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Abstract 16 
 17 
Infection is the leading cause of biomedical implant failure, making the incorporation 18 
of antibacterial elements highly desirable. However, new alloys must also possess a 19 
low elastic modulus, to prevent stress shielding and bone resorption. Achieving this is 20 
challenging, with current alloys containing antibacterial elements being too stiff. Here, 21 
we report a novel Ti-Nb-Au alloy that contains appreciable concentrations of an 22 
antibacterial element, is free from the deleterious omega phase, has an exceptionally 23 
low elastic modulus (38.4 GPa) and high strain recoverability. These results indicate 24 
that the Ti-Nb-Au system has promise for biomedical applications, warranting further 25 
investigation and development. 26 
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A novel alloy from the Ti-Nb-Au system with an exceptionally low stiffness, high strain 34 
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extraordinary potential for biomedical applications. 36 
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Titanium and its alloys are commonly used as implant materials in orthopaedic and 39 
orthodontic applications due to their biocompatibility, high corrosion resistance in 40 
biological environments and good osseointegration, which can be further improved 41 
with surface modification [1]. However, implant failures are high, affecting 10% of knee 42 
and hip arthroplasties [2] and 5-10% of dental implants [3]. Infection is cited as being 43 
the most frequent cause of implant failure in both cases [2,4], with other commonly 44 
cited causes relating to mechanical loading of the implant, resulting in bone resorption 45 
[2,3].  46 
 47 
Bone resorption can occur due to stress shielding of the bone, when loading an implant 48 
material with high elastic modulus [5]. This eventually leads to aseptic loosening and 49 
implant failure. Currently, materials such as commercially pure (CP) titanium and Ti-50 
6Al-4V are routinely used as implant materials, however they have moduli of ~ 110 51 
GPa [6], which is nearly 4 times that of cortical bone (<30 GPa [7]). As such, 52 
development of new biomedical alloys has focussed on reducing the stiffness of the 53 
component materials by suitable alloying [8–11].  54 
 55 
Transforming materials can exhibit a much lower elastic modulus than conventional 56 
elastic-plastic materials, and it is thought that this is related to the inherent lattice 57 
instability that accompanies a shear transformation [12]. Amongst this group of 58 
materials is NiTi, which has found extensive use in some biological applications. 59 
However, concerns have been raised about Ni-sensitivity of NiTi, meaning alternative 60 
low modulus materials are being explored [13].  61 
 62 
Metastable β Ti alloys based on the Ti-Nb system have been shown to exhibit elastic 63 
moduli ranging ~ 40 - 80 GPa [14], with the values at the lower end of this range 64 
approaching that of cortical bone. The recent development of new metastable β Ti-Nb 65 
alloys, has also aimed at reducing the risk of infection of implant materials by alloying 66 
with elements such as Ag, which is known to exhibit antibacterial properties [15,16]. 67 
However, the lowest modulus achieved in Ti-Nb-Ag alloys thus far is only 68 GPa [16], 68 
which remains more than double that of cortical bone. As such, a Ti-Nb alloy that can 69 
combine both a very low elastic modulus, and the potential for enhanced antibacterial 70 
properties, would be a significant advantage in limiting implant failures.  71 
 72 
Other metallic elements known to possess antibacterial properties include Cu [17,18] 73 
and Au [19]. Whilst Cu has been successfully incorporated into Ti-Nb based alloys to 74 
produce transforming materials [20], these alloys typically accumulate large amounts 75 
of plastic strain on loading, with shape recovery only seen following heating. Human 76 
bone on the other hand can achieve recoverable strains on the order of ~2% [14]. 77 
Furthermore, other studies on Ti-Nb-Cu alloys have demonstrated an increased 78 
modulus compared to binary Ti-Nb [21], meaning other systems should also be 79 
explored. Au is already widely used in the dental industry due to its biocompatibility 80 
and improved corrosion properties [22], and can also have the added benefit of 81 
enhancing the signal during X-ray radiography of the implant material [23]. Au has 82 
previously been added to Ti-Au-Cr-Ta alloys [23] which exhibited superelastic 83 
properties, whereby the β phase reversibly transforms to a martensite on application 84 
of a load. This reversible transformation has been shown to increase the maximum 85 
strain recoverability of the material to close to 3% in some systems [8]. However, these 86 
Au containing alloys also precipitated Ti3Au during heat treatment, which has 87 
previously been linked to a reduction in corrosion resistance [22]. 88 
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 89 
To the authors best knowledge, incorporation of Au into a Ti-Nb based superelastic 90 
alloy has not yet been reported. As such, this work presents a new Ti-Nb-Au alloy with 91 
