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• Surface nanostructure was produced by
ultrasonic shot peening on alloy Ti–
6Al–4V.
• Hot corrosion resistance was enhanced
due to surface nanostructuring.
• 100% NaCl salt was most detrimental
corrosion resistance.
• Corrosion resistance of shot peened
sample increased due to double oxide
layer.
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a b s t r a c t
Nanostructure of 17 to 25 nm was developed in surface region of the titanium alloy Ti–6Al–4V, up to the depth of
~30 μm, by ultrasonic shot peening. The effect of nanostructured surface was studied on corrosion behaviour of this
alloy, in three different salt mixtures: 100 wt.% NaCl, 75 wt.% Na2SO4 + 25 wt.% NaCl, and 90 wt.% Na2SO4 + 5 wt.%
NaCl +5 wt.% V2O5; at 400, 500 and 600 °C. Specimens were subjected to heating and cooling cycles with different
hold periods in three blocks for total exposure of 100 h. The main corrosion products formed in the different salt
mixtures were characterized as TiO2, Al2O3, V2O3, Ti2O3 and V2O5 oxides. The corrosion rate was found to be
lower in the ultrasonic shot peened specimens as compared to those in the non-shot peened ones.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Alloy Ti–6Al–4V is one of the most popular titanium alloys with low
density, high strength, good corrosion resistance and weldability and
has a wide range of applications [1–3]. It is commercially used for aerospace engine components working at about 400 °C and also in chemical
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industries [4]. Titanium alloys have been developed for high temperature applications with superior mechanical strength, corrosion resistance and fatigue resistance at elevated temperature. However, above
400 °C they oxidize rapidly in oxygen containing environments and
also undergo hot corrosion in marine environment. Low grade fuel oils
cause hot corrosion, forming Na2SO4 and V2O5 during combustion.
Na2SO4 is produced from reaction of NaCl in air and sulfur (present as
impurity) in the fuel oil. Vanadium in the fuel oil in the form of vanadium porphyrin transforms into V2O5 during combustion [5]. V2O5 and
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Na2SO4 form low melting inorganic compounds which undergo eutectic
reaction below 600 °C [6]. Corrosion rate of titanium alloy has been reported to be controlled through heat treatment [7] and surface coating
[8–11]. Several investigators have reported improvement in electrochemical corrosion resistance of titanium and its alloys such as cp-Ti
[12,13], Ti–Zr–Ta–Nb alloy [14], Ti–25Nb–3Mo–3Zr–2Sn alloy [15], Ti–
6Al–4V alloy [16] and Ti–Nb–Zr–Fe alloy [17] by surface
nanostructuring. However, Garbacz et al. [18] reported negative effect
of surface nanostructuring and found higher corrosion resistance in TiGrade2 in coarse grained condition than that in the surface nanostructured state and attributed to higher homogeneity of the passive layer
formed in the coarse grained condition.
Effect of surface nanostructure has been studied also on oxidation
behaviour of titanium and its alloys. Wen et al. [19] observed improvement in oxidation resistance of cp-Ti from surface nanostructuring. Similar improvement in oxidation resistance has been reported also in
zirconium by Zhang et al. [20] from surface nanostructuring.
Oxidation behaviour of the high temperature near α titanium alloy
Timetal 834 [21] and alloy Ti–6Al–4V [22] has been studied earlier.
The rate of oxidation and thickness of oxide scale at different temperatures was found proportional to the temperature of exposure. Hot corrosion behaviour of the high temperature titanium alloy Timetal 834
was studied at 500–700 °C in different salt mixture and maximum deterioration was observed in corrosion resistance in the salt mixture containing V2O5 [23]. A similar observation was made also for hot
corrosion of the alloy Ti–6Al–4V at 750 °C [24]. However, no information is available on the effect of ultrasonic shot peening and the resulting
surface nanostructure on hot corrosion behaviour of titanium and its alloys. This investigation was undertaken to examine the effect of surface
nanostructuring through ultrasonic shot peening, on hot corrosion behaviour of the alloy Ti–6Al–4V, exposing in 100% NaCl (Type-1 salt),
75% Na2SO4 + 25% NaCl (Type-2 salt mixture) and 90% Na2SO4 + 5%
NaCl + 5% V2O5 (Type-3 salt mixture) at 400, 500 and 600 °C for a period of 100 h.
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emery paper to ﬂatten the uneven shot peened surface and the thickness of the transverse slice was reduced to about 50 μm by mechanical
polishing from opposite side of the USSPed surface. Discs of 3 mm diameter were punched off from the thinned slice and TEM foils were prepared by electrolytic thinning in an electrolyte containing 6%
perchloric acid, 60% methanol and 34% n-butanol (by volume), cooled
to − 30 °C, at 30 V, using a twin jet polisher (FISHIONE, Model 110).
X-ray diffraction (D8 advance BRUKER) was carried out for characterisation of oxide products, using Cu-Kα radiation of wavelength 1.5402 Å
and Ni ﬁlter.
2.3. Salt composition and procedure of salt deposition
Salt/salt mixtures were applied on one side of ﬂat surface of the disc
shaped specimens using spray gun technique [5]. 100% NaCl (Type-1
salt), 75% Na2SO4 + 25% NaCl (Type-2 salt mixture) and 90%
Na2SO4 + 5% NaCl + 5% V2O5 (Type-3 salt mixture) were used to
study salt induced corrosion behaviour of the alloy Ti–6Al–4V. Samples
were cleaned with acetone before salt spraying and aqueous solutions
of the salt/salt mixtures referred to above were sprayed using a spray
gun from a distance of about 20 cm. While spraying, the samples were
heated from the underneath to temperature of 130–170 °C to remove
moisture from the sprayed salt and deposit the same. An amount of 5–
6.5 mg/cm2 of NaCl salt and comparable amounts of the other two salt
mixtures were deposited separately on the samples for hot corrosion
study. Corrosion tests were performed keeping the as-sprayed samples
in silica crucible in an electric resistance heating furnace at 400, 500 and
600 °C for a period of 100 h. Specimens were subjected to heating and
cooling cycles with different time periods of exposure, initially of 1 h
in each cycle of heating and cooling for the ﬁrst 5 cycles, subsequently
of 5 h in the next 4 cycles and ﬁnally of 25 h for the last 3 cycles for
total duration of 100 h. Control (un-sprayed) samples were also exposed to same conditions for the purpose of comparison.

