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Abstract It is well known that Ti and Zr based alloys are

best suitable for oxidizing environments due to their superior

corrosion resistance. This has been exploited in the devel-

opment of the ternary Ti–Ta–Nb alloy, for the dissolver in a

fast reactor fuel reprocessing plant, the efforts of which are

summarized in the present overview. Closing of fuel cycle is

a priority for the three stage nuclear power program of India,

towards which, indigenous development of reprocessing

technology and materials is an important milestone. Corro-

sion resistance of structural materials controls the operating

life of the dissolver in a nuclear reprocessing plant, where the

spent nuclear fuel is dissolved in highly oxidizing boiling

nitric acid. A complete physical metallurgy database of the

alloy has been generated to understand the various phase

transformations and the resultant microstructures. Corrosion

control in different phases of nitric acid is achieved through

microstructural optimization and the mechanisms of corro-

sion are understood using a detailed study of passive oxide

film. The dependence of transformation texture on the mode

of deformation and the role of severe plastic deformation on

mechanical properties have been elucidated. These exten-

sive R&D efforts resulted in a complete understanding of the

metallurgy the alloy, which is discussed in this overview.

Keywords Fast reactor fuel reprocessing � Titanium �
Phase transformations � Microstructure �
Corrosion resistance � Texture � Severe plastic deformation

1 Introduction

Corrosion has been one of the common problems, ever

since the interaction between man and metal started in the

human civilization. The materials were selected by trial

and error, much before the metallurgical sciences and

technology matured into a well documented universally

accessible and acceptable form of information and

knowledge. Despite these limitations, there are many

archeological marvels, like the famous iron pillar at Delhi

[1], which have stood the test of time under different cli-

matic and environmental conditions.

The genesis of deliberate design of corrosion resistant

alloys can be traced to the discovery of ‘galvanic series’

and the concept of Pourbaix diagram. The Nernst equation

used to determine the potential that develops during the

oxidation–reduction reaction at the anode and cathode of

the electrochemical cell is used to construct the Pourbaix

diagram. Titanium, occupies an advantageous position in

the Pourbaix diagram, suggesting its suitability for the

process industries. Hence, extensive research and devel-

opment efforts have been diverted in the last century to

extract the best potential of titanium and its alloys. As a

result, a large number of commercial alloys, suitable for

many industries, have been developed (Fig. 1).

Ti forms a passive oxide layer which is protective and is

responsible for its superior corrosion-resistance. The stable

oxide is titanium dioxide, TiO2, and the lower oxides of

Ti2O3 and TiO are also seen under weakly oxidizing con-

ditions [2]. The usable range of different alloys in acidic

medium is given in Fig. 2 [3], which shows that corrosion

resistance of Ti is rather poor in reducing acids. The

extensive research efforts have been summarized in a large

number of review articles in recent years in many books

and international journals [4–8].
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The excellent corrosion resistance of Ti and its alloys

has been best utilized in several industries ranging from

military, aerospace, automobile, petro-chemical and marine

applications. Nuclear industry is yet another domain where

the potentials of Ti alloy can best be exploited, especially

in the back end of the fuel cycle. Closing the fuel cycle has

been a major priority in the three stage Indian Nuclear

Power Program, which is an important step in bringing

down the overall cost of power production, with the addi-

tional advantages of alternate fuel resources and better

waste management. One of the thrust areas of research at

Indira Gandhi Centre for Atomic Research, Kalpakkam has

been the indigenous development of technology and

materials for the fast reactor fuel cycle.

It is necessary to develop advanced materials better than

commercial grades of Ti or nitric acid grade SS for dis-

solution of spent nuclear fuel in reprocessing applications

[9]. Earlier studies of corrosion behavior of candidate

materials in boiling nitric acid have identified four different

classes of alloys suitable for use in boiling nitric acid

medium. These include low carbon 300 series stainless

steel, high Cr, Ni-based alloys, Ti and Zr based alloys [9–

13]. A comparison of corrosion rates of these alloys is

given in Fig. 3 [14]. It is observed that titanium and zir-

conium alloys show low corrosion rates in hot, concen-

trated nitric acid. The performance of titanium and

zirconium alloys in nitric acid medium has been exten-

sively studied and is compared in Table 1 [10, 14–21].

Fig. 1 General characteristics

and typical applications of

titanium alloys. (Color figure

online)
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Fig. 2 Comparison of

corrosion properties of different

alloys in oxidizing and reducing

media [3]

Fig. 3 Comparison of

corrosion rate of stainless steels,

Ti alloys and zircaloy in nitric

acid of 11.5 M concentration.

(Color figure online)

Table 1 Comparison of titanium and zirconium alloys in nitric acid

S. No Property Zr/Zr alloys Ti/Ti alloys

1. Corrosion resistance in 65–70%

boiling HNO3

Good Good

2. Change in corrosion resistance

with concentration of HNO3

Nearly constant up to 70% Shows maximum corrosion rate in the mid range

(40–50%) of concentrations

3. Effect of purity of HNO3 Does not influence With increase in purity, corrosion resistance

decreases, since trace amount of impurities

act as inhibitors

4. Stress corrosion cracking (SCC) Prone for SCC especially HAZ

of weldments

No SCC

5. Condensate phase corrosion No Major problem

6. Change of passive to transpassive

corrosion

At concentrations [40%, these regions

come closer and this may lead to SCC

No such transition

7. Texture Corrosion fatigue accelerated w.r.t texture Texture has less effect on corrosion fatigue

due to higher number of slip systems available

8 Presence of Fe – Corrosion rate increases beyond 0.05 wt%

9. Corrosion fatigue in HNO3 Only {1010} slip system and hence prone

for corrosion fatigue

Multiple slip systems and less probability

Trans Indian Inst Met (April 2012) 65(2):111–133 113
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For oxidizing environments titanium with various

compositions of Ta and Nb has been evaluated by Kiuchi

et al. [10]. The comparison of different alloys is shown in

Fig. 4 [10]. It can be seen that Ti–5%Ta–1.8%Nb alloy

displays the best corrosion resistance in boiling 12 N nitric

acid. In fact, the corrosion resistance of pure Ti, Ti–5Ta

and Ti–5%Ta–1.8%Nb alloy increases in the ratio 1:1.5:7.

Hence, in view of the high corrosion resistance of Ti–

5%Ta–1.8%Nb alloy, it is considered to be a potential

candidate material for structural applications such as ves-

sels for dissolvers and evaporators in nuclear fuel repro-

cessing plants [10, 14] and has been taken up for a detailed

study. An indigenous effort to develop the ternary Ti–Ta–

Nb alloy as a candidate structural material for the dissolver

in a fast reactor fuel reprocessing plant has been under-

taken. These studies are discussed in the present overview.

2 Development of Ti–5%Ta–1.8%Nb Alloy

A detailed study has been carried out with respect to pro-

cessing, fabrication, weldability and evaluation of proper-

ties for the alloy. The Ti–Ta–Nb alloy of composition

(4.39 wt% Ta, 1.85 wt% Nb and Ti, with Fe, O, N, C and

H of 263, 500, 47, 125 and 9 ppm respectively) has been

produced in collaboration with MIDHANI and Nuclear

Fuel Complex, Hyderabad, in various product forms such

as plates, rods and wires.

