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Abstract: 

In this work, a cold rolling with 70% thickness reduction and different annealing 

temperatures were selected to regulate the microstructure of Ti-3wt.%Cu alloy. 

Microstructural evolution, mechanical properties and antibacterial properties of the 

Ti-3wt.% Cu alloy under different conditions were systematically investigated in 

terms of X-ray diffraction (XRD), scanning electron microscope (SEM), transmission 

electron microscope (TEM), tensile and antibacterial test. The results indicated that 

cold rolling could dramatically increase the UTS from 520 MPa to 928 MPa, but 

reduce the fracture strain from 15.3% to 3.8%. With increasing the annealing 

temperature from 400 to 800 ℃ for 1 h treatment, the UTS decreased from 744 MPa 

to 506 MPa and the fracture strain increased from 12.7% to 24.4%. Moreover, the 

antibacterial properties of the Ti-3wt.%Cu alloy under different conditions showed 

excellent antibacterial rate (>96.69%). The results also indicated that the excellent 

combination of strength and ductility of the Ti-3wt.%Cu alloy with cold rolling and 

following annealing could be achieved in a trade-off by tuning the size and 

distribution of Ti2Cu phase, which could increase the applicability of the alloy in 

clinical practice. More importantly, the antibacterial properties maintained a good 

stability for the Ti-3wt.%Cu alloy under different conditions. The excellent 

combination of mechanical properties and antibacterial properties could make the 

Ti-3wt.%Cu alloy a good candidate for long-term orthopaedic implant application. 
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1. Introduction 

Titanium alloys have been widely utilized as dental and orthopaedic implants due to 

their suitable specific strength, corrosion resistance, and good biocompatibility. It is 

documented that millions of joint replacement are needed in surgery each year and 

global metallic implant supply are expected to reach $53 billion by 2024 [1]. However, 

one of the main reasons resulting in the failure of dental/orthopaedic implantation 

surgery is postoperative infection caused by indwelling devices [2,3], which is difficult 

to be solved due to complicated surgical procedures and a following long-term period 

of antibiotic therapy. As such, the antibacterial and anti-inflammatory is always 

necessary to avoid bacterial infections during the surgical procedure. 

Generally, copper (Cu) is regarded as a toxic element in many cases, but in human 

body it is a necessary trace element [4]. It is reported that Cu can potentially promote 

both proliferation and osteogenic differentiation of mesenchymal stem cells [5]. The 

daily adequate intake of Cu for each adult is at a level of 2–3 mg and the tolerable 

limit is about 8 mg/day [6]. Moreover, it is generally believed that Cu and Cu2+ have a 

broad antibacterial spectrum and are strong in antimicrobial capability [7,8]. In fact, 

several antibacterial metallic alloys have been developed through the introduction of 

Cu into stainless steels and other metallic alloys, in which the precipitation of 

copper-bearing phase makes the alloys have antibacterial activity [9,10]. Currently, 

there are increasing interests in developing Ti based alloys with Cu addition to reduce 

the risk of infection, while the other desired properties offered by Ti alloy are still 

maintained. 

The amount and distribution of Cu bearing phase in Ti-Cu alloys are critical in the 

enhancement of mechanical property and antibacterial ability. Generally, high volume 

fraction of Ti2Cu phase can provide high strength and strong antibacterial ability [11,12], 

but the ductility is a concern [13,14], and the possibility of cytotoxic effect of the alloy 

is also another concern [13-15]. It has confirmed that Ti-10wt.%Cu alloy is excellent in 

vitro/vivo antibacterial properties [16], and high strength of 700-800 MPa but only 1% 

of elongation can be achieved in the alloy, which is the obstacle of the application for 



Ti-10wt.%Cu alloy [14]. However, the lower volume fraction of Ti2Cu phase in Ti-Cu 

alloys with less Cu always results in the reduction of antibacterial ability. Zhang et al. 