2. Experimental procedure

2.4. Examination of corroded specimens

Ti–6Al–4V alloy was procured from M/s Mishra Dhatu Nigam Limited, Hyderabad, in hot rolled and annealed condition in the form of rods
of 50 mm diameter with chemical composition Ti–6.24Al–4.11V–
0.015C–0.1634O–0.0042N–0.0052H–0.04Fe (wt.%). Disc shaped samples of 12 mm diameter and 5 mm thickness were prepared by transverse sectioning of solution treated blanks of 12 mm diameter. The
solution treatment was given at 950 °C for 1 h in argon atmosphere
and the blanks were cooled to room temperature.

The corroded specimens were washed in hot distilled water and
subjected to ultrasonic cleaning in acetone to remove salt particles
and were ﬁnally dried. The surface morphology was examined using
SEM (FE-SEM Quanta 200FEG), at 20 kV. The products resulting from
hot corrosion of the specimens were analysed using energy dispersive
spectroscopy (EDS) and XRD. The elemental distribution was analysed
by electron probe micro analyser (EPMA, JOEL; JXA-8230) at 30 kV
with wavelength dispersive X-ray spectroscopy (WDS). The corrosion
kinetics was assessed from the weight change (including the spalled
scale).

2.1. Ultrasonic shot peening
Ultrasonic shot peening (USSP) is a novel process of surface
nanostructuring, described in details elsewhere [25]. These samples
were mechanically polished using emery paper and subjected to ultrasonic shot peening using StressVoyager (SONATS). The samples were
shot peened for 5 min with hard steel balls of 3 mm diameter, at frequency of 20 kHz, at constant vibration amplitude of 80 μm.
2.2. Sample preparation for SEM/TEM characterisation
The shot peened discs were sectioned in two halves, perpendicular
to the shot peened surface. The surface resulting from sectioning
(12 mm × 5 mm) was mechanically polished and examined under
SEM (FESEM Quanta 200FEG) at 20 kV, from the shot peened surface towards interior. Phase characterisation and determination of grain size of
the USSPed region was carried out using TEM (TECNAI G2 20) at 200 kV.
Nearly 500 μm thick section of the shot peened region was sliced (parallel to shot peened surface) using a thin diamond coated circular saw.
About 10 μm thick shot peened surface regions was removed using

