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Titanium and its alloys are extensively used as biomedical implant materials because their good mechan-
ical properties are accompanied by an excellent biocompatibility and corrosion resistance. However, the
most widely used Ti alloy for medical implants, Ti-6Al-4V, does not satisfy a major requirements about
non-toxicity and low elastic modulus close to that of cortical bone. Therefore, alternative titanium-based
biomedical alloys with other alloying elements are currently the subject of intensive study.

This work was conducted to develop new as-cast Ti-based alloys with biocompatible elements, i.e.
chromium and niobium addition and low elastic modulus. For this purpose six Ti-Cr-Nb alloys were pre-
pared and their properties were evaluated. The obtained results indicated that experimental alloys have
o/ microstructure. Among them, alloys Ti;oCr;oNbag, TizoCr20Nb1g and TiggCraoNbag have very low elastic
modulus (17-50 GPa), high strength (1580-1700 MPa) and plasticity (75.0-83.5%) as well as an excellent
corrosion resistance. According to the obtained results it could be considered that new biomedical alloys

with adequate properties for biomedical applications were developed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, considerable efforts have been devoted by materials
scientists and engineers to the development of new materials for
biomedical applications with low elastic modulus and superior
biocompatibility. Some of the widely used biomaterials (stainless
steels, Co-Cr alloys, Ti-6Al-4V) can potentially cause some health
problems. Namely, besides the release of toxic metal ions, they can
also lead to resorption of adjacent bone tissue due to the great dif-
ference in elastic modulus between the implant and human bone
[1]. Among the metallic materials, titanium alloys exhibit the low-
est elastic modulus (100-110 GPa), but it is still significantly high-
er than that of bone tissue (10-40 GPa) [2]. However, titanium and
its alloys posses good mechanical properties, such as high strength,
relatively low elastic modulus and good corrosion resistance, as
well as biocompatibility [3,4].

In this paper the microstructure, mechanical properties and cor-
rosion behavior of ternary Ti-Cr-Nb alloys were investigated.
Chromium and niobium were selected as p-phase improving and
B-phase forming elements, respectively. Namely, titanium alloys
of B-type exhibit lower elastic modulus than Ti-alloys of a-type
[5,6]. Furthermore, chromium reduces the high melting tempera-
ture of pure titanium and it is known to control the anodic activity
and increase the tendency of titanium to passivate. Tissue reaction
studies have identified niobium as non-toxic element, as it does
not cause any adverse reaction in human body. Also, niobium is
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B-stabilizer and it forms homogenous solid solution with titanium
[7-9].

2. Experimental procedure

A six Ti-Cr-Nb alloys with 60-80 atomic percent (at.%) of tita-
nium and 10-30 at.% of niobium, the balance was chromium, were
developed. They were prepared by melting a high purity elements
(>99.9%) in a water-cooled copper crucible using a tungsten elec-
trode arc in a vacuum chamber purged with argon. Because of a
large difference in the melting temperature of pure elements, sam-
ples were prepared in two steps. First, the ingots made from chro-
mium and niobium were re-melted a three times and then
titanium was added. These button-like ingots were melted by turn-
ing them upside down a four times to ensure chemical and struc-
tural homogeneity. The casting was realized in the same
equipment by means of specially constructed copper anode, which
served also as a casting mold. In this way, as cast cylindrical sam-
ples with dimensions 8 x 25 mm were obtained. They were sec-
tioned using a Buehler Isomet low-speed diamond saw to attain
a several samples for different examinations.

The samples for optical observation were prepared by a stan-
dard metallographic procedure which consists of grinding up to
1200 grit with SiC, polishing with 0.05 pm alumina powder to mir-
ror finish and distilled water washing. The microstructure was
clearly visible, so there was no need for etching. Microstructural
observations were then performed using a scanning electron
microscope (SEM) Tescan Vega TS 5136 MM with technique of
back-scattered electrons (BSE) and energy dispersive X-ray (EDX)
analyzer of Bruker type.
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In order to verify the phase constitution in as-cast alloys X-ray
diffraction (XRD) measurements were carried out on polished discs
surfaces. XRD patterns were obtained utilizing a Philips PW 3710
diffractometer operated at 40 kV and 40 mA with Cu Ko radiation
and a wavelength of 0.15406 nm. The phases were identified by
matching each characteristic peak with JCPDS files [10]. The lattice
parameters of phases present in as-cast specimens were calculated
using computer program CELREF. This program refines cell param-
eters from powder diffraction data. First step in refinement is to
search for the most probable assignment of Millers indices to pow-
der diffractograms starting from approximate unit cell parameters.
In our calculation we have used cell parameters of pure - and o-
titanium. Once an angle-dispersive powder diffraction pattern for
investigated (substitutional) alloys has been indexed, it may be re-
duced to a list of h kI and observed 26 value. Now unit cell con-
stants may be refined by least-squares fitting procedure that
minimizes the quantity (by changing initial cell parameters by
small increments or decrements):

XN: wn{20n(obs) — 20n(calc)}? 1)
n=1
where

20n(calc) = 2 sin”' (7/2d)

—2sin”! {;\/ (Ah* + BK* + CP + Dhl + EKI + Fhk) /2}
(2)

(A-F values refer to cell parameters). The weighting factor of ob-
served reflections, w, equals the reciprocal of the variance of the
observation ¢? and, the refinement should take in the account con-
strains due to the symmetry of the crystal system [11].