[17] reported that the Ti-3wt.%Cu alloy only has 35% of antibacterial rate with solution 

treatment at 900℃/3h, which make Cu-bearing phase dissolve in Ti matrix. However, 

the subsequent ageing at 400℃/12h enhances the precipitation of Cu-bearing phase, 

and the increased Cu-bearing phase improves the antibacterial rate more than 99%. A 

number of investigations have confirmed the Ti-3wt%Cu alloy is non-toxic and side 

effects, and has good bactericidal effect, excellent mechanical properties and 

corrosion resistance [17-21]. However, the further increase of mechanical properties and 

antibacterial ability of the Ti-3wt%Cu alloy is very interesting in promoting the 

applicability and increasing the competitiveness. 

In this work, the Ti–3wt.%Cu alloy is studied using a processing route to tune the 

Cu-bearing phase, in which the Ti–3 wt.%Cu alloy is cold-rolled with 70% reduction 

in thickness and then annealed at different temperatures to improve the ductility while 

maintaining the amount of Cu-bearing phase. The microstructure, mechanical 

properties and antibacterial ability of the alloy under different conditions are 

investigated using SEM, TEM and antibacterial evaluation. The discussion focuses on 

microstructural evolution, mechanisms of strengthening, and the effect of Cu-bearing 

phase on the antibacterial property of the alloy. 

2. Experimental 

2.1. Preparation of Ti-3Cu alloys 

This experiment was carried out by remelting grade 4 "CPTi" and 99.9999% pure 

copper rods in a vacuum melting furnace for five times, achieving partial 

homogenization by turning over the molten alloys between each of the five melting 

trials, and then remelting and casting the rods in the same furnace. To avoid the 

potential segregation of Cu in Ti matrix of casting, hot rolling performed repeatedly 

for homogenization. The composition is measured by inductively coupled 

plasma-atomic emission spectrometry (ICP) and the results are given in Table 1. 



Before cold rolling, the Ti-3wt.%Cu rods were machined to 10 mm thick strips and 

annealed at 650 ℃ for 2 hrs to relief the residual stress. Subsequently, the strips were 

rolled to 3 mm in thickness at room temperature, which corresponds to a 70% 

reduction in thickness. Then, the Ti-3wt.%Cu alloy strips were individually annealed 

in an electric resistance furnace at a temperature from 400 °C to 800 °C for 1 h, 

followed by air cooling. The preparation process of the Ti-3wt.%Cu alloy and the 

sample manufacturing process are schematically shown in Fig. 1. 

Table 1 The composition of experimental Ti-3wt.%Cu alloy measured by ICP-AES. 

Element (wt.%) N C H O Cu Others Ti 

Ti-3wt.%Cu  <0.0011 <0.036 <0.0011 <0.12 2.92 <0.08 Bal. 

 

Fig. 1. Schematic diagram showing the preparation process of Ti-3wt.%Cu alloy. 

2.2. Microstructure characterization 

Phase identification was carried out using x-ray diffraction (XRD, DX-2700BH) 

ranging from 30 to 80 degree with an accelerating voltage of 40 kV and a current of 

30 mA with a scanning step of 0.02. Specimens for microstructural observation were 

ground by silicon carbide papers from 400 to 2000 grits and then polished. The 

microstructural evolution was characterized by scanning electron microscope (SEM, 

Nova NanoSEM230) with an energy-dispersive x-ray spectrometer (EDS). To further 

study the deformation mechanisms in the Ti–3wt.%Cu alloy, the detailed 

microstructure characterization for the specimens after tensile test were examined by 

transmission electron microscope operating under 200 kV (TEM, Tecnai G2 F20). 

Prior to TEM observation, the alloys were sliced and ground to 30 µm along the 

stretching direction from the tensile fracture and thinned in thin foils using the 



precision ion polishing system (PIPS) at a voltage of 5 kV and an incident angle of 3 

~ 7. 

2.3. Mechanical properties 

Micro-hardness was measured utilizing micro-Vickers hardness tester (HMV-G20, 

Shimadzu Corporation) with a load of 200 g and a dwell time of 15 s. To ensure the 

repeatability, the hardness was selected randomly at least 8 different points. The 

dog-bone-shaped tensile specimens with a gauge length of 30 mm and cross-section 

of 2.2×1.5 mm2 were cut using electrical discharge. Then, both sides of the specimens 

were mechanically ground to a 2000 grit finish with SiC papers. Uniaxial tensile 

testing was conducted on a Material Testing System (Instron–division of ITW LTD, 

Model 3369) with engineering strain rates of 1 × 10−3 s−1 at room temperature. 