3. Results
3.1. Microstructural characterisation
SEM micrograph revealed the features of dual microstructure of the
alloy Ti–6Al–4V, solution treated in the α + β phase ﬁeld, consisting of
primary α and transformed β (Fig. 1a). Surface morphology of the 5 min
shot peened specimen was completely different (Fig. 1b). The large size
primary α phase and transformed β may clearly be seen from the TEM
micrograph in the solution treated condition (Fig. 2a). Grain reﬁnement
in the ultrasonic shot peened (USSPed) condition was conﬁrmed
from the discontinuous selected area diffraction (SAD) ring patterns
(Fig. 3). The process of grain reﬁnement in the surface layer by USSP involves severe plastic deformation from continual multidirectional mechanical impacts of hard steel balls at very high speed, on the surface
of the samples. Clustering of diffraction spots in some rings of diffraction
pattern suggests a common crystallographic direction of many nano
size grains and thus tendency for preferred orientation. The average
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Transformed β

Fig. 1. SEM micrographs of the alloy Ti–6Al–4V in solution treated condition: (a) non-USSPed, (b) USSPed for 5 min.

b

a
Secondary α platelet

Retained β

Primary α

Fig. 2. Bright ﬁeld TEM micrograph of the alloy Ti–6Al–4V in solution treated condition and the SAD pattern of the primary α phase.

a

b

Fig. 3. Bright ﬁeld TEM micrograph and the corresponding SAD pattern of the alloy Ti–6Al–4V subjected to ultrasonic shot peening for 5 min.
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Fig. 4. Variation of square of weight-gain per unit area with time of exposure in Type-1 salt
at 500 °C for 100 h.

size of the USSPed surface was found to be 17 to 25 nm up to the depth
of ~30 μm from the USSPed surface.
3.2. Corrosion kinetics
The plots of square of weight-gain per unit area with the duration of
exposure bring out the effect of salt/salt mixtures on the hot corrosion
behaviour. Weight-gain was found to be negligible for the samples exposed at 400 °C in both, non-USSPed as well as USSPed condition. However, signiﬁcant weight-gain was found in the both types of samples,
from exposure at 600 °C in comparison to that at 500 °C. The plots of
square of weight-gain per unit area of the non-USSPed and USSPed
samples exposed at 500 °C and 600 °C for a period of 100 h are shown
in Figs. 4–10. The samples exposed to Type-1 salt showed highest
weight-gain, followed by those exposed to Type-3 and Type-2 salts mixtures respectively, in both, non-USSPed as well as USSPed condition. The
samples exposed to Type-1 salt and the salt mixtures of Type-2 and
Type-3 showed linear variation in weight for the entire period of exposure. The plots of square of weight-gain/unit area (mg/cm2) versus time
(h) were used to establish the rate law for the process of hot corrosion.
The rate constant (kp) was calculated using the parabolic rate law equation [26]:
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Fig. 6. Variation of square of weight-gain per unit area with time of exposure in Type-3 salt
mixture at 500 °C for 100 h.

where ΔW/A is the weight-gain per unit surface area (mg/cm2), t is the
time of exposure, and C is a constant. The curves of weight-gain plots
were best ﬁtted by linear least-square method and the calculated values
of kP are presented in Table 1.
It is obvious from the data in Table 1 that the value of kp was higher
for the sample exposed to Type-1 salt both at 500 °C as well as 600 °C
than for those exposed to Type-2 and Type-3 salt mixtures. Further, kp
was higher for the non-USSPed condition as compared to those of the
USSPed ones for all the three types of salts mixture both at 500 °C and
600 °C.
3.3. Characterisation of corrosion products