exceptionally low elastic modulus, and recoverable superelastic behaviour, with the 92 
potential for antibacterial properties.  93 
 94 
An ingot with a nominal composition of Ti-18Nb-4Au (at.%) was prepared by arc 95 
melting high purity elements on a water-cooled Cu hearth under an inert Ar 96 
atmosphere. The ingot was inverted and remelted five times to enhance macroscopic 97 
elemental homogeneity across the bar. 7 mm cross-sectional slices were cut from the 98 
bar and subsequently cold rolled to a final thickness of ~ 0.5 mm.  99 
 100 
Tensile samples were prepared by electro-discharge machining (EDM) from the rolled 101 
strip, with a gauge cross section of 0.5 × 0.5 mm2. Samples were sealed in evacuated 102 
quartz ampoules and heat treated at 1000°C for 5 min, before being quenched into 103 
ice-water. Short heat treatment times have previously been shown to improve 104 
superelastic properties by preventing extensive grain growth and hence increasing the 105 
yield stress [24], and strain recoverability [25].  106 
 107 
Samples for microstructural characterisation were mounted in phenolic resin and 108 
ground using SiC papers. Final polishing was achieved to a 0.04 µm finish using 109 
colloidal silica, buffered with H2O2 to pH 7. Images were acquired in a GeminiSEM 300 110 
electron microscope using a 60 µm aperture, an accelerating voltage of 15 kV and a 111 
back scattered electron (BSE) detector, configured to optimise channelling contrast.  112 
 113 
Samples were mechanically tested ex situ on an Instron 3367B test frame, with a 114 
30 kN load cell and a 12.5 mm Epsilon contact extensometer. Incremental stress tests 115 
were performed at a rate of 4 MPa s-1, in increments of 50 MPa. This involved loading 116 
the sample to 50 MPa, and unloading, followed by loading to a higher stress of 117 
100 MPa and unloading. This was repeated to higher stresses until failure of the 118 
material.  119 
 120 
An incremental stress test was also performed on a fresh sample in situ on the I12 121 
beamline at Diamond Light Source [26] with a monochromatic X-ray beam (λ = 0.1543 122 
Å) in transmission Debye Scherrer configuration. Samples were loaded in 123 
displacement control at 4 µm s-1 in a Linkam TST350. The X-ray energy and 124 
experimental geometry were calibrated with a CeO2 NIST standard sample at multiple 125 
sample to detector distances [27].  2D Synchrotron X-ray diffraction (sXRD) images 126 
were acquired continuously, with an exposure time of 1 s per frame, using a CdTe 2M 127 
Pilatus area detector [28]. Data were reduced to 1D using the DAWN software 128 
package [29,30] by azimuthally integrating 10° segments aligned with the tensile axis. 129 
The two segments were summed to generate the 1D sXRD patterns.  130 
 131 
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 132 
Figure 1. The initial microstructural condition of the alloy, showing recrystallised β grains and the sXRD pattern 133 
confirming the sample is single phase β.  134 

The initial microstructural condition of the alloy following solution heat treatment is 135 
shown in Figure 1 . The micrograph highlighted recrystallised equiaxed grains on the 136 
order of ~ 80 µm. The sXRD pattern comprised intense reflections consistent with the 137 
BCC β phase. There were no reflections relating to the orthorhombic α″ or Ti3Au 138 
intermetallic precipitates. The pattern also highlighted the absence of the ω phase, 139 
which is present in most metastable β alloys after solution treatment and rapid cooling, 140 
due to a planar collapse of the β structure to produce a hexagonal cell. ω is routinely 141 
observed using sXRD techniques [31–34], and its presence has been linked to an 142 
increased modulus in Ti-Nb alloys [8,35]. However, these data show that the Ti-18Nb-143 
4Au (at.%) samples were single phase β prior to mechanical testing. 144 
 145 
The ex situ mechanical testing data from an incremental stress test is given in Figure 146 
2a. On loading during the first three cycles to 50, 100 and 150 MPa respectively, the 147 
sample behaved in a linear-elastic manner. When loading to 200 MPa, the sample 148 
initially displayed linear-elastic loading, however, above ~ 150 MPa, there was some 149 
deviation from linear behaviour. This was consistent with a stress induced 150 
transformation from β to α″ martensite, commonly observed in the literature for Ti-Nb 151 
containing alloys [36–38].  152 
 153 
On unloading the sample, the strain was fully recovered, suggesting the β - α″ 154 
transformation was completely reversible on cycling to this stress. This is shown in the 155 
inset to the figure, which plots the residual plastic strain on unloading from the peak 156 
stress of each cycle.  157 
 158 
On loading to higher stresses, the same behaviour was observed, with the cycles 159 
recovering all the applied strain up to a peak stress of 500 MPa. This cycle is shown 160 
in blue in the figure. The hysteretic loading behaviour of the β to α″ transformation 161 
could only just be seen in this cycle, Figure 2b, highlighting very low energy dissipation 162 