It is known that Ti alloys possess a variety of micro-

structures which can be tailored by appropriate phase

transformations of the high temperature b.c.c. b phase.

The mode of phase transformations in Ti alloys is strongly

influenced by alloy chemistry, and process conditions such

as temperature and cooling rate [22, 23]. The versatility of

Ti alloys stems from this ability to achieve the desired

properties through microstructure control vis-a vis design

of appropriate thermo-mechanical or thermal treatments.

The Ti–5Ta–1.8Nb being a new alloy had very scarce

information even on fundamental characteristics like

transformation behavior and temperatures. An indepth

study has been carried out to understand the behaviour of

this alloy, w.r.t. transformation characteristics, the micro-

structure evolution and consequent impact on the

properties.

2.1 Physical Metallurgy of Ti–5Ta–1.8Nb Alloy

Pure Titanium exhibits allotropic transformation from

bcc-b to hcp-a when cooled below 1155 K. Most of the Ti

alloys are classified into either a or a ? b or b alloys,

based on the stable room temperature microstructure.

Addition of b stabilizing alloying elements (such as Ta,

Nb) decreases the transformation temperature and also

widens the two phase field regime. The alloy of interest in

the present study, Ti–5Ta–1.8Nb has been classified as a

a ? b alloy [24] based on the retention of *13% of b
phase at room temperature, when the high temperature b
phase undergoes a Widmanstatten transformation [25] to

result in a lamellar a ? b microstructure (Fig. 5). The b
coexisting with a is enriched with Ta and Nb, due to

availability of sufficient time for repartitioning during slow

cooling. The b transus and martensite start temperature has

been determined for the first time for this alloy using a

variety of techniques like electron microscopy, differential

scanning calorimetry and empirical equations. Based on

metallography analysis of the products cooled from a range

of temperatures above 1000 K the b transus for this alloy

was estimated to lie between 1138 and 1143 K [24].

A Differential Scanning Calorimetry experiment carried

out to determine the onset of b transformation and the b
transus for this alloy showed the onset of b at about 1092 K

and b transus is at about 1138 K [24]. Additionally, Tb was

calculated by an empirical method, based on b stabilizing

efficiencies of different alloying elements [26], which

suppressed the a ? b transformation temperature relative

to that of pure Ti. This suppression was 7.22, 2.22 and

17.78 K [26] for every weight percent of niobium, tanta-

lum and iron respectively. The b transus evaluated by this

method was about 1133 K [24], which agrees well with

that evaluated experimentally.

The Ms temperature of pure titanium is 1128 K and is

reported to be very sensitive to the amount of b stabilizers

[27, 28]. Suppression of Ms temperature of pure titanium

for each w% addition of Ta, Nb, Mo and Fe was estimated

as 4.5, 10.5, 26.25 and 90.5 K respectively, based on

Fig. 4 Comparison of corrosion rate of Ti and its alloys in nitric acid

[10]
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which, Ms temperature was calculated to be 1086.5 K [24],

from the Nb and Ta content as well as using the Mo

equivalent of the alloy. These two temperatures enabled the

selection of hot working temperature of the alloy and a safe

operating window of 1103–1113 K was recommended for

the process.

2.2 Phase Transformations in Ti–5Ta–1.8Nb Alloy

The distinct transformation mechanisms that take place

during cooling of b phase through a ? b phase filed

(973–1143 K) established the role of solute content and

cooling rate in determining the stability of high tempera-

ture b phase. A wide spectrum of microstructures, which

possessed characteristic features with respect to morphol-

ogy, crystal structure and microchemistry could be arrived

at, which is described in detail below.

2.2.1 Microstructural Modification During

Thermomechanical Processing

The high temperature b phase of Ti–Ta–Nb alloy resulted

always in a lamellar a ? b structure on slow cooling. The

only means of arriving at an equiaxed microstructure is

by ‘breaking’ the lamellar product through ‘deformation’

of a ? b lamellar product, followed by annealing in the

a ? b phase field. The Ti–Ta–Nb alloy with lamellar

a ? b structure, when subjected to a hot deformation in

two phase field (dynamic recrystallisation) or subsequent

cold deformation of the b processed alloy, followed by two

phase anneal, resulted in a microstructure consisting of

predominantly polygonal a with small amount of isolated

b particles. This microstructure shown in Fig. 6a, b is

obtained by the culmination of a series of processing stages

which is depicted in the schematic in Fig. 6c. Hot extrusion

Fig. 5 Microstructure of as cast

alloy showing a GBa and

uniformly acicular ‘transformed

b structure’; b well resolved

individual lamellae of a and b
phases; c, d SAD patterns of hcp

a (c) and bcc b phases (d) along

zone axis ½1213� and [111]

respectively; and e, f EDS

spectra showing enrichment of

Ta and Nb in b as compared to a
phase

Trans Indian Inst Met (April 2012) 65(2):111–133 115
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(stage 1) of the lamellar structure in the two phase field, is

known to result in a bimodal structure of equiaxed primary

a in a transformed b matrix [29]. The isolated fine b par-

ticles observed along lath boundaries and substructures in

the a matrix suggests that the b phase forms as a conse-

quence of the tempering of martensite after b quenching

(stage 2). It is reported [23] that though h.c.p. a0 forms in

both isomorphous and eutectoid systems on b quenching,

the products of decomposition during tempering are dif-

ferent in these systems. The hexagonal a0 decomposes into

a phase and incoherent intermetallic compound through

several stages in the case of eutectoid systems, while it

decomposes directly into equilibrium a and b phases in

isomorphous systems, while the b phase heterogeneously

nucleates at the lath boundaries and internal substructures

[23]. As the composition of a0 approaches that of a in

equilibrium with b at temperatures low in the a ? b phase

field with time, the b precipitates as fine, isolated, globular

particles due to tempering of the martensite (stage 4).

Further, cold forming operations only deform the tempered

martensitic structure, with neither dynamic recrystallisation

nor diffusion of constituent elements. The cold deformation

process therefore mainly breaks down the acicular product

and increases the dislocation density, resulting in extensive

heterogeneous sites for nucleation of a grains. During

annealing treatment, recrystallisation of the deformed a
results in the formation of equiaxed a grains, while the

deformed b particles merely get annealed (stage 5). The

primary a grain size is dictated by the ‘hold time’ during

stress relieving treatment and the occasional presence of

acicular a suggests incomplete recrystallisation. The above

stages yielded a well annealed structure of uniform distri-

bution of nodular b precipitates in a matrix of equiaxed a
grains in the a ? b Ti–5%Ta–1.8%Nb alloy. The above

studies have been the basis for adopting this treatment for

the industrial scale production of the alloy for component

fabrication. This elucidates the role of two stage thermo-

mechanical processing in obtaining the equiaxed structure,

which could not be restored when the b quenched alloy was

isothermally aged in a ? b phase fields.

Cooling the alloy from temperatures exceeding the Tb

resulted either in martensite on quenching or a lamellar

a(?b) structure termed as ‘transformed b‘ in all cases

irrespective of starting with lamellar or equiaxed a. Apart

from the above two primary transformations it is recog-

nized that the b phase undergoes a variety of secondary

transformations, depending upon the stability of the b
phase, which will be described in the next section.

