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Abstract

In dentistry and orthopaedics, to replace and mend broken bones, any replacement material needs to have: low density, high strength,
good biocompatibility and must be able to integrate closely with the bone. Titanium-based alloys have these properties, although
currently used alloys contain toxic elements, and commercially pure Ti does not have sufficient strength. Within ten years, 7% of dental
implants have complete failure, mainly from bacterial infection. Therefore a + f type Ti-alloys were developed by adding b stabilisers,
with similar phase proportions to Ti-6Al-4V without the toxic elements, with Cu additions for antibacterial properties and Ru for
corrosion resistance. Deformation behaviour of Ti-6Al-4V and Ti-Ta-Nb-Zr alloys were also studied using a Gleeble thermomechanical
simulator. The compositions of the new alloys were derived using Thermo-Calc. Ti-8Nb-4Zr alloys had bimodal microstructures and
the addition of Cu formed the Ti,Cu phase. The Ti-6Ta-1.5Zr and Ti-6Ta-1.5Zr-0.2Ru alloys with no Cu had coarse a lamellae, whereas
the alloys with Cu had parallel a plates. The Gleeble results showed that higher flow stresses were obtained at higher strain rates and
lower temperatures, agreeing with literature. At 850 °C, the Ti-6Al-4V alloy had higher flow stresses than Ti-10.1Ta-1.7Nb-1.6Zr. The
Ti-6Al1-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys had steady-state flow stresses at 950 °C, and continuous flow softening at 850 °C for both

strain rates.

1. Introduction

Biomedical materials are used daily to improve the lives of many
people. These materials are used in various parts of the human
body as intravascular stents, heart valves, replacement implants
in knees, hips, elbows, shoulders, ears and dentistry (Geetha et
al., 2009; Zhang et al., 2011). With ageing populations, there is
increased demand for biomedical materials with long life spans
that do not require revision surgery once implanted. One of the
main causes for failure of dental implants is peri-implantitis, which
is a site-specific infectious disease that causes inflammation in soft
tissues, and bone loss around an osseointegrated implant (Persson
and Renvert, 2014).

Biomedical materials have been studied since the 1980s, and
typically include 316L stainless steel, Co-Cr based alloys and Ti
alloys (Navarro et al., 2008; Khan et al., 2006). However, there are
issues with these materials. For example, stainless steel is prone to
sudden failure (Bundy et al., 1983), whereas Co-Cr based alloys
and Ti alloys such as Ti-6Al-4V can release unfavourable toxic
metals into the body (Okazaki and Gotoh, 2005).

Biomedical materials need to have high corrosion and wear
resistance, be highly biocompatible and have a comparable
modulus to the bone. For these reasons Ti-alloys have been used in
recent years, due to their high specific strength, excellent corrosion
resistance, low elastic modulus, and superior biocompatibility
(Calin et al., 2007; Zhang et al., 2007). Titanium alloys have been
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designed not only for medical use, but also for jewellery, aerospace,
military, automobiles and mobile phones (Calin et al., 2007; Zhang
etal., 2007). Compared to 316L stainless steel and Co-Cr, Ti-alloys
have significantly lower densities, and their elastic modulus is
much closer to those of the bone (Mitragotri and Lahann, 2009).

