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Abstract The corrosion behaviour of heat treated
Ti—13Zr-13Nb (TZN) and Ti-13Zr-13Nb-0.5B (TZNB)
alloys in Hank’s solution has been investigated. The
microstructure of the heat treated TZN alloy consisted of o,
f or martensite. Addition of boron to TZN alloy led to the
formation of dispersed TiB particles and modification of
microstructure. In general, the furnace cooled TZN sample
showed lower corrosion potential (E..,.) than the air cooled
sample. Aging of water quenched samples decreased the
E.or value. The passive current density of TZN samples
varied within a narrow range. Presence of boron in TZN
alloy decreased the corrosion potential and substantially
increased the passive current density. Results showed that
boron deteriorated the corrosion resistance of TZN alloy.

1 Introduction

Corrosion is one of the most important parameters in
determining the suitability of a material for biomedical
applications. Corrosion of metallic biomaterials is a two-
fold problem. On one hand, it leads to degradation of
material and on the other hand, it releases ions that can
adversely influence the function of the organism, cause
inflammatory response and sometimes lead to the forma-
tion of foreign body giant cells [1]. The corrosion behavior
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of materials is controlled by the presence of protective
oxide films over the surface. Corrosion resistant materials
react easily with oxygen from the atmosphere and form a
surface oxide layer, the so called passive layer, which acts
as a barrier against further reaction [1, 2]. The biological
response of the implants is influenced by the chemical
composition of the biomaterials and stability of their sur-
face oxide layer because the surface of biomaterials is in
direct contact with biological tissues [3].

Among the conventional metallic biomaterials, titanium
and its alloys are found to offer higher corrosion resistance
than Co—Cr alloys and 316L stainless steel in several media
including human body due to the presence of a dense and
thermodynamically stable TiO, layer on the surface. This
layer can spontaneously reform after being damaged, even
in solutions with low oxygen contents [4, 5]. The corrosion
behaviour of titanium alloys varies with the alloy compo-
sition, environment, heat treatment conditions and micro-
structure [6]. Aparicio et al. [7] have shown that the
roughness does not influence the corrosion potential (E o)
values of commercially pure titanium. Reactive metals
such as Ta, Nb or Zr behave in the same way as titanium.
Addition of Zr, Nb and Ta to titanium alloys stabilizes the
surface oxide films in human body environment and
improves corrosion resistance [4] and accordingly, the rate
of titanium ion release in five mass% HCI solution was
found to decrease with increasing quantities of Zr, Nb and
Ta [8]. The presence of Zr in the o phase and Nb in the f§
phase leads to the high corrosion resistance of both the
phases of the ‘near-f” Ti—13Zr-13Nb alloy [8, 9]. This is
associated with the formation of ZrO, and Nb,Os that
strengthen the TiO, passive film formed on the surface of
this alloy [9, 10]. Similarly, the high corrosion resistance of
the Ti—15Zr-4Nb—4Ta alloy can be attributed to the pres-
ence of passive film that consists mainly of TiO,, with trace
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quantities of Ti,O3, ZrO,, Nb,Os5 and Ta,Os [11]. Khan
et al. [12] have reported that o + f titanium alloys
(Ti-6Al1-4V and Ti—6Al-7Nb) possess a good combination
of corrosion and wear resistance whereas the commer-
cially pure titanium and near f (Ti—13Zr-13Nb) and f
(Ti—15Mo) alloys showed only excellent corrosion resis-
tance. Khan et al. [13] have also shown that Ti—13Zr—13Nb
alloy possesses better corrosion resistance properties
compared to CP titanium and Ti—15Mo alloys in phosphate
buffer saline (PBS) solution at three different pH values.
Oliveira et al. [14] have noticed that the Ti—13Zr-13Nb
alloy has better corrosion resistance than the Ti—50Zr alloy.
Passivity of the Ti-6Al-4V alloy in Ringer’s solution was
obtained in the potential range of —400 to 41400 mV
versus saturated calomel electrode (SCE) [15]. Similarly,
anodic polarization studies on Ti—6Al-7Nb, Ti—6Al-4V
and cp-Ti in deaerated Ringer’s solution showed passivity
in the potential range of 0 to 2200 mV (SCE) with the
primary passive current density at ~ 10 pA/cm? [15].

