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Abstract Ti–Cu alloys have strong antibacterial proper-

ties, high strength and excellent corrosion resistance, which

might be used in orthopedic and dental implants. In this

paper, the tribocorrosion behaviors of Ti–Cu alloy with

different Cu contents were investigated in four simulated

biological environments compared with cp-Ti. The results

showed that Ti–Cu sintered alloy exhibited higher corro-

sion resistance, lower coefficient friction and wear loss

than cp-Ti in all tested solutions due to the formation of

fine and homogeneously distributed Ti2Cu phase, espe-

cially in solution with lower F ion and pH. High Cu content

and extrusion process improved the corrosion resistance

and the wear resistance because of high Ti2Cu phase

fraction and fine grain size. However, aggressive solution,

such as the solution with lower F ion and pH, accelerated

wear in comparison with other solutions for cp-Ti and Ti–

Cu sintered alloys. Scanning electron microscope (SEM)

surface morphology demonstrated that the wear mecha-

nism of cp-Ti during tribocorrosion process was mainly

abrasive wear and adhesive wear while that of Ti–Cu alloy

was abrasive wear. In summary, Ti–Cu sintered alloys

showed much better tribocorrosion property than cp-Ti,

which shows great potential application in condition for

wear and corrosion resistance.

Keywords Ti–Cu alloys; Tribocorrosion; Corrosion;

Wear; In vitro; Antibacterial metal alloy

1 Introduction

Titanium and titanium alloys are applied to lots of indus-

tries because of their outstanding corrosion function and

mechanical resistance [1]. Currently, titanium and its alloys

have become more popular metal implantable biomaterials

due to their more excellent bio-compatibility than stainless

steels and cobalt alloys [2–4]. But some obstacles still need

to be overcome when titanium alloys are successfully used

in dentures or artificial joints.

One disadvantage of pure titanium is the lack of

antibacterial property, which might lead to infection or

inflammation in clinic application [5–8], even implantation

failure [9, 10]. Antibacterial coating has been developed to

reducing the infection and inflammation. Zhao et al. [11]

reported that the coatings delivering nitrogen monoxide

(NO), anti-adhesion coatings and the paint coat including

nanobiotic organic/inorganic germifuge on titanium pre-

vented early postsurgical infection caused by surgical

contamination. Liu et al. showed an antibacterial coating

on the surface of titanium alloy by micro-arc oxidation

(MAO) and further nitrogen plasma immersion ion

implantation (N-PIII), effectively improving the antibac-

terial properties of the titanium alloy [12]. Wu et al.

developed a controlled drug release polymer coating on

titanium, which improves both the osteoblasts adhesion and
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antibacterial activity [13]. Jin et al. [14] researched the

antibacterial Ti–Cu coating on 316L stainless steel, which

can kill more than 99.9% E. coli within 12-h contact

attributed to the release of Cu ion. Similar experiments also

found that both Ti–Cu films and Ti–Cu–N coatings had

strong antibacterial properties compared with cp-Ti [15].

Another disadvantage of pure titanium is its poor tri-

bological characteristics [16], which may lead to aseptic

loosening and even the osteolysis due to the joint wear after

the implantation and limit its long-term application [17].

Over the past decades, more emphases have been focused

on studying the tribological corrosion behaviors of metal

materials with the combined action of chemical, mechanics

and electrochemical, especially materials used as implants.

Pina et al. [18] researched the microstructure, electro-

chemistry and abrasive wear of Ti–xCu and found Ti–Cu

alloy with a high hardness exhibited low wear loss in saliva

solution. But, the corrosion resistance in the worse envi-

ronment such as low pH or fluorine remains to be studied.

The passive film on the contact surface would be dam-

aged or even completely fall off because of tribocorrosion,

thus speeding up the wear rate of the contact surface and

leading to accelerated wear corrosion and vice versa. For

the most parts, the damage of material is mainly caused by

tribocorrosion compared with summation of mechanical

wear and static corrosion [19–21]. It is generally believed

that there is cooperative reaction between corrosion and

wear [18, 22]. Previous studies have concentrated on the

understanding of complex phenomena, including deter-

mining the cooperative effect between corrosion, wear and

quantifying the cooperative part through mathematical

models [23, 24].