There are five types of Ti-alloys: o-type and near a type, o + 8 type,
B-type and shape memory (Zhang et al., 2011). The a-type alloys
have not been used due to low mechanical and fatigue strength in
load bearing applications (Mitragotri and Lahann, 2009). The o+ 8
type alloys have good corrosion resistance and excellent capability
of osseointegration (integration of materials into bone) (Stenlund
etal., 2015; Sidambe, 2014), although the elastic moduli are higher
than of the bone (Lindahl and Lindgren, 1967; Burnstein et al.,
1976). The B-type alloys are currently being developed the most,
due to their low elastic moduli, and high strength for load bearing
uses (Zhang et al., 2011). However, B-type alloys are expensive
since their alloying elements are expensive, and not many thorough
investigations have been done to determine their reliability in
the human body during long term service (Zhang et al., 2011).
However, currently used Ti-6Al-4V contains toxic vanadium (V)
(Choubey et al., 2004; Tamilselvi et al., 2006). Ti-6Al-7Nb and Ti-
5Al-2.5Fe were developed to replace Ti-6Al-4V (Choubey et al.,
2004; Tamilselvi et al., 2006), but these alloys contain aluminium
(Al), which can lead to diseases such as Alzheimer’s (Li et al.,
2014).
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Thus, it would be advantageous to develop a Ti alloy with neither
V nor Al, so a + B type alloys for dental screws were derived by
adding a and P stabilisers to Ti, to mimic the beneficial a + § phase
proportions of Ti-6Al-4V, which was used as a reference material.
Zirconium, tantalum, niobium and molybdenum were proposed as
potential non-toxic alloying elements, since they are  stabilizers
(Eisenbarth et al., 2004). They are considered as biocompatible
(Kuroda et al., 1998; Eisenbarth et al., 2004), because they
minimize adverse tissue reactions originating from the release of
metal ions from the implant (Meng et al., 2014). Other additions
to the alloys considered were copper (Cu) and ruthenium (Ru).
Copper is one of the most promising alloying elements for clinical
applications because of its low toxicity and high cytocompatibility
(Jin et al., 2015), and Ru is a noble element which improves
corrosion resistance in Ti-alloys, even in extremely small amounts
(Schutz, 1996). The alloy must mimic the phase proportions of Ti-
6Al1-4V, which is done by varying the alloy component proportions
to achieve the targeted phase proportions, as Stenlund et al. (2015)
did. The alloys should be fairly low cost, easy to manufacture, have
good mechanical properties and be biocompatible with the human
body. The moduli of the alloys must be comparable to that of the
bone (10-40 GPa) (Nang et al., 2005).

The Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ) alloy was developed as an
implant material (Stenlund et al., 2015) to improve mechanical
strength and osseointegration, and mimic the phases of Ti-6Al-4V.
However, no studies were done on thermo-mechanical processing
of the alloy, which could provide information for shaping it. Hot
compression testing is a thermo-mechanical test, which can be
used to study flow stress, stress-relaxation, hot workability, and
flow softening behaviour due to recrystallisation and recovery
(Jha and Kumar, 2010). Therefore, hot compression testing was
done on Ti-10.1Ta-1.7Nb-1.6Zr and Ti-6Al-4V alloys using the
Gleeble3500® to compare their behaviour. Thermo-mechanical
studies done on Ti-6Al-4V showed that low strain rate at higher
temperature improved the ductility, and higher flow stresses were
observed at higher strain rate and lower deformation temperatures
(Vanderhasten, 2008; Shaikh et al., 2015; Dos Santos, 2017,
Bodunrin, 2018).

2.  Experimental procedure
2.1 o+ p alloys

The compositions of different alloys were determined using
Thermo-Calc, with the TTTI3 database, and composition which
gave similar o (hcp) and B (bec) proportions to Ti-6Al-4V and Ti-
10.1Ta-1.7Nb-1.6Zr were selected (Table 1). The compositions
were then made up as arc melted buttons, by mixing 99.9% pure
elemental powders. The weighed out mixed powders were cold
compacted with a hydraulic press and then melted in a button arc
furnace, which was purged with argon gas and used a titanium
oxygen-getter, as commonly used. The buttons were then cut and

prepared metallographically for analysis.
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Table 1: Compositions of alloys determined from Thermo-Calc

Alloy Composition (Wt%)

1 Ti-8Nb-4Zr Ti-8Nb-4Zr-5Cu

2 Ti-6Ta-1.5Zr Ti-6Ta-1.5Zr-5Cu

3 Ti-6Ta-1.5Zr-0.2Ru Ti-6Ta-1.5Zr-0.2Ru-5Cu
4 Ti-2Ta-8Mo-8Sn Ti-2Ta-8Mo-8Sn-5Cu

The buttons were cut using a Struers Secotm-10 cutting machine,
with a diamond MODI13 blade. The pieces were mounted in
polyfast using an ATM-Opal 410 hot mounting press, then ground
(P400, P800, P1200 and P2400 papers) and polished (MD-Chem
cloth) by hand on a Struers Tegramin-20® machine.

The samples were then etched using Kroll’s reagent and examined
on a cross-polarized and Leica DM 6000®-Light Optical Microscope
(LOM) and a Sigma Zeiss scanning electron microscope (SEM)
in backscattered (BSE) and secondary electron (SE) modes, and
representative images are shown here. The phases of the samples
were analysed by energy dispersive X-ray spectroscopy (EDS) in
the SEM.

