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Design and Characterization of New Ti-Nb-Hf Alloys
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Three new Ni-free Ti alloys Ti-16.2Hf-24.8Nb-1Zr, Ti-5.2Hf-31.2Nb-0.4Zr, and Ti-16Hf-36.2Nb-1Zr (wt.%),
were designed and produced in order to obtain shape memory and/or low elastic modulus materials for the
use in the load transfer implant field. For that, a method based on the molecular orbital theory was
implemented to design the three new Ti-Nb-Hf system alloys. A vacuum arc-melted button of each alloy was
treated at 1100 °C for 1.5 h and quenched in a mixture of ethanol/water at 0 °C. Finally, the alloys were
microstructurally and mechanically characterized, Special attention on studying the elastic modulus and
the thermoelastic martensitic transformation was given by means of nanoindentation tests using a
Berkovich and a spherical tip, respectively. X-ray diffraction results showed the presence of p-phase in the
three studied alloys. Moreover, one of the alloys exhibited reversible phase transformation due to the
presence of thermoelastic martensitic o”-plates inside the B-grains observed by transmission electron
microscopy. Results showed a low elastic modulus in all the studied alloys with values between 70 and

90 GPa, which are lower than those of the commercial alloys used in load transfer bone implants.
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1. Introduction

Shape memory effect (SME) refers to the ability of certain
materials to recover a predetermined shape when heated or
stressed (Ref 1, 2). This ability is due to a reversible solid-state
phase transformation from austenite (B-phase) to martensite
(o"-phase). The shape memory alloys exhibit a number of
remarkable properties such as shape memory effect, superelas-
ticity, high damping capacity, low elastic modulus, and wear
resistance (Ref 1-3). These properties make them promising
candidates for biomedical applications such as prosthesis,
osteosynthesis plates and screws, and orthodontic wires.
Furthermore, such alloys present excellent corrosion resistance
and biocompatibility (Ref 4). NiTi alloys are the only shape
memory alloys which have been used as implantable materials
in the human body (Ref 5).

However, Ni ions released from the implant to the
swrrounding tissue produces adverse reactions such as allergy,
which affects up to 20% of women (Ref 6, 7). There are two
main ways to solve the problem: the surface modification
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treatments such as oxidizing to reduce Ni surface concentration
(Ref B) and the design of new Ni-free Ti alloys (Ref 9-11).

The most commercial alloys used as implant materials
present elastic modulus in the range of 110 to 220 GPa from Ti
and Co-Cr-Mo alloys. A lower elastic modulus, near to that of
cortical bone (25 GPa) (Ref 12), is required in order to decrease
the stress-shielding effect and to enhance bone remodeling (Ref
13). Current research is specially focusing on new P-type Ti
alloys, using B-stabilizing alloying elements such as Nb, Ta, Zr,
and Hf, which exhibit lower elastic modulus and possible
martensitic transformation.

In 1988, Morinaga and co-workers (Ref 14) introduced a
theoretical method based on molecular orbitals for designing
Ti-alloys with a significant reduction in terms of both time and
cost. The purpose of this method is to consider the effect of
alloying elements for predicting the stable phase of Ti-alloys
based on phase stability maps as functions of two quantum
parameters: the bond order (Bo) and the d-orbital energy level
(Md). Bo represents the covalent bond strength between Ti and
the alloying element, and Md is cotrelated with the electro-
negativity and metallic radius of the element.

The aim of this study is to achieve a material with shape
memory properties and/or low elastic modulus to be used in
load transfer implantology. For this purpose, three new Ni-free
Ti alloys were designed and produced using the new properties
map based on the abovementioned theoretical method for
decreasing time and experimentation cost. Finally, the alloys
were microstructurally and mechanically characterized.