In our previous studies [25–30], compared with cp-Ti,

Ti–Cu sintered alloys have exhibited superior antibacterial

performance, higher hardness and yield strength and more

excellent corrosion resistance in 0.9% NaCl solution. Other

studies have also authenticated that the Cu-bearing Ti alloy

has strong antibacterial function [31]. The results show that

Ti–Cu sintered alloy combined powerful antibacterial

ability and high hardness and yield strength, which could

reduce the infection effectively and provide good tribo-

logical wear properties for joints or dental replacement

application.

Tribocorrosion phenomenon of a metal alloy is normally

affected by the mechanical properties of metal alloy, but it

is more easily affected by the properties of a simulated

body fluid (SBF). In this paper, four typical SBFs, Hank’s

solution, Saliva-pH 6.8 solution, Saliva-pH 6.8 ? 0.2F

(Saliva-pH 6.8 ? 0.2 wt% NaF) solution and Saliva-pH 3.5

solution, were selected to simulate different biological

environments, including bone implant and oral environ-

ment. The tribocorrosion phenomenon of the antimicrobial

Ti–Cu alloy in above SBFs was studied for the first time as

we know by means of electrochemical workstation and

tribometer, aiming at evaluating the potential application of

antibacterial Ti–Cu alloys in different environments. Pre-

liminary results demonstrated that Ti–Cu sintered alloy

showed better corrosion resistance and lower wear rate in

all test solutions than cp-Ti, especially in F ion containing

and low pH solutions, which displays the good tribocor-

rosion resistance of Ti–Cu sintered alloy.

2 Experimental

2.1 Preparation of sample

Ti–Cu sintered alloys with 5 wt% and 10 wt% Cu were

prepared by a method of powder metallurgy, and desig-

nated as Ti–5Cu(S) and Ti–10Cu(S) alloy, respectively.

More details can be found in Ref. [32]. After this, the

sintered alloys were extruded into 16-mm-diameter bars at

an extrusion rate of 10 mm�s-1 at 800 �C and designated as

Ti–5Cu(E) alloys and Ti–10Cu(E) alloys, respectively.

Besides, for comparison, industrial pure titanium bar was

used as a contrast group. The samples were ground using a

series of SiC sand papers from 120 to 2000 grit and pol-

ished with 1 lm polishing paste. After that, the surfaces

were cleaned ultrasonically for 5 min in ethanol and

ultrapure water, respectively, and then dried with warm air.

The surface roughness of samples was about

0.07–0.08 lm, and no difference among the samples was

observed.

2.2 Microstructure and hardness

The specimens used for microstructure observation were

prepared according to the conventional metallographic

methods, including grinding and mechanical polishing.

X-ray diffraction (XRD, Smart Lab Rigaku) was used to

identify the phase with the accelerating voltage of 40 kV,

the current of 40 mA and the scan step of 0.02. The sample

was etched by Keller’s solution, and the microstructure was

analyzed by scanning electron microscopy (SEM, JSM-

6510A) with equipped energy-dispersive X-ray spec-

troscopy (EDS). Microhardness was measured by Vickers

hardness tester (401MVDTM Huayin, China). The test load

was 2 N, and the duration time was 10 s. Five different

samples were randomly selected, and the result was the

average value of five samples.

2.3 Tribocorrosion experiments

Tribocorrosion behavior of the samples was estimated by a

tribo-electrochemical technique with a Si3N4 ball

(U = 4 mm) as counter material. The sample was tested
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with a normal load of 2 N, the stroke length was 100 m and

the frequency was 150 r�min-1. The electrochemical

workstation with a three-electrode cell system was

employed to record the variation in open current potential

(OCP). Before sliding, specimens were immersed in the

corresponding SBF for 600 s to obtain a stable potential.

Once the sliding started, the OCP was recorded until

3600 s, and then dynamic polarization behavior curve was

measured. After sliding, the OCP was recorded for another

600 s continuously. Four kinds of SBFs as listed in Table 1

were used to simulate different kinds of body environment.

The change of friction factor with sliding was checked

by sensor and recorded by computer. Then, worn surface

was carefully cleaned with acetone, alcohol and distilled

water. After that, the cross-sectional profiles of the wear

tracks and the wear rates of the titanium alloys were

measured and calculated by a MitutoyoSurftest SJ-301.