2.4. Antibacterial properties 

The plate counting method in vitro was utilized to evaluate the antibacterial properties 

of samples. Antibacterial experiments were carried out on the Ti-3wt.%Cu alloy 

before and after rolling and heat treatment. CP-Ti (Grade 2) was selected as the 

control group and baseline for comparison. In this study, the antibacterial ability of 

the alloy was evaluated by the antibacterial effect of the alloy on Gram-positive 

Staphylococcus aureus (S. aureus ATCC25923). The frozen bacterial powder was 

dissolved in the medium and cultured at 37 ℃ for 24 hrs. After dilution, the bacterial 

suspension with a concentration of 1×105 cfu/ml was obtained [22]. The wafers with a 

thickness of 2 mm were cut along the direction parallel to the rolling, and three 

samples were prepared for each group. Before measurement, the individual sample 

with a size of 15× 2 mm2, ground with a SiC paper from 400 to 2000 grits. After 

ultrasonic cleaning with distilled water, the wafers were used for antibacterial 

performance test. After sterilization and natural drying, the samples were placed in a 

24-well plate, 0.1 mL of bacterial suspension droplets were added to the surfaces of 

all samples and incubated at a constant temperature (37±1℃) for 24 hrs in 5% CO2 

and 90% relative humidity. After the culture was completed, the sample was cleaned 



with normal saline for several times, and the washing liquid was stirred 

homogenously with a vortex oscillator. 0.1 mL of washing solution was taken out and 

coated on the fixed nutrition washing plate and incubated at 37 ℃ for 24 hrs. The 

number of active colonies in each sample was counted for six times with an automatic 

colony counting instrument. The statistical standard was based on GB/T 4789.2-2010 

[23] medium and the number of colonies was calculated. 

The bactericidal capacity of Ti-3wt.%Cu alloy under different conditions was 

evaluated based on the number of CP-Ti colonies in the control group under the same 

culture conditions. The calculation formula is as follows: 

R(Sterilization rate)＝(N1−N2)/N1×100%       (1) 

where N1 is the number of colonies in the control group; N2 is the number of colonies 

in the experimental group. 

3. Results 

3.1 Microstructure 

Fig. 2 shows the XRD spectra of the Ti-3wt.%Cu alloy with different conditions. It 

can be observed that the diffraction peaks of α-Ti at 38° and 40° were detected. 

However, there were some of the overlapping diffraction peaks of Ti and Ti2Cu phases. 

Due to the low Cu content of 3 wt.%, it was difficult to distinguish the Ti2Cu phase in 

the sample before and after cold rolling. It is worth noting that there were no 

significant shifts of the positions of α-Ti peaks. Furthermore, the diffraction peak 

corresponding to α-Ti (002) crystal plane was significantly enhanced after cold rolling, 

suggesting that the preferred orientation appeared after cold rolling. Moreover, the 

intensity of the diffraction peaks of the (101) crystal plane in the cold rolled alloy was 

lower than that of the alloy before cold rolling. For the annealed samples, when 

annealing at 400℃/1 h, the diffraction peaks of α-Ti showed no significant shifts. 

After annealing at 550℃/1 h, the (002) diffraction peaks of the matrix were obviously 

weakened, and the (101) diffraction peaks were enhanced, and the peaks of Ti2Cu 

were occurred, indicating that the preferred orientation disappeared after cold rolling. 



However, when annealing at 800℃/1 h, the diffraction peaks of α-Ti were widened to 

some extent, and the diffraction peaks of Ti2Cu were weakened. 

 

Fig. 2 XRD spectra of the Ti–3wt.%Cu alloy under different conditions. 

Fig. 3 shows the microstructure of the Ti–3wt.%Cu alloy under different conditions. 

In Fig. 3a, the microstructure of Ti–3wt.%Cu alloy before cold rolling typically 

consisted of light grey α-Ti phase and white band eutectoid Ti2Cu phase [24]. The 

discontinuous Ti2Cu phase band showed an alternative and laminated distribution with 

α-Ti phase at a width of 2.8 μm. After cold rolling, as shown in Fig.3b, the width of 

α-Ti phase was reduced to 0.2 μm and the white Ti2Cu phase band became narrow in 

comparison with the alloy before cold rolling. Moreover, some of the Ti2Cu phase 

showed a continuous distribution along the rolling direction, as indicated in Fig.3b. 

