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The porous Ti—3Cu alloys were fabricated by microwave sintering using Mg space holder for biomedical
application, and the effects of sintering temperatures on the pore structure, phase composition,
compressive strength, elastic modulus, corrosion resistance and antibacterial properties of the porous Ti
—3Cu alloys were investigated. The results show that the porous Ti—3Cu alloys are composed of o-Ti
phase and Ti>Cu phase, and the intensity of Ti>Cu diffraction peaks increases with increasing the sin-
tering temperatures. The sintering temperatures have significant effect on the pore structure of the
porous Ti—3Cu alloys, and the porosities decrease with increasing the sintering temperatures. Corre-
spondingly, both of the compressive strength and elastic modulus of the porous Ti—3Cu alloys gradually
increase with increasing the sintering temperatures. The elastic modulus of the porous Ti—3Cu alloys is
very close to the human cortical bone, while the compressive strength is much higher than that of the
human cortical bone. The corrosion resistance of the porous Ti—3Cu alloys in the SBF solution slightly
increases with increasing the sintering temperatures. The porous Ti—3Cu alloys exhibit strong antibac-
terial ability, and the antibacterial rates greatly increase with prolonging the incubation times. After
incubation for 12 h, the antibacterial rates of porous Ti—3Cu alloys against both E. coli and S. aureus are up

to 100%.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Although titanium and its alloys are receiving increasingly
attention in the orthopedic and dental implants field, due to their
excellent mechanical properties (high strength and low elastic
modulus), good corrosion resistance and excellent biocompatibility
[1,2]. However, two major problems have arisen after the actual use
of titanium and titanium alloys in the clinic, including bacterial
infection [3] and “stress-shielding” effect [4]. The average infection
rate of orthopedic metal implants (such as joint prostheses and
fracture fixation devices) is as high as 2%—5% shown from current
survey results, and the actual infection rate of bacterial infection
around the implant may be much higher [5]. Therefore, in order to
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enhance the antibacterial properties of the implants, antibacterial
elements (Cu®*, Ag* and Zn*) [6—8] have been introduced into the
titanium and titanium alloys to develop the antibacterial titanium
alloys. Considering the economic cost, antimicrobial efficiency,
cytotoxicity and stable reaction of these elements, copper element
will be one of the most promising alloy elements in clinical appli-
cations [9,10]. Previous studies [11—13] confirmed that the anti-
bacterial rates of the Ti—Cu alloys (Cu content >5wt%) against
E. coliand S. aureus are 99.99% after incubation for 24 h. Considering
that the excessive copper intake can cause metal toxicity and harm
the human body [14], titanium alloy with lower copper content
deserves further study.

On the other hand, it is well known that the elastic modulus of
titanium and titanium alloys are higher than 100 GPa, much higher
than that of natural bone (1-30 GPa) [1,2,15], and the stress is not
well transferred from the implant to the adjacent bone tissue (so-
called “stress shielding”), causing the growth of the bone tissue
around the implant to be blocked, which may cause loosening of
the implant and eventual premature failure of the implant [15,16].
Therefore, in order to reduce the elastic modulus, the pore structure


mailto:jlxu@nchu.edu.cn
mailto:yuanlinjxas@126.com
mailto:yfzheng@pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.152142&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.152142
https://doi.org/10.1016/j.jallcom.2019.152142

2 S.C. Tao et al. / Journal of Alloys and Compounds 812 (2020) 152142

has been introduced into the Ti alloys to form the porous Ti alloys.
The porous structure not only reduces the elastic modulus of the
implants, but also promotes the ingrowth of new bone cells and
tissues, resulting in the tightly fixation between human bones and
implants [4,17—19]. Moreover, it can be clearly found from the
stress-strain curves in the previous reports that the elastic modulus
of the Ti—Cu alloys is much higher that of dense Ti [11,12,20]. Li
et al. [21] found that the elastic modulus of the porous Ti—10Cu
alloy could decrease to 3—18 GPa using conventional sintering with
NH4HCO3 as the space holder agent.

