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A B S T R A C T ：   

Avoiding infection is a requirement for the long-term stability and safety of implants, but most Ti alloys for 
implantation hardly inhibit the bacterial proliferations. Cu works as a β stabilizer in Ti alloys, and Cu ion can kill 
bacteria. To obtain antibacterial activities in low-modulus Ti alloys, Ti–35Nb–(0, 1, 2, 3, 4)Cu (wt%) alloys were 
prepared by non-consumable arc melting following by homogenization, hot rolling, and solution treatment. They 
were then subjected to phase analysis, microstructure observation, tensile test and dynamic polarization. The 
cytotoxicity and antibacterial activities were finally evaluated. The results show that Cu stabilizes the β phase 
and inhibits the generation of α" phase during quenching. Ti–35 Nb and Ti–35Nb–1Cu consist of β and α" phases, 
and Ti–35Nb–(2, 3, 4)Cu alloys have a single β phase. The Ti–Nb–Cu alloys exhibit the Young’s moduli ranging 
from 57 to 72 GPa. All the alloys show passivation behavior with a low passive current density. Cytotoxicity is 
hardly observed in the alloys. The antibacterial rates of Ti–35Nb–(1, 2, 3, 4)Cu alloys against E. coli are 62.8%, 
68.9%, 70.9% and 73.2%, respectively, and the antibacterial rates against S. aureus are 63.4%, 69.7%, 72.8% and 
74.7%, respectively. The developed β-type Ti–35Nb–4Cu alloy shows a relatively low Young’s modulus and good 
antibacterial properties, and is a candidate for biomedical applications.   

1. Introduction 

Biomaterials have attracted widespread attentions with the de-
velopments of materials science and technology. Ti and Ti alloys are 
commonly employed as orthopedic implants because of their low den-
sity, high specific strength, exceptional corrosion resistance and low 
Young’s modulus. However, numerous studies have indicated that the 
mechanical properties of commercially pure Ti (CP Ti) could not meet 
the requirements of load-bearing implants [1–3]. Then, Ti–6Al–4 V with 
good comprehensive mechanical properties has been used as a substitute 
material for hard tissues [4]. Unfortunately, the Young’s moduli of both 
CP Ti and Ti–6Al–4 V are much higher than that of human bone, which 
may cause stress shielding [5,6]. Moreover, concerns have been raised 
regarding the possible long-term implantation complications of 
Ti–6Al–4 V due to the release of Al and V ions [7,8]. Consequently, 
recent researches about biomedical Ti alloys significantly focus on 

β-type Ti alloys, that contain non-toxic elements like Nb, Zr, Ta, Sn, and 
Mo, and possess low Young’s moduli and exceptional biocompatibility. 
Ti–Nb-based alloys are the most widely developed β-type Ti alloys with 
low moduli for biomedical applications, such as Ti–29Nb–13Ta–4.6Zr 
[9], Ti–35Nb–7Zr–5Ta [10], and Ti–24Nb–4Zr–8Sn [11]. 

Bacterial infections are a serious complication after operation, which 
may even lead to implant failure [12,13]. Preventing 
bacterial-associated infections remains a challenge in high-quality 
health care. In addition to the use of antibiotics during surgery, 
another method to reduce bacterial infections is using the implants with 
antibacterial activities. Ag, Cu, and Zn have been used as antibacterial 
elements [14,15]. However, Ag is expensive and may cause some biosafe 
problems [16]. The boiling point of Zn is much lower than the melting 
point of Ti, resulting in an uncontrollable loss during melting. Cu is a 
low-cost element, and can effectively improve the antibacterial prop-
erties of alloys. The formation of bacterial biofilm was inhibited in the 
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Cu added 317 L stainless steel and Co–Cr-based alloys, promising their 
applications in the clinical field [17,18]. For Ti alloys, Cu works as a β 
stabilizer, which can reduce the β transus temperature and increase the β 
phase stability [19]. Enhanced antibacterial properties were obtained in 
some Ti alloys by adding Cu, such as Ti–6Al–4V–5Cu and Ti–15Zr–(3, 5, 
7)Cu [20,21]. Unfortunately, excessive Cu addition in Ti alloys reduces 
the plasticity, and desirable mechanical properties including a low 
modulus, high strength, and suitable plasticity are still research objec-
tives of Cu added antibacterial Ti alloys [22]. 