ð1Þ

3.3.1. X-ray diffraction analysis
The various oxide products formed on non-USSPed and USSPed
specimens resulting from exposure in air, Type-1 salt, Type-2 salt mixture and Type-3 salt mixture at 600 °C for 100 h were characterized
by XRD are displayed in Figs. 11 and 12 respectively. Corrosion products
TiO2, Al2O3, V2O3, Ti2O3, V2O5, VO2, V3O5, NaAlO2 and Na2TiO3 were
analysed. The several compounds formed from hot corrosion in various
conditions are listed in Tables 2a and 2b. The change in Gibbs free energy (ΔG°) for the reactions to form main oxides was used to explain relative stability of the formed oxides [27–29]. The values of ΔG° for the
formation of different oxides formed at 600 °C (presented as per mole
of oxygen) are shown in Table 3. It may be seen from the data in Table
3 that the three oxides i.e. Al2O3, Ti2O3 and TiO2 have signiﬁcantly

Fig. 5. Variation of square of weight-gain per unit area with time of exposure in Type-2 salt
mixture at 500 °C for 100 h.

Fig. 7. Variation of square of weight-gain per unit area with time of exposure for control
samples at 600 °C for 100 h.

ðΔW=AÞ2 ¼ kp t þ C
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Fig. 8. Variation of square of weight-gain per unit area with time of exposure in Type-1 salt
at 600 °C for 100 h.

Fig. 10. Variation of square of weight-gain per unit area with time of exposure in Type-3
salt mixture at 600 °C for 100 h.

lower values of ΔG°, −935, −930 and −752 kJ/mol respectively, compared to the other oxides, suggesting that these three oxides are more
stable in comparison to the other oxides shown in Table 3.

due to undulations developed on the surface of the USSPed specimen.
It may be seen that two oxide layers are visible (inner and outer) in
Fig. 16b. This type of oxide layer was not observed on the non-USSPed
sample.

3.3.2. SEM/EDS analysis
Surface morphologies of the corroded samples of non-USSPed and
USSPed material were characterized by SEM and the conﬁrmation of
the various oxides formed from hot corrosion was done by EDS analysis
(Figs. 13–15). SEM micrographs of corroded samples showed spalling of
oxide scale. The oxide scale formed from exposure in Type-1 salt (100%
NaCl) at 600 °C for 100 h was found to be cracked on surface of the both
types of samples, the non-USSPed as well as USSPed. This type of behaviour was not observed on the samples exposed to salt mixtures of Type2 and Type-3. EDS analysis of all the samples, both non-USSPed as well
as USSPed, showed that TiO2 and Al2O3 were main constituents of the
oxide layer with small amounts of V2O5 and V2O3.
3.3.3. SEM examination of sectioned hot corroded specimens
The samples exposed in air at 600 °C for 100 h were sectioned diametrically, perpendicular to the top exposed surface to check the
depth of oxide layer (Fig. 16). The oxide scale formed on the USSPed
specimen (Fig. 16b) in air from exposure at 600 °C for 100 h was
found to be thicker than that formed on the non-USSPed specimen

3.3.4. Electron probe micro-analysis (EPMA) by X-ray wavelength dispersive spectroscopy (WDS) of sectioned hot corroded specimens
Elemental mapping of the corroded samples was carried out using
wave length dispersive spectroscopy (WDS). The corrosion resistance
at 600 °C was found to be higher for the sample exposed to Type-2
salt mixture, therefore it was considered to carry out EPMA analysis of
these corroded samples. The non-USSPed and USSPed samples corroded
in Type-2 salt mixture at 600 °C for 100 h were sectioned perpendicular
to corroded surface following 100 h of exposure at 600 °C and the elemental mappings on them are shown in Figs. 17 and 18 respectively.
It is important to note that dense oxide scale was formed on the USSPed
sample (Fig. 18) in agreement to the earlier observation made by Wen
et al. [19]. The elemental maps revealed variation of titanium, aluminium, vanadium, and oxygen in hot corroded samples of both nonUSSPed and USSPed material. It may be seen that the region of oxygen
distribution is more in the non-USSPed sample than that in the USSPed
one. The diffusion of titanium, aluminium and vanadium from the base
material resulted in formation of TiO2, Al2O3, V2O5, VO2 and V2O3 oxides.
Presence of titanium, aluminium, vanadium and oxygen in the surface
region was revealed by X-ray mapping pointing presence of various oxides layers formed both in non-USSPed as well as USSPed material.
4. Discussion

Fig. 9. Variation of square of weight-gain per unit area with time of exposure in Type-2 salt
mixture at 600 °C for 100 h.