2.2.2 Phase Transformations of High Temperature

b Phase

The equiaxed a ? b alloy when quenched from b and

a ? b phase fields resulted in a variety of microstructures

Fig. 6 Microstructure of the

thermo-mechanically processed

alloy showing a an equiaxed

structure; b equiaxed primary

a and b precipitate at the a grain

boundary; and c schematic of

flow chart followed for

obtaining a microstructure with

recrystallised a grains and

nodular b in a Ti–5%Ta–

1.8%Nb alloy

116 Trans Indian Inst Met (April 2012) 65(2):111–133
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as a result of different transformation mechanisms, which

are described below.

2.2.2.1 Transformation Behavior on Cooling from b Phase

Field It is generally observed that the diffusion kinetics

in b phase of Ti and its alloys is very high. In fact,

abnormal grain growth and related difficulties in weld-

ments as a consequence of high diffusion kinetics have also

been reported. Similar trend is displayed even with addition

of Ta and Nb in the present Ti–Ta–Nb alloy, with coarse

prior b grains of size 2–3 mm, demonstrating the conse-

quence of high diffusion rates in b phase. It is also well

established that retention of high temperature b phase is

impossible in lean b alloys. The phase transformation of

high temperature b phase to a hcp martensite (a0) on fast

cooling is shown in Fig. 7. Figure 7b, c shows the lath

martensite with a dislocation substructure while plate

martensite with a twin substructure is seen in Fig. 7d–f.

The observation of hexagonal martensite (a0) with both lath

and plate morphologies observed in the present study

confirms the mixed mode of martensitic transformation of

parent b phase.

The formation of martensite, their morphology and

substructure is known to be influenced by the concentration

of b phase [30]. The lath martensite containing a dislocation

substructure has been observed in dilute alloys [31]. The

laths in a colony belong to a single variant obeying Burgers

orientation relationship (BOR). The lath boundaries are

found to be low angle boundaries with a misorientation of

\1�. Twinned plate martensite has also been observed in

both Ti and Zr alloys at higher concentrations of b phase.

The observation of two types of martensites with lath and

plate morphology in the Ti–5Ta–1.8Nb alloy is under-

standable since the transition is reported to be gradual and

can coexist in a certain composition range [32].

The exposure of the alloy to temperatures above b
transus followed by slow cooling always resulted in a

diffusional product associated with the Widmanstatten

transformation as shown in Fig. 5. The slow cooling has

favoured the formation of grain boundary a (GBa). GBa

Fig. 7 a Optical micrograph

showing the martensitic

structure after b quenching from

1143 K; b TEM bright field

micrograph showing lath

martensite; c SAD pattern along

½1213�a0 zone axis; d coarse

internal twins in a plate

martensite; e SAD pattern along

½1213�a0 zone axis from this

region showing twin reflections;

and f dark field micrograph

showing the {0111} type twins

with (0111) twin reflection in

(e) (circled)
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plates are grain boundary allotriomorphs which are the first

to form along the parent b grain boundaries. These a plates

possess low interfacial energies between two adjacent b
grains. It is observed that the GBa preserves BOR with one

of the b grains on either side of it [33], which is also

reported in a study by Banerjee et al. [34] in a composi-

tionally graded Ti–8Al–XV sample prepared by a laser

deposition technique. It is also reported that the interfacial

energy for the nucleation of GBa is lowered by obeying

BOR [35]. At very low cooling rates an aligned a colony

growth is favoured where a single variant obeying BOR is

selected. However, at higher cooling rates finer a plates of

multiple variants are selected resulting in a basket weave

morphology [36]. The variant selection mechanism oper-

ative in this alloy during the Widmanstatten transformation

has been studied by texture analysis [37].

2.2.2.2 Transformation of Primary b Phase: Effect of

Solute Enrichment Exposure of the alloy at any temper-

ature T in the two phase a ? b field produces the equi-

librium primary a and b phases designated as aT and bT by

a diffusional mechanism. The solute concentration, size

and amount of primary aT and bT are dictated by time and

temperature of equilibration. The secondary transforma-

tions of primary bT take place when the alloy is subse-

quently cooled from temperature T to room temperature.

The final room temperature microstructure is however a

result of the combination of the primary and secondary

transformations. These can best be understood by altering

the characteristics of aT and bT by changing the equili-

bration temperature.

Equilibration at high temperatures in a ? b phase field

would lead to less enrichment of bT, thereby favouring the

martensitic transformation (a0) of bT. The hcp a0 is pre-

dominantly lath type, with occasional twins. The aT is

retained without any secondary transformation. The trans-

formation products after equilibration at 1133 K in Fig. 8

show lenticular martensite plates within the prior b grains

and the primary a phase (aT) as grain boundary allot-

riomorphs of a along the prior b boundaries.

It is possible to enhance the solubility limit of Ta and Nb

in bT by lowering the equilibration temperature in a ? b

Fig. 8 a, b Optical micrograph

showing a predominantly

martensitic structure with fine a
grains at the prior b grain

boundaries on quenching from

1,133 K; TEM micrograph

showing c coarse laths of

martensite; d plate martensite

with a twinned substructure

(circled); and e SAD pattern

along ½1101�a0 zone axis

containing twin reflections
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phase field, promoting different types of secondary trans-

formation of bT. The hcp a0 of bT with less solute content

transformed to face centred orthorhombic (f.c.o.) mar-

tensite (a00) with increase in solute content at a low equil-

ibration temperature of 1023 K. Figure 9 demonstrates this

transformation of bT.

The transformation behaviour of the alloy on isothermal

aging and quenching from a ? b phase field is summarised

as follows:

The transition from h.c.p. (a0) to orthorhombic (a00)
martensite is clearly attributed to the increase in the solute

concentration of primary b phase with decrease in equili-

bration temperature. Reports suggest that a00 is commonly

observed in titanium alloys like Ti–Ta, Ti–Nb, Ti–V and

Ti–Mo [32] with internal twins along {111} or {110} [38]

rather than zirconium alloys. The compositional limit for a0

to a00 transition has been reported to be *4 wt% Mo [39],

10.5 wt% Nb [40] and[22 wt% Ta [41] in Ti–Ta systems.

An interesting observation is the x phase transformation

of certain particles of b phase revealed by a mottled con-

trast within the b particles as shown in Fig. 10a. The

analysis of the SAD pattern in Fig. 10b confirmed the

presence of x phase. The transformation of b ? x is well

studied [23, 35, 42]. It is known that there are 4 different

{111} planes in a cubic system namely (111), (111), (111)

and (111) each containing three h110i directions, which

match with the three \1210i directions of x phase

Fig. 9 TEM micrographs of the

alloy quenched from 1023 K

showing a fine plates of a00

martensite in an a grain; b SAD

pattern of a0 0 and b phases along

½010�a00 and [113] zone axis

respectively; and c dark field

micrograph showing fine

lenticular plates of a00 (arrow
marked)
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simultaneously. Hence, there are three variants forming on

each {111} plane but are equivalent. Therefore, four

variants of x phase form on {111}b planes. The SAD

pattern in Fig. 10b contains reflections of two variants of x
phase named as x1 and x2.

