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Abstract

The elastic modulus of near 3 and B titanium alloys was measured by nano-indentation and ultrasonic techniques. The data obtained from
both the experiments were analyzed and compared with each other. The effects of composition and heat treatment on elastic modulus of the
material are discussed. The elastic modulus of B Ti—-35Nb-5.7Ta—7.2Zr (TNTZ) was found to be half of the elastic modulus of the titanium. Near
B Ti—13Zr—13Nb (TZN) alloy hot worked at 800 °C and solution treated at 800 °C followed by water quenching also showed low elastic modulus
value. The accuracy of these two elastic modulus measurement techniques is discussed in terms of microstructures.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys are commonly used as implant mate-
rials because of their high strength to density ratio, superior
biocompatibility and corrosion resistance, good mechanical
properties and low elastic modulus [1,2]. a+ 3 type Ti-6Al-4V
has been the main biomedical titanium alloy for along period [3].
V-free titanium alloys like Ti—-6Al-7Nb and Ti—-5Al-2.5Fe have
been recently developed because toxicity of V has been reported
[4]. Moreover, Kawahara [5] has reported that metallic Al, V
and Fe have higher cytotoxicity. Similarly, near equiatomic TiNi
alloys have been in clinical practice for several years because
of their special mechanical properties of shape memory effect
and superelasticity. However, recently Ni has been classified as
incompatible and toxic [6].

The elastic modulus of Ti and o + 3 Ti alloys (100-110 GPa)
is much smaller than stainless steel (210 GPa), but it is signifi-
cantly higher than that of bone tissue which has elastic modulus
in the range of 10—40 GPa. This gives rise to the so-called ‘stress
shielding’ effect that can cause bone resorption and loosening
of implant [3,7]. This problem can be minimized if alloy with
elastic modulus closer to that of the bone is used.
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Recent research has attempted to overcome the long-term
health problem caused by the release of the toxic ions from
the alloys as well as the stress shielding effect. New low elas-
tic modulus near-8 and metastable-f3 titanium alloys containing
only non-toxic metallic alloying elements such as Nb, Ta, and
Zr, etc., with excellent mechanical properties are being devel-
oped as potential implant material [1]. Zr is added to increase
the strength, while Ta is expected to improve corrosion resis-
tance and mechanical performance [8]. Nb is added as a (3
stabilizing element and it increases hot workability also [9].
In view of the above considerations, extensive work has been
carried out on near 3 and metastable (3 alloys containing Nb,
Zr, Ta, Mo, etc. [7,10-21]. Some recently developed alloys
of this family include Ti—12Mo—-6Zr—2Fe, Ti—15Mo-5Zr—3Al,
Ti-15Mo-3Nb-30, Ti—15Zr—4Nb-4Ta, Ti-35Nb-5Ta—7Zr,
Ti-13Zr-13Nb, Ti-34Nb-9Zr-8Ta, Ti-13Mo-7Zr-3Fe, Ti—
13Mo, Ti-7.5Mo, Ti—-15Mo-5Zr-3Al, Ti-29Nb-13Zr-2Cr,
Ti—29Nb-15Zr—1.5Fe, Ti—29Nb-10Zr-0.5Si, Ti—29Nb-10Zr—
0.5Cr-0.5Fe and Ti—29Nb-18Zr—2Cr-0.5Si, Ti—-29Nb-13Ta—
4.6Zr, etc. (all in wt.%) [7,11,15,19-22].