2.2 Thermo-mechanical testing

The as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (TTNZ)
(Stenlund et al., 2015) alloys were subjected to isothermal
compression testing using a Gleeble 3500® Thermomechanical
Simulation Facility. Cylindrical samples of 8 mm diameter x 12
mm height were machined using electric discharge machining.
Prior to compression testing, a chromel-alumel thermocouple was
welded to the centre of the test samples using a spot welder, to
measure the temperature. The samples were then placed on the
Hydrawedge autoloader. Graphite foil and nickel paste were placed
between the Iso-T tungsten carbide anvils and the sample to reduce
the effect of friction during deformation.

The samples were heated at 5 °C/s to the deformation temperature,
and held for 360 s for homogenisation, then deformed at the
parameters specified in Table 2, followed by compressed air
cooling. The test parameters were used in the Quicksim software
using the (.hds) program, which was then converted to Gleeble
Script Language (.gsl) before running each experiment.

Table 2: Hot compression testing parameters

Deformation parameters

Temperature (°C)

Strain Strain rate (s)
0.6 0.1 850 950
0.6 10 850 950
3. Results

3.1 o+ p alloys

Results from Thermo-Calc were used only as guidelines for the
compositions as the database used did not have all the reported
phases in the alloys. The b stabiliser amounts added (Ta, Zr and
Nb) were varied until the phase proportion mimicked those of
Figure 1a. The amount of Ru and Cu that was added was based on
Jin et al. (2015) and Schutz (1996). Figures 1 and 2 show the phase
proportion diagrams for the as-received alloys and the experimental
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Figure 1. Phase proportion diagrams for: (a) Ti-6Al-4V (wt%) and (b) Ti-10.1Ta-1.7Nb-1.6Zr (wt%).

Figure 2: Phase proportion diagrams for: (a) Ti-6Ta-1.5Zr-0.2Ru (wt%) and (b) Ti-6Ta-1.5Zr-0.2Ru-5Cu (wt%)

alloys. Figures la and 1b show the phase proportions for Ti-6Al-
4V are 0.88 oTi, 0.03 BTi and 0.09 Ti,Cu, and for TTNZ are 0.92
aTi and 0.08 BTi at 400 °C (at lower temperatures the results are
less reliable). From Figure 2a the phase proportions were 0.97 aTi
and 0.03 BTi for Ti-6Ta-1.5Zr-0.2Ru and Ti-6Ta-1.5Zr-0.2Ru-5Cu
had 0.84 oTi, 0.03 BTi and 0.13 Ti,Cu at 400 °C as shown in Figure
2b. The phase proportions were quite similar, and when Cu was
added the Ti,Cu phase formed (Figure 2b).

Figure 3 shows the optical micrographs of the as-cast Ti-8Nb-4Zr-
xCu (x =0, 5 wt%) alloys. The bimodal microstructure of Alloy 1
(Figure 3a) consisted of clusters of a-laths within the transformed
f matrix. The black precipitates were thought to be the Ti,Cu phase
(Figure 3b), which formed when 5 wt% Cu was added. The EDX
results of the Ti-8Nb-4Zr-xCu (x = 0, 5 wt%) alloys indicated a

higher Cu content in the light contrast BTi phase compared to the
dark contrast aTi phase. The EDX analysis showed that the black
precipitates (Figures 3b) were Ti,Cu. The microstructures of Ti-
8Nb-4Zr-xCu (x = 0.5 wt%) showed similar oTi, BTi and Ti,Cu
morphologies. The EDX analyses indicated higher Cu content in
BTi phases than aTi in Ti-8Nb-4Zr-5Cu. The solid solubility of Cu
in BTi was 4.5 £ 0.4 wt% for Ti-8Nb-4Zr-5Cu.

The SEM images are shown in Figures 4 and 5. Figures 4a
and 5a show the Ti-6Ta-1.5Zr and Ti-6Ta-1.5Zr-0.2Ru alloy
microstructures, and Figures 4b and 5b shows the same alloys with
Cu additions. The microstructures comprised mostly oTi layers.
The alloys in Figures 4 and 5 all had oTi laths which precipitated at
the prior BTi grain boundaries. The Cu-containing alloys (Figures
4b and 5b) had less plate-like aTi phase and acicular aTi .