In recent years, conventional sintering with vacuum or atmo-
sphere protection [21,22], self-propagating high-temperature syn-
thesis (SHS) [23], hot isostatic pressing (HIP) [24], spark plasma
sintering (SPS) [25,26], 3D printing [27,28] and microwave sintering
(MWS) [28—30] have been commonly employed to prepare the
porous materials. Among these techniques, microwave sintering is
a newly developed rapid sintering method for ceramics, semi-
conductors, metals and composites [31,32], having been success-
fully used to prepare the porous metallic alloys for biomedical
applications [28—30]. Microwave sintering is a process in which the
powder compacts, coupled with microwaves, absorb the electro-
magnetic energy volumetrically, which transforms into the thermal
energy to heat the compacts to sintering temperature, and the
densification and alloying are eventually realized [31,32].
Compared with conventional sintering, it has some unique ad-
vantages of volumetric heating, reduced sintering time, lowered
sintering temperature, enhanced element diffusion process and
improved physical and mechanical properties of the sintered ma-
terials [31,32]. Therefore, in order to decrease the elastic modulus
and Cu content of Ti—Cu alloys, the porous Ti—3Cu alloy was pre-
pared by microwave sintering using Mg powders as the space
holder agent in this paper. The effect of the microwave sintering
temperatures on the microstructure, mechanical properties,
corrosion resistance and antibacterial properties of the porous
Ti—3Cu alloys was investigated. At the same time, the effect of in-
cubation times on the antibacterial rates of the porous Ti—3Cu alloy
against E. coli and S. aureus was also evaluated detailedly.

2. Material and methods
2.1. Preparation of the porous Ti—3Cu alloys

Commercially available dehydride titanium powders (purity of
99.9 wt%, average particle size of 10 um) and copper powders
(purity of 99.99 wt%, average particle size of 5 um), with a nominal
mass ratio of 97 to 3, were used to prepare the porous Ti—3Cu al-
loys. The Ti—3Cu mixed powders were blended in a planetary ball
mill (QM-3SP4, Nanjing University Instrument Plant, China) at
speed of 250 r/min for 6 h. Ball milling was carried out using steel
balls with a constant ball to powder ratio of 3:1 at room tempera-
ture. Then, 5 wt% Mg powders (purity of 99.99 wt%, average particle
size of 75 pm) were thoroughly mixed into the Ti—3Cu powders as
the space holder agent for 3 h. The mixed Ti—3Cu—5Mg powders
were cold-pressed into green compacts (12 mm x 8 mm) under a
uniaxial pressure of 580 MPa for 1min. Afterwards, the green
compacts were put into an alumina crucible with SiC particles as
the microwave acceptor, and simultaneously the alumina crucible
was put inside a mullite fiber cotton insulation barrel. At last, the
insulation barrel was put into a 2.45 GHz 5 kW microwave sintering
furnace (NJZ4-3, Nanjing Jiequan co., Ltd., China). The green
compact samples were sintered by microwave heating at a rate of
10 °C/min to 650, 700, 750 and 800 °C for 20 min, respectively, and
cooled in furnace down to room temperature. During sintering
process, an infrared pyrometer was used to monitor the tempera-
ture of the sintered samples and the microwave sintering furnace

was filled with flowing high purity argon gas (purity>99.999%) to
prevent the oxidation of the sintered samples. At the same time, the
porous Ti samples used as the control were prepared using tita-
nium powders and 5wt% Mg powders with the same sintering
process at 800°C.

2.2. Microstructural characterization

The sintered porous Ti—3Cu alloys were successively ground
with SiC sandpaper down to 2000 grits, and then polished with
Cr,03, followed by ultrasonically cleaned in acetone and distilled
water, respectively. The porous structure of the polished porous
Ti—3Cu alloys was inspected by an optical microscopy (DM1500,
Shenzhen Hipower Optoelectronics Co., Ltd., China). The polished
and fractured surface morphologies of the sintered Ti—3Cu alloys
were investigated by a scanning electron microscopy (SEM, SU1510
HITACH], Japan) equipped with energy dispersive X-ray (EDS, Ox-
ford Instruments INCA 6650, England). The phase constituents of
porous Ti—Cu alloys were identified by X-ray diffraction (XRD,
Bruker D8 FOCUS, Germany). The actual porosity (P) of the porous
Ti—3Cu alloys was investigated by Archimedes law according to
ASTM B962-08 and the theoretical density of Ti—3Cu alloy was
calculated based on the measured value of 4.61 g/cm?>[29], in which
the densities of pure titanium and copper were 4.51 g/cm® and
8.92 g/cm’, respectively.