For the microstructure of the alloy annealed at 400-800 ℃ for 1 h, the preferred 

orientation was weakened, as shown in Fig.3c and 3d. When annealing at 800 ℃/1 h, 

as indicated in Fig.3e, the preferred orientation was eliminated. On the other hand, as 

shown in Fig.3c, the white Ti2Cu phase bands became coarsened and discontinuous 

after annealing. As the annealing temperature increased to 550 ℃, part of the Ti2Cu 

phase was spheroidized and the white Ti2Cu phase bands were much coarser and the 

precipitated Ti2Cu phase was observed in the α-Ti phase, as indicated in Fig. 3d. 

When annealing at 800 ℃ / 1h (Fig.3e), the white Ti2Cu phase became individual 

globular in shape and discontinuously distributed along the rolling direction. 



Moreover, it is noted that the number density of Ti2Cu phase was much reduced as 

well (Fig. 3e). 

 

Fig. 3. SEM micrographs showing the microstructure of the Ti–3wt.%Cu alloy under 

different conditions; (a) Before cold rolling, (b) Cold rolling, (c) Annealing at 400℃

/1h, (d) Annealing at 550℃/1h, (e) Annealing at 800℃/1h. 

3.2 Mechanical properties 

The variation of Vickers hardness of Ti-3wt.%Cu alloy under different conditions is 



shown in Fig. 4 The results revealed that, as expected, cold rolling significantly 

improved the hardness of the alloy. With cold rolling, the microhardness increased 

dramatically from 198.1 HV to 308.9 HV. However, when the annealing temperature 

increased from 400 ℃ to 800 ℃, the microhardness was slightly decreased. 

 

Fig. 4 Hardness of the Ti-3wt.%Cu alloy under different conditions. 

The uniaxial stress–strain curves of the Ti-3wt.%Cu ally measured under different 

conditions are shown in Fig. 5. The yield strength (YS), ultimate tensile stress (UTS) 

and fracture strain of the alloy before cold rolling were 401.4±2.9 MPa, 520.4±1.4 

MPa and 15.3±1.2%, respectively. As cold rolling was applied, the YS of 618.4±15.0 

MPa and UTS of 928.7±26.6 MPa were achieved, but the fracture strain was 

3.8±0.5 %. When the annealing temperature increased from 400℃ to 800℃, the YS 

decreased from 612.1±18.0 MPa to 443.6±10.5 MPa, and the UTS decreased from 

744.1±1.5 MPa to 506.6±4.0, while the fracture strain increased from 12.7±0.4% to 

24.4±3.2%. The detailed mechanical properties of YS, UTS and fracture strain are 

listed in Table 2 for different conditions. The features of high strength but low 

ductility were observed in cold rolling sample, but the ductility could be improved by 

applying annealing at a proper temperature, by which the YS was improved but the 

fracture strain still remained at a level of that achieved before cold rolling. 



 

Fig. 5 Tensile stress-strain curves of the Ti-3wt.% Cu alloy under different conditions. 

 

Table. 2 Mechanical properties of YS, UTS, fracture strain of the Ti-3wt.%Cu alloy 

under different conditions. 

 YS (MPa) UTS (MPa) Fracture strain(%) Elastic Modulus (GPa) 

Before cold rolling 401.4±2.9 520.4±1.4 15.3±1.2 117.4±1.9 

Cold rolling 618.4±15.0 928.7±26.6 3.8±0.5 114.8±0.7 

Annealing at 400℃/1h 612.1±18.0 744.1±1.5 12.7±0.4 112.5±0.6 

Annealing at 550℃/1h 449.8±16.8 534.4±0.5 23.1±1.1 113.2±5.2 

Annealing at 800℃/1h 413.6±10.5 506.6±4.0 24.4±3.2 111.9±10.0 

 

 

 



 

Fig. 6 SEM images showing the fracture morphologies of the Ti-3wt.%Cu alloy under 

different conditions. (a) Before cold rolling, (b) 70% cold rolling, (c) Annealing at 

400℃ / 1h, (d) Annealing at 550℃/ 1h, and (e) Annealing at 800℃/ 1h. 