Figure 3: Optical micrographs of as-cast: (a) Ti-8Nb-4Zr showing clusters of aTi laths within prior BTi grains and (b) Ti-8Nb-4Zr-5Cu

(wt%) showing BTi, aTi and Ti,Cu phases
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Figure 4: SEM-BSE images of as-cast: (a) Ti-6Ta-1.5Zr (wt%) and (b) Ti-6Ta-1.5Zr-5Cu showing thick and thin (aTi) lamellae, growing

from prior BTi grain boundaries

Figure 5: SEM-BSE images of as-cast: (a) Ti-6Ta-1.5Zr-0.2Ru (wt%) showing light contrast plate-like aTi, and (b) Ti-6Ta-1.5Zr-0.2Ru-

5Cu showing parallel aTi laths growing from prior BTi grain boundaries

The aTi lamellae growing from the BTi grain boundaries into the
matrix were present mostly in the alloys without Cu (Figures 4a
and 5a). With Cu additions the microstructures (Figures 4b and 5b)
exhibited needle-like and parallel aTi plates, grown from the prior
BTi and into the matrix. Higher magnification had to be used to
see the aTi plates in Ti-6Ta-1.5Zr-0.2Ru-5Cu (Alloy 3) compared
to other alloys. The EDX analyses showed that the alloys without
Cu had coarser aTi lamellae with more Ta, whereas the alloys with
Cu had parallel aTi plates with more Ta and Cu than the nominal
composition.

Figure 6 shows Alloy 4 (Ti-2Ta-8Mo-8Sn) with and without Cu.
The microstructure was apparently single-phase cored dendritic,

and any second phase was in a small proportion, and could not be

analysed accurately by EDX.
3.2 Thermo-mechanical testing

Hot deformation behaviour of the as-received Ti-6Al-4V reference
material and Ti-10.1Ta-1.7Nb-1.6Zr alloys was evaluated and
Figure 7 shows the stress-strain curves obtained from uniaxial
compression testing. The microstructures as a function of
deformation temperature and strain rates are shown in Figures 8-11.
The strain rates for Ti-6Al-4V were higher at both temperatures
compared to Ti-10.1Ta-1.7Nb-1.6Zr. For 10 s! strain rate the Ti-
6A1-4V at 950 °C was higher than 0.1 s’! strain rate.

Figure 6: Optical micrographs of as-cast: (a) Ti-2Ta-8Mo-8Sn and (b) Ti-2Ta-8Mo-8Sn-5Cu (wt%) showing mainly a cored dendritic

structure, with small proportions (Ti,Cu)
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Figure 7: Stress-strain curves of the as-received Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr (wt%) alloys deformed at 850 °C and 950 °C, at:

(a) 0.1 s and (b) 10 s strain rates

transformed PTi

10pm

Figure 8: SEM-BSE images of Ti-6Al1-4V deformed at 0.1 s*! strain rate at: (a) 850 °C and (b) 950 °C, showing BTi matrix (light contrast)

and aTi globules (dark contrast)

The SEM-BSE images (Figure 8) show aTi globules within the
transformed BTi matrix. At 950 °C, the aTi globules decreased in
size. There were coarser aTi globules and grain coarsening at 850

°C (Figure 9a), and finer oTi globules at 950 °C (Figure 9b).

At 850 °C, TTNZ comprised coarse aTi particles (Figure 10a),
whereas at 950 °C there were fine oTi particles (Figure 10b).

Figure 11 shows microstructures of globular oTi grains, and the Ti

matrix. The oTi globules appeared to be coarser at 950 °C (Figure
11b), than at 850 °C (Figure 11a).

4. Discussion

4.1 o+ p alloys

As the phase proportions for Ti-6Al-4V (Figure 1) and Ti-6Ta-
1.5Zr-0.2Ru (Figure 2a) were similar, it is expected that Ti-6Ta-
1.5Zr-0.2Ru could replace Ti-6Al-4V and have similar properties.

Figure 9: SEM-BSE images of Ti-6A1-4V (wt%) deformed at 10 s-! strain rate at: (a) 850 °C and (b) 950 °C, showing BTi-matrix (light

contrast) and oTi globules (dark contrast)
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Figure 10: SEM-BSE images of Ti-10.1Ta-1.7Nb-1.6Zr (wt%) deformed at 0.1 s'!strain rate at: (a) 850 °C and (b) 950 °C, showing aTi

particles in BTi matrix

Figure 11: SEM-BSE images of Ti-10.1Ta-1.7Nb-1.6Zr (wt%) deformed at 10 s-'strain rate at: (a) 850 °C and (b) 950 °C, showing oTi

particles and BTi matrix

The phase proportion diagram in Figure 2b shows that the aTi
phase proportions decreased slightly and Ti,Cu formed when Cu
was added to the alloy. The BTi phase proportion was not affected
by the addition of Cu.