Titanium and several of its alloys are used as traditional
biomaterials because of their excellent combination of
corrosion resistance, biocompatibility and mechanical
properties [16—18]. However, poor tribological properties
of titanium and its alloys reduce the service life of the
implants significantly in articulating conditions. Therefore,
the recent focus has been on improving the wear resistance
by proper surface modification techniques and/or by rein-
forcing the matrix with some hard precipitates [18].
Reinforcing the soft matrix of titanium alloys (including
new generation f-Ti alloys) with hard ceramic precipitates
such as borides offers the possibility of substantially
enhancing the wear resistance of these composites [19].
Small addition of boron to titanium alloys leads to the
formation of strong and stiff titanium-boride (TiB) phase
that precipitates in situ during solidification [20, 21].
However, the effect of boron on corrosion behaviour of
titanium alloys needs to be investigated in order to assess
the suitability of the implant in the body environment.
Also, the corrosion properties of the alloys are affected by
the changes in microstructure brought about by heat
treatment and therefore, should be clearly understood vis-d-
vis microstructures.

The present study was undertaken to investigate the
effect of boron and the influence of microstructure on the
corrosion behaviour of the Ti—13Zr—13Nb alloy.

2 Experimental

Ti-13Zr—13Nb (TZN) and Ti-13Zr-13Nb-0.5B (TZNB)
alloys (compositions in wt%) were prepared by arc melting
with a non consumable tungsten electrode in a vacuum arc
melting unit supplied by Vacuum Techniques Pvt Ltd,
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Bangalore. The melting chamber was first evacuated to less
than 5 x 10™* Pascal and then flushed with high purity
argon and evacuated again; the chamber was finally back-
filled with the same gas. Before melting the alloy, a piece
of pure titanium was melted as getter. The samples were
turned over and remelted at least six times in order to attain
homogeneity in composition and microstructure. Three or
four small buttons were remelted together and cast into
ingot (approx. 40 g) in the same melting unit.

The f transition temperature of TZN alloy has been
reported to be 740°C [22]. Based on this transition temper-
ature, the heat treatment was performed on TZN. It was
assumed that the addition of only 0.5 wt% boron to the TZN
alloy would not change the transformation temperature
substantially. Hence, the same heat treatment schedule
which was applied on TZN alloy was maintained for TZNB
alloy.

The ingot was given 30-40% reduction by hot rolling at
two different temperatures (800 and 650°C) and then air
cooled to room temperature. The hot rolling temperatures
were selected in such a way that it was above the f§ tran-
sition temperature in one case (800°C) and below that
temperature in another (650°C). The hot rolled TZN sam-
ples were solution treated at 800, 700 and 650°C for 1 h in
dynamic argon atmosphere; this was followed by furnace
cooling (FC), air cooling (AC) or water quenching (WQ).
Water quenched samples were aged at 500°C for 5 h
(Aged). However, in case of TZNB samples that were hot
rolled at 650°C, the solution treatment was done at 650°C
only and the low temperature (650°C) solution treated
samples were cooled in two different rates i.e. air cooled
and water quenched. Figure 1 schematically represents the
heat treatment schedule of TZN and TZNB alloy.