2.3. Compressive test

Uniaxial compression tests were conducted on cylindrical
porous Ti—3Cu alloys with a length of 3mm and diameter of
6 mm (L/D = 2.0, ASTM E9-09). The compressive tests were carried
out under room temperature with a cross-head velocity of 0.2 mm)/
min on an electronic universal testing machine (WDW-50, Jinan
Shijin group Co., Ltd., China). For the compressive test, at last three
samples were tested for each group, and the results were calculated
as average values + standard deviation.

2.4. Electrochemical test

The corrosion resistance of the porous Ti—3Cu samples in the
SBF solution (NaCl 8.03 g/L, KCl 0.22 g/L, NaySO4 0.07 g/L, NaHCO3
0.35 g/L, KHPO4-3H,0 0.23 g/L, MgCl,-6H,0 0.31 g/L, CaCl, 0.28 g/
L) at room temperature was evaluated by potentiodynamic polar-
ization test through an electrochemical analyzer (CHI650D,
Shanghai Chenhua instrument Co. Ltd., China). The electrochemical
test was conducted using a conventional three electrodes electro-
chemical cell with a saturated calomel electrode (SCE) as the
reference, the samples with the area of 1cm? as the working
electrode, and a Pt foil as the auxiliary electrode. The polarization
scan ranged from OCP-0.6 V—1.5V with the scan rate of 0.5 mV/s.

2.5. Antibacterial test

All of the samples for antibacterial test were cut into
®10 mm x 2 mm, ground with SiC paper up to 2000 grits and
polished with Cr0s3. Nutrient broth (NB) was selected as the solid
medium, which was dissolving 10.0 g peptone, 5.0 g beef extract,
5.0 g NaCl and 15.0 g agar in 1000 mL distilled water and the pH
value was adjusted to 7.2 to 7.4. Nutrient broth (NB) without agar
was selected as the liquid medium and the pH value was adjusted
to 7.2 to 7.4. Saline solution (0.9% NaCl solution) was selected as the
dilution solution. All of the samples, solid medium, liquid medium
and saline solution were sterilized by autoclaving at 121°C for
20 min. For examining bacterial proliferation, the samples were
exposed to gram positive S. aureus, strain ATCC 25923 and gram
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negative E. coli, strain MG1455. The S. aureus and E. coli were
cultivated at 37°C in the liquid medium to a concentration of
10° cfu/mL in 12 h, and then were diluted 100-fold by saline solu-
tion to a concentration of 107 cfu/mL (bacterial suspension).

Plate counting method was conducted with reference to the
National Standard of China GB/T 2591 (equivalent to JIS Z 2801-
2000, ASTM G21-96, NEQ) [33]. 5 uL of the bacterial suspension
were inoculated on the samples, and then the samples were
covered by glass in a sterile dish and incubated at 37 °C for 3, 6, 12
and 24 h. Each sample was washed using 5 mL saline solution. 50 pL
of the bacterial culture solution was spread onto the Petri dish
containing solid medium. After 24 h, the number of colonies was
counted. The antibacterial rate (R) could be calculated by the
following formula [11—13]:

R = (Ncontrol—Nsample)/Ncontrol x 100% (1)

where Neontrol and Nsample are the numbers of the bacterial colony
on the control sample (the porous Ti) and the porous Ti—3Cu alloys,
respectively. Three samples were tested for each group in anti-
bacterial experiments.

3. Results and discussion

3.1. Microstructure and phase composition of the porous Ti—3Cu
alloys

The polished surface optical micrographs of the porous Ti—3Cu
alloys prepared by microwave sintering at different temperatures
are shown in Fig. 1. There are many large pores (~120 um) and small
pores (~15 pm) randomly distributed over the surface of the porous

Ti—3Cu alloys, and the average size of large pores decreases from
130 pm for 650°C to 100 pm for 800 °C with increasing the sin-
tering temperatures. At the same time, the number of small pores
on the surface of porous Ti—3Cu alloys decreases gradually with
increasing the sintering temperatures. The large pores should be
mainly derived from the evaporation of Mg space holder agents,
and the shapes of the pores are also inherited from the shapes of
Mg powders. The small pores can be attributed to the gap between
the powders (interparticle pores), the evaporation of impurities in
the green compact and Kirkendall pores [34,35]. With increasing
the sintering temperature, the volume shrinkage of the sintered
samples increases, especially for 800 °C, which leads to the corre-
sponding decrease of the large pores size. Meanwhile, some small
pores may be merged into the large ones or disappear due to the
closure of the sintering necks, resulting in a great decrease in the
number of small pores.