Alloys 1-3 (Table 1) had similar morphologies, although Alloy 4
had a dendritic microstructure. Due to Alloy 4 not being clearly
two-phase (there could have been a small amount of a second
phase, but insufficient for the microstructure targeted), no further
analysis was done on that alloy. Possibly, the alloy solidified as
apparently single-phase because of the high cooling rate from
arc-melting, which was not at equilibrium, whereas Thermo-Calc
shows equilibrium phases and compositions. However, this shows
that Alloy 4 was more cooling-rate dependent than the other alloys.
Alloys 1-3 with Cu additions formed the Ti,Cu phase, which would
improve the antibacterial properties of the alloys (Jin et al, 2005)
and make them suitable candidates to replace the existing Ti alloys.

4.2 Thermo-mechanical testing

The thermo-mechanical results for Ti-10.1Ta-1.7Nb-1.6Zr showed
that ductility improved at higher temperature (950 °C) and lower
strain rate (0.1 s'), and at lower temperature (850 °C) and higher
strain rate (10 s'). The ductility of Ti-6Al-4V improved at lower
deformation temperature, consistent with Prozesky et al. (2017)
and Dos Santos et al. (2017). An increased strain rate (10 s!) led
to increased flow stress, compared to 0.1 s-!, and increasing the
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temperature (950 °C) gave reduced flow stress for both Ti-6Al-
4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys. The Ti-6Al-4V alloy had
higher flow stress (170 MPa at 0.1 s and 270 MPa at 10 s*!) than
Ti-10.1Ta-1.7Nb-1.6Zr (35 MPa 0.1 s and 75 MPa at10 s!) at 850
°C. The Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys had steady-
state flow stress at 950 °C, and continuous flow softening at 850 °C

for both 0.1 s and 10 s’! strain rates.

The Ti-6Al-4V alloy deformed at 850 °C and 0.1 s had elongated
aTi laths (Figure 6a), which grew into globular a grains at 950
°C and 10 s (Figure 7b). This suggested that globularisation of
oTi occurred from the higher strain rate and increased deformation
temperature. Thus, a higher deformation temperature and strain
rate gave a finer Ti-6Al-4V microstructure. The deformed Ti-6Al-
4V microstructures were different from the initial microstructure,

which were fully aTi lamellar microstructures.

The microstructures of the TTNZ alloy before and after deformation
(Figures 8 and 9) were similar, with globular aTi grains. At
850 °C and 10 s (Figure 9a), and at 950 °C and 0.1 s*' (Figure 8b),
there were finer aTi globules, similar to the initial microstructure.
The coarser aTi globules at 850 °C and 0.1 s (Figure 8a) and
950 °C and 10 s! (Figure 9b) suggested that a combination of lower
temperature and higher strain rate, and/or a higher temperature and

lower strain rate, would produce finer microstructures.
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5. Conclusions

The Ti-8Nb-4Zr alloys studied had bimodal microstructures
comprising aTi laths in a transformed B matrix. Alloys without Cu
(Alloys 2 and 3) had coarser aTi lamellae with more Ta, whereas
the alloys with Cu had parallel oTi plates with higher Ta and Cu
contents. All the alloys with Cu formed sufficient Ti,Cu, except
for Alloy 4 which had only small amounts. Alloy 4 was the only
unsuccessful alloy, as it did not have a sufficientyly high proportion
of the second phase as the other alloys.

Higher flow stresses were obtained at higher strain rates (10 s™') and
lower temperature (850 °C). At 850 °C, the Ti-6Al-4V alloy had
higher flow stresses (170 MPa at 0.1 s'! and 270 MPa at10 s!) than
Ti-10.1Ta-1.7Nb-1.6Zr (35 MPa 0.1 s*! and 75 MPa at10 s*'). The
Ti-6Al-4V and Ti-10.1Ta-1.7Nb-1.6Zr alloys had steady-state flow
stresses at 950 °C, and continuous flow softening at 850 °C for both
0.1 s'and 10 s’! strain rates.
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