The average composition of the alloys was determined
by using scanning electron microscopy-energy dispersive
spectroscopy (SEM—-EDS) on a scanning electron micro-
scope (SEM) (Model: JSM-5800, JEOL, Japan), attached
with Energy Dispersive X-ray (Model: ISIS 300 Oxford
Instruments Limited, UK). The operating voltage of the

TZN / TZNB alloy

| Hot rolling, 30-40% reduction at l_, 800°C

» 650°C

AC

|Solution treatment for 1 h at |-> 800°C 650°C

/

FC AC waQ

700°C 650°C

Aging at 500 °C for 5 h—WQ

Fig. 1 Schematic diagram illustrating the thermomechanical treat-
ment of TZN and TZNB alloys
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SEM was 20 kV. For chemical analysis of the alloys, a
number of regions were examined for each alloy in order to
have an average composition. In case of alloys containing
boron, the composition was scaled to Ti 4+ Zr + Nb =
100 wt% as suggested by Samuel et al. [19], because, the
boron content in the alloy cannot be quantified by EDS. In
addition, interstitial gas analyses were carried out using
Laboratory Equipment Corporation (LECO) analyzers in
Wah Chang lab, USA in order to measure the oxygen,
nitrogen, hydrogen and carbon content of the alloys.

Optical microscopy was used for microstructural
examination of the heat treated samples. The polished
samples were etched with Kroll’s reagent (10 vol% HF and
5 vol% HNO; in water). For SEM studies, the micro-
structures were examined on scanning electron microscope,
FEI Quanta ESEM operating at 20 kV and FEI Nova
Nanolab 200 with FEG-SEM column operating at 20 kV
using the secondary electron (SE) and backscattered elec-
tron (BSE) imaging modes. Hardness of the pre-polished
samples was measured at 10 kg load using a Vickers
hardness tester.

Corrosion behaviour of the titanium alloys was evaluated
at room temperature (30°C) in Hank’s solution. Freshly
prepared Hank’s solution was used for each experiment.
The solution had the following chemical composition dis-
solved in 1 1 of distilled water: 8 g NaCl, 1 g glucose, 0.4 g
KCl, 0.35 g NaHCO;, 0.14 g CaCl,, 0.1 g MgCl,-6H,0,
0.06 g Na,HPO,42H,O, 0.06 g KH,PO, and 0.06 g
MgS0,4-7H,0 [3, 23]. The pH of the solution was main-
tained at 7.4. The medium was deaerated with high purity
nitrogen gas 15 min before starting the experiment; deaer-
ation was continued during the experiment in order to
remove any dissolved oxygen from the solution. The con-
centration of oxygen in body liquid of muscle tissues,
except blood, is rather small [6]. The dissolved oxygen
content in a living body is known to be about 20% of that of
the atmosphere [4]. However, the present work was con-
ducted under a deaerated, high purity nitrogen atmosphere
in order to lower the oxygen concentration in the solution to
create a severe environment. Freshly prepared solution was
used for each experiment and specimens with mirror surface
finish were used for the test. The electrical contact was
made by soldering a copper wire to the back of the sample.
The electrical contact as well as the untested sample areas
were isolated by an insulating lacquer. Three to four sam-
ples of each group were tested.

Anodic polarization test was conducted with a computer
controlled Meinsberger Potentiostat/Galvanostat  PS6
(Germany). The electrolyte cell was made of glass with a
capacity of 100 ml. The sample acted as the working elec-
trode (anode) and platinum as the counter electrode (cath-
ode). A saturated calomel electrode (SCE) was used as a
reference electrode and all the potential measurements were

made with reference to it. The specimen was initially held at
open circuit potential (OCP) for 600 s in order to stabilize the
free corrosion potential. Polarization was started at 500 mV
below the OCP and increased at a rate of 1 mV per minute
towards anodic direction; it was terminated at 2000 mV
above the OCP. Corrosion potential (E,,.) and passive cur-
rent density (ip) Of the alloys were determined from the
potential versus current density polarization curve.

3 Results

The composition, including interstitials content, of the
investigated TZN alloy with and without boron, obtained
by SEM-EDS studies and LECO analysis, is given in
Table 1. The average composition of the boron free and
boron containing TZN alloy can be expressed as Ti—13Zr—
13Nb and Ti—13Zr—13Nb-0.5B (wt%), respectively.

