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To address new challenges in current biomedical titanium alloys, novel binary Ti-Zn alloys with high
strength, low elastic modulus, excellent corrosion resistance, and intrinsic bioactivity, were prepared via
hot-press sintering. In this paper, the microstructure, mechanical properties, corrosion behaviors, and in
vitro biological properties of the Ti-Zn alloys were systematically investigated. The Ti-Zn alloys mainly
consist of a-Ti and Ti,Zn phases, in which the Ti,Zn phase plays a good role in precipitation strengthening,
and the number gradually increases with increasing the Zn contents. All of the compressive strength, elastic
modulus, and nanohardness of the Ti-Zn alloys increase first, and then decrease with increasing the Zn
contents. The Ti-Zn alloys show great corrosion resistance with the polarization resistance of more than 10*
Q/cm?, and the resistance continuously increases with increasing the immersion times in SBF solution. The
Ti-Zn alloys possess hydrophilic surfaces with contact angles of approximately 34° ~60°. The concentration
of Zn ions released from the Ti-20Zn alloy in 0.9% NaCl solution is much lower than that of the biosafety
intake. The Ti-Zn alloys exhibit favorable cytocompatibility, which are very beneficial to the spread, pro-
liferation, and differentiation of the MC3T3-E1 cells. The above-mentioned results suggest the Ti-Zn alloys
can be promising candidates for biomedical applications.
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1. Introduction

Titanium and its alloys have been widely used in the field of
orthopedic and dental implants due to their great corrosion re-
sistance, good mechanical strength, admirable biocompatibility, and
MRI compatibility [1-4]. However, their high elastic modulus
(~110 GPa) and biological inertness remain major concerns, resulting
in “stress shielding effect” [5,6] and poor bone-implant bonding
[7,8], respectively, eventually failure of implantations. In addition,
clinically used Ti-6Al-4V alloy has the problem of releasing toxic V
and Al ions [9,10], while pure Ti exhibits unsatisfactory mechanical
and wear properties, and its wear products can cause “particle dis-
ease” [11]. Therefore, it is urgent to develop novel titanium alloys
with high strength, low modulus, and intrinsic bioactivity by adding
non-toxic alloying elements. In recent years, various binary titanium
alloys have been designed by adding alloying elements, such as Nb,
Mo, Mn, Fe, Cu, and Mg, etc. [12-19]. Nonetheless, among the novel
titanium alloys, each has its advantages and disadvantages. For
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example, Ti-Mo alloys showing excellent integrated mechanical
properties are bioinert [13], Ti-Cu alloys with nice antibacterial
properties exhibit high elastic modulus [16], while Ti-Mg alloys
possess matching modulus and bioactivity, but the Mg in the Ti-Mg
alloys degrades too fast and produces hydrogen [17].

Currently, metallic Zn has aroused people's interest as a biode-
gradable metal for its fascinating characteristics. One, Zn has a
slower degradation rate than Mg without hydrogen produced during
the degradation [20-22]. Liu et al. [21] studied the in vitro de-
gradation behavior of pure zinc in different solutions and found that
the pure Zn had a relatively moderate corrosion rate. Bowen et al.
[22] implanted pure zinc wires into the abdominal aorta of rats,
which identified that the biodegradable zinc had ideal biocorrosion
behavior. Two, Zn exhibits acceptable biocompatibility [23,24]. Yang
et al. [23] investigated the in vivo degradation behavior of pure Zn
scaffolds in a rabbit abdominal aorta model, and the results showed
that the Zn scaffolds had good biocompatibility without severe in-
flammation, platelet aggregation, thrombosis, and intimal hyper-
plasia. Guo et al. [24] studied the in vitro performance of pure zinc
wires, which showed favorable cytocompatibility and partly anti-
bacterial effect on S. aureus and E. coli. Three, Zn possesses excellent
osteogenic ability [25,26]. Guo et al. [25] prepared pure zinc as
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membrane material for guided bone regeneration (GBR), demon-
strating the favorable osteogenic capability of pure zinc membrane
with 300 pm pores in vivo. Four, Zn is also an essential trace ele-
ment, with recommended daily value of 2 mg/day, which can par-
ticipate in various physiological activities [27].

Nevertheless, pure Zn as a biomedical material is still confronting
some challenges, such as low yield strength (~29.3 MPa), poor
ductility (~1.2%) [28], and biotoxicity at a high degradation rate [29].
Considering the excellent biological functionalities and limited cy-
totoxicity of the metallic Zn, it seems great to combine the me-
chanical properties of titanium and the bioactivity of zinc. On the
one hand, Zn as an alloying element can not only strengthen the
mechanical properties through precipitation strengthening effect of
titanium zinc intermetallic compound [30], but also enhances the
bioactivity by releasing Zn ions in body fluids [25,26]. On the other
hand, Zn as a cheap element shows better cost control in actual
production compared with the elements of Zr, Nb, Mo, and Ta, etc.
[31-33]. Particularly, due to the high saturated vapor pressure of Zn
and the large difference in melting point between Ti and Zn, hot-
press sintering is an ideal method to prepare the Ti-Zn alloys. To
date, to the best of our knowledge, there are no reports about bio-
medical Ti-Zn alloys. In this paper, novel low-cost bioactive Ti-Zn
alloys with nominal compositions of 5, 10, 20, and 30 wt% Zn for
permanently implanted application were prepared via hot-press
sintering. The microstructure, mechanical properties, corrosion re-
sistance, and in vitro biological properties of the Ti-Zn alloys were
systematically investigated, expecting them to be promising candi-
dates for biomedical applications.