Fig. 2 shows the polished surface and fractured surface SEM
images of the porous Ti—3Cu alloys prepared at 650 °C and 800 °C.
It can be seen that there are also many large pores and small pores
distributed over the porous Ti—3Cu alloys, and the size of large
pores slightly decreases and the number of small pores greatly
decreases as increasing the sintering temperature to 800 °C. The
SEM morphological evolution regularity of the porous Ti—3Cu alloy
prepared at different sintering temperatures is strongly consistent
with the optical micrographs. Moreover, the interparticle pores are
obviously observed in the porous Ti—3Cu alloy prepared at 650 °C
(seen in inset of Fig. 2a and c) due to the incompletely sintering,
while the interparticle pores greatly decrease as the sintering
temperature increases to 800 °C (seen in inset of Fig. 2b and d) due
to the formation and growth of sintered necks, indicating that the
alloying and densification processes are more complete as the

Fig. 1. The polished surface optical micrographs of the porous Ti—3Cu alloys prepared at different temperatures: (a) 650 °C; (b) 700°C; (c) 750°C; (d) 800°C.
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Fig. 2. The polished surface (a) (b) and fractured surface (c) (d) SEM images of the porous Ti—3Cu alloys prepared at different temperatures: (a) and (c) 650 °C; (b) and (d) 800°C

(White arrows mark the interconnected pores).

sintering temperature increases to 800 °C. Moreover, some inter-
connected pores also can be observed from Fig. 2d (indicated by
white arrows), which illustrates that the porous structure of the
Ti—3Cu alloys should be three-dimensional connectivity.

The porosities and densities of the porous Ti—3Cu alloys pre-
pared by microwave sintering at different temperatures are shown
in Fig. 3. The densities of the porous Ti—3Cu alloys increase with
increasing the sintering temperatures, while the porosities
decrease accordingly. The density of the porous Ti—3Cu sample
with a sintering temperature of 650°C is about 3.35 g/cm?, and it
increases to 3.64 g/cm? for sintering temperature of 800 °C. While

34
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Fig. 3. Relationship between sintering temperatures and porosities and densities of
the porous Ti—3Cu alloys.

the porosity decreases from 27.25% for sintering temperature of
650 °C to 21.08% for sintering temperature of 800 °C. The results of
porosities are strongly consistent with the microstructure evolu-
tion of porous Ti—3Cu alloys.

The XRD patterns of the porous Ti—3Cu alloys prepared by mi-
crowave sintering at different temperatures are shown in Fig. 4, the
Ti—3Cu—5Mg compact as the control. Except the diffraction peaks
of a-Ti, Cu and Mg, without any other peaks are detected in the
Ti—3Cu—5Mg compact, indicating that no reaction happens and

M o-Ti
® Cu

Intensity (a.u.)

2theta (deg.)

Fig. 4. XRD patterns of the Ti—3Cu—5Mg compact and the porous Ti—3Cu alloys
prepared at different temperatures.
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any impurities incorporated along titanium powder, copper pow-
der and magnesium powder during the ball milling. After sintering
at 650°C, 700°C and 800°C, dominant «-Ti phases are clearly
detected, while the peaks of magnesium are not detected, indi-
cating that magnesium as the space holder agent, has almost
completely evaporated at the sintering temperature from 650 °C to
800°C. The diffraction peaks of copper phase were also not
observed, while the diffraction intensities of Ti,Cu phase increase
with increasing the sintering temperatures, indicating that the
contents of TiyCu increase correspondingly. This result is similar to
the result of Yao's report [36]. When the sintering temperature is up
to 800 °C, two diffraction peaks can be clearly observed at 39.5° and
43¢, corresponding to the TioCu phase.

In order to further confirm the existence of the Ti,Cu phase, the
SEM image and EDS analyses of the porous Ti—3Cu alloy prepared
at 800 °C are shown in Fig. 5. It can be observed from Fig. 5a that the
off-white strip or lump substances are randomly distributed over
surface of porous Ti—3Cu alloy. According to the EDS map scanning
results, the off-white substances are mainly composed of Ti and Cu
elements, and the atomic ratio of Ti and Cu (B point) is very close to
2:1 (seen in Fig. 5d), indicated that the off-white substances are
corresponding to the TipCu phase. On the other hand, the remaining
gray location (like A point) is only composed of Ti element, corre-
sponding to the Ti matrix. Therefore, the TipCu phases are randomly
dispersed over the Ti matrix in various shapes.