The distribution and morphology of x phase was studied

by dark-field microscopy of the x reflections. Figure 10d

shows a dense distribution of fine, ellipsoidal particles with

size ranging from 4 to 10 nm. This suggests that athermal

x has formed, since isothermal x which forms by a dif-

fusional process [42] is reported to be solute lean compared

to b phase. Athermal x is also reported to form with an

ellipsoidal morphology, with their long axis along h111ib,

while isothermal x can be ellipsoidal or cuboidal,

depending upon the misfit between b and x phases. It is

known that isothermal x forms in Zr and Ti alloys when

aged at temperatures below 773 K, which is also the upper

limit of temperature for x phase precipitation by ageing.

Based on these considerations, the x phase observed in this

alloy during quenching from temperatures higher than

773 K can be termed as athermal x. The co-existence of a00

and x phase has also been observed in several regions.

The coexistence of martensite and x has been reported

in the metastable Ti–10V–2Fe–3Al alloy with a Ms tem-

perature of about 828 K [43]. The coexistence of a00 and x
is attributed to the compositional dependence of the Ms and

x start temperatures, which decrease with progressive

increase in composition of b phase [44] and the overlap of

a narrow range of composition of formation of a00 and x
phases [30]. If the equilibration of the alloy is carried out at

very low temperatures in the a ? b phase field, the bT is

highly enriched with b stabilizing elements Ta and Nb to

such an extent that bT does not undergo any secondary

transformation. Based on these studies, the transformation

sequence at different temperatures can be summarized as

follows:

The systematics of secondary transformation of primary

b phase is summarized as follows:

• The transformation mode of b changes from martensitic

to Widmanstatten with decrease in cooling rate.

• The decomposition mode of primary b phase is

influenced by its solute content at different tempera-

tures in the a ? b phase field.

• The primary b phase undergoes secondary transforma-

tion to a0, a00, x or retained b depending upon solute

enrichment, which can be artificially introduced by

altering the equilibration temperature in the a ? b
phase field.

Fig. 10 TEM micrographs

of the alloy quenched from

1,023 K showing a a mottled

contrast of a b particle; b SAD

pattern along [110]b zone axis

with characteristic reflections

from two variants of x phase

along [1210] zone axis; c key to

SAD in (c) and d dark field

micrograph using (1010)x
reflection (circled in (b))

showing fine ellipsoidal x
particles within the b particle

in (a)
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The studies on transformation behavior of the Ti–

5%Ta–1.8%Nb alloy provided an in-depth understanding

of the various transformation mechanisms that the alloy

undergoes. This study provided a means to obtain desired

features in the microstructure that would provide the best

combination of corrosion and mechanical properties. The

alloy also exhibited interesting texture behavior, typical of

hcp alloys. The next section gives a detailed description of

the texture that evolved in the ternary alloy during pro-

cessing stages such as rolling and wire drawing, severe

plastic deformation and also during transformation of the

high temperature b phase.

2.3 Texture in the Ti–Ta–Nb Alloy

HCP metals like Ti, Zr and their alloys exhibit strong

tendencies to develop textures, during forming operations,

recrystallisation and phase transformation. Anisotropy of

the crystal lattice, stacking fault energy, c/a ratio and

processing parameters like temperature, mode and extent of

deformation and strain rate dictate the nature of deforma-

tion texture [45]. It is essential to understand the synergy

between these factors, to tailor the properties of new sys-

tems. Gey and Humbert [46] had reported that when

commercially pure Ti (CP-purity *99.85%) is b annealed

after unidirectional deformation (such as cold rolling), the

b phase inherits a strong {112}h111i type of texture, while

without the initial cold rolling, no specific b phase texture

was observed. The Ti–5Ta–1.8Nb alloy exhibited defor-

mation and transformation texture, which has been studied

in detail by X-ray diffraction and EBSD technique.

2.3.1 Deformation and Transformation Textures

in Ti–Ta–Nb Alloy

It is known that Ti and its alloys exhibit three different

types of textures: deformation, recrystallisation and trans-

formation textures. These three types of texture are not

independent of each other. For example, recrystallisation

texture of b is known to depend on the pre-existing

deformation texture. Similar process is true for texture

during transformation of high temperature b to a on cool-

ing. These factors are well demonstrated in the Ti–Ta–Nb

alloy in this section. It is demonstrated that the deformation

texture of Ti–Ta–Nb alloy depends crucially on the type of

deformation (i-e) rolling or wire drawing. The conventional

X-ray diffraction methods are used for preliminary sug-

gestive experiments, backed up by detailed EBSD obser-

vations for detailed study of micro-mechanisms.

The normalized intensity of the XRD peaks is the cho-

sen signature of texture, while the XRD peak intensity of

powder pattern was used as reference. Significant differ-

ence was observed in the relative peak intensity of

deformed samples in comparison to the powder sample as

shown in Fig. 11a. The strongest (100%) peak for the cold

rolled sample is seen at 38.4�, which corresponds to

(0002)a as well as (110)b, whereas the 100% peak for the

powder sample is at 40.1� corresponding to (1011)a.

Therefore, the observed shift of the peak with 100%

intensity from (1011)a in the powder sample to (0002)a in

the cold rolled sample indicates a preferential orientation

due to deformation and is referred to as ‘deformation tex-

ture’. The wire drawn sample shows maximum enhance-

ment of peak intensity for a different crystallographic

plane, namely (1010)a. This indicates a different type of

deformation texture in the wire drawn alloy, from that of

Fig. 11 XRD patterns in Ti–5Ta–1.8Nb using Cu–Ka incident

radiation showing a deformation texture, with different modes of

deformation, unidirectional cold rolling (83% reduction) and wire

drawing and b products of b ? a ? b transformation with different

histories, namely cold rolling, wire drawing and melting, compared

with the powder pattern
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the cold rolled sample [47]. Similar basal plane (0002)a type

of deformation textures have been reported for cold rolled

Ti and other hcp metals [48, 49], which indicate that the

deformation textures differ in case of cold rolled and wire

drawn alloy due to difference in the nature of applied stress.

The transformation texture introduced during b to a ? b
transformation on slow cooling of the high temperature b
phase is found to be influenced by the deformation texture

existing prior to annealing in b phase field. The evidence

for such possible ‘‘memory’’ of deformation texture during

recrystallisation of b phase and subsequent transformation

was clear from the behaviour of b to a ? b transformation

in (a) cold rolled (b) wire drawn and (c) weld with no

deformation history [47].

The XRD patterns from a a ? b structure obtained after

slow cooling of the b phase starting with three different

histories like: (a) cold rolled, (b) wire drawn (DD section)

and (c) weld-possessing no deformation history are shown

in Fig. 11b along with that from powder sample for com-

parison. It is seen that the cold rolled and transformed

(CRT) alloy shows a single strong peak for (1120)a while

the wire drawn and transformed (WDT) alloy shows the

strongest peak for the (1122) plane, which is attributed to a

preferential orientation, referred to as ‘transformation

texture’. It is observed that there is not only a

complete modification of the deformation textures during

b ? a ? b transformation, but the transformation texture

is also dependent on the mode of deformation. This aspect

is further confirmed by the observation of complete

absence of texture in weld region, which undergoes the

transformation of liquid ? b ? a ? b. The random ori-

entations observed in a sample cooled from liquid state

suggest that an initial deformation is essential to obtain a

textured transformation product.