2. Experimental procedure
2.1. Preparation of the Ti-Zn alloys

Commercially available Ti powder (purity >99.7%, -325 mesh)
and Zn (purity >99.7%, -1000 mesh) spherical-like powder, pur-
chased from Beijing Xingrongyuan Technology Co. LTD, China, were
used as the raw powders. The Ti-Zn mixed powders were blended
using a planetary ball mill (QM-1SP4, Nanjing University Instrument
Plant, China) at the speed of 250 r/min for 3 h, and then put into a
graphite mold with the diameter of 15 mm. The samples were sin-
tered under 30 MPa pressure in a vacuum hot-press sintering fur-
nace (RYL-25-19, Nanjing Boyuntong Instrument Technology Co.
LTD., China) at 800 °C for 30 min and cooled to room temperature in
the furnace. The nominal weight percentage of Zn in Ti-Zn alloy was
5%, 10%, 20%, and 30%, and the sintered samples were denoted as Ti-
5Zn, Ti-10Zn, Ti-20Zn, and Ti-30Zn, respectively.

2.2. Microstructural characterization

The Ti-Zn alloys were ground to a 2000 grit surface by silicon
carbide papers and then mechanically polished with Cr,05 suspen-
sion. A scanning electron microscopy (SEM, FEI Nova Nano SEM450,
USA) equipped with energy dispersive X-ray (EDS, Oxford
Instruments INCA 6650, England) was employed to characterize the
microstructure and chemical composition of the Ti-Zn alloys. The
porosities of the Ti-Zn alloys were measured by Archimedes drai-
nage method according to ASTM B962-08. The phase composition
was examined by X-ray diffraction (XRD, Bruker D8 FOCUS,
Germany) with a Cu Ka radiation at a scan rate of 2° /min at room
temperature. The volume fractions of the phases were calculated by
the integral area of the three most characteristic peaks of the XRD
patterns, in which the asymmetrical peaks were separated using the
Pearson VII function [34]. The chemical composition and electronic
states of the Ti-20Zn alloy were performed by X-ray photoelectron
spectroscopy (XPS, Shimadzu Kratos Axis Ultra DLD, Britain) with an
Al Ka excitation (150 W, 10 mA, 15 kV). The microstructure of Ti-

Journal of Alloys and Compounds 931 (2023) 167555

20Zn alloy was further investigated by transmission electron mi-
croscopy (TEM, FEI Talos F200X, USA) at an acceleration voltage of
200 kv.

2.3. Mechanical property test

Cylindrical samples with the dimension of ®3 x 6 mm were
longitudinally cut from the sintered Ti-Zn alloys for compression
tests (ASTM-E9-09), and an electronic universal testing machine
(WDW-50, Jinan Shijin group Co. LTD, China) was used with a strain
rate of 0.1 mm/min under room temperature. The elastic modulus
was determined according to the ASTM E111-97 [35] from the
stress-strain curves. For each alloy, three duplicate samples were
measured and averaged.

The elastic modulus and indentation nanohardness of the Ti-Zn
alloys were measured using a nanoindentation tester (TTX-NHT3,
Anton Paar, Austria) with Berkovich indenter (maximum load: 450
mN, loading time: 60 s, pause: 30 s, and unload time: 60 s) according
to ISO 14577-1 [36].

2.4. Electrochemical measurement

The electrochemical measurement of the Ti-Zn alloys was per-
formed on an electrochemical working station (CHI650D, Shanghai
Chenhua instrument Co. LTD, China) in the SBF solution [37] under
room temperature. A conventional three-electrode system was em-
ployed, which was equipped with a platinum foil electrode as the
auxiliary electrode, a saturated calomel electrode (SCE) as the re-
ference electrode, and the samples with the exposed area of 1 cm? as
the working electrodes. Before other tests, the open-circuit potential
(OCP) was performed for 1800 s to reach a steady state. Electro-
chemical impedance spectroscopy (EIS) was conducted with the
amplitude of 10 mV in a frequency from 10° Hz to 1072 Hz and fitted
by the software of ZsimpWin. Potentiodynamic polarization curves
were obtained over a potential ranged from - 0.8-1.0 V at a scan rate
of 1 mV/s. The corrosion potential (Ec,,) and corrosion current
density (I.o;r) Were interpolated by linear fitting and Tafel extra-
polation. The long-term electrochemical corrosion behavior of the
Ti-20Zn alloy immersed in the SBF solution for 28 days was also
investigated by EIS.

2.5. Immersion test

The Ti-20Zn alloy was immersed in the 0.9% NaCl solution at
37 °C+ 0.5 °C for 28 days with a solution-to-area ratio of 1.14 cm?/
mL (ASTM-G31-72). The dimension of the sample was ®11 x 1 mm,
and the volume of the immersion solution was 2 mL. The con-
centrations of Zn ions in the solution were measured by flame
atomic absorption spectrophotometer (AAS NovAA800, Analytik
Jena, Germany). The experiment was repeated three times for each
group.

2.6. Water contact angle test

The water contact angles of the Ti-Zn alloys were determined by
an optical contact angle tester (DSA 100, Kruss, Germany) with a 5 uL
water droplet, and the biomedical Ti-6Al-4 V alloy (TC4, Xi 'an Saite
Metal Material Development Co. LTD, China) was used as the control.
Before the test, the samples were ground to a 2000 grit surface, and
each sample was tested three times in different places.