3.1 Microstructure

Depending on the heat treatment conditions, the micro-
structure of the heat treated TZN alloy mainly consisted of
elongated/equiaxed o, f§ or martensite. Deformation and
solution treatment above the f transus (800°C) led to the
formation of Widmanstitten « laths in furnace cooled
(Fig. 2a) and air cooled samples and martensite in water
quenched sample (Fig. 2b). After aging of the water
quenched sample fine globular o formed along the pre-
existing martensite plates (Fig. 2c¢). Equiaxed primary o in
furnace cooled and air cooled samples, and globular/elon-
gated o and martensite in water quenched sample were
found after solution treatment from 700°C. Aging treat-
ment of water quenched sample resulted in the growth of
primary o while retaining the overall morphology of the
water quenched samples. In case of solution treatment at
650°C after deformation from 800 or 650°C, primary o was
found after cooling from the solution treatment temperature
(Fig. 3a). Martensite was not formed after water quenching
due to partitioning effect of the alloying elements (Fig. 3b).
Aging of the water quenched samples changed the elon-
gated o into equiaxed o and enhanced the growth of pri-
mary o (Fig. 3c). In general, air cooling led to finer
microstructure than furnace cooling.

Table 1 The chemical composition (wt%) of the alloys used in this
study

Alloy Ti Nb Zr 0} C N H
TZN 7342 1341 13.17 0.12 0.0122 0.0047 0.012
TZNB 7351 1386 1286 - - - -

Note: interstitial contents were not measured for boron containing
alloy
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Fig. 2 Microstructures of the TZN alloy deformed and solution
treated at 800°C followed by (a) furnace cooling, (b) water quenching
and (c) aging of the water quenched sample

Addition of 0.5 wt% B to TZN alloy resulted in the
formation of dispersed precipitated particles of titanium
boride (TiB). The composition of the TZNB alloy corre-
sponds to TZN + ~3.2 vol.% of TiB. The majority of the
boride precipitate particles were acicular (needle like) with
lengths varying in the range of 5-10 um with some parti-
cles being even larger than that (Fig. 4). Boron had no
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Fig. 3 Microstructures of the TZN alloy deformed and solution
treated at 650°C followed by (a) furnace cooling, (b) water quenching
and (c) aging of the water quenched sample

other appreciable effect on the overall microstructure of the
TZN alloy samples that were deformed and solution treated
at 800°C. However, the aged sample showed some growth
of the « phase. In case of TZNB alloy solution treated at
650°C after deformation at 800 or 650°C, growth of the o
phase was observed in the microstructure (Fig. 5a, b). This
growth was more pronounced for the samples deformed at



J Mater Sci: Mater Med (2011) 22:797-807

801

Fig. 4 Backscatter SEM Micrographs of the TZNB alloy deformed
and solution treated at 800°C for 1 h followed by air cooling

650°C (Fig. 5b) than at 800°C (Fig. 5a). Tables 2 and 3
summarize the microstructural features of all the heat
treated TZN and TZNB samples.

3.2 Anodic polarization

Anodic polarization behaviour of different heat treated
TZN samples as measured with respect to saturated calo-
mel electrode (SCE) is shown in Figs. 6 and 7. The cor-
responding corrosion data are given in Table 4.

In case of deformation and solution treatment at 800°C,
the furnace cooled samples showed lower E., than air
cooled samples. On the other hand, the E., of the water
quenched sample was lower than that of the furnace cooled or
air cooled samples. Aging of water quenched samples further
decreased the E,, value. Among all the samples subjected to
deformation and solution treatment at 800°C, the maximum
passive current density was observed in case of air cooled
samples (Fig. 6a). On the other hand, the aged samples
exhibited the lowest passive current density whereas it is
slightly higher in case of water quenched samples. The
passive current density of the furnace cooled samples is in
between air cooled and water quenched samples.