2.3.2 Study of Microtexture by Electron Back Scattered

Diffraction

EBSD offers a powerful means of studying the mechanism

of selection of orientations at the microscopic level during

the Widmanstatten transformation of b to a ? b. Very

often, the majority of a lamellaein a Widmanstatten prod-

uct of a ? b possesses similar orientations (Fig. 12a, b).

Similar feature holds good for b lamellae also. Even if the

a ? b lamellae form across two b grains, the orientation of

the a lamellae remained unchanged. The presence of a
lamellae with similar crystallographic orientation on either

side of prior b grain boundary provided direct evidence for

the texture in this alloy. The presence of grain boundary

allotriomorph a in Fig. 12a delineates the two b crystals,

b1 and b2.

The average behaviour of many a and b lamellae could

be mapped onto pole density contours. The suggestion

from preliminary XRD observations could be further con-

firmed by observation of high concentration of (0002) poles

along rolling direction (RD) and (1120) along the sample

normal direction (ND) (Fig. 12c). Similar exercise for the

b phase suggests the ‘crowding’ of the pole density con-

tours along (111) and (110) plane normals (Fig. 12d) in

accordance with expected BOR. It is possible to infer

based on symmetry considerations that of the two parent b
crystals, one aligned along RD and another with an angle

of misorientation X with it. It is also shown that the mis-

orientation angle between the two parent b crystals dictate

the deviation from obeying the BOR. It is seen here that the

Fig. 12 EBSD images and pole figure contours of Ti–Ta–Nb alloy

solution treated in the b phase field and slow cooled. Gb a refers to

grain boundary a, which demarcates the boundary between two parent

b grains and ab1 and ab2 refer to the a phase that formed from the

prior b grains b1 and b2, respectively; a phase identification map; b
crystal orientation map of a and b-Ti (coded as green and blue); c
pole concentrations along (0002) and (1120) plane normal for a-Ti

phase; and d pole concentrations along the (111) and (110) plane

normals for the b-Ti phase. (Color figure online)
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orientation of ab1, where BOR is obeyed, has prevailed

over that of ab2, where BOR is only partially obeyed. This

is probably due to the diffusion controlled transformation

mechanism operating in this system. The GBa nucleating at

the prior b/b boundary follows BOR for any one of the two

b grains (say b1). Further a lamellae growing out of GBa
that has already nucleated with preferential orientation

maintains the same orientation although this amounts to

deviations from BOR (for b2). This is made possible by the

diffusion distances, which are much larger during diffu-

sional transformation than required for strict adherence to

BOR. Detailed analyses of these studies are published

elsewhere [33].

2.3.3 Microstructure and Microtexture Evolution During

Severe Plastic Deformation

Grain refinement through severe plastic deformation is a

novel attempt made to achieve high ductility and yield

strength (YS) [50, 51] in the Ti–Ta–Nb alloy. Heavy

deformation by severe cold working such as cryo rolling

has been employed for fragmenting the grains followed by

annealing to stabilize the microstructure. The mechanism

of grain fragmentation during SPD and the resultant

microstructure and texture showed interesting features,

which are described in brief in this section.

SPD up to 85% at room temperature had changed the

original random distribution of equiaxed a grains of 8 lm

size into elongated grains together with few fragmented

grains, while deformation at sub-zero temperatures led to

complete fragmented grain of 50–250 nm size as shown in

Fig. 13. Consequently, the hardness and hence the strength

are expected to be doubled. Despite such significant chan-

ges, there is no sign of texture within a grains during SPD.

The sub-grains tend to orient randomly and thus lose the

acquired texture due to deformation. Such a behavior was

observed beyond about 50% of cold working where, the

intensity ratio once again approaches that of the powder

pattern, possibly due to fragmentation of the grains as early

as 50% of cold working at sub-zero temperatures. Fig-

ure 14 shows the EBSD micrograph of the 85% cold rolled

sample after annealing at 773 K for 2 h demonstrating the

Fig. 13 a EBSD image of the

alloy before cryo-rolling

showing equiaxed grains of

about 8 lm; b TEM bright field

image showing the presence of

fine b particles in the matrix;

and c, d TEM dark field image

after 85% unidirectional room

temperature and cryo-rolling

showing fragmented a-Ti

grains. (Color figure online)
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stability of refined equiaxed grain structure at 773 K. The

presence of equiaxed sub-micrometer grains is clearly seen,

which demonstrates that grain refinement has been achieved

and the microstructure is stable at 773 K [52]. This method

offers a novel way to achieve high strength by grain refine-

ment (\1 lm) through SPD by cryo-rolling. However, the

effect of SPD on corrosion behavior needs to be studied.

The mechanism of texture evolution during deformation

and transformation in the Ti–Ta–Nb alloy is well understood.

The influence of texture on the corrosion behavior is not

obvious, since the alloy inherently possesses excellent cor-

rosion resistance (\1 mpy). The alloy has been developed

for operations in aqueous medium of concentrated nitric acid

where the temperatures are not expected to exceed 120�C.

Hence, the high temperature strength was of no concern. The

mechanical properties were evaluated for the first time for

the alloy [53] and it was found that YS was about 330 MPa

and ultimate tensile strength (UTS) exceeded 400 MPa with

a ductility of 30% in the ‘as processed’ condition. The design

requirement based on ASTM standard for mechanical

properties of pure titanium which is generally employed for

corrosion applications [54] is YS in the range 275–400 MPa,

UTS *345 MPa and ductility *20%. This shows that the

alloy meets the design requirements. The corrosion behavior

of the alloy in correlation with the microstructure is descri-

bed in the next section.

2.4 Corrosion Behavior of Ti–5Ta–1.8Nb Alloy

Corrosion resistance of titanium alloys is mainly influenced

by the chemistry of the alloy. Additional improvement in

corrosion resistance is possible by altering the micro-

structure, especially morphology and distribution of pha-

ses, which in turn is controlled by the alloying elements or

temperature and the cooling rate [22, 23]. The available

industrial experience of commercially pure Ti with Fe

(impurity) content C0.05% shows that failure in nitric acid

occurs mainly in welds due to preferential attack along the

interface of a-b lamellae in weld. This has been attributed

to the segregation of Fe and formation of Fe-rich inter-

metallics [55]. Hence, reduction in Fe content to \0.05%

was a major incentive in the indigenous development of the

alloy, which has offered a manifold improvement in cor-

rosion resistance as compared to CP-Ti.

The corrosion resistance of Ti–5%Ta–1.8%Nb alloy

could further be improved by altering the morphology of

Widmanstatten product a ? b, from lamellar structure to

uniform distribution of b particles in an equiaxed a matrix

(see Sect. 2). The average corrosion rate of the lamellar and

equiaxed structures (Figs. 6, 7) in the liquid phase of

11.5 M boiling nitric acid was estimated as 1.5 and 0.3

(±0.1 mpy) (Fig. 15) respectively [56, 57]. The latter

morphology could reduce the corrosion rate by five times.

