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Abstract: Ti-13Nb-13Zr-7Ag (TNZ-7Ag) has a great potential for biomedical application due to its
low elastic modulus and excellent antibacterial properties. However, it is difficult to balance low
elastic modulus and high antibacterial properties. In this study, the TNZ-7Ag was treated by a pre-
deformation and aging treatment to avoid this problem. The results proved that the stress-induced
twinning caused a large range of Tip Ag particle agglomeration, and in turn enhanced the antibacterial
performance of Ag-containing titanium alloys. And the twinned martensite formed during the
pre-deformation promoted the precipitation of TiyAg phase and inhibited the growth of « phase. As
a result, TNZ-7Ag with both low elastic modulus and strong antibacterial properties was obtained by
the treatments. All results demonstrated that pre-deformation based on the synergistic effect of aging
treatment was an effective strategy to develop novel biomedical titanium alloys. Low-elastic-modulus
antibacterial titanium alloys, which can be used for the development of novel biomedical titanium
alloys, were prepared.

Keywords: Ti alloys; pre-deformation; aging treatment; antibacterial metals; elastic modulus

1. Introduction

Antibacterial titanium alloys, including Ti-Ag/Ti-Cu alloys, have attracted widespread
attention in the field of biomedical applications, especially in bone implants, due to their
excellent antibacterial properties, corrosion resistance, and cell compatibility [1-3]. As an
additive element for alloys and composites applications, Ag has the advantage of broad-
spectrum antibacterial activity and a lower likelihood of developing drug-resistant strains
than Cu [4,5]. Therefore, Ag-containing antibacterial titanium alloys represent a promising
choice for biomedical materials [6,7]. As a biomaterial for implants, another crucial aspect
under consideration is the mismatching in the elastic modulus between Ti alloys and
human bones [8]. To reduce the mismatch and increase the service life of the titanium
implants, researchers have been trying to develop biomedical titanium alloys with low
elastic modulus [9] by tuning the phase composition, aiming to preserve low-modulus
phases (such as 3, «’’) as much as possible, while minimizing the presence of high-modulus
phases (such as &, w) [10].

Recently, Ag-containing near-f3/ titanium alloys have been developed to satisfy
both antibacterial performance and low-elastic-modulus requirements, such as Ti-13Nb-
13Zr-xAg [11], Ti-15Mo-xAg [12], and Ti-30Nb-Ag [13,14]. With the advancement of Ag-
containing near-{3 titanium alloys, there has been a deeper understanding of the relationship
between the antibacterial performance and microstructure. Existing studies indicate that
the Ag-containing near-f3 Ti alloys have significantly superior antibacterial ability than
Ti-Ag binary alloys with the same amount of Ag addition due to the different distribution of
Tip Ag precipitation caused by the martensitic phase transformation [11,15]. In Ti-Ag binary
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alloys, TipAg phase uniformly precipitates within x-phase grains [15]. However, in Ag-
containing -type Ti alloys, Tip Ag phase is distributed in localized Ag-rich areas, forming
regions with high-density Tip Ag particle precipitation [13]. This suggests that metastable
phase transformations with Ag segregation might be advantageous for enhancing the
antibacterial performance of Ag-containing Ti alloys.

Aging is a common heat treatment in antibacterial Ti alloys. The aging temperature
is close to the eutectoid temperature of Ti)Ag phase and the martensitic temperature in
Ag-containing near-3 Ti alloys [13]. In the case of Ag-containing near-f titanium alloys,
there are two phase transformation processes during the aging treatment, f—« + TiAg
and p—«”. As mentioned earlier, introducing martensitic transformation into the aging
process can simultaneously reduce the elastic modulus of the material and enhance its
antibacterial properties. However, the precipitation of o phase decreases the effect of the
o’ phase on lowering the elastic modulus. For example, in Ti-13Nb-13Zr-xAg, the elastic
modulus was 75 GPa after solution and water-quenching treatment, while it increased to
over 90 GPa after being aged at 600 °C, which was obviously due to the precipitation of &
phase [13]. Therefore, it is necessary to avoid the precipitation of the o« phase and promote
the precipitation of the o/ phase, while few studies have been conducted on avoiding
the increase in elastic modulus of titanium alloys during the aging process. At the same
time, studies have shown that by controlling the proportion of «” and § phases in titanium
alloys, the elastic modulus can be reduced and the increase in it with temperature can be
suppressed [16]. Inspired by this point, this study applied pre-deformation to Ti-13Nb-
13Zr-7Ag before aging to lead to the decomposition of the metastable 3 phase in near-3
titanium alloy into «” + B phases under stress induction and to avoid the precipitation of
the « phase, thereby increasing the proportion of the o’ phase and reducing the elastic
modulus while retaining high antibacterial properties.