The morphology of the worn surface was investigated

under SEM. At least two identical samples were test under

each test condition for obtaining good reproducibility.

3 Results

3.1 Microstructure and hardness

Figure 1 shows microstructure of Ti–Cu(S) and Ti–Cu(E).

Previous study has reported that only the diffraction peaks

of Ti2Cu phase as well as Ti matrix were detected by XRD,

which demonstrated in combination with EDS results that

only Ti2Cu phase was synthesized during the sintering

process and the following extrusion [33]. In these alloys,

numerous small Ti2Cu particles were synthesized. With the

increase in Cu content, the volume fraction of Ti2Cu grains

increased significantly. The microstructure of Ti–Cu(E) in

Fig. 1b, d displayed that the extrusion processing refined

Ti2Cu particles significantly in Ti–5Cu and Ti–10Cu

alloys. Because of the formation of fine Ti2Cu particle in

Ti–5Cu(S) and Ti–10Cu(S) alloys, the hardness of Ti-

Cu(S) alloys increased sharply from HV 160 of cp-Ti to

HV 354 of Ti–5Cu(S) and HV 420 of Ti–10Cu(S), indi-

cating that the increase in Ti2Cu particle fraction increased

the hardness. Although extrusion processing enhanced the

hardness of Ti–5Cu sintered alloy, it had no effect on the

hardness of Ti–10Cu alloy.

3.2 OCP and Tafel curves with sliding

Figure 2a–e shows OCP curves of cp-Ti, and Ti–Cu sam-

ples with and without sliding in four SBFs, respectively.

For all samples, at the first 600 s (before sliding), with the

extension of the soaking time, the potential gradually

increased, showing that a passive film was gradually pro-

duced on the sample. Once sliding began, a sharp decline in

the potential was observed, illustrating that the passive film

was damaged due to the sudden sliding; as a result, the

corrosion was accelerated. During the sliding, the potential

stabled at or fluctuated around a very low value (named

dynamic open circuit potential, DOCP, thereafter)

depending on the fluids and material. The fluctuation was

mainly due to the electrochemical re-passivation while the

mechanical damage and wear of the passivation film occur.

After the sliding, the potential rose immediately to the

initial potential level, indicating that the wear trace was re-

passivated.

Figure 2a2–e2 shows dynamic polarization behavior

curves of Ti–Cu alloys in different SBFs with sliding. Tafel

curves without sliding are also shown for comparison. It

clearly reports that the polarization region of Tafel curves

after the sliding moved toward the high value direction in

the current density (icorr) and the negative direction in the

potential in all cases, indicating that the sliding process

accelerated the corrosion vastly.

Figure 3a depicts DOCP of titanium alloys in SBFs

obtained from the above OCP curves. The DOCP of Ti–

Cu(s) alloys was slightly higher than that of cp-Ti in all

SBFs. Different solutions also led to the change of DOCP.

In both Saliva ? 0.2F solution and Saliva-pH 3.5 solution,

there was a vastly decrease in DOCP between cp-Ti and

Ti–Cu alloys, indicating that F- and pH 3.5 have a nega-

tive effect on the corrosion potential.

Figure 3b shows the corrosion current density of tita-

nium alloys after the sliding wear in different solutions. In

Saliva ? 0.2F and Saliva-pH 3.5 solutions, the corrosion

current density of all titanium alloys was obviously higher

than those in Hank’s and Saliva solutions, indicating that F

ion and low pH have a negative effect on material

Table 1 Chemical composition of stimulated biological mediums
(g�L-1)

Solution Hank’s Saliva Saliva ? 0.2F Saliva-pH
3.5

Lactic acid – 10 10 10

NaCl 8.00 5.85 5.85 5.85

NaF – – 2 –

KCl 0.40

CaCl2�H2O 0.14 – – –

NaHCO3 0.35 – – –

MgSO4�7H2O 0.06 – – –

MgCl2�6H2O 0.10 – – –

Na2HPO4 0.06 – – –

KH2PO4 0.06 – – –

Glucose 1.00 – – –

pH 7.4 6.8 6.8 3.5
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corrosion. Besides, the corrosion current density of Ti alloy

was decreased slightly in all test solutions by the addition

of copper and the extrusion process, especially in Sal-

iva ? 0.2F and Saliva ? pH 3.5 solutions, displaying that

the corrosion rate of Ti–Cu alloys was slower than that of

cp-Ti.