3.2. Mechanical properties of the porous Ti—3Cu alloys

The typical compressive stress-strain curves of the porous
Ti—3Cu alloys prepared at different temperatures are shown in

Fig. 6, and the compressive strength and elastic modulus extracted
from the curves are shown in Fig. 7. It can be seen that all of the
stress-strain curves contain the elastic deformation process, long
plastic deformation process and rupture process, and both of the
maximum strain and the maximum stress increase with increasing
the sintering temperatures. It can seen from Fig. 7 that both the
compressive strength and elastic modulus of the porous Ti—3Cu
alloys gradually increase with increasing the sintering tempera-
tures, and the compressive strength increases from 488.51 MPa for

1200
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Fig. 6. Compressive stress-strain curves of the porous NiTi alloys prepared at different
sintering temperatures.
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Fig. 5. The SEM image (a), EDS map scanning images of Ti (b) and Cu (c) and EDS point scanning patterns (d) of the porous Ti—3Cu alloy prepared at 800 °C.
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Fig. 7. Compressive strength and elastic modulus of the porous Ti—3Cu alloys prepared
at different sintering temperatures.

the porous Ti—3Cu alloy sintered at 650°C to 1062.34 MPa for
800°C. Correspondingly the elastic modulus increases from
7.02 GPa for 650°C to 11.94 GPa for 800°C. The increase of the
porous Ti—3Cu alloys in compressive strength is mainly attributed
to the decrease of the porosities and the increase of Ti;Cu contents.
The elastic modulus of porous Ti—3Cu alloys ranged from 7 to
12 GPa is very close to that of human cortical bone (3—20 GPa) [37].
The compressive strength of the porous Ti—3Cu alloys ranged from
488.51 MPa to 1062.34 MPa is much higher than that of the natural
cortical bone (100—230 MPa) [37]. The porous Ti—10Cu alloys were
prepared by Li et al. [21] using the conventional sintering with
NH4HCOs3 as space holder agent, and the compressive strength of
the porous Ti—10Cu alloy with the porosity of 24.6% was only
407 MPa, much lower than that of the porous Ti—3Cu alloys with
the same porosity (776 MPa). On the other hand, the porous Ti—3Cu
with the porosity of 25% was prepared at 750 °C for 20 min, while
the porous Ti—10Cu alloy was prepared at 950 °C for 4 h. Therefore,
compared to the conventional sintering, the preparation of porous
Ti—Cu alloy by microwave sintering with Mg space holder has many
advantages, such as low sintering temperature, short holding time
and high mechanical properties of sintered samples. Moreover, the
strength to modulus ratio is frequently used to evaluate the per-
formance of biomaterials with low elastic modulus and high
strength. The higher this ratio is, the more desirable the material for
such applications [38,39]. The strength to modulus ratio of the
porous Ti—3Cu alloys can be up to 88.94 x 103, much higher than
those of other porous Ti alloys [21,29,38—41] or dense Ti alloys [42].
Hence, in terms of the requirements of compressive mechanical
behavior, the porous Ti—3Cu alloy fabricated by microwave sin-
tering could be a promising candidate for the hard tissue repair and
replacement implant.

3.3. Corrosion resistance of the porous Ti—3Cu alloys

Fig. 8 shows the potentiodynamic polarization curves of the
porous Ti—3Cu alloys prepared at different temperatures. The
corrosion potential (Ecyr), the corrosion current density (Ico+) and
anodic and cathodic Tafel slopes (8, and ;) extracted from the
polarization curves using the Tafel extrapolation method are listed
in Table 1. The polarization resistance (R,), which represents the
corrosion properties of specimens, was calculated using Eq. (2)
[43,44]:

Ba1Bc|

Rp = (2.303Icorr (B + 16c1)) @

L5F —=—650°C
oL —e—700°C
’ —a—750°C
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Fig. 8. Potentiodynamic polarization curves of the porous Ti—3Cu alloys prepared at
different temperatures.

Table 1
Corrosion parameters of the porous Ti—3Cu alloys prepared at different tempera-
tures in SBF solution.