When solution treatment was done at 650°C after defor-
mation at 800°C, an overall increase in E,, values was
observed (Fig. 6b). The furnace cooled samples showed
lower E . (—540 mV) than air cooled (—470 mV) or water
quenched (—448 mV) samples. Aging of the water quenched
sample decreased the E,,,. The passive current density of all
these heat treated samples varied between 6.3 and 12.6 pA/
cm? and water quenched samples showed higher passive
current density than other heat treated samples.

The E.,, values of the samples deformed at 650°C and
solution treated at 700°C varied within a narrow range
(—470 to —502 mV). The water quenched samples showed

Fig. 5 Microstructures of the TZNB alloy deformed at (a) 800°C and
(b) 650°C, then solution treated at 650°C for 1 h followed by water
quenching. Aging at 500°C for 5 h after water quenching

lower E,, than the furnace cooled or air cooled samples
(Fig. 7a). Aging of the water quenched sample decreased
Ecorr. The passive current density of the air cooled sample
was higher than other heat treated samples. The ip, of
furnace cooled and aged samples were comparable whereas
water quenched samples showed lower ipqs.

After deformation at 650°C, compared to the solution
treatment at 700°C, solution treatment at 650°C led to a
decrease in E,, value of all the heat treated samples. The
furnace cooled sample showed the lowest and water
quenched sample gave the highest E, value (Fig. 7b). In
this heat treatment condition the passive current density of
all the samples varied between 6.0 and 22.0 pA/cm?”. The
water quenched or aged samples showed higher ip, than
furnace cooled or air cooled samples.

In general, furnace cooled samples showed lower E g,
than air cooled samples. Aging treatment of water quen-
ched samples decreased the E.,, value. In most of the
cases, the passive current density varied within a narrow
range.
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Table 2 Microstructural features of the heat treated TZN alloy

Heat treatment

Hot working Solution Cooling
temperature (°C) treatment condition
temperature (°C)

Microstructural features

800 800 FC
AC
wQ
WQ & aged
650 FC

AC
wQ

WQ & aged
650 700 FC

AC

wQ

WQ & aged

650 FC

AC
wQ
WQ & aged

Basket-weave structure (Widmanstitten lath like o) formed from prior § grains
Fine Widmanstitten o laths within pre-existing f§ grains

Martensite with retained f§ phase

Fine distribution of globular « along pre-existing martensite plates

Primary o and transformed f within  phase. Growth of primary a because
of slow cooling

Primary o and transformed f§ on a relatively fine scale

Primary o and retained /. Partitioning of alloying elements during f to o transformation
at 650°C resulting in enrichment of  with Nb which prevents martensite formation

Growth of o

Equiaxed primary o due to recrystallization of elongated o and transformed f
Equiaxed primary o on a fine scale and transformed f

Globular/elongated o and martensite

Growth of primary o while retaining the overall morphology of the water
quenched samples

Equiaxed primary o due to recrystallization of any elongated o and transformed f.
Growth of primary o

Equiaxed primary o on a fine scale and transformed f
No martensite due to partitioning effect. Elongated « due to incomplete recrystallization
Equiaxed o

Table 3 Microstructural features of the heat treated TZNB alloy

Heat treatment

Microstructural features

Hot working Solution treatment  Cooling
temperature (°C)  temperature (°C) condition

800 800 FC
AC

wQ

Basket-weave o lath and TiB precipitates

Fine Widmanstitten o laths within pre-existing  grains
with precipitates of TiB particles in the matrix

Martensite with retained f§ phase and TiB particles

WQ & aged Some growth of o precipitates with precipitation of TiB

650 AC
wQ

Growth of primary « and presence of TiB precipitates in § matrix

Some growth of primary o, presence of retained f§ and TiB particles

WQ & aged Higher growth of o with precipitation of TiB

650 650 AC
wQ

Growth of the equiaxed primary o and TiB particles in transformed f.

No martensite due to partitioning effect. Growth of « phase and precipitation of TiB.

WQ & aged Substantial growth of o and precipitates of TiB particles

The anodic polarization curves of the heat treated TZNB  value and a substantial increase in passive current density
alloy are shown in Fig. 8 and the corresponding corrosion  (Fig. 8a).

data are presented in Table 5.