Ti–35 Nb (wt%, Ti–22 Nb in at%) with α"+β phases shows a stress- 
induced martensite transformation during tension [23,24]. Large 
super-elasticity and low Young’s modulus are obtained by adding ele-
ments to Ti–35 Nb, such as Ta, Zr, and Cr [25–27]. In this study, Cu was 
added to Ti–35 Nb to enhance the β phase stability and get some anti-
bacterial activities, and the phase, microstructures, mechanical prop-
erties and cytotoxicity were also characterized and analyzed. 

2. Materials and methods 

2.1. Alloy preparations 

Ti–35Nb–(0, 1, 2, 3, 4)Cu (wt%) alloys were fabricated via non-
consumable arc-melting under an Ar atmosphere by blending high- 
purity Ti (≥ 99.99%), Nb (≥ 99.95%), and Cu (≥ 99.95%). The ingots 
were homogenized at 1000 ◦C for 12 hours following by water 
quenching, and then hot rolled at 1000 ◦C to 2.2 mm-thick sheets under 
a total reduction of ~83%. The testing samples were cut by wire elec-
trical discharge machining, and subsequently subjected to solution 
treatment at 800 ◦C for 1 hour. The oxide layers were ground off after 
each heat treatment. 

2.2. Phase and microstructure characterizations 

The samples were scanned by using a Bruker D8 Advance X-ray 
diffractometer (XRD) with Cu-Kα1 radiation at a speed of 0.1 ◦/s over a 
range of 30–80 ◦, and the current and voltage were 40 mA and 40 kV, 
respectively. For optical microstructure observation, the samples were 
inserted in resin, gradually grounded with sandpaper, polished to the 
mirror surface by SiO2 solution, and finally etched in a corrosion solu-
tion with 94 mL of distilled water, 2 mL of HF, and 4 mL of HNO3. 

2.3. Tensile tests 

The dog-bone-shaped samples with the gauge section of 12 mm ×
3 mm × 1.5 mm were subjected to tensile tests under room temperature 
(~25 ◦C) by employing an Instron-type testing machine equipped with a 
strain gauge. The cross-head speed was established at 0.5 mm/min. 

2.4. Corrosion resistance and ion release tests 

Electrochemical corrosion test was conducted utilizing a standard 
three-electrode system immersed in a 0.9% NaCl solution at approxi-
mately 37 ◦C. The investigated sample was functioned as the working 
electrode with the saturated calomel electrode (SCE) and a Pt sheet as 
the reference electrode and counter electrode, correspondingly. Poten-
tiodynamic polarization curves were measured by scanning the poten-
tial from –0.5 V (vs. SCE, unless differently indicated) to 2.8 V at a speed 
of 1 mV/s. 

After immersing the sample in 30 mL of phosphate-buffered saline 
(PBS) at 37 ◦C for 24 hours, an inductively coupled plasma mass spec-
trometer (ICP-MS) was used to analyze the concentration of Cu2+ in the 
solution. 

2.5. Cytocompatibility test 

The toxicity of the sample was evaluated by MTT method using 

mouse embryonic osteoblast precursor cells (MC3T3-E1). The medium 
employed in this experiment consisted of α-minimum essential medium 
enriched with 10% fetal bovine serum. Samples with dimensions of 
10 mm × 10 mm × 1.5 mm were subjected to mechanical polishing with 
sandpapers followed by thorough washing with deionized water, and 
finally sterilized at 121 ◦C for 30 min. Extraction was performed at 37 ◦C 
for 24 h according to ISO10993–12 standard with a surface area to liquid 
volume ratio of 1.25 cm2/mL. The extracts were set up in 96-well plates 
separately. MC3T3-E1 cells were seeded into each well with the cell 
numbers of 2×103 cells/well for 24 h of incubation and 1×103 cells/well 
for 96 and 168 h of incubation. As a control group, MC3T3-E1 cells were 
seeded directly to the wells without extract. The 96-well plates were 
positioned in a humid incubator, maintained at a 37 ◦C and a 5% CO2 
atmosphere for 24, 96, and 168 h. After that, the samples were thor-
oughly washed three times with PBS. Then, 100 μL of culture solution 
that contained 10% MTT was infused into every well, followed by an 
additional 4 h of incubation at 37 ◦C and a 5% CO2 atmosphere in the 
humid incubator. The liquid above the residue was removed, and 100 μL 
of dimethyl sulfoxide was added to each section, then gently shaken for 
10 min. Optical density (OD) measurements were performed by using an 
enzyme marker at 570 nm. 