These values are far less than the corrosion rate of the

present generation materials like 304L SS which is nearly

180 mpy or CP-Ti which is nearly 5 mpy [58], which

establishes that the Ti–Ta–Nb alloy has excellent corrosion

resistance. The superior corrosion resistance of equiaxed

microstructure with a homogeneous distribution of b par-

ticles over a lamellar or acicular product is also reported in

the Ti weld [55].

The possible reason for the above observation is as fol-

lows: The acicular microstructure consisting of alternate

lamellae of a and b phases with solute repartitioning between

the two, leads to the formation of periodic micro-galvanic

cells, which is deleterious [55]. The periodic microchemical

variation is avoided when the b phase is distributed as fine

particles in the equiaxed a matrix, which explains for the

superior corrosion resistance of this structure.

Not withstanding the influence of microstructure dis-

cussed above, the improvement of corrosion resistance of

Ti and its alloys is mainly due to the chemical effect of

alloying elements. The high corrosion resistance due to

addition of Nb and Ta has been rationalized as follows: the

pentavalent nature of Nb and Ta, comparable atomic

radius, as Ti, the low solubility in oxidizing media and

stabilization of the oxide film.

Further, a systematic study on the influence of micro-

structure on corrosion resistance of the alloy in the three

phases of nitric acid namely liquid, vapor and condensate,

has been carried out in our laboratory, to arrive at the best

microstructure with best corrosion resistance or in other

words to optimize the process flow chart for the alloy.

A mechanistic understanding of the formation of stable

oxide film on the surface which is protective has also been

attained, which will be described in the subsequent

sections.

Fig. 14 EBSD micrograph after annealing at 773 K for 2 h showing

equiaxed sub-micrometer grains. (Color figure online)
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2.4.1 Corrosion Control Through Design

of Microstructure

Further enhancement in corrosion resistance could be

achieved through additional manipulation of the micro-

structures with respect to the amount, morphology and

distribution of the constituent phases by appropriate heat

treatments [59, 60], which in turn modified the oxide film

characteristics. Several conventional, industrial heat treat-

ments [61] like mill annealing, solution treatment and

solution treatment followed by aging/overaging were

adopted. The corrosion behavior of the resultant micro-

structures are compared in Fig. 16, based on which an

optimum treatment has been identified for processing of

this alloy.

The corrosion rates measured in the liquid, vapor and

condensate phases of boiling 11.5 M nitric acid for the

different microstructures (Fig. 16) suggests the following

trends.

Although the differences in absolute values are quite

low in many measurements the trend in corrosion rates

from the figure is very clear.

• The liquid phase showed lowest corrosion rate and

condensate phase the highest with vapor phase being

intermediate for all microstructures.

• The order of increase in corrosion rate in liquid phase was

aging & overaging & Solution Treatment (ST) \ Mill

Annealing (MA) & Initial condition, which changed to

overaging & aging \ MA & Initial condition \ ST in

the vapor and condensate phases.

• The alloy in solution treated and aged or overaged

condition yields the maximum corrosion resistance in

all phases of nitric acid.

The above results show that although the Ti–5%Ta–

1.8%Nb alloy exhibits the best corrosion resistance

Fig. 15 Optical micrographs of alloy showing a lamellar transformed b structure in as cast condition; b equiaxed a grains with fine b particles

after thermo-mechanical processing; and c comparison of corrosion rates in the liquid phase of boiling 11.5 M nitric acid

Fig. 16 Comparison of three phase corrosion rates of the alloy with

different microstructures. (Color figure online)
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(\1 mpy) when it is subjected to a heat treatment con-

sisting of solution treatment at 1,113 K, high in the a ? b
phase field followed by aging or overaging treatments in

the temperature range of 823–973 K [58]. The micro-

structures that resulted from the different treatments have

been examined to identify the microstructural feature that

influences the corrosion behavior. These studies were

useful in arriving at following inferences:

(1) Presence of martensite (a0) in solution treated alloy

(Fig. 17) increases the corrosion rate, which could be

understood due to the acicular morphology of mar-

tensite and a stress assisted dissolution of the metal.

(2) Considerable reduction in corrosion rate could be

achieved by either aging (823/873 K) or overaging

(973/1023 K) of the solution treated alloy (Fig. 18).

It is clear that presence of fine b precipitates aid in

improving the corrosion resistance of the alloy, while

presence of strained acicular phases is deleterious, since

their interfaces could act as potential anodic sites. The

assessment of corrosion behavior in the liquid, vapor and

condensate phases of nitric acid has led to the identification

of the key microstructural parameters that exert an influ-

ence, as nature, volume fraction, size, distribution and

composition of different co-existing phases. Apart from

microstructure, another important aspect was the role of

environment in the corrosion behavior which is discussed

below.

2.4.2 Role of Oxidizing Medium on the Corrosion

Behavior

The consistently higher corrosion rate of the Ti–Ta–Nb

alloy in the vapor and condensate phases in contrast to

liquid phase of boiling 11.5 M nitric acid (51% concen-

tration) irrespective of the microstructure has been under-

stood as follows: It has been reported that the corrosion rate

of Ti in nitric acid is strongly influenced by the oxidizing

potential of the acid which increases with concentration.

The maximum corrosion rate occurs around a concentra-

tion of 40–50% (9–11.25 M) [62] as seen in Fig. 19a.

Purity of the nitric acid also plays a role with the presence

Fig. 17 Microstructure after solution treatment for 2 h at 1113 K a BSE image showing predominantly equiaxed structure and intra and

intergranular a0 (b); b TEM micrograph showing well resolved a0 laths in an intragranular b particle (marked); and c SAD pattern from primary a
along [0111] and h.c.p. a0 along [1216] zone axis
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of relatively small amounts of certain dissolved metallic

ions like Fe3?, Cr6?, Ti4? [62] and Si4? [63], effectively

inhibiting the high temperature corrosion of Ti in nitric

acid. Further, the dissolved Ti ions themselves act as self

inhibitors that reduce the corrosion rate of Ti by formation

of TiO2 by the following reactions.

Fig. 18 a Optical micrograph showing a predominantly a matrix on aging at 823 K; b TEM micrograph showing fine precipitates of b due to

tempering of martensite (inset shows SAD from [100]b); c SEM micrograph showing uniform distribution of fine b precipitates in a

predominantly a matrix in the alloy overaged at 973 K; and d TEM micrograph showing evidence for formation of slightly coarser b precipitates

during tempering of martensite at 973 K (inset shows SAD from [111]b and [2110]a zone axis

Fig. 19 a Corrosion of Ti and Ti alloys in boiling nitric acid, for a total period of 480 h, the solution renewed every 24 h [62] and b nitric acid–

water phase diagram [64] with tie line at the boiling point of 11.5 M nitric acid showing a lower concentration in vapor phase than liquid prior to

azeotropic temperature
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Ti! Ti3þ þ e�

Ti3þ ! Ti4þ þ e�

Ti4þ þ 2H2O! TiO2 þ 4Hþ

It is understandable that in the absence of dissolved

titanium ions like in flowing conditions such as in vapor

and condensate phases, the alloy exhibits high corrosion

rates. In such conditions, the oxide essentially consists of

Ti2O3 as reported to form by the following reactions.