Sample  Ecorr (V) Ieorr (AJem®) o (V/dec) B (V/dec) R, (Qfcm?)
650 0976  2488x10™° 0119 0.250 1407
700 0917 1318x10° 0120 0.224 2040
750 0938 1.039x10° 0097 0.172 2598
800 0199  5985x10°°  0.208 0212 7626

When the sintering temperatures are lower than 800 °C, the
potentiodynamic polarization curves of the porous Ti—3Cu alloys
almost coincide, indicating that the sintering temperatures have no
obvious effect on corrosion resistance of the porous Ti—3Cu alloys.
When the sintering temperature is up to 800 °C, a shift of the whole
polarization curve towards the region of lower current density and
higher potential can be clearly observed, indicating that the porous
Ti—3Cu alloy has a significant improvement in the corrosion
resistance. It can be seen from Table 1 that the corrosion current
density of the porous Ti—3Cu alloys slightly decreases and the
polarization resistance increases with increasing the sintering
temperatures, which indicates that the corrosion resistance of the
porous Ti—3Cu alloys increases with increasing the sintering tem-
peratures. The corrosion current density of the porous Ti—3Cu al-
loys is equivalent to that of porous Ti—10Cu alloy [21], but it is one
or two orders of magnitude higher than those of dense Ti—Cu alloys
[11—13]. The decrease in the corrosion resistance of the porous
Ti—Cu alloys is mainly attributed to the porous structure with the
larger real contact surface area of the porous Ti—Cu alloys than that
of the dense Ti—Cu alloys and the probable occurrence of crevice
corrosion in the porous structure [45,46]. However, the porous
structure and reduced corrosion resistance of the porous Ti—3Cu
alloy may be beneficial to the release of Cu ions and improve the
antibacterial properties of the alloy. Moreover, no pitting corrosion
appearance can be detected from the polarization curves, indi-
cating that the passive film formed on the porous Ti—3Cu alloys
surface is not broken even the potentials up to 1.5V (vs SCE) and
suggesting that the porous Ti—3Cu alloys show high corrosion
resistance in SBF solution.

3.4. Antibacterial ability of the porous Ti—3Cu alloys

The typical E. coli bacterial colonies and S. aureus bacterial
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colonies incubated for 24 h on surface of the porous Ti (the control
sample) and the porous Ti—3Cu alloys prepared at different sin-
tering temperatures are shown in Fig. 9. Large amounts of E. coli
bacterial colonies and S. aureus bacterial colonies are distinctly
observed on the control sample, while no E. coli bacterial colony
and S. aureus bacterial colony can be found on all of the porous
Ti—3Cu alloys, indicating that all the antibacterial rates of the
porous Ti—3Cu alloys prepared at sintering temperatures from
650 °C to 800 °C against E. coli and S. aureus are up to 100% after
24 h incubation. It can be proved that the porous Ti—3Cu alloy can
be imparted with excellent antibacterial properties when the
addition amount of copper is 3 wt%, and the sintering temperatures
have no obvious effect on the antibacterial properties of the porous
Ti—3Cu alloys.

The typical bacterial colonies incubated from E. coli and S. aureus
suspensions are shown in Fig. 10, which have been incubated with
the porous Ti—3Cu alloy prepared at 800°C for 3h, 6h and 12 h,
respectively. Large amounts of E. coli bacterial colonies and S. aureus
bacterial colonies are observed on the control sample when the
incubation time from 3 h to 12 h (not shown), confirming that the
porous Ti does not have the antibacterial ability. When the E. coli
bacterial and S. aureus bacterial are incubated on the porous Ti—3Cu
alloys for 3 h, only a few bacteria are survived. While the E. coli and
S. aureus suspensions are incubated with the porous Ti—3Cu alloy
for 6 h, only a few S. aureus bacterial colonies can be observed, and
no E. coli bacterial colonies are survived. Further prolonging the
incubation time to 12 h, no E. coli bacterial colony and S. aureus

S. aureus

Fig. 9. S. aureus bacterial colonies and E. coli bacterial colonies after incubation for 24 h
on the control sample (a) and the porous Ti—3Cu alloys prepared at 650 °C (b) and
800°C (c).