2.6. Antibacterial properties 

The antibacterial properties of the samples were evaluated by plate 
counting method using E. coli (ATCC25922) and S. aureus (ATCC29213) 
cells. The Ti–35Nb–(1, 2, 3, 4)Cu alloys were subjected to antibacterial 
tests with CP Ti as a control group. All samples were sterilized at 121 ◦C 
for 30 min in an autoclave, and then set into a 24-well plate. The bac-
terial solution was diluted to 106 CFU/mL by Luria-Bertani (LB) liquid 
medium, and 0.2 mL of the diluted bacterial solution was added to the 
surface of each sample. Sterile normal saline was added to the empty 
wells to prevent evaporation of water from the bacterial solution. The 
samples with suspension were incubated at 37 ◦C for 18 h, and then 
eluted by 1.8 mL sterile PBS to remove the bacteria solution on the 
surface. The eluent was then diluted 105 times by serial dilution. Af-
terward, 0.1 mL of each diluted solution was evenly applied on the LB 
solid medium in a Petri dish with diameter of 90 mm following by 
placing in a constant temperature incubator at 37◦C for 18 hours. The 
number of colonies in the Petri dish was finally recorded. The antibac-
terial rate was calculated by the following formula (Eq. 1): 

R =
CFUcontrol − CFUalloy

CFUcontrol
× 100% (1)  

where CFUcontrol was the CFU of the control sample and CFUalloy was CFU 
of the tested sample. 

3. Results 

3.1. Phase and microstructure 

The XRD patterns of the solution-treated Ti–Nb–Cu alloys are shown 
in Fig. 1. The martensite transformation starting temperature (Ms) is 
approximately 160 ◦C in Ti–35 Nb [28]. Besides the peaks correspond-
ing to β phase, the diffraction peaks of α" phase were found in the XRD 
pattern of Ti–35 Nb (Fig. 1a), because the β to α" martensite trans-
formation occurred during quenching. The relative intensity of α" phase 
peaks became weak in the pattern of Ti–35Nb–1Cu (Fig. 1b), suggesting 
the martensite transformation also occurred. The Ti–35Nb–(2, 3, 4)Cu 
alloys only showed β phase peaks (Fig. 1c–e), indicating the martensite 
transformation hardly occurred during the cooling process. 

The microstructures of solution-treated Ti–Nb–Cu alloys are shown 
in Fig. 2. Compared with the reported microstructure of Ti–35 Nb [27], 
the amount of needle-like α" phase in equiaxed β grains decreased in 
Ti–35Nb–1Cu (Fig. 2a). As the Cu content was further increased, only β 
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grains were observed in Ti–35Nb–(2, 3, 4)Cu alloys (Fig. 2b–d). The 
microstructures well consistent with the XRD results, suggesting that Cu 
is a β stabilizer. It is concluded that the Ms of Ti–35Nb–1Cu is a little 
higher than room temperature, whereas the those of Ti–35Nb–(2, 3, 4) 
Cu alloys are all below room temperature. 

3.2. Deformation behavior 

The tensile stress-strain curves of the solution-treated Ti–35Nb–(0, 1, 

2, 3, 4)Cu alloys are shown in Fig. 3. Ti–35 Nb and Ti–35Nb–1Cu 
exhibited a noticeable double yield phenomenon due to the widely 
recognized stress-induced martensitic transformation (SIMT) during the 
tensile process [29]. In their plastic deformation stages, the stress 
increased significantly with the increase of strain, indicating that 
Ti–35 Nb and Ti–35Nb–1Cu had a strong work hardening ability. With 
the increase of Cu content, the β phase stability was increased, the 
double yield phenomenon was hardly observed, and the work hardening 
ability gradually became weak. 