during loading and unloading, which is in contrast to many other Ti-Nb alloys [39,40]. 163 
The measured energy dissipation, ∆W, is 133 kJ m-3, which is only half of that of 164 
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commercial biomedical alloy Ti2448 (Ti-24Nb-4Zr-8Sn, wt%), despite being loaded to 165 
twice the applied stress [39]. In the related literature for NiTi, alloys with zero, or near 166 
zero mechanical hysteresis have been linked with much better cyclic stability than their 167 
wide hysteresis counterparts [41].  168 
 169 
Figure 2c shows the sXRD data prior to loading, and at peak load for the cycle to 500 170 
MPa. The peak area of the β phase was considered in both cases, to give information 171 
regarding the extent of the superelastic transformation. For this specific grain 172 
orientation aligned along the tensile axis, the β peak area decreased to 41% relative 173 
intensity. However, this value is a significant underestimate of the true volume fraction 174 
of β at peak load, due to the textured nature of the α″, and elastic deformation of the 175 
β which may change the grains being sampled.  176 
 177 
On loading to higher stresses, the sample began to accumulate some plastic strain. It 178 
has previously been demonstrated that the reversibility of the transformation is 179 
sensitive to the applied load, with alloys that are highly reversible at low applied 180 
stresses, accumulating α″ after loading to higher stresses [36].  181 
 182 
When loading to stresses in excess of 600 MPa, the stress-strain behaviour was once 183 
again approximately linear, as shown by the black dashed line in Figure 2. This linear 184 
region was used to calculate the Young’s modulus of the sample, of 38.4 GPa. This 185 
modulus is not only amongst the lowest achieved for fully dense biocompatible alloys, 186 
this has been achieved alongside fully recoverable behaviour up to 500 MPa. Other 187 
alloys which have a modulus < 40 GPa include Ti-15Nb-5.5Sn [14], Ti-5Nb-3Fe-4Sn 188 
[42], and Ti-11Nb-38Zr [43] but the superelastic recovery in these systems under 189 
ambient conditions is either low or untested. Therefore, the new Au containing alloy 190 
reported here has the potential to dramatically improve on the mechanical 191 
performance of other very low modulus structures.  192 
 193 
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 194 
Figure 2. a) Mechanical testing data for the alloy showing an incremental stress test to failure. The strain on unload 195 
is shown in the inset to the figure, indicating the last fully recoverable cycle. This cycle to 500 MPa is shown in 196 
blue. b) The cycle to 500 MPa, highlighting the narrow hysteresis and complete recovery. c) The sXRD patterns 197 
before loading and at peak load for the cycle to 500 MPa. 198 

To confirm that the reverse transformation was complete to 500 MPa, with no retained 199 
α″ in the microstructure, the incremental stress test was repeated in situ. Data 200 
following unloading for each cycle up to a peak stress of 550 MPa are shown in Figure 201 
3. Reflections consistent with the β phase can be seen at 2θ ~7.75 and ~8.65 which 202 
correspond to the {022}β and {013}β reflections respectively. Only, following unloading 203 
from 550 MPa, can additional reflections be observed, consistent with α″. This is in 204 
good agreement with the ex situ mechanical data, and confirms that the cycle to 500 205 
MPa was the last fully recoverable cycle. This was a much greater stress than is 206 
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typically experienced during mechanical loading of bone when running or walking [44], 207 
and as such this alloy is likely to be suitable for load bearing applications. 208 
 209 

 210 
Figure 3. The sXRD diffraction patterns at unload, following each cycle in the incremental stress test. Retained α″ 211 
is seen in the microstructure following the cycle to 550 MPa. 212 

As such, the cycle to 500 MPa was considered in more detail. The diffraction patterns 213 
during loading and unloading for this cycle are shown in Figure 4. The sample initially 214 
contained reflections for the β phase only. On loading, reflections consistent with α″ 215 
began to become discernible from the baseline. These reflections increased in 216 
intensity up to the peak load of 500 MPa. On unloading, the peaks consistent with the 217 
α″ decreased in intensity, indicating a reverse transformation from α″ to β. When fully 218 
unloaded, the α″ peaks could no longer be distinguished from the baseline, and the 219 
sample was once again single phase β. This is clear evidence of a reversible 220 
martensitic transformation suggesting an inherent instability in the β phase, which has 221 
been suggested as important for achieving a low modulus [12]. Another factor 222 
considered important for the development of a low modulus Ti-Nb based alloy is the 223 
absence of the ω phase, which can also be linked to β phase stability. 224 
 225 
Within the literature, a number of approaches have been employed to try and predict 226 
the β phase stability, including Mo equivalency (Moeq), 𝐵𝐵�𝑜𝑜 −𝑀𝑀�𝑑𝑑 calculations and 227 
valence electron to atom ratio (e/a). Moeq typically requires experimental data in order 228 