In a multiphase alloy, the elastic modulus is determined by the
modulus of the individual phases and by their volume fractions
[1]. Elastic modulus is more sensitive to phase/crystal structure
than to other factors [23]. Niinomi [3] has reported the elastic
modulus of different grades of titanium and a number of tita-
nium alloys. Hao et al. [1] has investigated the influence of o”
martensite on Young’s modulus and mechanical properties of
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forged Ti—29Nb—13Ta—4.6Zr (wt.%) alloy and concluded that
the Young’s modulus of «” martensite is comparable with 3
phase. Saito et al. [24] have reported that cold working sub-
stantially decreases the elastic modulus and increases the yield
strength of Ti—23Nb-0.7Ta—2Zr—O alloy, though the reasons for
this decrease in the elastic modulus has not been discussed in
detail. Munuera et al. [25] have investigated the nanoscale sur-
face elasticity of three different titanium alloys (Ti—-7Nb-6Al,
Ti—13Zr—13Nb and Ti—15Zr-4Nb) in their as received state and
after oxidation treatment using force microscopy mode in scan-
ning force microscopy and reported that the Young’s modulus of
the sample surface was below 65 GPa and was as low as 20 GPa
for some oxidized samples. The values were related to the ratio
of the amount of o and 3 phases in the as received samples as
well as to different chemical composition of the outer layers
obtained after different oxidation treatment.

With the above background in mind, present investiga-
tion was undertaken to prepare and characterize ‘near 3’ and
‘metastable 3’ titanium alloys with no toxic alloying elements.
Particular emphasis was laid on measuring the elastic modulus
of the alloys and correlate it with the microstructure. The elastic
modulus of the alloys was measured by ultrasonic method as well
as by nano-indentation technique and the values obtained from
these two techniques are compared in the light of microstruc-
tural variations. In addition, the elastic modulus of cp-Ti was
also measured for comparison of the elastic modulus of various
phases. Cp-Ti is expected to show a homogenous microstructure
and therefore it was also used as a ‘standard’ material to exam-
ine the effectiveness of nano-indentation technique to measure
the elastic modulus.

1.1. Measurement of modulus of elasticity

Young’s Modulus of Elasticity is defined as the ratio of stress
(force per unit area) to corresponding strain (deformation) in the
elastic region of deformation of a material loaded under tension
or compression. This basic material property is of interest in
many manufacturing and research applications and is related
to the atomic bonding of the materials. In case of biomaterials
for load bearing applications, the elastic modulus is an important
parameter. The stiffness mismatch between implant material and
surrounding bone leads to ‘stress shielding’ of the bone. Higher
stiffness or Young modulus of the implant will result in a greater
amount of bone loss, bone fracture and loss of bone interface.
Also, loss of bone due to stress shielding effects makes revision
surgeries more difficult. Finite element analysis has suggested
that a low elastic modulus hip prosthesis can stimulate better
bone growth by distributing the stress to the adjacent bone tissue
[26-29]. The elastic modulus of the materials can be determined
by different methods, such as ultrasonic and nano-indentation
techniques.

Nano-indentation is a technique for determining both the
elastic and plastic properties of the materials at a nanoscale level
in a single experiment where no special sample preparation is
required (however, a good surface finish is needed). In nano-
indentation, the indentation process is continuously monitored
with respect to force, displacement and time. The reduced elastic

- (1/2)(VE —2V3)

modulus, E;, is defined as [30,31]:
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where A is the projected contact area and C is the contact com-
pliance between the indenter and the sample, equal to the tangent
to the force—displacement curve during unloading at maximum
load Fiyax after correction for frame compliance:
dh
C=C—Cr=—
dr
where C; is the total compliance, Cr the frame compliance, F'
the force and £ is the displacement.
Finally,
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where v and vj, E and E; are Poisson’s ratios and elastic moduli
of the sample and indenter, respectively.

Velocity of the ultrasonic waves in a solid medium is directly
related to the elastic properties and density of the material. The
elasticity of the material delays the transmission of wave and
introduces a time delay, i.e. a phase lag. When the frequency
of the wave is higher than the audible range, it is called elastic
wave or ultrasound. Two types of vibration-induced deformation
resulting in compression or shear are generally possible in an
infinite medium. These are associated with two modes of elastic
wave propagation, i.e. longitudinal waves, where particles are
displaced along the direction of propagation, and transverse or
shear waves, where the particles are displaced perpendicular to
the direction of propagation. The velocity of propagation of the
elastic waves in a body is characteristics of the material [32].