3.3 Friction

Figure 4 illustrates the fluctuation of the friction factor of

Ti alloy in SBFs. Friction coefficient increased at first and

then decreased, and finally stabilized at 0.3–0.4. Probably

in the early wear, high surface hardness and smooth surface

made the friction coefficient low.

As the wear leveling surface was damaged, the surface

roughness increased, and then the friction coefficient

increased. Then, with the accumulation of the peeling

particles, debris would play a solid lubricating effect.

When the debris generation speed and the overflow speed

from the contact surface achieved dynamic equilibrium, the

friction coefficient changed and entered a relatively

stable period.

Figure 4f shows that the friction coefficient of cp-Ti in

different SBFs changed significantly, but the friction

coefficient of Ti–Cu alloy varied slightly, indicating that

SBFs acted little upon the friction coefficient of Ti–Cu

alloy, even in F ion containing and low pH solutions,

although they played a vital part on the corrosion behavior.

In addition, the friction coefficients of cp-Ti in all wear

conditions were obviously higher than those of Ti–Cu

samples. The addition of Ti2Cu in Ti–Cu alloy could sig-

nificantly increase the hardness and the compressive yield

strength of Ti–Cu alloy and the corrosion resistance of Ti–

Cu. During the tribocorrosion, the high hardness and the

compressive yield strength would resist the compressive

deformation, therefore reducing the contact interface

between the Ti–Cu sample and Si3N4 ball, thus reducing

the coefficient. On the other hand, the good corrosion

resistance also reduced the corrosion rate and kept the

interface smoother, thus reducing the coefficient. Finally,

the hard Ti2Cu particle reduced the friction coefficient.

Figure 5 presents the wear rates of cp-Ti and Ti–Cu

alloys in SBFs. In all cases, the wear rate of Ti–Cu alloys

was much lower than that of cp-Ti, indicating that the wear

resistance of Ti–Cu alloys was improved obviously by

copper element alloying. Also, the extruded alloys illus-

trated a slightly slower wear rate than the corresponding

sintered alloys. It can also be found that the changes in the

solutions also had an effect on the wear resistance. A much

faster wear rate was observed for all alloys in Saliva ?

0.2F solution and Saliva-pH 3.5 solution than that in

Hank’s solution, showing the strong aggressive ability of

the two solutions.

3.4 Surface morphology of worn track

Figure 6 shows surface morphology of different samples

inspected by SEM. Figure 6a1–a4 represents the worn

surface morphology of cp-Ti samples in SBFs. According

to Fig. 6a1, a2, in Hank’s and Saliva solution, there mainly

Fig. 1 Microstructure of Ti–Cu sintered alloys: a Ti–5Cu(S), b Ti–5Cu(E), c Ti–10Cu(S) and d Ti–10Cu(E)
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appeared some furrows along the sliding direction and no

obvious adhesion appeared on the surface of cp-Ti. In

Saliva ? 0.2F solution and Saliva-pH 3.5 solution, as

shown in Fig. 6a3, a4, not only furrows but also wears

debris were found on the worn surface. In Saliva-pH 3.5

solution, clear micro-cracks and fatigue-separated layers

Fig. 2 OCP and dynamic polarization behavior of Ti–Cu alloys in solutions with and without sliding: a–a2 cp-Ti, b–b2 Ti–5Cu(S), c–c2
Ti–10Cu(S), d–d2 Ti–5Cu(E), and e–e2 Ti–10Cu(E)
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were found on the surface, indicating the wear was serious

particularly.

Figure 6b1–b4 and c1–c4 shows the worn surface

morphology of Ti–5Cu(S) and Ti–10Cu(S) in four SBFs,

respectively. Compared with the worn surface of cp-Ti

under corresponding conditions, it can be seen that the

surface was flatter, and no notable adhesion and debris

were observed, displaying that the wear resistance was

improved slightly by adding Cu in a dose dependent way.

In Hank’s solution or Saliva solution, the furrow was more

obvious on the worn surface, displaying that the main wear

form was abrasive wear. Obvious furrow and serious

peeling were observed on the worn surfaces in Saliva ?

0.2F solution and Saliva-pH 3.5 solution, a typical abra-

sive wear and adhesive wear, showing strong aggressive

ability of these two solutions.