Fig. 6 shows the fractographies of the Ti-3wt.%Cu alloy processed under different 

conditions. It is seen the mixture of long cleave fracture and dimples in the alloy 

before cold rolling, but the fracture of the samples after cold rolling showed dimples 

only fracture. 

3.3 Antibacterial property 

In this work, the general method of in vitro plate antibacterial experiment was utilized 

b a 

c d 

e 



to count the bacterial colonies, and the antibacterial rate (R) of all samples was 

calculated. Fig. 7 shows the antibacterial rate and colony distribution of each sample 

and commercial pure titanium against Staphylococcus aureus. Fig. 8 shows the 

antibacterial rate against S. aureus for the Ti–3wt.%Cu alloy under different 

conditions. For the CP-Ti in the control group (Fig. 7f), bacterial colonies were 

widely distributed throughout the medium, indicating that CP-Ti has no function of 

killing bacteria. In contrast, for the Ti-3wt.%Cu alloys under different conditions, 

only a few bacterial colonies were observed on the culture medium of these samples 

(Fig. 7a-e), indicating that these samples exhibited strong antibacterial ability. 

Moreover, for the Ti-3wt.%Cu alloy samples under different conditions, the difference 

in the number of bacterial colonies was not significant. However, in the sample 

annealed at 800℃/1h, the antimicrobial activity slightly decreased (Figs. 7 and 8). 

This is likely that the annealing temperature was higher than the eutectoid temperature 

(790℃), which resulted in the re-solutionision of Cu bearing phase into the Ti matrix. 

According to China's national standard GB4789.2 [25], if R≥90%, the sample has 

antibacterial ability, and if R≥99%, the sample has strong antibacterial properties. 

For the Ti-3wt.%Cu alloy under experimental conditions, the antibacterial rate of the 

samples after annealing at 550 ℃/1h has reached more than 99%, indicating that the 

samples had strong antibacterial properties, and the antibacterial properties were 

higher than that of the samples before cold rolling. As shown in Fig. 8, the 

antimicrobial rates of the other samples also achieved more than 95%, indicating that 

most of the S. aureus cannot survive and reproduce normally on the surface of 

samples. According to the experimental results, the Ti-3wt.%Cu alloy after cold 

rolling and annealing still can maintain the excellent antibacterial activity. 



 

Fig. 7 Antibacterial evaluation results of Ti-3wt.%Cu alloy under different conditions 

in comparison with CP-Ti. (a) Before cold rolling, (b) Cold rolling (c) Annealing at 

400 ℃/1h, (d) Annealing at 550 ℃/1h (e) Annealing at 800 ℃/1h, (f) CP-Ti 

 

Fig. 8 Antibacterial rate against S. aureus for the Ti–3wt.%Cu alloy under different 

conditions. 



4. Discussion 

A combination of strength and ductility can be crucial for a metallic biomaterial. In 

this work, the effect of cold rolling and following different annealing treatments on 

the mechanical and antibacterial properties of Ti-3wt.%Cu alloys has been 

investigated. Clearly, the cold rolling can enhance the strength and the following 

annealing can effectively achieve a trade-off between the strength and fracture strain 

while holding the effectiveness of antibacterial ability. 

4.1 Mechanism of strengthening/toughening 

The Ti-3wt.% Cu alloy is a typical hypoeutectoid alloy and the microstructure is 

composed of α-Ti and Ti2Cu phases in the annealed state [26]. The typical band 

eutectoid microstructure can significantly improve the mechanical properties [27]. 

Particularly, the Ti-3wt.%Cu alloy annealed at 400 ºC/1h shows YS of 612.1 MPa, 

UTS of 744.1 MPa and fracture strain of 12.7%. 