The deformation bands in Ti–35 Nb alloy were determined as 
{332}β<113>β twinning in the previous study [27]. For Ti–35Nb–1Cu 
alloy (Fig. 4a), similar deformation bands were also found by optical 
microscopy, and the amount of deformation bands decreased with the 
increase of Cu content (Fig. 4b–d), indicating that Cu suppressed the 
formation of twinning during tension. It was reported that twinning 
supplies dynamic reinforcement and increases the work-hardening rate 
[30]. Therefore, the reduction of work hardening ability was mainly due 
to the decrease of twinning. The change of deformation behavior also 
suggests that Cu works as a β stabilizer. 

3.3. Mechanical properties 

The mechanical properties of the solution-treated Ti–35Nb–(0, 1, 2, 
3, 4)Cu alloys measured by tensile tests are presented in Fig. 5. Ti–35 Nb 
showed a 0.2% proof stress (σ0.2) of approximately 400 MPa, an ultimate 
tensile strength (σb) of approximately 600 MPa, a Young’s modulus (E) 
of approximately 72 GPa, and an elongation (εl) of approximately 30%. 
When the Cu content was increased to 1%, the σ0.2, σb, and E decreased, 
and the εl increased. Ti–35 Nb consisted of β phase, ω phase, and α" 
phase, and exhibited the highest σb [27], because brittle ω phase brought 
precipitation strengthening. Both σb and σ0.2 decreased in Ti–35Nb–1Cu 

Fig. 1. XRD patterns of the solution-treated (a) Ti–35 Nb, (b) Ti–35Nb–1Cu, (c) 
Ti–35Nb–2Cu, (d) Ti–35Nb–3Cu, and (e) Ti–35Nb–4Cu. 

Fig. 2. Optical microstructures of the solution-treated (a) Ti–35Nb–1Cu, (b) Ti–35Nb–2Cu, (c) Ti–35Nb–3Cu, and (d) Ti–35Nb–4Cu.  
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owing to the decrease of ω phase. SIMT occurred in Ti–35 Nb and 
Ti–35Nb–1Cu with metastable β phase. The critical stress for inducing 
martensite was much lower than the yielding stress of β phase, so the σ0.2 
was much lower than σb. When the content of Cu was 2%, the β phase 
became stable, and the critical stress for inducing martensite was higher 
than the yielding stress of β phase, which meant with the increase of 
stress during tension, β phase yielded prior to SIMT [31]. Therefore, 
SIMT hardly occurred, and double yielding phenomenon disappeared. 
The σ0.2 of Ti–35Nb–2Cu was related to the yielding of β phase. Mean-
while, the work hardening ability of Ti–35Nb–2Cu was weak; therefore, 

the σ0.2 was just a little lower than σb. When the Cu content was 
continuously increased, noticeable increase of σ0.2 or σb was hardly 
found, indicating that the solution strengthening effect of Cu was weak 
in the studied Ti–Nb–Cu alloys. Similar to Ti–35Nb–2Cu, the β phase was 
stable in Ti–35Nb–3Cu and Ti–35Nb–4Cu, so the σb was just a litter 
higher than σ0.2. 

Transformation induced plasticity (TRIP) and twinning induced 
plasticity (TWIP) were widely reported in the Ti alloys with metastable β 
phase [32,33]; therefore, Ti–35Nb–(0, 1)Cu alloys with SIMT and 
twinning showed the εl of more than 30%. As the Cu content was 
increased, the εl initially increased followed by a decline. The increase of 

Fig. 3. Tensile stress-strain curves of the solution-treated Ti–35Nb–(0, 1, 2, 3, 
4)Cu alloys. 

Fig. 4. Optical microstructures of (a) Ti–35Nb–1Cu, (b) Ti–35Nb–2Cu, (c) Ti–35Nb–3Cu, and (d) Ti–35Nb–4Cu after tensile tests.  

Fig. 5. Mechanical properties of the solution-treated Ti–35Nb–(0, 1, 2, 3, 4)Cu 
alloys measured by tensile tests. 
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εl in Ti–35Nb–1Cu was due to the disappearance of brittle ω phase. With 
the further increase of Cu content, the β phase stability was enhanced, 
and SIMT and twinning were suppressed. The disappearances of TRIP 
and TWIP were the main reasons for the decrease of εl in Ti–35Nb–2Cu. 
The weak solid solution strengthening of Cu rarely leaded to a great 
decrease in plasticity. The εl of Ti–35Nb–(2, 3, 4)Cu alloys were all 
approximately 15%, which was higher than those of other Cu added 
Ti–Nb alloys, such as Ti–6Nb–4Cu, Ti–18Nb–2Cu, and Ti–24Nb–1Cu 
[34]. 