The two phase microstructure of primary α and transformed β was
modiﬁed to much ﬁner scale by USSP. Micro-twins were developed in
the specimen subjected to USSP (Fig. 3a) due to severe plastic deformation. The reﬁnement of initial grains of ~12 μm size into nano scale by
USSP may be understood in terms of severe plastic deformation, activation of twining, and further breakdown of submicron grains into nano
grains. Twins are of primary importance in conversion of coarse grained
structure into nanostructures as they progressively subdivide the original grains into smaller grains [30] in metals like α Ti with HCP crystal
structure and limited slip system. There was almost no oxide layer on
the samples exposed in air at 400 and 500 °C and only minor changes
were observed in weight of the samples exposed in salt and salt mixtures at 400 °C. However, signiﬁcant change was observed in weight
of the samples, exposed in salt/salt mixtures at 600 °C in comparison
of those exposed at 500 °C, for 100 h. In general, corrosion kinetics of
the USSPed samples was found to be slower than those of the nonshot peened ones. Also, the weight-gain per unit area and kp values
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Table 1
Parabolic rate constant (kp) of the samples hot corroded at 500 and 600 °C for 100 h.
Temperature

Type-1 salt

Material condition

°C

kp(mg2cm−4 s−1)

R2

kp(mg2cm−4 s−1)

Type-2 salt mixture
R2

kp(mg2cm−4 s−1)

R2

Non-USSPed
USSPed
Non-USSPed
USSPed

500
500
600
600

0.1014
0.0517
2.3907
0.6293

0.99
0.96
0.98
0.98

0.0318
0.0144
1.0799
0.2312

0.98
0.99
0.99
0.99

0.0685
0.0508
1.7579
0.5646

0.99
0.99
0.99
0.97

were relatively less in the samples subjected to USSP. Square of weightgain per unit area vs time plot showed almost no change in weight during the ﬁrst 5 h in the USSPed samples since diffusion of ions was sluggish due to nanostructuring.
4.1. Effect of Type-1 salt (100% NaCl)
The sample exposed in Type-1 salt showed much higher weightgain (Fig. 13) as compared to those exposed in Type-2 and Type-3 salt
mixtures at 600 °C for 100 h (Figs. 14 and 15). It may be seen that the
scale formed from exposure in Type-1 salt at 600 °C was cracked due
to presence of NaCl (Fig. 13a, b). This shows that chloride ions in the environment accelerated the process of cracking of the oxide scale and
assisted transmission of oxygen and chloride ions into the material to
cause the observed increase in weight-gain. Cracks were formed on corroded surface of the alloy because chlorine and oxygen ions could easily
enter the Ti–6Al–4V alloy. Earlier, Gurrappa [23,31] made observation of
cracks on the surface of the near α titanium alloy IMI834 and the nickel
base alloy CM247LC due to NaCl deposition. Logan et al. [32] proposed

Type-3 salt mixture

cracking mechanism based on diffusion of ions from the oxide scale, in
particular the chlorine ions from NaCl, into titanium alloy and their reaction with alloy constituents to destroy atomic-binding forces.
The XRD analysis showed formation of titanium and aluminium oxides. When the alloy Ti–6Al–4V is directly exposed to corrosive environment at elevated temperature, TiO2 and Al2O3 form on the surface of Ti–
6Al–4V in oxygen containing environment, at elevated temperature.
Gurrappa [23] and Anuwar et al. [24] reported that formation of TiO2
was the main reaction followed by that of alumina in Al containing titanium alloys at elevated temperatures. Titanium reacts with oxygen to
form a non-adherent and non-protective TiO2 (rutile) which spalls
very easily from the base material (Ti–6Al–4V), and aluminium forms
protective Al2O3 oxide layer. However, this oxide scale of Al2O3 started
spalling in chloride containing environment at elevated temperature indicating its poor adherence due to presence of chloride ions in the environment. As discussed above, based on Gibbs free energy of formation of
the different corrosion products at 600 °C, TiO2 and Al2O3 are most feasible products formed due to oxidation reaction. The following reactions
are considered to be important in the above process of hot corrosion.