Ultrasonic waves are generated in the material by a trans-
mitter oscillating at the desired waveform and frequency, with
collection by a detector. Ultrasonic velocity changes have been
determined by time-of-flight measurements using a pulse-echo
method. The relationships between ultrasonic velocity and the
elastic properties of materials are given below [33-35].

Young’s modulus (E) is expressed as

_ PVSBVE —4V9)

E
V-V

(1.4)
Shear modulus (G) is the ratio of shearing stress t to shear-

ing strain y within the proportional limit of a material and is
expressed as

G = pV3 (1.5)

whereas, Poisson’s ratio v is the ratio of transverse contrac-
tion strain to longitudinal extension strain in the direction of
stretching force and is expressed as

(1.6)

Vi-vg

In the above set of equations, Vi, and Vg are the ultrasonic

longitudinal and shear wave velocities, respectively, and p is the
density of the material.
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2. Experimental

Near B Ti—13Zr-13Nb (TZN) and B Ti-35Nb-5.7Ta-7.2Zr
(TNTZ) 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., Ban-
galore. The melting chamber was first evacuated to less than
5 x 10~° mbar and then flushed with high purity argon and evac-
uated again; the chamber was finally back-filled with the same
gas before melting. Prior to melting of the alloys, titanium was
melted as a getter in the furnace. The ingots were turned over
and remelted at least six times in order to attain homogeneity in
composition and microstructure. The TNTZ alloy ingot was hot
rolled giving 40-50% deformation at 850 °C and then air cooled
to room temperature. The deformed samples were further solu-
tion treated at 800 °C for 1 h followed by water quenching (WQ).
The TZN alloy was hot rolled giving 30—40% deformation at two
different temperatures (800 and 650 °C) and then air cooled to
room temperature. It has been reported that the (3 transus temper-
ature of the Ti—13Zr—13Nb alloy is 735 °C [14]. The hot rolling
temperatures were selected in such a way that it was above the
B transition temperature in one case (800 °C) and below that
temperature in another (650 °C). The samples hot worked at
800 °C were solution treated at 800 °C and those hot worked
at 650 °C were solution treated at 700 °C for 1h in dynamic
argon atmosphere followed by furnace cooling (FC) and water
quenching (WQ). Elastic modulus of as received commercially
pure Ti (cp-Ti, grade 4) was also measured for comparison.

Room temperature X-ray diffraction analysis was carried out
in a Philips, Holland, PW 1710 X-ray Diffractometer with Cu
Ka radiation at 40kV and 20 mA. The scanning rate was kept
at 3°-260/min, from 26 =20° to 100°.

Optical microscopy was carried out on Leica DFC320 image
analyzer (Model: Q550IW) interfaced with Leica Q-win V3
Image analysis software. Optical micrographs of the metallo-
graphically polished samples were taken using a digital camera
attached to the microscope and interfaced with a computer.
Samples were prepared by following standard metallographic
technique. The polished samples were etched with Kroll’s
reagent (10 vol.% HF and 5 vol.% HNO3 in water).

Nano-indentation equipment is used to investigate mechani-
cal properties of materials by indenting the test material with

a diamond tip to a certain depth (nano-meter range) while
measuring the force—displacement response. In the present
investigation, elastic modulus of cp-Ti and heat-treated titanium
alloys was directly measured by nano-indentation technique on
a Nano Indenter® XP, MTS Systems Corporation, USA by using
a Berkovich diamond indenter. Two samples were tested for
each composition and heat treatment condition. Indentations
were sufficiently spaced so that the indentation behaviour was
not affected by the presence of adjacent indentations. The elas-
tic modulus was calculated automatically during unloading by
employing the test software using Eqs. (1.1)—(1.3).
The other experimental conditions were:

(i) Depth limit: 3000 nm.