Mechanical characterization of as-cast Ti-Cr-Nb alloys was
based on hardness and compressive tests. Hardness measurements
were performed by Vickers method (20 N, 10 s) on the Mitutoyo
HV 112-114 testing machine. Compressive tests were carried out
on the as-cast circular specimens with dimensions 8 x 10 mm in
a Amsler testing machine at strain rate of 1 x 1074/s at a room
temperature. From the stress—compression curves elastic moduli,
compressive and yield strength as well as plastic strain were deter-
mined [12-14].

The corrosion resistance of experimental alloys was evaluated
on the basis of pitting potential Epy, i.e. the potential of the passive
film breakdown. Measurements were carried out by the method of
cyclic potentiodynamic anodic polarization at a scanning rate of
5 mV/s between —1000 and +3000 mV in aerated 0.9% NaCl aque-
ous solution at the temperature of 37 °C on the equipment Ametek
type Parstat 2273. The working electrodes consist of Ti—-Cr-Nb al-
loys samples grinded up to 600 grit with SiC and placed at the glass
corrosion cell kit, leaving a circular 50 mm? metal surface in con-
tact with electrolyte.

3. Results and discussion
3.1. Microstructures and XRD analysis

Microstructural observations of experimental alloys performed
by SEM with BSE technique showed that all of them have a two-
phases microstructure (Fig. 1a-f). It consists of dendritic and inter-
dendritic regions, which can be seen on the microphotographs as
dark and light areas. In the microstructure of alloys TigoCrioNbso,
TigoCraoNbyg and TiggCr3gNbqg a presence of third needle-like phase
was observed. Fig. 2 shows XRD profiles for all experimental alloys.
The squares in the figure indicate peaks due to the body-centered
cubic (bcc)-structured B phase and the triangles indicate peaks

from the hexagonal (hcp) o phase. The results of XRD analysis
showed that all experimental alloys were two-phases alloys. Dif-
fraction pattern of TiggCrioNb;o alloy indicated strong peaks for
phase with bcc lattice and weaker peaks for o phase with hcp lat-
tice. Other diffraction patterns were very similar and indicated the
peaks for B and o phase with closely intensity. Hence, XRD analysis
showed that all experimental as-cast Ti-Cr-Nb alloys consist of B
and o phase, what is in a good agreement with the results for
Ti-Nb alloys with silicon, molybdenum and tin as B-stabilizers
[6,15,16]. According to the diffraction peaks intensity and diffrac-
tion angles, the interdendritic region on the microphotographs
(Fig. 1a-f) was identified as the B phase, while the dendrites were
identified as the o phase. A needle-like feature was not registered
in XRD patterns, probably because of its small amount in the
microstructure. However, according to the literature data for
Ti-Nb based biomedical alloys [17,18] and its characteristic form,
appearance of needles in the microstructure, is the proof for mar-
tensitic transformation of B to o” phase.

The values of the lattice parameters for g and o phase (Table 1)
were calculated using the Celref program. Results show that the
lattice parameters were reduced concerning those for the pure
B-Ti (a=0.331 nm) and o-Ti (a=0.295 nm, c = 0.468 nm), respec-
tively. Since the atomic radius of substitutional alloying elements,
i.e. chromium (0.130 nm) and niobium (0.145 nm) were smaller
than that for titanium (0.147 nm), the original lattice parameters
of B- and a-Ti were reduced through the formation of the - and
o-Ti solid solutions, respectively. Further, the lattice parameter of
B phase is reduced with increasing chromium content (10 up to
30 at.%), as an alloying element with the smaller atomic radius.

In order to obtain the average chemical composition of phases
presented in experimental alloys, EDX method was performed
and the results are given in Table 2. Those data show that the com-
position of B phase corresponds to the chemical composition of the
alloy, while the o phase besides dominant titanium (>92 at.%) con-
tained niobium and also chromium in a very small amount
(<1 at.%). Hence, B phase is the solid solution of chromium and nio-
bium in B-Ti, while the o phase is the solid solution of niobium in
o-Ti with negligibly chromium content.