2. Experimental

A theoretical method based on molecular orbitals was used
to predict the stable phase and design three new Ti alloys
(Ref 15). The method consists on the creation of a new map
based on two quantum parameters, Bo and Md, calculated by
the implementation of Khon-Sham from the Density Functional
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Theory (DFT) (Ref 16) and based on a database of 132 alloys.
The application of the resulting parameters to the data base
permitted to build a new phase stability map in which two
zones can be distinguished, delimited by the dot and dashed
line corresponding to the probability to obtain a low elastic
modulus and the shape memory effect, respectively. Three pairs
of (Bo, Md), were selected on the B-zone, in the frontier
between the low elastic modulus and the shape memory effect,
in order to study a new system and a new zone of the design
map (Fig. 1). The compositions were determined by using Nb,
Hf, and Zr as alloying elements and are listed in Table 1.

The determination of B-transus temperature and Mo equiv-
alent was carried out by using Eq 1 and 2, respectively, in order
to design the heat treatment (Ref 17). The B-transus for pure Ti
is reported as 882 °C and the addition of B-stabilizing solutes
reduces this value.

Tﬁn—ansusalloy = TBtransus'l'i — 7.22wt.% Nb

(Eq 1)

(Eq 2)

A 40 g button of each alloy was made by vacuum arc
melting, using high purity (99.99%) starting elemental mate-
rials. The buttons were sealed under vacuum into a quartz

[Mo],,= 0.28 wt.% Nb

capsule, homogenized at 1100 °C for 12 h, solution treated at
1100 °C for 1.5 h and then quenched in ice water. The samples
wete mechanically polished and finished with colloidal silica to
give a surface roughness with a Ra < 100 nm. The chemical
composition was verified by x-ray fluorescence using Philips
PW2400 equipment. Optical microstructural analysis was
carried out after Keller reactive attack (2 mL HF, 3 mL HCl,
5 mL HNOQj;, and 190 mL distilled H,0). Thin disks of 3-mm
diameter were electropolished for transmission electron micro-
scopy (TEM) in an electrolyte consisting of 400 mL butoxy-
ethanol, 400 mL methanol, and 100 mL perchloric acid.
Differential scanning calotimetry studies were carried out on
aDSC Q1000 TA Instrument. Two entire heating-cooling cycles
from —90 to 200 °C at a heating and cooling rate of 10 °C/min
were used to investigate the presence of martensitic transfor-
mation and that of in thermoelastic martensitic transformation.
Finally, nanoindentation tests were conducted using a MTS
Nano Indenter XP with Continuous Stiffness Measurement
(CSM) module. Elastic modulus was measured from monotonic
load tests to a depth of 2000 nm using a Berkovich tip with a
measured radius of 750 nm. Data have been analyzed using the
Oliver and Pharr method (Ref 18, 19). Furthermore, cyclic
nanoindentation tests to a depth of 2000 nm were developed
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Fig. 1 Design map based on two quantum parameters, Bo and Md

Table 1 Relevant properties of the three new alloys: chemical composition (wt.%), microstructure, grain-size,
p-transus temperature, Mo equivalent, thermoelastic phase transformation (TPT), and elastic modulus calculated

by using a Berkovich tip (GPa)

Chemical composition, wt.% No. Microstructure Grain-J, pm B-transus, °C Mo eq. TPT E, Gpa
Ti-16.2H{-24.8Nb-1Zr 1 B+a” 900 £+ 482 709 6.7 Yes T44+1.5
Ti-5.2Hf-31.2Nb-0.4Zr 2 B+o 850+ 492 658 8.7 No 76+4
Ti-16Hf-36.2Nb-1Zr 3 B 525+ 178 629 9.8 No 91+2
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using a spherical tip of radius 25 pm for evidencing the
martensitic thermoelastic phase transformation from the load-
displacement curves,

3. Results and Discussion

The relevant properties of the microstructural and mechan-

ical characterization of the three new alloys are shown in
Table 1.

Fig. 2 Optical microscopy images of the alloys numbered as 1 (a),
2 (b), and 3 (c)
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A notable decrease of p-transus temperature as a function of
Mo equivalent was observed in the studied alloys. Heat
treatment could be done at lower temperature which would
reduce the average grain size.

As it was expected, because of the high content of
P-stabilizing elements mainly B-phase was observed in the
new alloys with a size range of 525 to 900 um (Fig. 2y.
Moreover, small areas with fine orthorhombic martensitic plates
nucleated from grain boundaries were observed in the alloys
number 2 and 3.