(ii) Strain rate target: 0.05s7!.
(iii) Maximum calculation depth: 2500 nm.
(iv) Minimum calculation depth: 1000 nm.

The elastic modulus of the heat-treated samples was mea-
sured by ultrasonic method on an ultrasonic velocity gauge, 35
DL, Panametric, USA. A normal incident probe, model M110,
5MHz and a shear probe, model V221, 5 MHz were used for
the measurement of normal and shear velocities of the wave,
respectively. The density of the samples was measured using
Archimedes principle; for each composition and heat treatment
condition, at least five samples were measured.

3. Results and discussion
3.1. Microstructure and XRD

The microstructure of cp-Ti consisted of single-phase o
grains (Fig. 1a). The XRD analysis also confirmed the same
(Fig. 1b). The microstructure of the TNTZ alloy deformed
(40-50% reduction) at 850 °C and then solution treated at 800 °C
followed by WQ shown in Fig. 2a, clearly reveals the presence
of equiaxed [3 grains. The XRD patterns (Fig. 2b) also suggested
that the microstructure consists of 3 phase. Although fine o or
o phase is considered to exist in the heat-treated TNTZ alloy, its
presence could not be detected by XRD. Though similar results
have been reported elsewhere [18], a detailed characterization
is necessary for better understanding of the microstructure.
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Fig. 1. (a) Microstructure and (b) X-ray diffraction pattern of the cp-Ti.
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Fig. 3. Microstructures of the TZN alloy deformed at 800 °C and solution treated at 800 °C for 1 h followed by (a) furnace cooling and (b) water quenching.

The microstructure of the TZN alloy deformed (30—40%
reduction) at 800 and 650 °C (above and below the  tran-
sition temperature, respectively) followed by different sets of
heat treatment conditions is shown in Figs. 3 and 4. Samples
deformed above [ transus, i.e. at 800 °C and heat treated at
800 °C followed by furnace cooling (FC) (Fig. 3a) showed a
basket-wave structure formed from prior 3 grains. The water
quenching (WQ) from 800 °C exhibited martensite (o) structure
with some amount of 8 (Fig. 3b).

The microstructure of the samples deformed below the
B transus, ie. at 650°C and then solution treated at
700°C for 1h followed by FC and WQ is shown in
Fig. 4a and b. The microstructure of furnace cooled sam-
ple consisted of equiaxed primary o and transformed 3. The

water quenched sample showed globular o and martensite
(o”)/elongated o dispersed on a very fine scale. As explained
by Geetha et al. [14], it is expected that the o’ martensite
(hexagonal) is present in the sample water quenched from
800 °C (B solution treatment conditions) whereas o’ martensite
(orthorhombic) is present when quenching from 700 °C (o + B
solution treatment conditions). Quenching from the two-phase
region causes the enrichment of Nb in the 3 phase due to par-
titioning effect of the alloying element and hence changes the
structure of the martensite from hexagonal to orthorhombic [14].
Phase constituents of the heat-treated samples were also iden-
tified from the X-ray diffraction as shown in Fig. 5. A detailed
description of the effect of heat treatment of the TZN alloy on
its microstructure can be found elsewhere [36].

Fig. 4. Microstructures of the TZN alloy deformed at 650 °C and solution treated at 700 °C for 1 h followed by (a) furnace cooling and (b) water quenching.
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Fig. 5. XRD pattern of Ti—13Zr—13Nb alloy (a) deformed at 800 °C and solution treated at 800° for 1 h and (b) deformed at 650 °C and solution treated at 700 °C

for 1h, followed by furnace cooling and water quenching.

3.2. Elastic modulus

The elastic modulus of the cp-Ti, heat-treated TZN and TNTZ
alloys measured by both the techniques is shown in Fig. 6.