Considering the role of the martensitic phase in promoting the precipitation of an-
tibacterial phases, it is possible to obtain a large amount of Tip Ag phases and increase the
percentage of martensitic phases by means of pre-deformation + aging, in turn obtaining
titanium alloy with low elastic modulus and high antibacterial activity. Additionally, this
method can simultaneously introduce stress-induced twins, whose internal stresses also
have a promoting effect on the precipitation of antibacterial phases [17].

Therefore, this study applied a pre-deformation + aging approach to Ti-13Nb-13Zr-
7Ag (TNZ-7Ag) to clarify the synergistic effect of martensite and stress-induced twinning
on the antibacterial property and elastic modulus. The primary results showed that the
TNZ-7Ag obtained a high antibacterial rate of over 95% and a low elastic modulus of
75 GPa with the pre-deformation + aging process, which demonstrated the great potential
of a pre-deformation process in the preparation of antibacterial titanium alloys with low
elastic modulus.

2. Experimental
2.1. Material Preparation

Ti-13Nb-13Zr-7Ag (TNZ-7Ag) was prepared by a non-self-consumption vacuum arc
melting furnace with Ti-50Nb master alloy, high-purity Ag (99.9), sponge Ti (99.1-99.7), and
sponge Zr (99.1-99.7) as raw materials. The ingots were melted 6 times in an atmosphere with
a vacuum of 2.0 x 1073 Pa. The chemical composition (wt%) tested by EDS is listed in Table 1.
The ingots were forged into plates and kept at 850 °C for 2 h, and then quenched by water,
named T4. Then the plates were rolled with a deformation of 20-50% at room temperature as
pre-deformation. The samples pre-deformed with 50% deformation was aged at 600 °C for
0.5h,1h,1.5h, and 2 h, named as 50%/0.5 h, 1 h, 1.5 h, and 2 h, respectively.

Table 1. The chemical composition of TNZ-7Ag.

Element Nb Zr Ag Ti
Composition/wt% 13.2 12.8 6.5 Balanced
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2.2. Phase Identification

The X-ray diffractometry (XRD) was carried out on a SmartLab. 9 (Rigaku, Japan)
with a copper target to identify the phases in the samples. The instrument operated at a
voltage of 40 kV and a current of 30 mA. The scanning speed was set to 4° /min, covering a
range of 30-90°.

2.3. Microstructure

The materials were cut from plates into samples with a diameter of 15 mm and a
thickness of 2 mm with wire cutters. They were then ground with 3000 mesh sandpaper
and polished using a 1.5 um diamond solution. Following this, etching was performed with
Kroll’s reagent in a volume ratio of HF:HNO3:H,O = 4:14:82. The microstructure was ana-
lyzed using a field emission scanning electron microscope (Ultra Plus, Zeiss, Oberkochen,
Germany). For transmission electron microscopy (JEM-2100F, JEOL Corporation of Japan,
Tokyo, Japan), samples were prepared as flakes with a 3 mm diameter and 300 um thickness.
These flakes were ground to a thickness of 50-70 pm using 2000 mesh sandpaper and then
subjected to electrolytic double-spraying with a Tenupol-5 in 5% perchloric acid alcohol at
30 Vand —25°C.

2.4. Antibacterial Properties

The antibacterial properties were tested by the plate count method according to GB/T
2591. Staphylococcus aureus (ATCC 6538) was selected for the experiment, and commercial
pure titanium (cp-Ti) was used for the control group. All glassware and samples were
sterilized in an autoclave for 30 min (at 121 °C and 0.15 MPa). The samples were then
placed in well plates. The bacterial solution was initially diluted tenfold with beef broth
nutrient solution, followed by another tenfold dilution with 0.9% NaCl solution to achieve
a concentration of 10° cfu/mL. A 100 uL aliquot of this diluted bacterial solution was
added to each sample surface. Then the samples with the bacterial solution were incubated
at 37 £ 0.5 °C with 90% humidity for 24 h. Subsequently, 2 mL of normal saline was
added to each well and shaken for 5 min. A 100 uL portion of the bacterial solution was
then inoculated onto nutrient agar medium and cultured for another 24 h under the same
conditions. Finally, the numbers of colonies (N) were obtained from the surface of the
medium, and the antibacterial rate (R) was calculated using the following formula:

N
R= (1 — Samf’k"s) % 100%
NControl

where Nsamples and Ncontrol are the number of colonies on the experimental samples and
the control samples.

2.5. Elastic Modulus

The elastic modulus was evaluated by the Dynamic Property Tester for Solid Ma-
terials (China Building Materials Inspection and Certification Center) according to the
national standard (GB/T 31544-2015) [18]. Three rectangular samples with dimensions of
48 mm x 10 mm X 2 mm were used.