Solution treatment at 650°C after deformation at 800°C

In case of samples deformed at 800°C and solution  did not change the E., values of TZNB samples appre-
treated at the same temperature, compared to the TZN  ciably when compared with the similarly heat treated TZN
alloy, TZNB alloy showed a small decrease in the E.,,  samples. However, under this heat treatment condition, a
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Fig. 6 Anodic polarization behaviour of TZN alloy in Hank’s
solution. The samples were deformed at 800°C and solution treated
for 1 h at (a) 800°C and (b) 650°C

significant increase in passive current density was observed
in boron containing alloy (Fig. 8b).

TZNB samples deformed and solution treated 650°C
showed lower E.,, values than TZN samples subjected to
similar heat treatment conditions. The E.,,, was found to be
lower for aged samples than for air cooled or water
quenched samples (Fig. 8c). Here also the passive current
density measurement revealed a higher value for TZNB
samples than TZN samples.

For any particular solution treatment temperature the
variation of E.,, of TZNB alloy with respect to heat
treatment was found to be similar to that of TZN alloy.
Presence of boron did not change the corrosion potential
substantially but increased the passive current density of
the material significantly. Moreover, no transpassivation
was observed in TZN alloy as well as in TZNB alloy.

803
a 10°
Deformation: 650 °C
e J Solution treatment: 700 °C
u .
<
€ 107
=
=
2
[ 3
[a]
A4
c
2 10 4
-
5
O
o
o] 3
=
10° +——r—y—————
-1500 -1000 -500 0 500 1000 1500 2000
Electrode Potential, mV (vs. SCE)
b 10°
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Solution treatment: 650 °C

10" 4

Log Current Density, mA / cm’
sl

10°
-1500

T T T T T T T T T T M L v
-1000 -500 0 500 1000 1500 2000
Electrode Potential, mV (vs. SCE)

Fig. 7 Anodic polarization behaviour of TZN alloy in Hank’s
solution. The samples were deformed at 650°C and solution treated
for 1 h at (a) 700°C and (b) 650°C

4 Discussion

In the present study, the passive current density of most of
the TZN samples falls in a narrow range. Titanium and its
alloys show a tendency to form a stable and tightly
adherent protective oxide layer on their surfaces even in
solutions with low oxygen contents [4, 5]. This layer pro-
tects the underneath material from the aggressive envi-
ronments [3]. Oliveira et al. [14] have observed that an
oxide layer is formed on Ti—13Zr—13Nb and Ti-50Zr
alloys in aerated solution also. Semlitsch et al. [24] found
that Ti-6Al-7Nb, Ti—-6Al-4 V and CP titanium passivated
in a deaerated Ringer’s solution with the primary passive
current density at ~ 10 pA/cm?. In the present study, as
soon as the TZN sample is exposed in the Hank’s solution a
protective surface oxide layer is formed on the surface of
the sample and the sample passivates which is also
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Table 4 Corrosion potential

and passivation parameter Deformation . Solution treat(r)nent Cool%r%g Ecorr (mV) ipass (pA/cmz)
obtained from the anodic temperature (°C) temperature (°C) conditions
polarization curves of the heat 800 800 EC 535 + 11 12.6 + 4.7
treated TZN alloy in Hank’s
solution AC =502 + 28 415 £ 11.7
wQ -578 £+ 284 6.3 + 3.1
Aged -589 + 21 57+ 1.7
650 FC -540 £+ 17 6.3 + 3.8
AC —470 £ 37 8.0=£09
wQ —458 + 20.3 12.6 + 3.7
Aged -523 £ 5.7 79 +52
650 700 FC —480 £+ 5.6 14.6 + 34
AC -470 £ 12 222+ 32
wQ -495 + 18 8.6 £45
Aged =502 £ 5.1 145 + 6.2
650 FC -553 £ 83 6.6 + 2.1
AC =512 £ 18.2 6.0 £2.2
WwQ =501 £ 19.5 17.0 £ 2.4
Aged -526 + 24.5 220+ 34