3.2. Mechanical properties

The results of Vickers hardness measurement are listed in Table
3 and they are very similar to those for other biomedical titanium
alloys with niobium addition. For example, Vickers hardness values
of Ti-10Mo-xNb alloys (x = 3, 7, 10) were between 394 and 441 HV
[13], while those for alloys in Ti-Nb-Zr-X system (X = Cr, Fe, Ta)
were between 400 and 500 HV [7]. The highest hardness was mea-
sured for alloy TiggCrioNbjo which has the finest distribution of o
phase in B-matrix (Fig. 1a). It follows that crucial effect among al-
loys with identical phase constitution (o + B) have the grain size of
o phase and the way of its distribution. Hardness of as-cast Ti-Cr-
Nb alloys was higher when a-grains crystallized in B-matrix were
smaller. So, Ti;oCrigNbyo alloy with the largest o-grains in the
microstructure (Fig. 1b) exhibits the smallest hardness value.

Elastic moduli of investigated alloys were determined from
stress—compression curves shown in Fig. 3. As can be seen, all
alloys, except TigoCrioNbqg, exhibit an elastic deformation stage
followed by a long plastic deformation stage and coexisting high
strength and large plasticity. From the experiment calculated val-
ues of elastic modulus (E), compressive strength (Rnc), yield
strength (YS) and plastic strain (¢) are shown in Table 3. Those data
show relatively low elastic modulus (17-55 GPa) of as-cast Ti-Cr-
Nb alloys depending on their chemical compositions accompanied
by the identical phase constitution (o + B). The lowest E-values
have alloys with high niobium (20 and 30 at.%) and small chro-
mium (10 at.%) content. In accordance, the highest E-values have
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Fig. 1. SEM micrographs of as-cast Ti-Cr-Nb alloys.

alloys with the lowest niobium and the highest chromium content.
Therefore elastic modulus of as-cast Ti-Cr-Nb alloys increases
with chromium content and decreases with niobium which stabi-
lizes B-phase with lower E-values than a-phase [5]. These values
exhibited considerably lower than E-values for other Ti-Cr alloys
and Ti-Nb based alloys. For example, the minimum value for elas-
tic modulus of binary Ti-Cr alloys in [19] was measured to be
100 GPa in Ti-5Cr alloy (wt.%), while in Ti-10Cr, Ti-20Cr and
Ti-30Cr were 163 GPa, 128 GPa and 147 GPa respectively. Among
ternary alloys Ti-5Cr-xFe [20], the minimum E-modulus
value showed alloy Ti-5Cr-5Fe (76 GPa). The minimum value of
E-modulus (50 GPa) among biomedical Ti-(18-28)Nb-(0.5-1.5)Si

alloys exhibited Ti-26Nb-1.0Si [6], while 24.7 GPa was measured
in Ti-10Mo-10Nb alloy [13]. The yield strengths (690-1440 MPa)
of investigated alloys were closely with those for the similar Ti-
Nb based alloys, such as above mentioned alloy Ti-10Mo-10Nb
(1404 MPa) [13]. Besides, all experimental alloys showed very high
compressive strengths (825-2195 MPa), which are claimed for bio-
medical applications. The lowest yield strength values, as well as
the compressive strengths, showed TigoCrioNbyg alloy with the
highest titanium and the lowest chromium content. Contrary to
this, the highest yield strength showed TigoCr3gNb;g alloy with
the minimal titanium and the maximal chromium content. In both
cases niobium content was the same, i.e. 10 at.%. These alloys also
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Fig. 2. XRD patterns of as-cast Ti-Cr-Nb alloys.

Table 1
Chemical compositions of experimental alloys and lattice parameters of the constit-
uent phases in as-cast Ti-Cr-Nb alloys.

Alloy composition (at.%) B-phase o-phase
a (nm) a (nm) ¢ (nm)
TigoCr1oNb1o 0.3254 0.2944 0.4682
TizoCr1oNbyg 0.3247 0.2942 0.4659
TizoCra0Nbyg 03197 0.2944 0.4683
TigoCr10Nb3g 0.3253 0.2941 0.4622
TigoCra0Nb2g 0.3204 0.2943 0.4664
TigoCr3oNbyg 0.3153 0.2945 0.4671
Table 2
EDX analysis results of as-cast Ti-Cr-Nb alloys (in at.%).
Alloy Phase Ti Cr Nb
TigoCr1oNb1o B 81.91 9.63 8.46
o 95.98 0.87 3.15
TizoCr1oNbag B 67.99 10.54 2147
o 93.74 0.36 5.90
TizoCr20Nb1o B 67.71 22.54 9.75
o 96.67 0.70 2.63
TigoCr10Nbsg B 62.66 8.42 28.92
o 92.05 0.29 7.66
TigoCr20Nb2g B 63.30 19.22 17.48
o 95.24 0.58 418
TigoCr3oNbio B 59.57 29.64 10.79
o 96.69 0.75 2.56