The Young’s modulus of the alloy is determined by the phase fraction 
and modulus of each phase. The phases in Ti alloys show different 
Young’s moduli, and the order from high to low is ω > α > α′ > α" > β 
[35]. Ti–35 Nb exhibited a high Young’s modulus of approximately 
72 GPa owing to the exist of high-modulus ω phase [27]. It was well 
known that a lower Young’s modulus would be obtained in the Ti alloy 
with the β phase in the transition between metastable state and stable 
state [36,37]. Cu could enhance the β phase stability, and inhibit the 
martensitic and ω phase transformations. Ti–35Nb–1Cu showed the 
lowest Young’s modulus of ~57 GPa mainly owing to the inhibition of ω 
phase transformation, and Ti–35Nb–2Cu with a more stable β phase 
exhibits a higher Young’s modulus of ~65 GPa. As the Cu content was 
further increased, the alloys consisted of a single β phase, and the 
Young’s modulus was just slightly changed in Ti–35Nb–3Cu 
(~61.2 GPa) and Ti–35Nb–4Cu (~62.2 GPa). 

3.4. Polarization curve 

CP Ti and Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys demonstrated similar 
passivation behaviors during polarization, as shown in Fig. 6. In the case 
of CP Ti, the current density initially dropped as the polarization po-
tential was increased from –0.50 V. It reached the lowest point at 
–0.20 V, which was regarded as the corrosion potential (Ecorr). When the 
polarization potential surpassed the corrosion potential, the current 
density increased and stabilized at approximately 0.47 V, indicating that 
a passivation behavior emerged, and a passive film developed on the 
surface. The almost steady current density was regarded as the primary 
passive current density (ipp). When the polarization potential was raised 
to approximately 1.36 V, a spike of current density appeared, which was 
related to the appearance of pits caused by the breaking of the passive 
film. Subsequently, the current density gradually increased, indicating 
the passive film was partially dissolved or ruptured. At ~1.67 V, the 
current density was stable again, indicating that the sample entered a 
new passivation state. The Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys showed 
similar corrosion behavior in the polarization curves. The results 

obtained from polarization curves are listed in Table 1. All the samples 
showed similar Ecorr. The ipp of Ti–35 Nb was 12.53 μA/cm2, which was 
a little higher than that of CP Ti. With the increase of Cu, the ipp 
marginally increased. Besides the higher ipp, the current density curves 
of the Ti–Nb–Cu alloys were fluctuating in the primary passive state, and 
current density spikes appeared at lower potentials. This suggested that 
the corrosion behaviors were affected by the phase composition and Cu 
addition. Multi-phase Ti alloys usually have thinner passive films than 
those of single-phase Ti alloys, and the appearance of α" phase could 
make the alloy more active, resulting in an increase of ipp [38,39]. The 
addition of Cu in Ti–Nb alloys decreased the stability of passive film, and 
thus increased ipp [40,41]. Therefore, the Ti–35Nb–(0, 1)Cu alloys 
consisting of α"+β phases and the Ti–35Nb–(2, 3, 4)Cu alloys with more 
Cu showed a fluctuating ipp, and their passive current densities were a 
little higher than that of CP Ti. Nevertheless, the passive current den-
sities of the Ti–Nb–Cu alloys were similar to the other reported 
biomedical Ti alloys, such as Ti–15Mo (32.4 μA/cm2), 
Ti–35Nb–7Zr–5Ta (~ 14 μA/cm2) and Ti-13Nb-13Zr (~10 μA/cm2) 
[42–44]. It was reported that the alloy would undergo self-passivation 
upon placement in the electrolyte, if the current density in the electro-
lyte fell below 100 μA/cm2 [35]. Based on the potentiodynamic polar-
ization results, the self-passive film formed on the surfaces of Ti–35Nb– 
(0, 1, 2, 3, 4)Cu alloys, and then prevented the continuous corrosion of 
the substrates. 