Ti! Ti3þ þ e�

2Ti3þ þ 3H2O! Ti2O3 þ 6Hþ

High corrosion rates in flowing conditions also show

that Ti2O3 is less protective than TiO2 [64].

The concentration of nitric acid in vapor phase in

equilibrium with liquid phase is lower (27% or 6 M) as

seen in the phase diagram of nitric acid and water [64]

(Fig. 19b). Comparing with Ti, it is expected that the high

oxidizing potential at higher concentrations should also

have increased the corrosion rate in the liquid phase than in

the vapor phase. However, it is realized that some alloying

elements cause a shift in the peak of corrosion rate versus

concentration of nitric acid towards lower concentrations

as shown in Fig. 19a for two alloys namely Ti–0.2Pd and

Ti–0.8Mo–0.3Ni and the extent of shift depends upon the

nature and concentration of the alloying element. Although

such information is not available for Ti–5%Ta–1.8%Nb

alloy, considering that Ta and Nb are b stabilizers, it is

reasonable to expect that the behaviour would be similar to

addition of Pd and Mo as shown in Fig. 19a. Hence, it is

quite reasonable to understand that the higher corrosion

rates measured in the vapor and condensate phases is due to

the lower concentration of nitric acid, in contrast to liquid

phase.

Further, the renewal of the solution after 48 h during the

corrosion testing provides the self inhibiting effect due to

dissolved titanium ions in the liquid phase, leading to the

formation of TiO2, which is beneficial to decrease the

corrosion rate. The lowest corrosion rate in the liquid phase

can therefore be attributed to the combined effect of the

high oxidising potential [58] of the 11.5 M (51%) nitric

acid and the self-inhibition effect due to dissolved Ti4?

ions, which promotes the formation of passive TiO2 film.

Along the same lines, the slightly higher corrosion rate in

the vapor phase is attributed to the weakly oxidizing nature

of the acid despite the inhibiting effect due to dissolved

titanium ions. The highest corrosion rate in the condensate

phase arises not only due to the low concentrations or low

oxidizing potential similar to vapor phase but also absence

of accumulated inhibiting titanium ions due to continued

removal of the metal surface layers [64] resembling the

flowing liquid phase. Under flowing conditions, the oxide

film that forms is also not stable.

Although both microstructure and oxidizing nature of

the medium play important roles, there is no common

agreement in literature w.r.t the effect of b phase on cor-

rosion resistance of titanium alloys. It is reported that,

though single phase titanium alloys are most resistant to

corrosion in general, a ? b alloys provide a good combi-

nation of corrosion resistance and mechanical properties

[63]. Yu and Scully [65] observe that b solution treated Ti–

15Mo–3Nb–3Al exhibits a better corrosion resistance as

compared to the aged microstructure, due to repartitioning

of the alloying elements during aging process. But Thair

[66] reports that a microstructure with both a and b phases

in Ti–6Al–7Nb alloy exhibits better corrosion resistance

than b treated alloy, which has been rationalized in terms

of the differences in the characteristics of the oxide film.

These studies suggest that corrosion behavior is influenced

by a combination of the following factors:

• Temperature, concentration and purity of the acid.

• Self inhibition effect of dissolved ions.

• Nature of alloying additions.

• Microstructure of the alloy.

• Nature and stoichiometry of the oxide.

The last factor namely, the nature and stoichiometry of

the oxide is described in the next section.

2.4.3 Characteristics of the Oxide Film in Ti–5%Ta–

1.8%Nb Alloy

Extensive literature on the effect of solutes in the titanium

oxide lattice has shown that generally titanium forms n-

type oxide namely TiO2 [67]. Due to presence of anion

vacancies some of the Ti4? ions are replaced by Ti3? ions

to maintain electrical neutrality, making the TiO2 film non-

stoichiometric [67]. The above theory, well established for

high temperature oxidation is also reported to be valid for

aqueous corrosion in Ti alloys [64]. The role of constituent

phases is also important in the context of their influence on

the nature of the oxide film following the underlying

microstructure, difference in the kinetics of formation and

passivity of the different oxides and the role of alloying

elements in the dissolution rate of titanium. These mech-

anisms in relation to the nature of oxide film are discussed

in this section. The characteristics of the oxide film like

surface morphology, thickness, microstructure and com-

position have also been studied in the alloy, which is also

described in detail below.

2.4.3.1 Thickness of Oxide Film The thickness of the

oxide film, an index of the propensity of the Ti–Ta–Nb

alloy to corrode in different environments has been
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evaluated from the Rutherford Backscattering Spectros-

copy (RBS) experiments through a composition depth

profiling. A typical RBS spectrum from the unexposed

alloy is shown in Fig. 20a. The peak corresponding to

oxygen and edges corresponding to Ti, Ta and Nb are

observed suggesting their presence both on the surface and

in the alloy. Based on the assumption that the oxide formed

is TiO2, the thickness of the oxide layer was estimated as

*690 Å as shown in Fig. 20b. The thickness of the oxide

layer in the corrosion tested specimen in vapor and con-

densate phase was estimated to be 1740 and 2340 Å

respectively [68]. It is observed that, despite higher thick-

ness of the oxide layer after condensate phase corrosion as

compared to vapor phase, it is not protective as is evident

from the higher corrosion rate. This has been understood

based on weakly oxidising nature of the condensate phase

resulting in a porous oxide layer [58].

2.4.3.2 Microstructure of the Oxide Film The morphol-

ogy, structure and type of the oxide film has a direct

bearing on the corrosion resistance of a material for a given

environment. A typical TEM micrograph of the oxide

film is shown in Fig. 21a. Interestingly, the oxide film

is a mixture of amorphous and nanocrystalline phases

(Fig. 21b, c) of size 10–100 nm. Although, distinction

between anatase and rutile could not be made by diffraction

analysis of crystalline regions, the low temperature of

formation (aqueous medium *120�C), suggests that it

could be anatase (Fig. 21b), which is stable at temperatures

below 973 K. It has also been reported that anatase forms

on exposure to boiling nitric acid of 50% concentration

[69]. But the presence of small amounts of other oxides

of titanium, tantalum and niobium cannot be excluded due

to closely spaced ‘d’ values of some of these phases.

However, careful analysis of the electron diffraction pat-

terns suggested the possible presence of difference oxides

of Ti and Nb along with Ta2O5. The observation of

orthorhombic nanocrystalline Ta2O5 has also been reported

by Harvey and Wilman [70], when Ta was anodized in

HNO3 and heat treated at 973 K. These results suggest that

the oxide formed consists of nano-crystalline anatase and

Ta2O5 in an amorphous matrix [68].

2.4.3.3 Composition of the Passive Oxide Film The

oxide layer was analyzed using surface analytical tech-

niques such as RBS and X-ray photoelectron spectroscopy

(XPS). The RBS spectra showed that the concentration of

Ta and Nb on the surface of alloy subjected to condensate

and vapor phase corrosion is higher than in the unexposed

alloy, suggesting lower dissolution of Ta and Nb as com-

pared to Ti in vapor and condensate phases of nitric acid,

which is in tune with the high corrosion rates measured in

these phases [56, 68].