2.7. Cytocompatibility test
The cytotoxicity was tested by direct seeding on the surfaces of

the Ti-Zn alloys according to ISO 10993-5: 2009, the TC4 alloy as the
control. The effect of the Ti-Zn alloys on the cell viability of mouse
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embryonic osteoblast precursor cells (MC3T3-E1 cells) was detected
by the CCK-8 assay (Dojindo Lab, Japan), and the negative control
group involved cell culture medium was set up. Each group of ma-
terials was placed in 48-well plates, and 1 mL cell suspension (1 x10*
MC3T3-E1 cells) was inoculated into each well plate, and cultured in
an incubator at 37 °C with 5% CO, for 1, 4, and 7 days. The super-
natant was sucked out and replaced with 1 mL fresh culture medium
and 0.1 mL CCK-8 solution. The solution was cultured in humidified
atmosphere incubator with 5% CO, at 37 °C for 2 h. The solution was
sucked out and transferred to a 96-well plate. The absorbance (OD)
value was measured at 450 nm using a microplate reader (Multiskan
Spectrum, Thermo Scientific, USA).

To observe the morphologies of the cells, the MC3T3-E1 cells was
also seeded on the Ti-Zn alloys and TC4 alloy, and incubated for
1 day and 7 days, respectively. And then the incubated samples was
covered in 2.5% glutaraldehyde solution for 1 h and then washed in
phosphate buffered saline (PBS) and distilled water. Subsequently,
the samples were continuously dehydrated in different concentra-
tions of alcohol, and then dried in the air. Finally, the samples was
sprayed with gold and observed by the SEM.

2.8. ALP activity test

The ALP activity of the MC3T3-E1 cells was tested after being
cultured on the Ti-Zn alloys for 7 and 14 days, the TC4 alloy as
control. After seeding on the surface of the Ti-Zn alloys and the TC4
alloy at different times, MC3T3-E1 cells were rinsed with PBS two
times and lysed with 200 um 0.2% Triton X-100 on ice for 15 min.
The total intracellular protein content was examined by a BCA pro-
tein assay kit and measured using a microplate reader at 562 nm.
The ALP activity (expressed as pmol of converted p-nitrophenol/min)
with p-nitrophenyl phosphate as the substrate of the MC3T3-E1 cells
was evaluated at 405 nm using the microplate reader and normal-
ized by the total intracellular protein contents.
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3. Results and discussion
3.1. Microstructural analysis of the Ti-Zn alloys

Fig. 1 shows the SEM backscattered electron (BSE) images and
porosities of the Ti-Zn alloys with different Zn contents. The surface
of the samples is mainly composed of white, gray, and black three
regions. The white island-like regions should be secondary phase
precipitates, the black regions are mainly the residual pores volati-
lized by Zn, and the gray regions are attributed to the Ti matrix. With
increasing the Zn contents, the number of while regions gradually
increases, and finally coalesces into larger blocks around grain
boundaries as shown in Fig. 1(d), which will separate the «-Ti matrix
and lead to the brittleness of the Ti-30Zn alloy. According to the EDS
spectra shown in Fig. 1(e), the white secondary phase consists of Ti
and Zn elements with an atomic ratio of approximately 2: 1, which
may be attributed to the Ti,Zn phase. Zn is known as a beta Ti sta-
bilized element [38]. o-Ti is transformed into p-Ti by isomerization at
high temperature and then the Zn is dissolved into p-Ti to form a
solid solution. Due to the "active" eutectoid reaction p—o + TiZn
[30] during the furnace cooling process, the Zn is precipitated out-
side the grain boundary, resulting in the enrichment of Zn [30]. At
the same time, the Ti,Zn phases nucleate and grow along the grain
boundaries. Therefore, the white island-like secondary phase pre-
cipitates can be identified as Ti,Zn. The contents of Zn element in the
Ti-Zn alloys obtained by EDS are listed in Table 1. Most of Zn is re-
tained in the Ti-Zn alloys, while a small amount of Zn is volatilized
during the sintering process. With increasing the Zn contents, the
volatile content of Zn increases, which leads to the formation of
more pores in the Ti-Zn alloys. This is also confirmed by the porosity
results of Ti-Zn alloys, shown in Fig. 1(f). With increasing the Zn
contents, the porosities nearly linearly increase from 6.9 = 1.1% for
Ti-5Zn alloy to 30.4 * 2.5% for Ti-30Zn alloy. The increase of porosity
should have a great influence on the mechanical properties, corro-
sion resistance and wettability of the alloys.
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Fig. 1. Surface morphologies and porosities of the Ti-Zn alloys with different Zn contents: (a) 5wt%; (b) 10 wt%; (c) 20 wt%; (d) 30 wt%; (e) EDS patterns of A and B points in Ti-

30Zn alloy; (f) porosities.
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Table 1
Nominal and actual contents of Zn element in the Ti-Zn alloys.