3.5. Cu ion release 

The Cu2+ release quantity of the sample in PBS slightly increased 
with the increase of Cu content in the alloy, as shown in Fig. 7. The Cu2+

concentration was ~0.017 μg/mL for Ti–35Nb–1Cu after immersing in 
the PBS for 24 hours, which was similar as Ti–2Cu [32]. When the Cu 
content was 4%, the Cu2+ concentration just increased to 
~0.023 μg/mL. Although the Cu content in the alloy was multiply 
increased, the release quantity of Cu2+ did not proportionally increased. 
It could be attributed to the self-passivation behavior as mentioned 
above. The formation of passive film on the alloy surface enhanced the 
corrosion resistance and simultaneously impeded the release of Cu2+. 

3.6. Cytocompatibility 

Fig. 8 shows the OD values of MC3T3-E1 cells corresponding to CP 
Ti, Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys, and the control. After 24 h of in-
cubation, all the samples and control showed similar cell viability. With 
the increase of incubation time, they all showed an increasing trend of 
cell viability. After 96 h of incubation, the OD values of alloys were all 
higher than that of the control. Especially, CP Ti, Ti–35Nb–2Cu and 
Ti–35Nb–3Cu showed significantly difference comparing with the con-
trol. After 168 h of incubation, the samples all showed considerably 
higher cell viability than that of the control, and the differences were all 
statistically significant. The OD value of CP Ti was the greatest, followed 
by Ti–35Nb–2Cu, indicating that the alloying elements in the Ti–Nb–Cu 
alloys might affect the cell viability. The OD values of Ti–35Nb–3Cu and 
Ti–35Nb–4Cu decreased in relation to Ti–35Nb–2Cu, possibly due to the 
slightly increasing release of Cu2+ from the alloys. Nevertheless, the OD 
values of the Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys exceeded that of the 

Fig. 6. Polarization curves of CP Ti and Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys.  

Table 1 
Corrosion parameters of CP Ti and Ti–35Nb–(0, 1, 2, 3, 4)Cu alloys obtained 
from polarization curves.  

Samples Ecorr (V, vs. SCE) ipp (μA/cm2) 

CP Ti –0.20 9.54±0.11 
Ti–35 Nb –0.02 12.53±2.07 
Ti–35Nb–1Cu –0.31 12.06±0.69 
Ti–35Nb–2Cu –0.32 14.25±1.95 
Ti–35Nb–3Cu –0.34 15.41±2.59 
Ti–35Nb–4Cu –0.14 15.19±2.29  
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control after 96 and 168 h of incubation, indicating that they possessed 
favorable cytocompatibility. 

3.7. Antibacterial activity 

Fig. 9 shows the colonies of E. coli and S. aureus. For CP Ti, numerous 
colonies were observed on the agar plates, which was consistent with the 
poor antibacterial properties of Ti and its alloys [45]. For the Ti–35Nb– 
(1, 2, 3, 4)Cu alloys, the number of colonies was significantly reduced, 
indicating that Cu enhanced the antibacterial properties and effectively 
suppressed the growth of E. coli and S. aureus. The antibacterial rates of 
Ti–35Nb–1Cu, Ti–35Nb–2Cu, and Ti–35Nb–3Cu and Ti–35Nb–4Cu al-
loys against E. coli were 62.8%, 68.9%, 70.9%, and 73.2%, respectively. 
Moreover, the antibacterial rates of Ti–35Nb–1Cu, Ti–35Nb–2Cu, 
Ti–35Nb–3Cu, and Ti–35Nb–4Cu alloys against S. aureus were 63.4%, 
69.7%, 72.8% and 74.7%, respectively. With the increase of Cu content, 
the increase of antibacterial rate was attributed to the increase of Cu2+

release quantity, because Cu2+ was an effective ion to kill bacteria. 