Typical XPS spectra of the alloy exposed to vapor and

condensate phases and unexposed alloy are shown in

Fig. 22. Two closely lying peaks at binding energies of 458

and 464 eV are clearly seen in the spectra from the unex-

posed alloy. It is known that the 2p3/2 and 2p1/2 doublet

peaks of metallic titanium occur at 453.9 and 460 eV

respectively, which are expected to shift to higher binding

energies, maintaining the doublet separation energy, with

increase in the oxidation state of titanium. Hence, the peaks

observed at 458 and 464 eV can be correlated to 2p3/2 and

2p1/2 levels of TiO2. The presence of TiO2 in the unex-

posed alloy is attributed to the native oxide layer [68]

formed on the alloy surface.

In the alloy exposed to vapor phase, apart from TiO2,

presence of Ta2O5 and Nb2O5 was confirmed from the

Fig. 20 a RBS spectrum from the surface of the alloy unexposed to nitric acid showing Ti, Ta and Nb edges and O peak corresponding to the

native oxide layer and b histogram showing the variation of composition of the oxide film as a function of distance from the surface calculated

from the spectrum in (a)
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peaks observed at appropriate binding energies (Fig. 23).

Presence of Nb2O5 was observed in lower amounts in both

vapour and condensate phases compared to Ta2O5 [68].

In addition, parallel electron energy loss spectroscopy

(PEELS) analysis of the oxide film of the alloy exposed to

vapour phase corrosion suggested formation of lower oxi-

des of Ti.

A similar observation is made in the case of condensate

phase also, but with a higher intensity of Nb2O5 and Ta2O5

peaks. A similar behavior of increased amounts of Ta and

Nb was observed in the RBS spectra also. These results

support the formation of Ta2O5 and Nb2O5 in the vapor and

condensate phases of nitric acid [44].

The formation of stable TiO2 strengthens the fact that

the absence of inhibitor effect due to flowing acid is

responsible for the higher corrosion rate in the condensate

phase. The increasing amounts of Ta2O5 and Nb2O5, also

suggest that these are stable oxides, while TiO2 that forms

on the surfaces is washed away due to flowing conditions

of the acid, exposing a fresh metal surface. This is quite

understandable since Ta2O5 and Nb2O5 are more stable

than TiO2 as Ta and Nb themselves possess higher corro-

sion resistance than Ti. The characteristics of the oxide film

can be summarized as follows:

Fig. 21 a TEM micrograph

showing nano-crystalline nature

of the oxide film; b SAD pattern

corresponding to anatase

(asterisk corresponds to 112

Ti2O3/NbO2); c HREM image

of the oxide film showing a

mixture of amorphous and

crystalline regions; and d SAD

showing the presence of Ta2O5

Fig. 22 XPS survey spectra from the solution treated and overaged

alloy in the unexposed condition and after three phase corrosion test

showing the presence of TiO2 in all cases and increased amounts of

Ta2O5 and Nb2O5 in the alloy exposed to vapor and condensate

phases. (Color figure online)
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• Predominantly TiO2 namely anatase formed on the

alloy surface prior to and after exposure to nitric acid

along with low amounts of lower oxides of Ti.

• The presence of low amounts of less passive lower

oxides is understood in the light of weakly oxidising

conditions in vapor and condensate phases, that

increases the corrosion rate.

• The increased amounts of Ta2O5 and Nb2O5 on the

surface on exposure to condensate phase suggests the

higher dissolution of Ti due to the absence of inhibitor

effect under flowing conditions in a weakly oxidising

acid.

The three phase corrosion behavior of the Ti–5%Ta–

1.8%Nb alloy in boiling nitric acid has been studied and

the factors contributing to its high corrosion resistance

have been identified. The corrosion resistance of the alloy

with different microstructures is a manifestation of the

combined effect of nature of alloying elements, micro-

structure of the alloy, concentration and dynamic condi-

tions of the acid and the nature of the oxide film under the

prevailing conditions.

The weldability of the alloy has also been established

[71] to be as good or even better than for Ti/Ti joints. The

weld also possesses the required mechanical strength and

has exhibited corrosion rates \5 mpy [72]. Dissimilar

welds between Ti–Ta–Nb alloy and SS304L by explosive

cladding have also shown that the welds are sound, meet

the design requirements with respect to mechanical prop-

erties and exhibit corrosion rates less than 10 mpy [73].

Further, the interface is free of intermetallics. The interface

is also corrosion resistant when tested in boiling 11.5 M

nitric acid.

The above studies demonstrate that the Ti–5Ta–1.8Nb

has enormous potential as a structural material for use in

highly oxidizing media such as the nuclear spent fuel

reprocessing plant, where electro-oxidative reactions would

be involved in the separation. The elaborate studies on this

alloy have successfully culminated in the usage of this

alloy in the form of filler wires for the fabrication of the

dissolver component.

Titanium alloys have emerged to be competitive mate-

rials for use in various process industries in recent years,

the major limitation being its high processing cost. The

principal cost drivers have been identified as raw material

processing, melt processing, and fabrication. Hence, sev-

eral approaches have been identified [74–78] to minimise

the cost of titanium products such as:

• continuous method to win titanium,

• direct consolidation of won titanium into useful prod-

ucts without traditional melting,

• single melt processes,

• greater use of scrap,

Fig. 23 High resolution XPS

spectra from the alloy (after

sputtering) XPS spectra

showing the presence of a TiO2

in before and after exposure to

vapour and condensate phases;

b Ta2O5 after exposure to

vapour and condensate phases;

and c Nb2O5 after exposure to

condensate phase. (Color figure

online)
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• near-net-shape fabrication processes,

• alternate compositions using cheaper elements, and

• relaxed compositional requirements.

All strategies require the accompanying relevant prop-

erty data base to support implementation, although there is

no significant change in the basic alloy design principles.

The first step has been to produce the titanium alloys

continuously, in which the reduction reaction and the

melting of the product spongy titanium are simultaneously

carried out. Drawing the titanium/its alloys to semi-finished

products from the melt has also been successfully dem-

onstrated. Most of the recent investigations are anchored

around systems that are developed in the five decades of

the twentieth century. The trends in many recent investi-

gations pertain to replacement of costly elements like

tantalum, niobium and vanadium by cheaper elements and

attempt to evaluate the acceptability of the alloy with

higher oxygen content than before.

3 Summary

The present overview highlights the design principles of

materials in the development of Ti–5Ta–1.8Nb alloys for

corrosion resistance applications. The development of Ti–

Ta–Nb alloy carried out in authors’ laboratory for repro-

cessing applications has been explained in detail. The

indepth understanding on phase transformation mecha-

nisms and the governing factors have been successfully

employed to tailor the microstructure through appropriate

selection of process conditions to enhance the corrosion

resistance. The different types of texture that the alloy

exhibits, the detailed study on the nature of oxide films that

form during different types of corrosion and a compre-

hensive understanding of the corrosion mechanism in the

developmental alloy are explained. The economics of

titanium production is identified as the major cause for the

titanium alloys being not as popular as aluminium or steels.

It is concluded that the successful use of Ti alloys with

unique combination of properties lies in the ability of

metallurgists to identify cost effective processes for pro-

duction and fabrication.
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