The worn morphologies of Ti–5Cu(E) and Ti–10Cu(E) are

exhibited in Fig. 6d1–d4 and e1–e4, respectively. It can be

observed that in Hank’s and Saliva solution, the worn surface

was relatively smooth and the furrow was shallow. In Sal-

iva ? 0.2F solution and Saliva-pH 3.5 solution, the wear

surface had a slight peeling besides shallow wear grooves. The

results showed that the extrusion treatment could enhance the

wear resistance of Ti–Cu alloys.

Fig. 3 Dynamic open circuit potential (DOCP) during sliding and corrosion current density after sliding of cp-Ti and Ti–Cu alloys in
SBFs: a DOCP and b icorr

Fig. 4 Coefficient of friction of Ti–Cu alloys in SBFs: a cp-Ti, b Ti–5Cu(S), c Ti–10Cu(S), d Ti–5Cu(E), and e Ti–10Cu(E); f coefficient
of friction of cp-Ti and Ti–Cu alloys
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Figure 7 shows high magnification images of the worn

surfaces in Saliva-pH 3.5 solution which has a strong

aggressive effect on titanium and titanium copper alloys.

On the cp-Ti surface (Fig. 7a), there were some obvious

cracks due to the low hardness, while on the surface of Ti–

Cu alloys (Fig. 7b–e), the same tendency was also

observed. On the Ti–5Cu(S) surface (Fig. 7b), the cracks

diminished, but some debris appeared. On the surfaces of

Ti–10Cu(S) and Ti–5Cu(E), the worn surface become

flatter and only visible furrows along the sliding direction

could be seen on the surface of Ti–10Cu(E).

4 Discussion

Taking into account the complexity of the human biolog-

ical environment, titanium alloy used as a biological

material will subject to corrosion and wear, which will

accelerate the destruction of materials [1, 34]. It was

reported that antibacterial Ti–Cu alloys were produced by

powder metallurgy [25]. Moreover, the presence of Ti2Cu

increased the hardness and corrosion resistance in

0.15 mol�L-1 NaCl solution [35]. Later study [26] found

that the hardness and compressive yield strength of tita-

nium-copper alloys and the corrosion resistance in 0.9%

NaCl solution were significantly enhanced by hot extru-

sion, mainly due to grain refinement and fine Ti2Cu. The

compressive yield strength of Ti–Cu sintered alloys has

been reported in our previous study, as listed in Table 2.

Cp-Ti showed a very good ductility but low yield strength,

and no break was observed even at a compressive stain of

50%. A yield strength of as high as 1050 MPa and a

compressive strength of about 1800 MPa were observed

for both Ti–5Cu(S) and Ti–10Cu(S) alloys, but the failure

strain was only about 20%. The extruded Ti–Cu alloys

displayed a higher compressive yield strength than the

sintered alloy and even high compressive strength. No

break was found under the maximum load, corresponding

to a stain of 18.51% [33].

Microstructure in Fig. 1 clearly shows that Ti2Cu

intermetallic particles were synthesized in Ti–Cu alloy due

to solid reaction during powder metallurgy processing.

Five different samples have different Cu contents and

materials processing process. High-Cu content would lead

to high volume fraction of Ti2Cu particles, which results in

high hardness. Extrusion process also refined the

microstructure, as shown in Fig. 1, which would also

change the hardness.

Results in Fig. 2 have shown that the corrosion resis-

tance of both cp-Ti and Ti–Cu alloys was negatively

affected by F ion and pH value. Reclaru et al. [36] reported

that F ion might be the most aggressive to the protection of

titanium and its alloys. Lindholm-Sethson and Ardlin [37]

also revealed the negative effect of low pH and fluoride.

Moreover, the experimental result also showed that the

addition of copper significantly decreased the corrosion

current density and increased the corrosion resistance of

titanium alloy in SBFs including Saliva ? 0.2F and Saliva-

pH 3.5 solutions in a content dependent way [37]. Similar

results were also reported on Ti–Cu alloys under a different

copper content [18]. The result suggested that the volume

fraction of Ti2Cu phase increased with the addition of

copper [27]. In spite of a galvanic couple between Ti2Cu

intermetallic and the Ti matrix, it is suggested that fine

microstructure could provide an ‘‘encapsulation effect’’ to

change the cathode/anode area ratio between all phases to

minimize the couple effect and increase the corrosion

resistance [35, 38]. In addition, the grain size was refined

and the microstructure of the alloy was optimized after the

extrusion deformation treatment. In consequence, the cor-

rosion resistance of the titanium alloy was increased by the

uniform distribution of intermetallic.