TEM bright-field images for the Ti–3wt.%Cu alloy before cold rolling after tensile 

testing are shown in Fig. 9. Similar to the SEM result of Fig. 3a, a typical band 

eutectoid Ti2Cu phase can be observed in Fig. 9a. The Ti2Cu precipitates were also 

observed by high-resolution TEM and SAED patterns, as shown in Fig. 9b and 9c. It 

is also seen that the primary β-Ti phase has transformed during eutectoid 

transformation of β-Ti→α-Ti+Ti2Cu. Additionally, the band eutectoid Ti2Cu phase 

acts as hard phase, interacting with dislocations through the pinning effect and further 

blocking the dislocations movement, as indicated in Fig. 9d. Therefore, the further 

cold plastic deformation of Ti-3wt.%Cu alloy was dominantly accommodated by 

dislocation motion and interaction between dislocations eutectoid Ti2Cu phases. 



 

Fig. 9. TEM bright-field images of Ti–3wt.%Cu alloy before cold rolling. (a) TEM 

Bright-field image of typical band eutectoid Ti2Cu phase; (b) The high-resolution 

TEM image with SAED pattern L1, showing α-Ti phase; and (c) The high-resolution 

TEM image with SAED pattern L2, showing α-Ti phase and Ti2Cu phases; (d) The 

interaction between Ti2Cu phases and dislocations. 

In Fig. 5, cold rolling can increase the strength, but decrease the fracture strain of 

Ti-3wt.%Cu alloy. To understand the dominant strengthening mechanism, 

microstructure was further analysed in detail. Fig. 10a shows the smaller distance 

between band eutectoid Ti2Cu phases in comparison with Ti-3wt.% Cu alloy before 

cold rolling. According to the classical strengthening theory, the resistance against 

dislocation movement can be calculated as follows: 



τ = Gb/l             (2) 

where τ is the stress for the dislocation movement, G is the shear modulus, b is the 

Burger vector of dislocation and l is the distance between precipitates. 

Obviously, the band eutectoid Ti2Cu phase with finer space induces higher resistance 

to dislocation movement. Moreover, the high-resolution TEM and SAED patterns 

indicate a semi-coherent interface between α-Ti matrix and Ti2Cu precipitates. 

Previous studies [28] have confirmed that the misfit dislocations and interface 

disconnections are critical interfacial dislocations in a semi-coherent interface because 

these can act as sources for nucleation of lattice dislocation. The interaction between 

high-density dislocations introduced by semi-coherent interface and Ti2Cu precipitates 

deliver higher strength and hardness. However, the severe dislocation pile-up was also 

observed in the areas near to Ti2Cu, as shown in Fig. 10c. Although strong blockages 

of dislocations impinge on the Ti2Cu and cause mechanical strengthening, the severe 

dislocation pile-up obviously sacrifices ductility. Therefore, the cold rolled Ti-3Cu 

samples deliver high UTS of 928.3 MPa with a lower fracture strain of 3.8%. 

 

Fig. 10. TEM bright-field images of Ti–3wt.%Cu alloy after cold-rolling. (a) 

Bright-field image showing the band eutectoid Ti2Cu phase with finer size; (b) The 

high-resolution TEM image with SAED pattern, showing α-Ti phase and Ti2Cu 

phases; (c) the dislocation cells. 

Annealing treatment is an effective approach to tune both strength and ductility. The 

annealing-induced decrease in strength and increase in ductility are closely associated 

with the microstructural evolution. TEM analysis of the Ti-3wt.%Cu alloy treated by 



cold rolling and annealing at 400 ºC/1 h is shown in Fig. 11. The relatively bigger 

space between band eutectoid Ti2Cu phases can be observed in Fig. 11a and 11b in 

comparison with cold rolling. According to the equation (2), the band eutectoid Ti2Cu 

phases with bigger space with annealing at 400 ºC/1 h brought about lower resistance 

to dislocation movement than those treated by cold rolling. However, a lower density 

of spherical in-situ Ti2Cu phases interact with dislocations can be detected in Fig. 11c, 

and corresponding SAED patterns of α-Ti phase and Ti2Cu phases are shown in Fig. 

11d. Although the band eutectoid Ti2Cu phases with bigger space decreases the 

Ti-3wt.%Cu alloy, the lower density in-situ Ti2Cu phases can offset the decrease in 

strength to some extent. Therefore, the samples with annealing at 550 ºC/1 h deliver 

higher fracture strain of 12.7% with relatively high YS of 612.1 MPa. Additionally, 

qualitative chemical elemental mapping analysis of the Ti2Cu phases was also 

performed using HADDF and the corresponding results are shown in Fig. 11e-g. 