Fig. 11. XRD analysis of the oxides formed from exposure in air, Type-1 salt, Type-2 salt mixture and Type-3 salt mixture, at 500 °C for 100 h: (a) non-USSPed (b) USSPed.

Fig. 12. XRD analysis of the oxides formed from exposure in air, Type-1 salt, Type-2 salt mixture and Type-3 salt mixture, at 600 °C for 100 h: (a) non-USSPed (b) USSPed.
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Table 2a
Characterisation of oxides using XRD, formed on the non-USSPed material from exposure
in air, Type-1 salt, Type-2 salt mixture and Type-3 salt mixture at 500 and 600 °C for 100 h.

Table 3
Gibbs free energy (ΔG°) of formation of the main oxide products, per mole of oxygen, at
600 °C.

Corrosion products on non-USSPed samples exposed for 100 h at:

S. No.

Oxide product

ΔG° (kJ/mol)

Reference

500 °C

600 °C

Type-1 salt

TiO2, Al2O3, V2O5, Ti2O3, V3O5,
VO2, V2O3
TiO2, Al2O3, V2O3, V3O5, Ti2O3

Al2O3
Ti2O3
TiO2
V2O3
V2O5

−935
−930
−752
−692
−461

[20]
[21]
[20]
[20]
[22]

Type-2 salt
mixture
Type-3 salt
mixture

TiO2, Al2O3, V2O5, V3O5, Ti2O3,
Na2TiO3, VO2, V2O3
TiO2, Al2O3, V2O5, Ti2O3, Na2TiO3,
VO2, V2O3, V3O5

TiO2, Al2O3, Ti2O3, V3O5, VO2,
V2O3
TiO2, Al2O3, V2O5, Ti2O3, V3O5,
V2O
TiO2, Al2O3, V2O5, Ti2O3, VO2,
V3O5, V2O3, NaAlO2, Na2TiO3
TiO2, Al2O3,V2O5, VO2, V3O5,
V2O3, Ti2O3

1.
2.
3.
4.
5.

Type of
atmosphere
Air

and voids at grain boundaries. TiO2 and Al2O3 also reacted with Na2O
resulting from the decomposition of Na2SO4 to form sodium titanate
and sodium aluminate as shown below.

The oxide scales of TiO2 and Al2O3 form in air environment (air present
in the furnace) and these oxide products react with chloride ions which
are present in the molten salt. The sequence of reaction may be presented as follows:
Ti þ O2 ¼ TiO2 :

ð1Þ

This reaction takes place in presence of air. TiO2 is quite protective in
nature but reacts with chloride ions present in the saline environment
to form volatile TiCl2.
TiO2 þ 2Cl− ¼ TiCl2 þ 2O2– :

ð2Þ

TiCl2 is volatile and vaporizes at experimental temperature causing
cracking in the corrosion products.
Further, Al reacts with oxygen present in the furnace to form Al2O3.
4Al þ 3O2 ¼ 2Al2 O3 :

Table 2b
Characterisation of oxides formed on USSPed material, from exposure in air, Type-1 salt,
Type-2 salt mixture and Type-3 salt mixture at 500 and 600 °C for 100 h.

Type-1 salt
Type-2 salt
mixture
Type-3 salt
mixture

500 °C

600 °C

TiO2, Al2O3,V3O5, VO2,
V2O3
TiO2, Al2O3, V2O5, V3O5,
V2O3,
TiO2, Al2O3, V2O5, V3O5,
Ti2O3, NaAlO2
TiO2, Al2O3, V2O5,
V3O5,Ti2O3

TiO2, Al2O3, V2O5,V2O3, V3O5, Ti2O3,
VO2
TiO2, Al2O3, V2O5,V2O3,VO2, V3O5,
Ti2O3
TiO2, Al2O3, V2O5, V2O3, VO2, V3O5,
Ti2O3, Na2TiO3, NaAlO2
TiO2, Al2O3, VO2, V2O3, V3O5, Ti2O3

4.3. Effect of Type-3 salt mixture (90% Na2SO4 + 5% NaCl + 5% V2O5)

Na2 SO4 þ 2V2 O5 þ 2NaCl ¼ 4NaVO3 þ SO2 þ Cl2 :