The average value of the elastic modulus of cp-Ti obtained
by nano-indentation and ultrasonic technique was 119 4.6 and
121 £ 0.87 GPa (Fig. 6a), respectively. On the other hand, TNTZ
alloy showed the average elastic modulus value of 57 4= 3.0 and
60 £ 1.9 GPa (Fig. 6a) by nano-indentation and ultrasonic meth-
ods, respectively.

Fig. 6b shows the elastic modulus of TZN alloy, furnace
cooled and water quenched from 800 °C, measured by both the

techniques. The elastic modulus values of TZN samples fur-
nace cooled and water quenched from 800 °C as measured by
the nano-indentation technique was found to be 69 and 65 GPa,
respectively, with a variation of up to =8 GPa. By comparison,
the ultrasonic method gave the elastic modulus of the same sam-
ples to be 88 and 61 GPa, respectively, with a variation of up to
+2.4 GPa.

In case of TZN samples furnace cooled and water quenched
from 700 °C, the elastic modulus was 67 &= 6.3 and 70 £ 8.2 GPa,
respectively, by the nano-indentation technique and 87 £2.5

160

and 69 +0.54GPa, respectively, by ultrasonic method
(Fig. 6¢).
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Fig. 6. Elastic modulus of (a) cp-Ti and TNTZ deformed at 850 °C and solution treated at 800 °C for 1h followed by WQ (b) TZN alloy deformed at 800 °C and
solution treated at 800° for 1h followed by furnace cooling and water quenching and (c) TZN alloy deformed at 650 °C and solution treated at 700 °C for 1h,

followed by furnace cooling and water quenching.
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The elastic modulus of the cp-Ti obtained by both the tech-
niques is close to the standard value, which is 105 GPa [37]. The
elastic modulus of near 3 TZN alloy is less than that of cp-Ti.
In case of B TNTZ alloy, the elastic modulus is about half of the
elastic modulus of cp-Ti. Compared with cp-Ti and TZN sam-
ples, the elastic modulus of TNTZ alloys is closer to that of the
bone (1040 GPa).

The elastic modulus of stainless steel and Co-based alloys
is 206 and 240 GPa, respectively, which is significantly higher
than that of bone tissue (~10-40 GPa). The elastic modulus of
cp-Ti, near 3 and 3 Ti alloys vary between 121 and 57 GPa. The
constituent phases of the Ti alloys have different elastic modulus
values. It has been reported that the o phase exhibits a much
higher elastic modulus as compared with the 8 phase and the
elastic modulus of the phases of titanium alloys increase in the
sequence B<a’ <a <o [1,38,39]. Hon et al. [39] have reported
that different phases (o, f and w) have different elastic modulus
and they were found to be related by E, =1.5Eg and E, =2.0Eg.
Moreover, Kim et al. [40] have reported that the metastable (3
phase has lower elastic modulus than stable {3 phase.

In the present investigation, the cp-Ti consisted of single-
phase o (Fig. 1a) and thus, showed higher elastic modulus value
than other investigated samples. The microstructure of the TNTZ
alloy is mainly single-phase equiaxed 8 grains (Fig. 2a) and
hence it gave the lowest elastic modulus value. The microstruc-
ture of TZN alloy water quenched from 800°C is mainly
martensite with some amount of 3 phase in the matrix (Fig. 3b).
The elastic modulus of this sample is 61 GPa (measured by ultra-
sonic method), which is close to that of § Ti alloy. The other
investigated TZN alloys consisted of o and 3 phases with differ-
ent morphology and distribution and hence their elastic modulus
falls between that of cp-Ti and 3 Ti alloy.