Sample Nominal content Actual content Volatile content
(wt%) (wt%) (Wt%)

Ti-5Zn 5 4,63 0.37

Ti-10Zn 10 9.70 0.3

Ti-20Zn 20 18.63 137

Ti-30Zn 30 27.97 2.03

Fig. 2(a) shows the XRD patterns of the Ti-Zn alloys with different
Zn contents. The Ti-Zn alloys are mainly compose of «-Ti phase and
Ti,Zn phase, and the intensity of the Ti,Zn diffraction peaks in-
creases, while the intensity of «-Ti diffraction peak decreases with
increasing the Zn contents. Especially, when the Zn content reaches
30 wt%, the intensity of the Ti,Zn diffraction peak is much higher
than that of o-Ti phase, indicating that the Ti,Zn phase becomes the
dominant phase and the number of Ti,Zn phase is higher than that of
a-Ti phase. The diffraction peaks of the «-Ti phase are clearly found
in all of the samples, while almost no obvious diffraction peaks of
the Ti,Zn phase can be observed when the Zn content is lower than
10 wt%. Herein, the overlap peaks are separated into «-Ti and Ti,Zn
peaks by the Pearson VII function [34], and the volume fractions of
the alloy phases were estimated by the reference intensity ratio
method (RIR) [39,40]. The volume fractions of «-Ti and Ti,Zn in the
Ti-Zn alloys derived from XRD patterns is shown in Fig. 2(b). The
fractions of the o-Ti phase rapidly decreases from 93.61% for Ti-5Zn
alloy to 38.18% for Ti-30Zn alloy with increasing the Zn contents,
while the Ti,Zn phase correspondingly increases from 6.39% for Ti-
5Zn alloy to 61.82% for Ti-30Zn alloy. This result is greatly consistent
with the Fig. 1. In addition, the diffraction patterns of the Ti-5Zn and
Ti-10Zn alloys show that the strongest diffraction peak of a-Ti phase
changes from 20 = 40.3° to 20 = 38.5°, which may be attributed to the
preferred orientation caused by residual stress during the hot-press
sintering process.

To further investigate the microstructure of the Ti-Zn alloys, the
TEM images of the Ti-20Zn alloy are shown in Fig. 3. It can be seen
from TEM bright field image (Fig. 3(a)) that some long crank-shaped
and pebble-shaped gray precipitates with the grain sizes ranged
from 0.5 to 2um are randomly dispersed in the relatively bright
white o-Ti matrix, in which it also contains a high density of dis-
locations pile-up and tangles. The EDS spectra (Fig. 3(b)) reveal that
the precipitates are mainly composed of the Ti and Zn elements with
an atomic ratio of approximately 2:1. Moreover, the precipitates are
identified as Ti,Zn phases with tetragonal structure by the high-re-
solution transmission electron microscopy (HRTEM) images and
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selected area electron diffraction (SEAD) pattern shown in Fig. 3(d),
and the rest are o-Ti matrix (Fig. 3(c)). The crystal band axis and PDF
card corresponding to the diffraction pattern of Ti,Zn phase is [1-10]
and 04-004-3986, respectively, while the a-Ti matrix is [1-100] and
00-044-1294. The HAADF image and elemental mapping of the Ti-
20Zn shown in Fig. 3(e) further illustrate the morphology and dis-
tribution of the TiyZn precipitated phase in the Ti-20Zn alloy.
Moreover, the high density dislocations distributed over the Ti-20Zn
alloy may be attributed to the uniaxial compression during the
sintering process. The movement of dislocations is hindered by
dispersedly distributed secondary phases and form the dislocations
pile-up and tangles, which can greatly strengthen the mechanical
strength of the alloy.

XPS broad scan and high-resolution spectra of the Ti-20Zn alloy
are shown in Fig. 4. From Fig. 4(a), the C 1, Ti 2p, O 15, Zn 2p, and
Zn LMM are mainly observed, in which the C element is from the
atmospheric contamination, indicating that the surface of the Ti-
20Zn alloy is mainly composed of Ti, Zn, and O elements. The high-
resolution spectrum of O 1s shows three peaks located at 532.6 eV,
531.3 eV, and 529.9eV, corresponding to the binding energies of
H,0, Ti-OH, and Ti-O, respectively [41]. The chemical absorbed hy-
droxyl groups can be contributed to the hydrophilicity of the alloy
and effectively promote the cell adhesion and growth on the surface.
Four peaks are observed from the high-resolution spectrum of Ti 2p
at the binding energies of 464.0 eV, 458.3 eV, 456.4 eV, and 453.2 eV,
respectively. The expected doublet with Ti 2ps;, at 458.3 eV and Ti
2py); at 464.0 eV is assigned to the Ti** of TiO, [42,43], the 456.4 eV
corresponds to the Ti>* of Ti,Os3, and the 453.2 eV belongs to the
metallic Ti® [43]. The peaks of Zn 2p located at 1021.7eV and
1044.8 eV are characteristic for the sphalerite ZnO [44]. However, the
binding energy of metallic Zn is very close to that of ZnO and hard to
identify, while the Auger electron energy spectrum is more distin-
guishable [45]. Two Auger electron peaks of the Zn at 497.9 eV and
493.3 eV can be detected, which is assigned to ZnO and Ti,Zn [46,47],
respectively. Therefore, according to the XPS analysis results, the
surface of the Ti-20Zn alloy is mainly composed of TiO,, ZnO, and
Ti,Zn, as well as amounts of chemically absorbed hydroxyl groups.