In Figs. 2 and 3, the corrosion potential during the

sliding process was much negative and the corrosion cur-

rent density was much higher than the values without

sliding, demonstrating that wear seriously accelerates the

corrosion of titanium alloys. On the one hand, the wear

resulted in the destruction of passivated film that was

originally produced on the sample surface, and a fresh

surface was constantly exposed to the solution, resulting in

a decrease in the tribocorrosion resistance of the alloy. On

the other hand, wear caused plastic trans-shape of wear

marks, increased the densities of point defects, cracks and

dislocations, making the surface more active, leading to the

higher corrosion rate [39]. In addition, by comparing the

corrosion current densities between cp-Ti and Ti-Cu(E) al-

loys during sliding, it will be deduced that the addition of

copper and the deformation process enhanced the tribo-

corrosion resistance.

Fig. 5 Wear rates of different samples in different mediums
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Different SBFs have different corrosion capacities and

will have different corrosive effects on the material. Severe

corrosion will increase the roughness of the material

surface, and therefore, the coefficient of friction will be

different. Liu and Zhang [40] showed that Ti–10Cu alloy

exhibits high corrosion rate in Saliva pH 3.5 solution and

Fig. 6 SEM surface morphologies of wear scars on different samples in different SBFs: a1–a4 cp-Ti, b1–b4 Ti–5Cu(S), c1–c4 Ti–
10Cu(S), d1–d4 Ti–5Cu(E) and e1–e4 Ti–10Cu(E)
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Saliva pH 6.8 ? 0.2F wt% NaF solution, but low corrosion

rate in Hank’s, Tyrode’s and Saliva pH 6.8 solutions.

During the sliding in SBFs, the corrosion potential dropped

sharply at the beginning, illustrating that the passivated

film was broken or fell off due to wear and causing bare

surfaces exposed to electrolyte. After a short time, the

potential increased and stabled for a short time again,

illustrating that passive film was reformed on the surface

but destroyed again after a short time. The fluctuation

characteristic basically depends on the balance between

destruction and re-passivation of the worn surface [41]. A

higher fluctuation frequency was found in Saliva-pH 3.5

solution than in Hank’s and Saliva solution. All these

displayed that the destruction and re-passivation rate was

faster in Saliva-pH 3.5. Saliva-pH 3.5 solution has strong

aggressive ability and a strong oxidation ability, which

makes Ti–Cu alloy surface easy to passivate previous film.

The combination of wear and corrosion can destroy or

remove the passivated film formed on the surface of metal

alloy. Thus, in the sliding process, the surface of the pas-

sivation film was rapidly formed and destroyed immedi-

ately, resulting in obvious and high frequency fluctuation.

However, no fluctuation was found in Saliva ? 0.2F

solution, showing that no passivation film was formed on

the sample surface during sliding because of the high

aggressive property of Saliva ? 0.2F solution. For Ti–Cu

alloys, both the sintered and the extruded alloys, no obvi-

ous fluctuation in OCP curves was observed in Hank’s and

Saliva solutions, showing that no passivation film was

formed in the sliding process. Owing to the structure dif-

ference between cp-Ti and Ti–Cu alloys, it was proposed

that the presence of fine Ti2Cu phase prevented the for-

mation of a passive film or a continuous passive film, as

illustrated in Fig. 8.

The ultimate wear mechanism and behavior of experi-

mental material may be affected by testing parameters and

movement patterns, including lubricating medium [39],

imposed loading and sliding velocity [41, 42] and coun-

terface material [38]. It was reported by Wimmer et al. [43]

that abrasion, adhesion, tribo-chemical reactions, and sur-

face fatigue were the four main factors governing the wear

behavior of metal hip joint axle bearings. The flatter worn

surface of Ti–Cu alloy in Fig. 6 displays that the hardness

of the material itself also plays a very important part

through the wear loss. Taking the great difference in

hardness between Si3N4 ball (about HV 1500) and Ti alloy

(HV 150–HV 300) into account, it can be deduced that the

main removal force of material should be plowing. The

wear mechanism of cp-Ti with relatively low hardness

should be mainly an adhesive wear with abrasive wear. The

addition of copper element, leading to the precipitation of

hard Ti2Cu phase, increased the hardness and wear quality

Fig. 7 High magnification SEM images of wear scars on
different samples in Saliva-pH 3.5 solution: a1, a2 cp-Ti; b1,
b2 Ti–5Cu(S); c1, c2 Ti–10Cu(S); d1, d2 Ti–5Cu(E); e1, e2 Ti–
10Cu(E)