Table 3
Mechanical properties as-cast Ti-Cr-Nb alloys.
Alloy HV2 E (GPa) YS (MPa) Rme (MPa) & (%)
TigoCr1oNb1g 575 29 690 825 32.0
Ti7oCr10Nbzg 412 17 1180 1580 75.0
Ti7oCr0Nb1g 522 50 980 1590 83.5
TigoCryoNb3g 525 19 1100 2195 40.5
TigoCroNbyg 484 28 1015 1700 78.5
TigoCr3oNb1g 504 55 1440 2050 70.5
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Fig. 3. Room-temperature compressive stress-strain curves of Ti-Cr-Nb alloys.

exhibited excellent plasticity (32.0-83.5%), which is a significantly
higher than that for similar biomedical alloys with niobium addi-
tion, such as Ti-10Mo-10Nb (30.81%) [13].

3.3. Corrosion resistance

The corrosion resistance of as-cast Ti—-Cr-Nb alloys was evalu-
ated by the potentiodynamic polarization technique on the basis
of Epirc values. The anodic polarization curves for experimental al-
loys are presented in Fig. 4. Corrosion potentials (Eco) Were
approximately —500 mV/SCE for all of the alloys, which is in a good
agreement with other published results. For alloy Ti-30Nb-15Zr
corrosion potential was measured to be —596 mV [21] and for
Ti-8Ta-3Nb measured values were 370-490 mV [22]. At potentials
above E., small significant differences in current densities were
observed among tested alloys. The passive current densities were
much lower for alloys with higher niobium content due to the for-
mation of very stabile niobium oxide layer (Nb,Os) on the metal
surface [23]. Pitting corrosion was stimulated by polarizing the
specimen to noble potentials until the oxide layer breakdowns.
This passive layer mainly consisting of TiO, and Nb,Os, which
forms naturally and protects the underlying, highly reactive tita-
nium metal against uncontrolled chemical or biochemical reac-
tions and corrosion [22]. In Table 4 are listed measured
breakdown potentials (E;) for experimental alloys. Those high

E vs log(l)
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Fig. 4. Anodic polarization curves of Ti-Cr-Nb alloys.
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Table 4

Electrode potentially (vs SCE) of as-cast Ti-Cr-Nb alloys.
Alloy Epiee (mV)
TigoCrioNbygo 1350
Ti7oCr1oNbyg 1510
Ti7oCr20Nb1g 1495
TigoCrioNbsg 1420
TigoCraoNbyg 1340
TigoCr3oNbyo 1320

data (1320-1510 mV) reveal a very good stability of the passive
oxide film that forms spontaneously on the surface of metal, indi-
cating excellent biocompatibility of investigated Ti-Cr-Nb alloys.

4. Conclusions

This study was conducted to develop titanium-based alloys
with new chemical compositions and adequate microstructure
and properties for biomedical applications. From the presented re-
sults it can be concluded as follows:

e Microstructural observation performed by SEM with BSE tech-
nique showed that all alloys consist of two phases. However,
in alloys with 60 at.% of Ti the third needle-like o phase was
observed too.

e XRD analysis revealed that all of six as-cast Ti-Cr-Nb alloys

consist of B and o phase, while the o phase was not detected

probably due to its small amount.

EDX method revealed that the B phase is solid solution of chro-

mium and niobium in B-Ti, while the o phase is the solid solu-

tion of niobium in o-Ti with venial chromium content.

e Lattice parameter of B and o phases were reduced by compari-

son with those for pure B- and o-Ti, through the formation of

the B- and o-Ti solid solutions, since the atomic radius of substi-
tutional alloying elements (chromium and niobium) were smal-
ler than that for titanium.

Major effects on Vickers hardness of investigated alloys have

the grain size of o phase and the way of its distribution. There-

fore, hardness increases when the size of the a-grains crystal-
lized in B-matrix decreases.

e The low values of elastic modulus obtained for experimental
alloys were the result of niobium addition, as an element which
stabilizes the p phase with lower E-modulus than the o phase.
Nearly all alloys exhibit high strength and large plasticity.

e Very similar and high pitting potential values indicated a very
good stability of the passive oxide film, i.e. the corrosion resis-
tance of alloys, which was not significantly affected by their
chemical compositions.

According to the presented results it could be considered that
new biomedical alloys were developed. Namely, Ti;oCrioNbyg,

Ti;oCra0Nb1o and TiggCryoNbag alloys have the properties required
for use in a biomedicine, i.e. the low elastic modulus, high strength
and plasticity, as well as the excellent corrosion stability.
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