In nano-indentation technique, the accuracy of the elastic
modulus measurement depends on whether the projected area
of the indentation is a sufficient sampling area to represent an
average elastic modulus. An indentation depth of 2 um corre-
sponds to a projected triangular area of side ~14 pm [15]. The
nano-indentation technique should give accurate estimation of
the elastic modulus for single-phase materials or for multiphase
materials with very fine precipitates distributed homogeneously
in the matrix. The large deviation from the average values can be
attributed to inhomogeneity in the microstructure on nanoscale.
Also, the deviation can be influenced by the position of the
indentation. The scatter in elastic modulus measurement with
nano-indentation method seems to be inherent in the technique
with the scatter being more apparent in case of multiphase
material than in the single-phase material. In this study, both
cp-Ti and TNTZ consisted of single-phase grains, and hence
they showed less scatter in the measured elastic modulus val-
ues than multiphase TZN alloy. This is simply because the
elastic modulus measurement of a multiphase material by nano-
indentation method is strongly influenced by the selection of
the location of the indentation in the microstructure, the size of
the microstructural constituents and the elastic modulus of the
individual phases.

In case of ultrasonic technique, the velocity of ultrasound in
materials is generally obtained from the time of flight of ultra-

sonic waves through the known thickness of the sample and
it is directly related to the elastic property and density of the
solid. Hence, the elastic modulus of the material measured by
ultrasonic technique is a better representation of the bulk mate-
rial property. In case of cp-Ti, TNTZ, and water quenched TZN
alloys, the elastic modulus values obtained by nano-indentation
and ultrasonic techniques are comparable. At room temperature,
the pure cp-Ti exhibits single-phase o structure (Fig. 1a). TNTZ
800 WQ alloy consists of mainly 3 matrix (Fig. 2a). The over-
all microstructure of TZN 800 WQ is martensite with a small
amount of 3 phase (Fig. 3b). In case of two-phase a/3 TZN alloy
water quenched from 700 °C (Fig. 4b), a fine and uniform distri-
bution of a and 3 throughout the microstructure was observed
resulting in more or less similar elastic modulus values by both
the techniques.

However, in case of TZN samples furnace cooled from 800
and 700 °C, a large difference was observed in the elastic mod-
ulus measured by nano-indentation and ultrasonic techniques.
This can be attributed to the non-uniform distribution of the
phases in the microstructure. Moreover, the microstructure was
relatively coarse in these cases. The TZN sample furnace cooled
from 800 °C produced basket-wave type structure characteris-
tic of Widmanstitten structure. Lamellar packets of a grains
of different orientations were observed within prior 3 grains.
Presence of primary « phase of globular morphology and trans-
formed 3 was observed in the TZN alloy furnace cooled from
700 °C. In both these samples, o grains were bigger compared
with the indentation area; accordingly, the indentations were
mainly taken on the matrix and the large o grains were delib-
erately avoided in order to obtain the average property of the
material. In this process, the elastic modulus of the lamellar and
globular a phase, which is higher than that of (3 phase, was not
included into the average elastic modulus value. Hence, the elas-
tic modulus measured by nano-indentation technique is lower
than that of ultrasonic method.

4. Summary and conclusions

(I) The elastic modulus of the investigated Ti and its alloys
varies between 60 and 120 GPa. The 3 TNTZ alloy shows
lowest elastic modulus whereas cp-Ti with « grains gives
highest elastic modulus among the investigated samples.
The elastic modulus of the near 3 TZN alloy falls in
between Ti and TNTZ alloy. Heat treatment of the TZN
alloy changes its constituent phases and their size, distri-
bution and morphology. Hence, the elastic modulus also
changes accordingly. In general, elastic modulus of the
samples water quenched from single-phase or two-phase
region is lower than samples furnace cooled from same
temperature.

(I) Elastic modulus can be measured more accurately by ultra-
sonic method, as it is directly related to the elastic property
and density of the material.

(III) The accuracy of elastic modulus measurement using nano-
indentation technique depends on the projected area of
indentation. The measurements are expected to be accu-
rate if the indentation samples sufficiently large area to
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give adequate representation to all the constituent phases
of a material.
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