Obviously, the band phase is apparently enriched in Cu element. 

 

Fig. 11. TEM bright-field images of Ti–3wt.%Cu alloy for the sample annealed at 550 

ºC/1 h. (a)-(b) Bright-field image showing the band eutectoid Ti2Cu phase with 

relatively large size; (c) the interaction between nano-size Ti2Cu precipitates; (d) 

SAED pattern L1 showing α-Ti phase and Ti2Cu phases; (e) HAADF image and EDS 

elemental mapping of Ti (f) and Cu (g). 



4.2 The effect Ti2Cu phase on antibacterial property 

In this study, it is found that the Ti-3wt.%Cu alloys under different conditions exhibit 

excellent antibacterial ability (>95%) according to our antibacterial evaluation results, 

which is an significant improvement comparing with previous reports for the 

Ti-3wt.%Cu alloy without rolling and annealing [29,30]. The antibacterial mechanism of 

Cu-bearing phase is not yet fully revealed, however possible mechanisms such as 

nucleic acids and lipids, oxidation of cell proteins, inhibition of biofilm, damaging 

DNA, and various essential cell reactions have been proposed [31-36]. According to 

theses mechanisms, the improved antibacterial ability can be resulted from increasing 

effective contact, which can inhibit bacteria adhesion on the surface and avoid the 

formation of bacterial biofilm [37]. It is reported that high Cu content or Ti2Cu phase 

can accelerate the release of Cu ion, which implies that the inducing high volume 

fraction of Ti2Cu phase from Ti-Cu alloys could offer superior antibacterial [38]. In this 

work, the samples without and with cold rolling (Fig.3a and 3b) maintain no obvious 

change of the content of Ti2Cu phase. Therefore, the antibacterial abilities are 

expected no obvious change in common sense. However, the cold rolling introduces 

extra plastic deformation in the alloy and the deformation unavoidably introduces the 

dislocations in the primary grains. The subsequent annealing can promote the 

accumulation of dislocations and become low angles grain boundaries. Simuternously, 

these apply on Ti2Cu phase, which can be precipitated with finer size with cold plastic 

deformation. Therefore, the Ti2Cu phase should be finer in the sample after cold 

rolling and annealing, which results in the improvement in antibacterial rate, as 

indicated in Fig. 8. With increasing annealing temperatures, the energy introduced 

into the sample increased and the growth of precipitates are significant, so the effect 

of cold rolling introduced effect will disappear, and the antibacterial ability will be 

reduced or even diminished. These have been observed in the present experimental 

results as well. When annealing at 800℃/1h, Ti2Cu phase was coarsened and the 

content of the Ti2Cu phase showed an obvious decrease, as shown in Fig.3e. And the 

improvement is not obvious when the annealing is at high temperatures for the 



Ti-3wt.%Cu alloy. As consequence, the combination of rolling and annealing must be 

accomplished for both mechanical property tuning and the enhancement in 

antibacterial rate. 

5. Conclusions 

(a) The introduction of severe plastic deformation through cold rolling and subsequent 

annealing can improve the ductility and strength of Ti-3wt.%Cu alloy, which is 

excellent for clinical application. The significant improvement of strength and 

ductility can be attributed to the accommodation of dislocation motion and the 

interaction between dislocations in eutectoid Ti2Cu phases. 

(b) By cold rolling and subsequent annealing treatment, Ti2Cu can be refined to 

improve the antibacterial property. The antibacterial property decreases with the 

increase of the size of Ti2Cu. The excellent combination of mechanical properties and 

antibacterial properties make the Ti-3wt.%Cu alloy an excellent candidate for 

long-term orthopaedic implant application. 

 

(c) In the forged Ti-3wt.%Cu alloy, yield strength, UTS and facture strain is 

401.4±2.9 MPa, 520.4±1.4 MPa and 15.3±1.2%, respectively. When applying a cold 

rolling for 70% thickness reduction and annealing at 550 oC for 1 h, the alloy offers 

the yield strength of 449.8±16.8 MPa, UTS of 534.4±0.5 MPa and fracture strain of 

23.1±1.1%. 

(c) 
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