reflected in the polarization diagrams (Figs. 6, 7). How-
ever, in some cases, the passive current density is relatively
high. Surface oxide composition and/or distribution are
expected to affect the corrosion behavior of orthopaedic
alloys [25]. It has been reported that when alloying ele-
ments (except V and Fe) form an oxide they occur as
discrete clusters embedded in a titanium oxide matrix [25].
In the present study, the heat treatment in some cases may
have led to uneven distribution of the alloying elements in
various phases resulting in unstable passive layer
formation.

Compared to the furnace cooled or aged samples, the
amount of o phase is less in air cooled samples, but at the
same time they are finely distributed in the matrix and
therefore, the o/f interface area is increased. This accel-
erates the galvanic corrosion of the material. Raman et al.
[26] found that the corrosion potential (E..,) of cp-Ti
which consists of single phase o was lower than the o 4+ 8
type two phase Ti—-6Al-7Nb alloy. In the present study also
presence of o phase in the microstructure decreases the
E.or value. The lower corrosion potential of the furnace
cooled or aged sample is associated with the presence of a
higher amount of « phase in the matrix. Formation of
martensite took place in samples water quenched from a
solution treatment temperature of 800°C. Martensite forms
by a displacive, shear mechanism of transformation that
involves an invariant plane strain (IPS) shape deformation
with large shear component. This entails a high amount of
strain energy because the shape change has to be accom-
modated in the parent phase [27]. For example, Ahmed
et al. [28] have observed that orthorhombic martensite (o)
produced by quenching the solution treated binary Ti-Nb

@ Springer

alloy containing 16-23.4 at% Nb had a strained and highly
faulted substructure. The high strain energy associated with
the formation of martensite decreased the E.,, value of the
water quenched samples. On the other hand, absence of any
o—f interface decreased the corrosion of the water quen-
ched samples. After aging of the water quenched sample
that was solution treated from above f transus, fine pre-
cipitates of globular o form and correspondingly, the o—pf3
interface increases. At the same time aging treatment
relieves the strain energy associated with martensite in the
water quenched sample. Therefore, no appreciable change
in corrosion behaviour was observed after aging of the
water quenched sample. When solution treatment is done at
650°C martensite is not formed in the matrix. The micro-
structure consists of o and f§ phases and there is no strain
energy associated with the martensite formation. Thus, no
appreciable change in corrosion potential is found between
air cooled and water quenched samples. Slow cooling from
the solution treatment temperature leads to higher amounts
of less noble o phase formation and hence the E..
decreases. During aging, some part of the retained f
transforms into o and at the same time « particles grow and
thus, the o/f interface area decreases. This has led to a
decrease in corrosion current density.

Compared with water quenching from 800°C, water
quenching from 700°C led to the formation of less amount
of martensite and therefore the associated strain energy was
smaller. On the other hand, heavy deformation (>30%) at
650°C (below the f transus) produced worked structure in
the material and o phase was nucleated during the plastic
deformation. Subsequent annealing in the « + f phase field
at 650°C or 700°C followed by water quenching produced



J Mater Sci: Mater Med (2011) 22:797-807

805

10°

1Y

Log Current Density, mA / cm®

10° —
-1500 -1000 -500 0 500 1000 1500 2000
Electrode Potential, mV (vs. SCE)

o

10° 4

107 3

Log Current Density, mA / cm’

10* +—>r—mb4—->—-—b—"-"—"—-"-—"T—""""T—
-1500 -1000 -500 0 500 1000 1500 2000

Electrode Potential, mV (vs. SCE)

(¢}

10°

Log Current Density, mA / cm’

10° —
-1500 -1000 -500 0 500 1000 1500 2000
Electrode Potential, mV (vs. SCE)