X-ray diffraction results confirmed the presence of B-phase
in the three alloys associated with (110), and (200) diffraction
peaks and two low peaks associated with (013) and (131),
indexed as o”-phase. In alloys numbered as 2, o peaks were
detected associated with the (110) and (211) diffraction planes.
In alloy number 3, with the higher Mo equivalent, only B-phase
was observed (Fig. 3). The results confirmed that the presence
of martensitic phase is conditioned by the B-stabilizer content.

The DSC patterns obtained from the three alloys did not
evidence any martensitic transformation. This fact can be due
to the low enthalpy values reported for the Ni-fiee Ti alloys
(Ref 20).

However, the images obtained by TEM showed the presence
of o martensite plates which got re-oriented and disappeared
when increasing the intensity of the electron current beam
(Fig. 4). This means that the heat produced by the electron
beam induced the martensitic transformation from the austenitic
phase, justifying the reversibility of the transformation (ther-
moelastic transformation).

In order to obtain more details about the martensitic
transformation of alloy 1, TEM analysis was repeated by using
an electron microscope with temperature control unit. The test
started at 0 kV corresponding to 0 °C temperature. In this
condition, the alloy presented a microstructure formed by
martensitic plates inside the B-matrix (Fig. 5a). At 0.40 kV,
corresponding to 60 °C, the complete transformation from
martensite (0o’) to austenite () was observed (Fig. 5b).

The elastic modulus of the three alloys (between 74 and
91 GPa) was lower than those presented by the commercial
alloys used as load transfer implant materials. Moreover, the
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Fig. 3 X-ray diffraction patterns of the three new alloys
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Fig. 4 Bright-field TEM image of the alloy number 1 at low (a), medium (b), and high (c) electron current beam intensity

(a) =

(b) =

Fig. 5 Bright-field TEM image of the alloy number 1 at 0 kV (a) and 0.40 kV (b)

lowest elastic modulus corresponded to alloy number 1, which
also presented thermoelastic martensitic transformation
observed by TEM.

Finally, Fig. 6 shows one representative load-displacement
curve of each alloy obtained by cyclic nanoindentation tests to a
depth of 2000 nm. Load-displacement curve of alloy number 1
(Fig. 6a) evidenced a discontinuity on the loading portion
reported as pop-in from the fourth loading-unloading cycle. A
pop-in is characterized by the increase of the applied load
without the consequent increase in the contact stress as a
mechanism of deformation accommodation (Ref 21). Hyster-
esis loops generated between the unloading and the re-loading
curves are especially observed after the appearance of the first
pop-in in the fourth cycle. In transforming materials, when load
is released, the elastic response and the reverse phase transfor-
mation contribute to the recovery, causing the observed loops.
Both events pop-in and hysteresis loops of the alloy numbered
as 1, are associated with the martensitic transformation. On the
other hand, as it was expected, alloys number 2 and 3 did not
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evidence changes on the loading curve and neither hysteresis
loops, indicating that thermoelastic martensitic transformation
did not take place in that alloys (Fig. 6b, c).

Alloy numbered as 2, also showed the presence of
martensitic plates, which remained stable when increasing the
current electron beam intensity (Fig. 7).

4. CGonclusions

The following conclusions can be drawn from this study:

Three new Ni-free Ti alloys were designed by implementing
a new design method. From the obtained results it was
verified the utility of the method in the studied zone.

The results showed a low elastic modulus in the three new
alloys, lower than those presented by the commercial
alloys used as load transfer implant materials.
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Fig. 7 Bright-field TEM image of the alloy number 2

However, the results of alloy number 1 should be optimized by
thermomechanical treatments.

Load (mN)
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TEM images and also pop-in event and hysteresis loops
observed on the alloy numbered as 1 were indicative that
the alloy presented thermoelastic martensitic transformation.

It is worth highlighting that the low elastic modulus of
alloy number 1, with 74 GPa, also presented thermoelastic
martensitic transformation observed by TEM and cyclic
nanoindentation using a spherical tip.
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