The weight-gain was very low from exposure in the Type-2 salt mixture than from exposure in Type-1 salt and Type-3 salt mixture. In Type2 salt mixture, Ti and Al ions reacted with oxygen ions, resulting from
decomposition of Na2SO4 to Na2O + SO3 and from further decomposition of SO3 into SO2 and O2– and formed a non-adherent and non-protective scale of TiO2; and protective scale of Al2O3 respectively.
However, NaCl prevented formation of a protective scale in the initial
stage, causing internal attack on the two oxides and releasing chlorine
as volatile chlorides (TiCl2 and AlCl3). The volatile products diffused
through the grain boundaries to the surface and generated various pits

Air

ð6Þ

The presence of Na2TiO3 and NaAlO2 was conﬁrmed by XRD analysis.
Gurappa et al. [20] also reported above reactions in the presence of 100%
Na2SO4, 90% Na2SO4 + 10% NaCl and 90% Na2SO4 + 5% NaCl + 5% V2O5
on the near α titanium alloy Timetal 834.

ð4Þ

4.2. Effect of Type-2 salt mixture (75% Na2SO4 + 25% NaCl)

Corrosion products on USSPed samples exposed for 100 h at:

Al2 O3 þ Na2 O ¼ 2NaAlO2 :

ð3Þ

AlCl3 becomes volatile in nature at elevated temperatures, hence
causes cracking of the surface. Thus, both the reactions cited above in
Eqs. (2) and (4) make the oxide scale quite vulnerable to migration of
chloride and metal cation and enhance the rate of corrosion. This process continues till titanium in the alloy is consumed.

Type of
atmosphere

ð5Þ

The corrosion rate was slower in Type-3 salt mixture than that in the
Type-1 salt due to much lower content of NaCl (5 wt.%) in that as compared to those in Type-1 salt and Type-2 salt mixture. The presence of
V2O5 in Type-3 salt mixture leads to formation of NaVO3 apart from
the oxides TiO2 and Al2O3.

Al2O3 reacts with chloride ions to form volatile AlCl3
Al2 O3 þ 6Cl− ¼ 2AlCl3 þ 3O2– :

TiO2 þ Na2 O ¼ Na2 TiO3

ð7Þ

The compound NaVO3 is volatile in nature [33]. The above process
continuously progresses till the material degrades. In this study, it was
observed that corrosion resistance was improved from ultrasonic shot
peening. Tan et al. [34] observed that corrosion resistance of Incoloy
800H was improved from conventional shot peening due to resulting
ultraﬁne grain structure induced by shot peening, increased grain
boundary density resulting in an increase in Cr diffusivity to assist in
the formation of rich Cr oxides, such as Cr2O3, (Cr,Ti)2O3, and FeCr2O4
as compared with non-shot peened samples.
It is obvious that reﬁnement of grains and much higher density of
grain boundaries led to improved corrosion resistance in the present investigation. TiO2 formation is predominant at elevated temperature
(600 °C), however, this oxide is not fully protective and it is easy for oxygen to diffuse inward and dissolve in the substrate. Corrosion products
were found to form with formation of cavities and pits at grain boundaries, leading to easy ﬂow of oxygen. Initially, at high temperature, a
thin outer protective layer is formed on the nanostructured surface
which is not fully protective but at the same time an inner protective
layer is also formed after breaking of this outer layer (Fig. 16b). This
inner layer consisted of various oxide products which improved the corrosion resistance of the USSPed samples; therefore corrosion resistance
of the USSPed samples was better than those of the non-USSPed samples. Trindade et al. [35] proposed that the process of oxidation of nanocrystalline material takes place in two parts, one before the formation of
protective layer and the other after the formation of protective layer. Before the formation of protective layer, diffusivity of oxygen increased on
the shot peened surface, whereas after the formation of protective layer
diffusivity of oxygen decreased on the shot peened surface due to rapid
coverage of the high density of grain boundaries on the nanostructured
surface by the protective layer [36]. The formation of oxide layer was
conﬁrmed by WDS analysis. Corrosion resistance depends on effectiveness of the protective layer. It may be seen from the X-ray mapping
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Ti-48.39
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Na-5.76
Cl-0.54

b

Fig. 13. SEM/EDS analysis of the samples exposed in Type-1 salt at 600 °C for 100 h: (a) non-USSPed (b) USSPed.
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Al-6.39
Ti-45.05
V-2.43
Na-3.89
S-1.35