3.2. Mechanical properties of the Ti-Zn alloys

Fig. 5 shows the typical compressive stress-strain curves of the
Ti-Zn alloys with different Zn contents, and the mechanical prop-
erties extracted from the curves are listed in Table 2. All of the stress-
strain curves contain the elastic, plastic, and parabola stages [48]. All
of the compressive strength, yield strength and elastic modulus of
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Fig. 2. XRD patterns of the Ti-Zn alloys prepared with different Zn contents (a) and the volume ratio of «-Ti and Ti,Zn phases in the Ti-Zn alloys (b).
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Fig. 3. TEM images of the Ti-20Zn alloy: (a) bright field image; (b) EDS spectra of A and B points; (c) HRTEM and SEAD images of point A; (d) HRTEM and SEAD images of point B;

(e) HAADF and elemental mapping images.

the Ti-Zn alloys increase first, and then decrease with increasing the
Zn contents. The addition of Zn alloying element greatly strengthens
the mechanical properties because the diffusely distributed Ti,Zn
phases along the grain boundaries play the role of precipitation
strengthening. However, the excessive Zn content leads to the for-
mation of more micropores and higher porosities (seen in Fig. 1 and
Fig. 6) as well as the increase of the excessive Ti,Zn precipitates, all
of which will result in the occurrence of stress concentration and
deteriorate the strength of the Ti-Zn alloys finally. Especially, the
rapid decrease of compressive strength of Ti-30Zn alloy is due to the

fact that the content of Ti,Zn in the alloy is higher than that of the Ti
matrix (seen in Fig. 2b), which destroys the continuity of the o-Ti and
makes the brittleness of the Ti-30Zn alloys increase sharply. This can
be verified by the fracture morphologies of Ti-20Zn and Ti-30Zn
alloys, shown in Fig. 6. Some dimples and cleavage facets with a few
pores can be observed on the fracture surface of Ti-20Zn alloy, while
there are many pores and intergranular fractures on the Ti-30Zn
alloy. The fracture morphologies show that the Ti-20Zn alloy pos-
sesses much more ductile behavior than Ti-30Zn alloy, which is in
good agreement with the compressive properties. Nevertheless, the
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compressive strength of the Ti-Zn alloys is much higher than that of
the human bone [49] and also higher than the TC4 alloys of
~770 MPa [50]. The elastic modulus of the Ti-Zn alloys is ranged
from 16.6 to 26.8 GPa, very close to the human bone (~21 GPa) [49],
and is much lower than those of the alloys reported in the literature

Table 2
Mechanical properties of the Ti-Zn alloys with different Zn contents and CP-Ti.

15 (b), Zn 2p (c), Ti 2p (d), and Zn LMM (e) of the Ti-20Zn alloy.

[51]. This result suggests that the Ti-Zn alloys have excellent me-
chanical properties for biomedical applications.

To eliminate the “stress shielding effect” and prolong the service
time, implant materials are required high strength and low modulus,
thus the ratio of strength to modulus is frequently used to evaluate
the materials [40,52]. As shown in Fig. 7, the ratios of 20% com-
pressive strength to elastic modulus are 6.57%, 6.87%, and 5.73% for
Ti-5Zn, Ti-10Zn, and Ti-20Zn, respectively, which is much higher
than the CP-Ti of 0.43% [53,54] and those of the Ti-xNb alloys [54].
The low modulus of the Ti-Zn alloys is mainly attributed to the
micropores formed by the volatilization of Zn during the sintering
process, and their superior strength is attributed to the precipitation
strengthening effect of the Ti,Zn phases. Besides, the elastic energies
(W,) shown in Table 2 are calculated by the following formula [55]:

We=¢. %0y, /2

where the ¢ and o, stands for the elastic strain and the yield
strength, respectively. The elastic energies of the Ti-Zn alloys can be
ranged from 19.81 to 36.07 MJ/m3, which is much higher than the
TC4 alloy of ~3 MJ/m? and the Ti-Cu alloy of 9 MJ/m3 [56]. This result
indicates the Ti-Zn alloys have an excellent self-recovery ability to
serve as hard tissue replacement.

Fig. 8(a) shows the typical loading-unloading nanoindentation
curves of the Ti-Zn alloys and the average values of elastic modulus
and nanohardness are shown in Fig. 8(b). With increasing the Zn

Sample Compressive strength /MPa Yield strength /MPa 20% Compression strength Elastic modulus Elastic energy
/MPa /GPa /MJ-m~3

Ti-5Zn 1476 + 150 651 3 1091 + 18 16.6 + 1.4 19.81

Ti-10Zn 1906 + 215 934 + 32 1394 + 26 203 + 14 30.95

Ti-20Zn 1538 + 43 1136 + 10 1536 + 45 26.8 + 1.8 36.07

Ti-30Zn 225 + 22 - - 43+0.8 -

CP-Ti[53,54] - - 450 105 -
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Fig. 6. Fracture morphologies of the Ti-20Zn alloy (a) and Ti-30Zn alloy (b).

20% compressive strength / elastic modulus
S
T

CP-Ti Ti-20Zn Ti-10Zn Ti-5Zn

Sample

Fig. 7. Ratios of 20% compressive strength to elastic modulus for the Ti-Zn alloys and
CP-Ti.

contents, the elastic modulus increases from 51.21 + 2.32 GPa for Ti-
5Zn alloy to 143.77 * 6.85 GPa for Ti-20Zn alloy, reaching the max-
imum value, and then decreases to 133.06 + 15.11 GPa for Ti-30Zn
alloy. This variation trend is greatly consistent with the results of
compression tests. However, the elastic modulus values obtained by

500

200

the two methods are quite different indeed. According to the re-
search of Doerner and Nix [57], the elastic modulus obtained by
nanoindentation test is larger than the real value of the materials.
Besides, the elastic modulus obtained by the nanoindentation is
more microscopic and less affected by the micropores, while the
elastic modulus obtained by the compression is more macroscopic
and greatly affected by the micropores. Thus, the elastic modulus of
the nanocompression test is much larger than that of the compres-
sion test. The nanohardness of the Ti-Zn alloys shows the similar
trend to the elastic modulus, and it increases from 157.51 + 18.34 HV
for Ti-5Zn to 390.18 + 42.84 HV of Ti-20Zn, reaching the highest
nanohardness, and then decreases to 269.69 * 34.60 HV for Ti-30Zn
with increasing the Zn contents. The increase of the namohardness
of Ti-Zn alloys is also mainly attributed to the precipitation
strengthening of the Ti,Zn phases. Moreover, the increase of hard-
ness can also greatly improve the wear resistance of the Ti-Zn alloys
and make them more conducive to become a hard tissue replace-
ment [11,58].