4. Discussion 

The mechanical properties of Ti–Nb–Cu alloys were mainly deter-
mined by the phase composition and β phase stability, which were 
affected by the content of Cu. Ti2Cu is a common intermetallic com-
pound in Cu added Ti alloys [46]. It usually forms during ageing and 
significantly reduces the plasticity [47]. According to the Ti–Nb–Ti2Cu 
pseudo-ternary phase diagram given by Sato, the Ti–35Nb–(1, 2, 3, 4)Cu 
should consist of a single β phase, and Ti2Cu appeared with α phase in 
Ti–(5, 10)Nb–5Cu, but was hardly found in Ti–(20, 30)Nb–5Cu [48]. 
However, the β phase in Ti–35Nb–1Cu was metastable, and thus the α" 
martensite transformation occurred during quenching. The addition of 
Cu was no more than 4% in this study, which meant that the Cu content 
was lower than the critical content to form Ti2Cu in Ti–35 Nb. The 
diffraction peak of Ti2Cu was hardly found in the XRD patterns. Addi-
tionally, the Ti–35Nb–(2, 3, 4)Cu alloys all showed a stable β phase 
deformation behavior, and their elongations were much higher than 
those of Ti alloys with Ti2Cu [22,47], which also suggested that the 
brittle Ti2Cu phase hardly appeared. 

It was reported that β-type Ti alloys with twinning generally 
exhibited low yield strength and large elongation [49]. Similar phe-
nomena were also observed in the Ti–35Nb–(0, 1)Cu alloys. The double 
yield phenomenon disappeared in Ti–40 Nb (wt%) [50], Ti–35Nb–11Zr 
(wt%) [25], and Ti–35Nb–2Cu, suggesting that 2 wt% of Cu had a 
similar ability to stabilize β phase compared with 5 wt% of Nb and 11 wt 
% of Zr. As the Cu content was increased from 2% to 4%, the solid so-
lution strengthening of Cu was rarely found according to the tensile test 
results, and the σ0.2 and σb of Ti–35Nb–(2, 3, 4)Cu alloys were nearly the 
same and closed to other solution treated β-type Ti alloys, such as 
Ti–29Nb–13Ta–4.6Zr and Ti–35Nb–7Zr–5Ta. The addition of Cu did not 
cause a great increase in Young’s modulus. The Young’s moduli of 
Ti–35Nb–(3, 4)Cu alloys were both around 62 GPa, which was not 
inferior to other β-type Ti alloys. It suggests that desired mechanical 
properties can be obtained in the Cu added β-type Ti alloys, such as 
Ti–35Nb–4Cu in this study. 

For metallic implants, corrosion is a common phenomenon after 
implantation, because the human environment is highly corrosive. Ti is 
reactive, but a compact passive film usually forms on the surface, which 
can prevent the severe corrosion. The corrosion properties of Ti and Ti 
alloys strongly depend on the stability of the passive film. The present 
study indicated the passive film prevented the transfer of ions from the 
substrate to the body fluid, and thus limited the release of Cu2+. The 
antibacterial properties of Cu added Ti alloys are mainly attributed to 
the release of Cu2+, and the appearance of Ti2Cu accelerates the release 
and improves the antibacterial rate [22]. Although Ti2Cu was hardly 
found in the solution-treated Ti–35Nb–(1, 2, 4)Cu alloys, the alloys also 
showed considerable antibacterial properties. The antibacterial rates of 
the Ti–Nb–Cu alloys against E. coli were near to those of Ti–(2, 3, 4)Cu 
alloys containing Ti2Cu [51]. 

Overall, Cu has a melting point near to Ti, and shows a higher ability 
to stabilize β phase, which can reduce the amount of other β stabilizers 
with higher melting points. As the Cu content was increased to 4%, 
Ti–Cu intermetallic compounds were hardly found in the studied 
Ti–Nb–Cu alloys, and all the alloys showed good plasticity. The self- 
passive film on the surface ensured a good corrosion resistance of the 
alloy, and resulted in a slow releasing of Cu2+, which made a balance 
between antibacterial activity and biocompatibility. The addition of 
low-price Cu is benefit to reduce the cost of β-type Ti alloys. Based on the 
prices of the elements published by Nilaco Japan on 17 January 2024 
[52], the raw material costs of Ti–35Nb–(1, 2, 3, 4)Cu alloys are 
approximately 3246–3490 USD/kg, which are low than those of 
Ti–29Nb–13Ta–4.6Zr (3657 USD/kg) and Ti–35Nb–7Zr–5Ta (3573 
USD/kg). Ti–35Nb–4Cu with a Young’s modulus of approximately 
62 GPa, a tensile strength of approximately 570 MPa, and an elongation 
of approximately 15% is a prospective antibacterial material for hard 
tissue replacements. 

Fig. 7. Cu2+ concentrations in PBS after immersing for 24 h.  