S. aureus

E. coli

Fig. 10. S. aureus bacterial colonies and E. coli bacterial colonies after incubation for
different times on the porous Ti—3Cu alloys prepared at 800°C: (a) 3h; (b) 6h; (c)
12h.

bacterial colony can be found on the porous Ti—3Cu alloy.

The antibacterial rate-incubation time curves of the porous
Ti—3Cu alloy prepared at 800 °C are shown in Fig. 11. The antibac-
terial rates of the porous Ti—3Cu alloy greatly increase with
increasing the incubation times, and then keep steady at 100% after
incubation for 12 h. The antibacterial rates of porous Ti—3Cu alloy
against E. coli and S. aureus for 3 h are 81.3% and 88.2%, respectively.
The antibacterial rates of porous Ti—3Cu alloy against S. aureus for
6 h reaches 98.1%, while the antibacterial rates against E. coli is
almost 100%. When the incubation time is prolonged to 12 h, the
antibacterial rates of porous Ti—3Cu alloy against both E. coli and
S. aureus are up to 100%.

The antibacterial properties of porous Ti—3Cu alloys in this
study are significantly better than those of the previous reports
[12,47—50], such as lower copper content (3 wt%) and shorter
sterilization time (6—12 h). Liu et al. [12] reported that the content
of Cu in Ti—Cu alloys should be higher than 5 wt% to obtain high
and stable antibacterial performance against S. aureus and E. coli.
The antibacterial rates of the smelted Ti—5Cu alloy against E. coli
and S. aureus for 12 h are just 96% and 80% [47].The antibacterial
rate of the wrought Ti—3Cu alloy to S. aureus for 36 h is only 99.32%
[48]. Liu et al. [49] found that the antibacterial rates of the Ti—10Cu
samples against E. coli and S. aureus were 36% and 43% for 3 h in-
cubation, respectively. Fowler et al. [50] also reported that Ti—3Cu
alloys showed antibacterial property with an antibacterial rate of
16% for 6 h incubation. The structure and phase composition of the



8 S.C. Tao et al. / Journal of Alloys and Compounds 812 (2020) 152142

105
100 B
-~ | —m— FE.coli
S 95t —A— S aureus
L
=
L]
= 90
=
8 4
Q
:_g 85
E
80 |
75 1 1 1 1 1 1 1 1
3 6 9 12 15 18 21 24

Incubation time (h)

Fig. 11. Antibacterial rate-incubation time curves of the porous Ti—3Cu alloy prepared
at 800°C.

microwave sintered porous Ti—3Cu alloy may be ascribed for its
excellent antibacterial properties. First, the porous structure of the
porous Ti—Cu alloy greatly increases the contact area between the
alloy and bacteria [51]. Second, the porous structure increases the
superficial area and reduces the corrosion resistance of the Ti—Cu
alloy, which is beneficial to the release of Cu?* ions and improve-
ment of the antibacterial ability. Third, the porous structure may
cause piercing, deformation, and damage of the cellular mem-
branes, which leads to bacterial cell death and plays an important
role in antibacterial ability [52]. Finally, the fine TiCu phase is
formed during the sintering process, which can make sure that the
porous Ti—3Cu alloy has excellent antibacterial properties [13].
Actually, the detailed antibacterial mechanism of the porous
Ti—3Cu alloys need to be further explored in the future. Therefore,
only considering the mechanical and antibacterial properties, the
porous Ti—3Cu alloy with low modulus, high strength and strong
antibacterial ability will be a very promising alternative material for
hard tissue repair and replacement.

4. Conclusions

(1) The porous Ti—3Cu alloys were successfully prepared by
microwave sintering using Mg space holder. The porous
Ti—3Cu alloys consisted of @-Ti and Ti,Cu phases, and the
diffraction peaks of TiCu phase increased with increasing
the sintering temperatures.

(2) The size of large pores increased and the number of small
pores decreased with increasing the sintering temperatures,
while the porosities of the porous Ti—3Cu alloys decreased,
which leaded to the corrosion resistance slightly enhanced.

(3) The compressive strength and elastic modulus of the porous
Ti—3Cu alloys gradually increased with increasing the sin-
tering temperatures, and the elastic modulus was very close
to that of the natural cortical bone.

(4) The antibacterial rates of the porous Ti—3Cu alloys greatly
increased with prolonging the incubation times. After incu-
bation for 12 h, the antibacterial rates of porous Ti—3Cu al-
loys against both E. coli and S. aureus were up to 100%.
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