3.3. Corrosion behavior of the Ti-Zn alloys

Fig. 9 depicts the potentiodynamic polarization curves of the Ti-
Zn alloys in the SBF solution at room temperature, and the electro-
chemical parameters of corrosion potential (Eco,), COrrosion current
density (Iorr), anodic and cathodic Tafel slope (5, and j.), and po-
larization resistance (Rp,) obtained by the Tafel region extrapolation
are summarized in Table 3. The Ti-Zn alloys exhibit excellent

(a)

400
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200

100

0 1000 2000 3000

Displacement (nm)

Elastic modulus (GPa)

v
=)

o
S

I Elastic modulus
I Nanohradness ]

(b)

Nanohradness (HV)

%3
S

Ti-5Zn

Ti-10Zn Ti-20Zn Ti-30Zn

Fig. 8. Typical loading-unloading nanoindentation curves (a) and elastic modulus and nanohardness (b) of the Ti-Zn alloys with different Zn contents.
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Fig. 9. Potentiodynamic polarization curves of Ti-Zn alloys with different Zn contents.

Table 3

Corrosion parameters of polarization curves of Ti-Zn alloys with different Zn contents.
Sample  Ecorr [V lcore [ (Afcm®)  pa (V[dec) e (V/dec) R, (Qfcm?)
Ti-5Zn -0.187 6.925x 1077 0.165 0.170 52631
Ti-10Zn  -0.202 9.753x 1077 0.170 0171 38035
Ti-20Zn ~ -0.178 7.415x1077 0.170 0.173 50266
Ti-30Zn  -0.245 3.631x107° 0.172 0.180 10526

corrosion resistance and no pitting corrosion can be found in the
curves. The polarization curves of the Ti-Zn alloys present the similar
forms and characteristics in both cathodic and anodic branches, in-
dicating that the Zn contents have little effect on the corrosion be-
havior of the Ti-Zn alloys. This result is further illustrated by the
almost identical values for g, and . of the Ti-Zn alloys. As the Zn
content is equal to or below 20 wt%, the corrosion current density of
the Ti-Zn alloys is at the level of 1077 A/cm?. However, when the Zn
content increases to 30 wt%, the corrosion current density of Ti-Zn
alloy increases to 10°® A/cm?, indicating that the corrosion resistance
of the Ti-30Zn alloy significantly decreases. This is mainly because
the Ti-30Zn alloy has more micropores, higher porosity and more
Ti,Zn phases, resulting in larger real contact area and more galvanic
corrosion, respectively. All of the polarization resistance of the Ti-Zn
alloys is more than 10* Q/cm?, which is attributed to the titanium
oxide passivation film formed on the surface (seen in Fig. 4d), similar
to the reported Ti-Ta alloy [59] and Ti-Cu alloy [60]. The results show
that the Ti-Zn alloys have great corrosion resistance in the SBF so-
lution, which can be potential materials for biomedical applications.

Fig. 10 shows the open-circuit potential (OCP) of the Ti-20Zn
alloy immersed in the SBF solution for 28 days. The OCP value shows
a rapid increase in the first 4 days, and then keeps a slow increase.
The continuous increase of the OCP values illustrates that a passi-
vated oxide film is formed on the surface of the Ti-20Zn alloy, and
the oxide film is continuously enhanced, which can greatly enhance
the surface thermodynamic stability and decrease the corrosion
tendency.

Fig. 11 shows the experimental and fitted electrochemical im-
pedance spectra (EIS) of the Ti-20Zn alloy immersed in the SBF so-
lution for different days at room temperature. The Nyquist plots are
characterized by capacitance semicircles, in which the diameters of
the semicircles increase with prolonging the immersion times, in-
dicating the corrosion resistance of the Ti-20Zn alloy gradually en-
hances. All of the Bode plots show one time constant, and its phase
angles in the low-frequency region increase with prolonging the
immersion times as well, suggesting that the surface corrosion of Ti-
20Zn alloy is alleviated. Moreover, the Bode plots present the typical
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Fig. 10. OCP-time curve of the Ti-20Zn alloy immersed in SBF solution for 28 days.

characteristics of a thin passivation film formed on the metal surface
[61,62]. Therefore, the EIS data can be fitted by an equivalent circuit
Rs (QRc), and the fitting parameters are listed in Table 4, in which the
Rs, Ret, Q, and n stands for the solution resistance, charge transfer
resistance, constant phase element (CPE), and dispersion coefficient
of the CPE, respectively. When n=1, Q represents the pure capaci-
tance; when n=0, Q is the pure resistance; when 0 <n < 1, n re-
presents the roughness of the working electrode [63,64].