to compare the β stabilising effect of different elements, which restricts its use when 229 
expanding into new alloy systems with unusual additions, such as Au. In contrast, 230 
theoretical approaches based on the electronic structure of different alloying additions 231 
can be readily extended to new systems.  232 
 233 
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𝐵𝐵�𝑜𝑜 − 𝑀𝑀�𝑑𝑑 maps have been used to predict the stable phases and deformation behaviour 234 
of alloys based on their composition, with many superelastic alloys falling within well-235 
defined regions. It is thought that ω forms readily for alloys close to the slip/twin 236 
boundary [45], with other alloys sensitive to ω formation expected to exhibit 237 
superelastic behaviour. However, many superelastic compositions have been 238 
reported that do not adhere to the classically defined region for such deformation 239 
behaviour. These include Ti-Nb-Sn and Ti-Zr-Nb-Sn alloys, which are known to 240 
possess both superelastic properties and a low elastic modulus due to ω phase 241 
suppression [14,46,47]. 𝐵𝐵�𝑜𝑜 − 𝑀𝑀�𝑑𝑑 calculations on the current alloy gives values of 2.81 242 
and 2.35 for 𝐵𝐵�𝑜𝑜 and 𝑀𝑀�𝑑𝑑 respectively, with these values meaning the alloy also falls 243 
outside of the region of 𝐵𝐵�𝑜𝑜 − 𝑀𝑀�𝑑𝑑 space where superelastic properties are expected. 244 
Such examples serve to highlight the caution that needs to be exercised when using 245 
these maps to determine behaviour. 246 
 247 
In contrast, the e/a ratio has been used successfully in the design of low modulus 248 
biomedical alloys such as the commercial alloy Ti2448 (Ti-24Nb-4Zr-8Sn, wt%) [48], 249 
and Ti-15Nb-5.5Sn (at.%) [14]. The lowest modulus compositions are predicted to 250 
exist in an e/a range of approx. 4.06 – 4.15 [49], with some studies citing 4.15 as the 251 
ideal value [48]. The lower limit of this range corresponds to the presence of α″ in the 252 
initial microstructure, which is undesirable as it would be expected to increase the 253 
modulus. However, in the present study, the alloy has an e/a ratio of 4.06, whilst still 254 
retaining a metastable β microstructure.  255 
 256 
Recent developments in the theories of the β to α″ transformation have suggested that 257 
it is not solely governed by composition and may also contain an additional driving 258 
force based on the prior processing route. One such processing variable is the cooling 259 
rate from the β phase, where samples that were quenched directly into water 260 
transformed to α″ [50]. In contrast, slower cooled samples (where ampoules remained 261 
intact, such as in the present study) were able to maintain a β phase microstructure. 262 
Optimum e/a ratios have historically been validated by studies on quenched 263 
specimens [51], and as such lower e/a ratios may allow even lower moduli to be 264 
achieved in slower cooled samples.  265 
 266 
However, achieving a low modulus structure still relies on effective suppression of the 267 
ω phase with other very low modulus Ti-Nb alloys achieving this through the addition 268 
of Sn [14, 52]. Whilst no model currently exists for predicting alternative alloying 269 
elements that can effectively suppress ω formation, the current work has identified that 270 
this can be achieved through the addition of Au, which appears to be effective at 271 
limiting ω in the quenched microstructure.  This was validated experimentally from the 272 
sXRD pattern in Figure 1, with sXRD techniques routinely used to detect even low 273 
volume fractions of the ω phase [32,53,54]. Therefore, despite current predictive tools 274 
being insufficient to capture the behaviour of this system, the combination of low β 275 
stability, and limited ω phase formation rationalises the low modulus achieved in this 276 
alloy. 277 
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 278 
Figure 4. sXRD patters during loading and unloading to 500 MPa, which is the last fully recoverable superelastic 279 
cycle. The coloured lines show the shift in β peak position due to elastic deformation, and the peak splitting due to 280 
the transformation to α″.  281 

In summary, an ω free Ti-Nb-Au alloy has been successfully produced with an 282 
exceptionally low elastic modulus of 38.4 GPa for a fully dense structure. The 283 
incorporation of Au provides the potential for enhanced corrosion properties, improved 284 
X-ray signal, and antibacterial properties. This is the first time an alloy has been 285 
reported, with the combination of a low elastic modulus approaching that of human 286 
bone, good strain recovery and the potential for antibacterial properties.  As such, this 287 
alloy has the potential to address the two leading causes for implant failure in both 288 
orthodontic and orthopaedic applications. These results indicate that the Ti-Nb-Au 289 
system has great promise as a new solution for biomedical implant applications. 290 
Further, more extensive, studies are clearly warranted to develop an optimised Ti-Nb-291 
Au superelastic alloy and establish its antibacterial properties. 292 
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