Fig. 8. OD values of MC3T3-E1 cells for CP Ti, Ti–35Nb–(0, 1, 2, 3, 4)Cu, and 
control after 24, 96, and 168 h of incubation (**denotes a significant difference 
at P < 0.01 compared to control). 
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5. Conclusions 

The following conclusions can be obtained based on the above results 
and discussions: 

(1) Cu inhibited the ω and α" transformations in Ti–35 Nb during 
quenching, and suppressed SIMT and twinning during tension. SIMT was 
observed in the Ti–35Nb–(0, 1)Cu alloys, but the Ti–35Nb–(2, 3, 4)Cu 
alloys showed stable-β-phase deformation behaviors and similar me-
chanical properties. 

(2) The Ti–35Nb–(1, 2, 3, 4)Cu alloys showed similar corrosion 
behavior and cytocompatibility compared with CP Ti. Passive films 
formed on the surfaces and limited the release of Cu2+ from the alloys. 
The Cu added Ti–Nb alloys inhibited the growth of E. coli and S. aureus, 
and exhibited good biocompatibility. 

(3) The solution-treated Ti–35Nb–4Cu showed desirable compre-
hensive mechanical properties and antibacterial properties; therefore, it 
is suitable for biomedical applications. 
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[38] A. Cremasco, W.R. Osório, C.M.A. Freire, A. Garcia, R. Caram, Electrochemical 
corrosion behavior of a Ti–35Nb alloy for medical prostheses, Electro Acta 53 (14) 
(2008) 4867–4874, https://doi.org/10.1016/j.electacta.2008.02.011. 

[39] X.H. Min, S. Emura, T. Nishimura, L. Zhang, S. Tamilselvi, K. Tsuchiya, K. Tsuzaki, 
Effects of α phase precipitation on crevice corrosion and tensile strength in 
Ti–15Mo alloy, Mater. Sci. Eng. A 527 (6) (2010) 1480–1488, https://doi.org/ 
10.1016/j.msea.2009.10.033. 

[40] I. Çaha, A.C. Alves, C. Chirico, A. Maria Pinto, S. Tsipas, E. Gordo, O. Bondarchuk, 
F. Leonard Deepak, F. Toptan, Atomic–scale investigations of passive film 
formation on Ti-Nb alloys, Appl. Surf. Sci. 615 (2023) 156282, https://doi.org/ 
10.1016/j.apsusc.2022.156282. 

[41] I. Mutlu, E. Oktay, Localised corrosion behaviour of biomedical implant materials 
using electrochemical potentiokinetic reactivation and critical pitting potential 
methods, Corros. Eng. Sci. Technol. 50 (1) (2015) 72–79, https://doi.org/10.1179/ 
1743278214Y.0000000192. 

[42] S. Kumar, T.S.N. Sankara Narayanan, Electrochemical characterization of β-Ti alloy 
in Ringer’s solution for implant application, J. Alloy. Compd. 479 (1) (2009) 
699–703, https://doi.org/10.1016/j.jallcom.2009.01.036. 

[43] J.M. Cordeiro, B.E. Nagay, A.L.R. Ribeiro, N.C. da Cruz, E.C. Rangel, L.M.G. Fais, L. 
G. Vaz, V.A.R. Barão, Functionalization of an experimental Ti-Nb-Zr-Ta alloy with 
a biomimetic coating produced by plasma electrolytic oxidation, J. Alloy. Compd. 
770 (2019) 1038–1048, https://doi.org/10.1016/j.jallcom.2018.08.154. 

[44] S.L. Assis, S. Wolynec, I. Costa, The electrochemical behaviour of Ti-13Nb-13Zr 
alloy in various solutions, Mater. Corros. 59 (9) (2008) 739–743, https://doi.org/ 
10.1002/maco.200804148. 

[45] E. Zhang, F. Li, H. Wang, J. Liu, C. Wang, M. Li, K. Yang, A new antibacterial 
titanium–copper sintered alloy: preparation and antibacterial property, Mater. Sci. 
Eng. C 33 (2013) 4280–4287, https://doi.org/10.1016/j.msec.2013.06.016. 

[46] K. Dyal Ukabhai, U.A. Curle, N.D.E. Masia, M. Smit, I.A. Mwamba, S. Norgren, 
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