unalloyed vanadium was measured to
vary from 2.9 9 10�3 to 2.5 9 10�2 mm3 corresponding to 5
and 15 N conditions, respectively. The V-Ti-Ta alloys also
exhibited similar trend in measured wear volume with respect

to the changes in loading conditions. This profilometric results
corroborate the dominance of applied load on the wear behavior
of the material. Figure 5(a), (b) and (c) shows wear scar regions
of (a) unalloyed vanadium, (b) V-4Ti-3Ta and (c) V-4Ti-7Ta
obtained at identical wear testing conditions (5 N and 15 Hz). It
was observed that the extent of damage (based on the depth
profile) was maximum in unalloyed vanadium sample. How-
ever, on increasing the alloying content (Ta), damage intensity
decreases, which indicates the enhanced wear performance of
the developed alloys compared with unalloyed vanadium. The
wear volume measured for V-4Ti-7Ta was 60-70% lower as
compared with vanadium metal under similar conditions.

3.3 Wear Rate

Effect of wear testing parameters on wear rate is given in
Fig. 6(a), (b) and (c). It was observed that at a constant
frequency of 5 Hz, the wear rate of unalloyed vanadium was
found to be varying between 9.78 9 10�6 and
2.79 9 10�5 mm3/Nm, upon increasing the load from 5 to
15 N, respectively. Almost three-time increase in wear rate was
observed in unalloyed vanadium with respect to increase in
normal load. At 5 N normal load, increase in sliding frequency
from 5 to 15 Hz results in only marginal rise in the wear rate of
unalloyed vanadium (Fig. 6). Similarly, V-Ti-Ta alloy samples
also exhibited identical behavior in wear rates upon increase in
normal load irrespective of sliding frequencies tested. It is
reported that the other established nonferrous alloy systems like
Ti (Ref 19) and Al (Ref 20-23) also exhibited similar trend of
increased wear rates with respect to the increase of applied
loading condition. This increase in wear rate shall be attributed
to the generation of deeper and severe subsurface defects at
higher loading conditions. Figure 7(a) and (b) shows the
severity of cracks that are formed when sample was tested at
15 N load and the cracking was minimal in case of 5 N
condition. Insert in the micrograph shows the two-dimensional
depth profile of the wear scar regions tested at 5 N and 15 Hz
(Fig. 7a), 15 N and 15 Hz (Fig. 7b) conditions.

Wear rate noticed for V-4Ti-1Ta alloy sample at 5 N and
5 Hz conditions is 8.82 9 10�6 mm3/Nm which is about 10%
lower than the wear rate of unalloyed vanadium sample. At 5 N
and 5 Hz, upon increasing the Ta content to 3 wt.%, the wear
rate of vanadium alloy was obtained to be 5.01 9 10�6 mm3/
Nm which is about 48% lower in comparison with unalloyed
vanadium. V-4Ti-7Ta alloy exhibited a least wear rate of
3.06 9 10�6 mm3/Nm at 5 N and 5 Hz condition in compar-

Fig. 2 (a-c) Typical coefficient of friction plots obtained as a function of time for unalloyed vanadium samples tested at different loads (5,10
and 15 N) for a fixed frequencies of (a) 5 Hz (b) 10 Hz and (c) 15 Hz, respectively
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Fig. 3 (a-c) Comparison of mean COF obtained as a function of load at (a) 5 Hz, (b) 10 Hz and (c) 15 Hz frequencies for unalloyed V and V-
Ti-Ta alloys

Fig. 4 (a, b) 3D optical profilometry obtained for unalloyed vanadium tested at (a) 5 N and 15 Hz and (b) 15 N and 15 Hz loading conditions
showing the presence of shallower (42 lm) and deeper (65 lm) grooves, respectively

Fig. 5 (a-c) 3D optical profilometric images obtained for 5 N and 15 Hz conditions, showing the extent of damage profile (wear scar regions)
with respect to alloying contents [(a) an unalloyed vanadium (b) V-4Ti-3Ta alloy and (c) V-4Ti-7Ta alloy]
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ison with all the investigated samples of this present study. It is
evident that wear rate decreases upon alloying Ti and Ta with V
and exhibited superior wear performance in comparison with
unalloyed vanadium sample. This superior wear performance of
V-4Ti-7Ta alloy sample shall be attributed to increased yield
strength of the developed material. The yield strengths of
unalloyed V and V-4Ti-7Ta alloys are measured to be
200 ± 10 MPa and 600 ± 10MPa, respectively. Addition of
Ti and Ta strengthens the vanadium matrix by solid solution
formation and contributes to enhancing the yield strength of the
material in the present study. This strengthened matrix offers
enhanced resistance to the sliding motion of hardened steel ball
when compared with unalloyed vanadium. V-4Ti-7Ta alloy was

measured to exhibit higher hardness (215 MPa) when com-
pared with unalloyed vanadium sample (150 MPa) which also
contributes to lowering the wear rate in vanadium alloy sample.
Similar observation was reported on the role of yield strength
and hardness on improved wear resistance behaviors exhibited
by Al and Ti alloys (Ref 24-27).