Table 2 Mechanical properties of cp-Ti and Ti–Cu alloys [33]

Alloys (condition) Compressive yield strength/ MPa Hardness (HV) Compressive strength/ MPa

Ti–5Cu(S) 1050 350 1700

Ti–5Cu(E) 1267 405 [2000

Ti–10Cu(S) 1050 425 1800

Ti–10Cu(E) 1325 425 [2000
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of materials. Therefore, abrasive wear was the main wear

mechanism of Ti–Cu alloy.

When the samples were worn in Hank’s and Saliva

solutions, the wear surface, including that of cp-Ti and Ti–

Cu alloys, was smooth. But in Saliva ? 0.2F or Saliva-pH

3.5, which has a strong corrosive ability, the surface was

worn seriously, even the appearance of cracks, showing

that F- and low pH have negative effects on wears and can

accelerate wear.

Tribocorrosion process is a low cycle fatigue process,

which including two stages of crack initiation and propa-

gation. Moreover, the plastic deformation will cause high-

density point defects and dislocations at the crack tip.

Ti2Cu in Ti–Cu alloy can reduce the wear degree of the

alloy surface, and the surface cracks can be reduced due to

the existence of Cu element. In Fig. 7, the cracks on the

surface of cp-Ti were more obvious than those on the

surface of Ti–Cu alloys.

Previous studies have indicated that Ti–Cu sintered

alloys achieved good antimicrobial function and high

mechanical properties. The results obtained in this study

have shown that Ti alloys with copper addition had better

corrosion resistance and wear resistance, while the copper

improved the ability to confront comprehensive reaction in

different SBFs. All the results strongly suggested that

antibacterial Ti–Cu alloy have excellent biomedical

application prospect in future.

However, it has to be pointed out that the wear accel-

erated the corrosion reaction, which in turn increased the

Cu ion release and might cause cytotoxicity. Previous study

has indicated that the maximum corrosion current density

among the above four Ti–Cu alloys was 175 nA�cm-2 from

Ti–5Cu(S) alloy, corresponding to a Cu release concen-

tration of 47.1 lg�L-1�day-1 [33]. If we assume that the Cu

ion release concentration in the static condition has the

same relationship with the corrosion current density in the

tribocorrosion condition, the highest Cu ion release con-

centration in this study would be about 43 mg�L-1�day-1.

On the other hand, it has been reported that the minimum

inhibition concentration of Cu ion against mesenchymal

Fig. 8 Model of Ti and its alloys during tribocorrosion process: a cp-Ti and b Ti–Cu alloys
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stem cells (MSCs) was about 5 9 10–4 mol�L-1, corre-

sponding to 32 mg�L-1 [29]. Based on the above results,

the Cu ion release in Saliva ? 0.2F solution and Sal-

iva ? pH 3.5 solution might cause cytotoxicity, but the Cu

ion release in Hank’s and Saliva solution (about

26 mg�L-1) would not be cytotoxic. It is very necessary to

investigate the in vitro cell compatibility in the next step.

5 Conclusion

In this article, the tribocorrosion behavior of Ti–Cu alloys

was studied in different SBFs in comparison with cp-Ti.

And the major results and conclusions were summarized as

follows. Fluoride ions and the low pH value had a negative

impact on corrosion and wear resistance of both Ti–Cu

alloys and cp-Ti. Ti–Cu sintered alloys showed much more

excellent tribocorrosion resistance than cp-Ti in all test

solutions, including F ion containing and low pH solutions,

due to the formation of Ti2Cu phase. Extruded Ti–Cu

alloys had much more excellent tribocorrosion property in

comparison with Ti–Cu sintered alloys because of grain

refinement and homogeneously distributed Ti2Cu.
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