As disclosed from Table 4, all of the Chi-square values are within
1073 during the fitting process, further confirming that the equiva-
lent circuit is appropriate. The Ti-20Zn alloy exhibits excellent cor-
rosion resistance, being attributed to the continuous formation of
the passivation film on the surface during the immersion process.
With prolonging the immersion times, the R values of Ti-20Zn alloy
increase continuously, indicating that the resistance of the passiva-
tion film is getting larger and the passivation effect is getting better,
which can improve the corrosion resistance of the Ti-20Zn alloy. At
the same time, the n values of Ti-20Zn alloy slightly increase with
prolonging the immersion times, which indicates that the roughness
of the passivation film decreases gradually and becomes more
smooth and dense. This is beneficial to improve the corrosion re-
sistance of the alloy. The EIS results of the Ti-20Zn alloy are greatly
consistent with the results of the OCP.

3.4. Biological analysis of the Ti-Zn alloys

In order to evaluate the wettability of the Ti-Zn alloys, the water
contact angles were measured, shown in Fig. 12, the TC4 alloy as the
control. The contact angles of the Ti-Zn alloys gradually decrease
from 60.05° for Ti-5Zn alloy to 34.96° for Ti-30Zn. All of the contact
angles of the Ti-Zn alloys are lower than 65°, illustrating that the Ti-
Zn alloys belong to the hydrophilic biomaterials [65], which can
support mammalian cell attachment and effectively activate plasma
coagulation cascades through the mechanism of surface adsorbed
proteins [62]. The contact angles of the Ti-Zn alloys are comparable
or even lower than those of TC4, Ti-Au, Ti-Mg and Ti-Nb-Mg alloys
reported in the literature [66-68]. The better hydrophilicity of Ti-Zn
alloys is mainly attributed to the presence of a large amount of ad-
sorbed -OH on the surface (seen in Fig. 4b), which can greatly reduce
the contact angle of the alloy. Moreover, some micropores dis-
tributed over the surface of the Ti-Zn alloys can increase the surface
roughness and reduce the contact angle of the alloys.

The Zn ions release curve of the Ti-20Zn alloy immersed in 0.9%
NaCl solution for different times is shown in Fig. 13. The release
amount of Zn ions from the Ti-20Zn alloy gradually increases with
prolonging the immersion times, and the average daily release
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Fig. 11. EIS curves of Ti-20Zn alloy immersed in the SBF solution for different days: (a) Nyquist plot; (b) Bode plot.
Table 4
Fitting results of EIS plots of the Ti-20Zn alloy immersed in the SBF solution for different days.
Immersion time Rs/Q-cm? Qy/S-s" m Ree/Q-cm? Chi-square
0 56.53 3.973x107° 0.89 1117 x 10° 1.92x1073
0.5 56.73 2.740x107° 0.90 1.022 x 10° 2.28x1073
1 57.47 2.387x107° 0.91 1.929 x 10° 1.56x 107
4 68.78 1.817x107° 0.91 5.290 x 10° 2.39x1073
7 66.34 1.727x107> 0.91 1.135x 107 392x1073
14 61.27 1.654x107° 0.91 1.834x 107 3.73x107
28 70.63 1.490 x 107° 0.93 9.740 x 107 412x1073
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Fig. 12. Water contact angles of the Ti-Zn alloys and TC4 alloy.

amount is approximately 0.156 mg/L (2.4 x10"® mol/L), much lower
than the biosafety daily release amount of Zn ions (15 mg/L) [69],
indicating that the Zn ions release in this condition is very low and
safe. According to the study of C. Ning et al. [70], when the con-
centration of Zn ions was lower than 107 mol/L, it has no obvious
cytotoxicity to fibroblasts. This is since the Zn exists mainly in the
form of Ti,Zn phase in Ti-20Zn alloy, and the TiO, passivation film is
easily formed on the surface of titanium alloy, which also can greatly
inhibit and reduce the release of Zn ions.

To evaluate the cytotoxicity of the Ti-Zn alloys, the in vitro tests
of mouse embryo osteoblast precursor (MC3T3-E1) cells were car-
ried out by CCK-8 assay. The optical density (OD) values and cell
viabilities of the MC3T3-E1 cells cultured with the Ti-Zn alloys at 1,
4, and 7 days are shown in Fig. 14, the TC4 alloys as the control. All of
the OD values increase with increasing the culture times, among

Fig. 13. Zn ions release curve of the Ti-20Zn alloy immersed in 0.9% NaCl solution for
different times.

which the OD of the TC4 alloy nearly saturates at 7 days, showing no
significant difference with that at 4 days (p > 0.05). The OD values of
the Ti-20Zn alloy and Ti-30Zn alloy are significantly higher than
those of the TC4 alloy and the negative control (p < 0.01), respec-
tively. Nevertheless, the OD values of Ti-20Zn and Ti-30Zn alloys
increase significantly (p < 0.01), reflecting that they can obviously
promote cell proliferation. As shown in Fig. 13(b), all of the cell vi-
abilities of the Ti-Zn alloys are higher than 80% after being cultured
for different days. Moreover, there is an obvious difference (p < 0.01)
in cell viabilities between the negative control and the Ti-20Zn and
Ti-30Zn alloys after 1, 4, and 7 days. At the same time, the cell vi-
abilities among the Ti-Zn alloys are also significantly different
(p < 0.01). According to the classification standard of cell toxicity
[71,72], as the cell viability of the material is higher than 75%, it is
considered as a non-cytotoxic material. All of the cell viabilities of
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Fig. 14. OD values (a) and cell viabilities (b) of the MC3T3-E1 cells cultured on the surface of the Ti-Zn alloys for different times (**p < 0.01).

the Ti-Zn alloys are higher than 75% and ranked as more than Grade
1 for the biomedical materials, among which the cell viabilities of Ti-
20Zn and Ti-30Zn alloys are higher than 100%, and can be ranked as
Grade O for the biomedical materials. The Ti-Zn alloys have no cy-
totoxicity to the MC3T3-E1 cells and show the excellent ability to
promote cell proliferation.