It is worth to compare the evaluated wear rates of developed
vanadium alloys with respect to the established nonferrous
alloys such as Al and Ti, which have been commercially
exploited for the tribological/engineering applications. On
comparison of wear rate data taken under closely matching
experimental conditions in the literature (Refer Table 2), it was
found that the developed vanadium alloys exhibit two-order

Fig. 6 (a-c) Specific wear rate of unalloyed V and V-Ti-Ta alloys obtained using steel ball as counter-body material. Illustrating improved wear
resistance characteristics with respect to alloying additions (Ti and Ta) to V

Fig. 7 (a, b) SEM micrograph of unalloyed vanadium sample depicting the severity of the cracks that are formed when the load was increased
from (a) 5 N to (b) 15 N; (smaller arrow mark indicates the cracks, and inserts in the micrograph show the corresponding depth profile of the
wear scar region obtained using profilometry)
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lower wear rate with respect to Al and Ti alloys. The wear rate
of Al-Si alloys and Ti-6Al-4 V alloys was reported to be of the
order of 10�4 mm3/Nm (Ref 27-32), whereas that of developed
vanadium alloys is in the range of 10�6 mm3/Nm. In view of
superior wear characteristics exhibited by the developed
vanadium alloys, it warrants to explore the applicability of
developed alloys for different tribological applications in
addition to nuclear structural material.

3.4 Phase Identification and Microstructural Investigation

Wear debris gathered from unalloyed V and V-Ti-Ta alloys
were characterized for their phases and composition. Analyses
of XRD patterns obtained from the wear debris of both
unalloyed Vand V-4Ti-7Ta alloy samples indicated the possible
presence of either V2O-5 or Fe0.11V2O5.15 phases (Fig. 8). As
these two mentioned oxide phases maintain close inter-planar
spacing, it was difficult to decipher the nature of oxide present
in the debris. In order to establish the identity of the oxide
phase, detailed EDS analysis of the debris was carried out
(Fig. 9). EDS spot pattern analysis indicates the invariable
coexistence of regions that are composed of elements like (a) V,
Fe and O, (b) V and O and (c) V, Fe, Ti, Ta and O (observed in
case of vanadium alloys only). Based on the information
obtained from XRD and EDS analyses, the wear scar regions
were identified to contain both V2O-5 and mixed (V-Fe-O)
oxide phases. The composition of mixed oxide region was
identified to be Fe0.11V2O5.15. The source of iron in oxide phase
could be attributed to come from the hardened steel ball
(counter-body) majorly by adhesive wear mechanism. No sign
of individual oxides was found in XRD patterns of V-Ti-Ta
alloy debris which signifies that elements like Ti and Ta would
be associated with vanadium oxide phase in solid solution
form.

Electron micrograph of wear scar showed the presence of
three distinct regions which were identified as (A) cracked
regions, (B) plow regions and (c) solidified regions (Fig. 9a, b,
c and d), and the chemical composition obtained from region
(A, B and C) is summarized in Table 3. The predominant
presence of adhesive wear regions could be noticed in the
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Fig. 8 XRD pattern of wear debris generated from vanadium
sample indicates the possible presence of V2O5/Fe0.11V2O5.15
crystalline phase
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Fig. 9 (a-d) Scanning secondary electron micrograph of worn-out surface vanadium after wear experiment (15 N, 15 Hz) illustrating (a) typical
worn scars formed on samples consisting of abraded abrasive regions with continuous grooves parallel to the sliding direction (b) cracked
regions, (c) plow regions and (d) solidified regions
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microstructure of the sample subjected to wear testing at 15 N
and 15 Hz conditions (Fig. 9). This kind of morphology was
made through squashing and plowing actions of the counter-
body material. As sliding continues, the relative motions
between base metal (vanadium) and counter-body (hardened
steel ball) would generate very high temperatures at the contact
points that induce diffusion bonding at its interface. These
localized bonds would resist further movement of the counter-
body material. Once the load applied exceeds the yield strength
of the material, the interface regions undergo plastic deforma-
tion and further result in cracking. (Severity of cracking was
realized in higher load 15 N condition Fig. 7b.) Further motion
of counter-body would result in the oxidation of third body
material as well. Evidences of such third body oxides have been
found during EDS analysis.

The enhanced wear performance noticed in case of V-Ti-Ta
alloy samples shall be correlated with the nature of debris
(oxides) formed during wear experiments, as these debris
govern the further erosion of the base material. As mentioned in
the preceding paragraph, the presence of Ti and Ta elements in
solid solution form increases the hardness of vanadium oxides
which offers enhanced resistance to the base material erosion,
thus contributing to superior wear performance over unalloyed
vanadium sample. In general, the reactor subassemblies
encounter series of wear events in service conditions and those
components are expected to move with greater reliability and
with least contact stresses with respect to other critical
structural members. The developed alloy (V-4Ti-7Ta) has
demonstrated superior wear resistance behavior (68% lower
wear rate compared to unalloyed vanadium) without signifi-
cantly affecting the friction coefficient values, which is of prime
importance considering nuclear reactor applications.

4. Conclusion

Vanadium and the newly developed alloys have been tested
for wear characteristics using ball-on-flat reciprocative sliding
wear experiment.

1. Coefficient of friction of vanadium and its alloys was
measured to be in the range of 0.30-0.51 when tested for
a normal load of 5 N and 15 N.

2. Increase in normal load increases COF values for both
vanadium and its alloys. Application of normal load was
found to play a significant role in COF values as com-
pared with sliding frequency. The presence of alloying
elements such as Ti and Ta did not found to influence
COF as compared with unalloyed vanadium.

3. Almost three-time higher wear rate was noticed in case
of vanadium with increase in applied load from 5 N to
15 N. The increase in normal load increases the severity
of surface cracking which in turn causes increase in the
wear rate of the investigated material.

4. V-4Ti-7Ta alloy exhibited superior wear performance
(� 68% lower wear rate) compared with unalloyed vana-
dium. The presence of alloying elements such as Ti and
Ta increases the yield strength of the material by forming
the solid solution and thereby offers increased wear resis-
tance.

5. The presence of elements like Ti, Ta, Fe in solid solution
with vanadium oxides (in tribo-layer) enhances the hard-
ness of the oxide which offers enhanced resistance to the
base material erosion and contributes to superior wear
performance over unalloyed vanadium sample.
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