Fig. 8 Anodic polarization behaviour of TZNB alloy in Hank’s
solution (a) deformed and solution treated at 800°C, (b) deformed at
800°C and solution treated at 650°C and (c¢) deformed and solution
treated at 650°C

elongated o because of incomplete recrystallization of
deformed o due to faster cooling. Aging treatment of water
quenched sample resulted in the growth of primary o while
retaining the overall morphology of the water quenched
sample. Therefore, in case of sample deformed at 650°C
and solution treated at 700°C presence of elongated o in
the microstructure and formation of new o phase from the
martensite increase the o/f interface and as a result the
corrosion current increases. This effect is more evident for
the sample deformed and solution treated at 650°C because
here the amount of « phase is relatively high compared with
the sample water quenched from 700°C.

Compared to TZN samples, TZNB samples showed
slightly lower corrosion potential (E.,,,) and higher passive
current density (ipass). It has been reported in literature that
the presence of TiB, in Ti increased the primary passiv-
ation and the passive currents but did not appreciably affect
the corrosion potential and the corrosion behavior of the
TiB was similar to that of TiB, [29]. In the present study,
the addition of boron has resulted in the formation of TiB
precipitates in the matrix. Moreover, the precipitation of
TiB particles also leads to the refinement of microstructure
[30, 31]. The presence of TiB particles in the matrix and
the increased o/f interface as a result of the refinement of
the microstructure accelerate galvanic corrosion of the
material and thus, increase the corrosion. However, in case
of samples deformed and solution treated at lower tem-
perature, the growth of o phase decreases the o/ff interface
area that partially compensates the increase in corrosion
due to the presence of TiB particles. This leads to a mar-
ginal increase in corrosion of the sample.

In the present investigation, no transpassivation was
found in all the TZN and TZNB samples. Oliveira et al.
[14] did not find transpassivation and pitting for Ti—6Al—
7Nb, Ti—-4Nb-15Zr and Ti—13Zr—13Nb alloys in Hank’s
solution at potential as high as 2 V. Similar observation has
been reported on as-cast as well as heat treated Ti—13Zr—
13Nb alloy at potentials of up to 8 V in chloride-containing
solutions [14]. One should not expect to see transpassive
behaviour on this material since none of its components has
a higher oxidation state than the one present in the oxide.
Therefore, they cannot undergo transpassive dissolution.

5 Conclusions

In the present study, the corrosion behaviour of boron free and
boron containing Ti—13Zr—13Nb alloy subjected to different
heat treatment conditions was investigated and from the
results obtained the following conclusions can be drawn:
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Table 5 Corrosion potential

and passivation parameter Deformation0 Solution treat(l)nent Coolir{g Ecorr ipass s
obtained from the anodic temperature(°C) temperature (°C) conditions (mV) (LA/em”)
polarization curves qf the heat 800 800 FC 564 + 11 245 + 16
treated TZNB alloy in Hank’s
solution AC -532 + 26 320 + 39
wQ -589 + 15 83 + 18
Aged -595 + 32 130 £ 9
650 AC -495 £+ 34 249 + 36
wQ -468 + 18 243 £ 9.5
Aged =530 + 11 278 £ 19
650 650 AC -594 + 8 105 £ 13
wQ =561 + 16 97 £ 15.5
Aged -621 + 18 105 £ 23

e Depending on the heat treatment conditions, the
microstructure of the heat treated TZN alloy mainly
consists of elongated/equiaxed o, [ or martensite.
Addition of 0.5 wt% B to TZN alloy results in the
formation of TiB particles and modifies the o phase.

e In general, furnace cooled TZN sample shows lower
E.orr than air cooled sample. Water quenching from
above or near f transus temperature leads to further
decrease in corrosion potential. Aging treatment of
water quenched sample decreases the E.,, value. In
most of the cases, the passive current density varies in a
narrow range.

e Presence of boron decreases the corrosion potential and
substantially increases the passive current density of
TZN alloy and therefore, it deteriorates the corrosion
resistance of the TZN alloy.
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