O-41.69
Al-5.88
Ti-49.33
V-1.14
Na-1.20
S-0.29
Cl-0.47

b

Fig. 14. SEM/EDS analysis of the samples exposed in Type-2 salt mixture at 600 °C for 100 h: (a) non-USSPed (b) USSPed.

image that a nonhomogeneous and adherent scale consisting mainly of
aluminium and oxygen was present on the top of the oxide scale (Figs.
17 and 18). The distribution of aluminium and vanadium was less and
nonhomogeneous on the oxide scale, whereas titanium formed a
dense oxide and rich layer of titanium oxide (TiO2 or Ti2O3) embedded
with small content of aluminium and vanadium, above the base material. This layer was more protective in comparison with the other oxide
layers. This layer of oxides blocked the penetration of oxygen and
other corrosive species to base material. The point distribution of elements (wt.%) in the non-USSPed samples (Fig. 17) shows that the quantity of oxygen was more than that in the USSPed samples (Fig. 18).
These results correlate with formation of oxide products. The oxidised

a

O-41.66
Al-7.18
Ti-40.65
V-4.06
Na-1.30

layer was distinguishable in cross-section of the corroded samples. Consequentially, corrosion resistance was higher with nanostructured surface as compared to that of the coarse grained non-USSPed Ti–6Al–4V
alloy.
5. Conclusions
The following conclusions may be drawn from this investigation:
1. Surface nanostructure of 17 to 25 nm grain size was produced by
5 min USSP of the alloy Ti–6Al–4V with 3 mm diameter balls of
hard steel.

b

Fig. 15. SEM/EDS analysis of the samples exposed in Type-3 salt mixture at 600 °C for 100 h: (a) non- USSPed (b) USSPed.

O-44
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Ti-40.68
V-3.32
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b

a

Inner layer
Outer layer

Fig. 16. Oxide scale morphology from surface towards interior across the thickness of the control samples exposed in air at 600 °C for 100 h: (a) non-USSPed (b) USSPed.

Elements (wt. %)

S.
No

Ti

Al

1

12.325

5.980

1.758 55.780 0.005

3.610

2

38.566

4.599

6.818 88.974 0.084

0.993

3

42.420

7.156

1.864 67.422 0.209

0.612

4

73.001

7.728

2.047 10.876 0.318

0.696

5

79.518

5.946

4.173

0.000

V

O

Cl

0.000

O

Ti

V

Al

0.000

Na

Fig. 17. X-ray mapping and variation of elemental concentration from surface towards interior across the thickness of the non-USSPed sample exposed in Type-2 salt mixture at 600 °C for
100 h.
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Elements (wt. %)
S. No
Ti

Al

V

O

Cl

1

4.112

5.085

1.135

40.293 0.032 0.659

2

24.466

2.505

7.454

50.020 0.083 0.184

3

14.982

3.210

1.523

41.463 0.049 0.115

4

77.570

6.170

3.714

2.157

0.001 0.013

5

78.806

5.322

4.122

0.000

0.000 0.000

O

Ti

V

Al

Na

Fig. 18. X-ray mapping and variation of elemental concentration from surface towards interior across the thickness of the USSPed sample exposed in Type-2 salt mixture at 600 °C for 100 h.

2. Corrosion resistance was enhanced due to surface nanostructure
both in air as well as in salt and salt mixtures at elevated temperatures of 500 and 600 °C.
3. Corrosion resistance of the sample exposed in Type-1 (100% NaCl)
salt was found to be lowest among the three salt/salt mixtures. Corrosion resistance was observed to be higher in Type-2 (75%
Na2SO4 + 25% NaCl) salt mixture than that in Type-3 (90%
Na2SO4 + 5% NaCl + 5%V2O5) salt mixture.
4. In general, corrosion kinetics was lower of the specimens subjected
to USSP having surface nanostructure.
5. The main corrosion products were characterized as TiO2, Ti2O3, Al2O3,
V2O3 and V2O5, in both, non-shot peened as well as shot peened
condition.
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