Fig. 15 shows the SEM images of the MC3T3-E1 cells cultured on
the surface of the Ti-Zn alloys and TC4 alloy at 1day and 7 days. A
large number of cells are adhered to the surface of Ti-Zn alloys and
TC4 alloy, and the number of cells increases with prolonging the
culture times. After 1 day of culture, the cells adhered on the surface
of the Ti-Zn alloys exhibit spindle-like or polygonal structure, in-
dicating that the cells can adhere and spread well on the surface of
Ti-Zn alloys. While the cells on the surface of the TC4 alloy are
mostly spherical structures with a small amount of polygons, in-
dicating that the spreading effect of cells on the surface of the TC4
alloy is worse than that on the surface of the Ti-Zn alloys. Moreover,
the number of cells on the Ti-20Zn alloy is much higher than those
on the Ti-5Zn alloy and TC4 alloy, which is greatly consistent with

the result of the OD values. When the culture time increases to 7
days, the surface of the Ti-20Zn alloy is completely covered by the
cells, and the stratified proliferation of the cells also can be clearly
observed. The surface of the Ti-5Zn alloy and TC4 alloy is not com-
pletely covered by the cells, and the serious agglomeration of the
cells on the TC4 surface can be found. According to the above-
mentioned results, the Ti-20Zn alloy is more conducive to the ad-
hesion, spreading and proliferation of MC3T3-E1 cells compared to
the TC4 alloy, which is mainly attributed to the good hydrophilicity
and the large amount of adsorbed OH on the surface of the Ti-20Zn
alloy.

The ALP activities of the MC3T3-E1 cells cultured on the Ti-Zn
alloys and TC4 alloy at 7 and 14 d are shown in Fig. 16. The ALP
activity of the MC3T3-E1 cells cultured on the Ti-20Zn alloy displays
significantly higher (p < 0.01) than those on the TC4 sample and
other Ti-Zn alloys, and the ALP activities of the Ti-Zn alloys increase
with prolonging the culture times. Generally, the ALP is a landmark
enzyme in the early osteogenic differentiation of mature osteoblasts
[73,74], and its activity indicates the activity and maturity of

Fig. 15. SEM images of the MC3T3-E1 cells cultured on the surface of the Ti-Zn alloys and TC4 alloy at 1 day and 7 days.
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Fig. 16. ALP activities of the MC3T3-E1 cells cultured on the Ti-Zn alloys and TC4 at 7
and 14 days (**p < 0.01).

osteoblasts [75]. The ALP activity of the Ti-20Zn alloy indicates that
the Ti-20Zn alloy can greatly promote the proliferation and differ-
entiation of osteoblasts in the early stage of implantation in vivo and
have good biological activity. The stable release of Zn ions from the
Ti-20Zn alloy can inhibit the formation of osteoclasts in bone
marrow cells, thus inhibiting the process of osteolysis [76] and im-
proving osteoblast differentiation [77]. However, it is worth noting
that the ALP activity of the MC3T3-E1 cultured on the Ti-30Zn alloys
decreases compared to that of Ti-20Zn alloy, which may be attrib-
uted to the fact that higher concentration of Zn ions released from
the Ti-30Zn alloy reduces the activity of osteoblasts and inhibits the
proliferation and differentiation of osteoblasts [78,79]. Therefore,
the proper release of Zn ions from the Ti-20Zn alloy can promote the
proliferation of osteoblasts and enhance the expression of osteo-
genic genes, thus enhancing the differentiation of osteoblasts, im-
proving the biological activity of the alloy, and improving the
effectiveness of osteogenesis.

4. Conclusion

The novel biomedical Ti-Zn alloys were successfully fabricated by
hot-press sintering. The microstructure, mechanical properties,
corrosion resistance and in vitro biological properties of the Ti-Zn
alloys were systematically evaluated. The following conclusions can
be drawn:

(1) The Ti-Zn alloys are mainly composed of o-Ti and Ti,Zn phases.
With increasing the Zn contents, the Ti,Zn contents in the Ti-Zn
alloys gradually increase. The existence of a large number of
dislocations and Ti,Zn secondary phase in Ti-Zn alloys can
greatly enhance the strength and nanohardness of the alloys.
All of the compressive strength, elastic modulus, and nano-
hardness of the Ti-Zn alloys increase first, and then decrease
with increasing the Zn contents. The elastic modulus is ranged
from 17 GPa to 27 GPa, very close to that of the natural cor-
tical bone.

The Ti-Zn alloys show excellent corrosion resistance in the SBF
solution, and the Zn contents have no significant effect on the
corrosion behavior. With increasing the immersion times, the
corrosion resistance of Ti-20Zn alloy is continuously enhanced.
The Ti-Zn alloys exhibit good cytocompatibility, being beneficial
to the spread, proliferation, and differentiation of the MC3T3-E1
cells. The release amount of Zn ions from the Ti-20Zn alloy is
much lower than that of the biosafety intake. The Ti-20Zn alloy

—
N
—

—~
w
—

=

1
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exhibits excellent biological activity and is a promising biome-
dical material.
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