2.6. Corrosion Resistance

Corrosion resistance was evaluated using a laboratory automated corrosion testing
system (Versa STAT v3-400, Applied Research Institute, Princeton, NJ, USA) in simulated
body fluid (SBF) solution at 37 &= 0.5 °C. The chemical composition of SBF solution was:
NaCl, 8.00 g/L, KCl, 2.00 g/L, CaCl,, 0.14 g/L, NaHCO3, 0.35 g/L, MgSO,4-7H,0, 0.20 g /L,
Na,HPO4-12H,0, 0.12 g/L, KH,POy, 0.06 g/L [19]. A standard three-electrode system was
employed, comprising a saturated calomel electrode as the reference electrode, a platinum
electrode as the counter electrode, and the sample in the mold serving as the working
electrode. The exposed working electrode surface was 0.785 cm?.
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The Ag ion release was determined according to the national standard GB/T 16886.12-
2005 [20]. The samples were immersed for 1, 3, and 7 days in SBF solution at 37 4= 0.5 °C,
maintaining a volume to surface area ratio of 2.5 mL/cm?.

2.7. Cytotoxicity

The MC3T3-E1 cell line from the Cell Resource Center of Shanghai Institutes for Life
Sciences was used in the experimental group, while commercially pure titanium served as
the control group. The samples were immersed in minimum essential medium (MEM) with
a surface area to volume ratio of 1.25 cm?/mL for 3 days to obtain the extracts, following
ISO 10993-5 [21] guidelines. The extracts were then transferred to plates, and the cells were
added to the extracts and co-cultured for 1, 3, and 7 days, respectively. Subsequently, 10 pL
of thiazolyl blue staining solution (MTT, 5 mg/mL) was added to each well and incubated
for 4 h. After removing the excess liquid, 100 pL of dimethyl sulfoxide (DMSO) was added.
The plates were shaken for 15 min, and the absorbance (A) of each well was measured at
450 nm using a microplate reader. The relative growth rate (Rgrow) was then calculated
using the following formula:

ASample

Rerow = X 100%

Control

where Agample and Acontrol are the absorbance of the sample and control, respectively.

2.8. Statistical Analysis

All experiments were conducted in triplicate, and the quantitative statistical analysis of
representative results was performed. A p-value of less than 0.05 (p < 0.05) was considered
statistically significant.

3. Results
3.1. Microstructure after Pre-Deformation

Figure 1 shows XRD patterns of TNZ-7Ag after cold rolling with different deforma-
tions. From Figure 1a, the material before the cold rolling mainly consisted of 3 phase. After
20% of cold rolling deformation, «” phase started to precipitate. When the deformation
increased to 30% and 40%, the diffraction peaks of «” phase were gradually enhanced,
and the diffraction peaks of 3 phase were gradually reduced. After 50% deformation, the
diffraction peak of Ti;Ag phases began to appear, but only one peak could not confirm
the existence of Ti; Ag phases. As can be seen from the 50-65° local zoomed-in region in
Figure 1b, after 20-40% deformation, a large amount of o’ phase precipitated in the mate-
rial, but when the deformation reached 50%, the diffraction peaks of &’ phase decreased.
Overall, it can be found from the XRD results that the phase transformation process in
TNZ-7Ag from the initial state to the cold rolling state was: B — o’ + 3. The deformation
accelerates this phase transformation process.

@ — (b)

Intensity / a.u.

(130)a"

30%

(002)a”

A

(0
-1;“ 110)f 2)

Intensity / a.u.
[

0200

00)8

60 70 80 90 50 55 60 65
26/ deg 26/ deg

8
IS
3
3

Figure 1. XRD patterns of TNZ-7Ag with different deformation. (a) XRD patterns (the T4 condition
listed in red), (b) the zoomed-in region from 50-65°.
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Figure 2 shows the SEM microstructure of TNZ-7Ag after room temperature cold
rolling with different deformations. In Figure 2a, the o’ phase (named as «”’M) precipitated
in the material after 20% cold rolling. After 30% cold rolling, the «’M increased and
arranged in layers (Figure 2b). Then after 40% cold rolling, the o’’M interconnected and
overlapped to form a basketweave microstructure (Figure 2c). From Figure 2d, it can be
found that after 50% cold rolling, the coarser lamellar martensite o’’M precipitated in the
matrix and the twin «” phase (named as «’’T) appeared on it. Overall, the precipitated
phase of TNZ-7Ag after 20-40% deformation was o’’M, while «”’T was observed in the
samples after 50% deformation.

Figure 2. SEM microstructure of TNZ-7Ag with different deformation. (a) 20%, (b) 30%, (c) 40%,
(d) 50%.

Figure 3 shows TEM microstructure of TNZ-7Ag after cold rolling with 50% deforma-
tion. Twins and (3-phase segregation occurred in the material (Figure 3a). Firstly, based on
the comparison of the bright-field image (Figure 3b) and the dark-field image (Figure 3c)
made from the selected diffraction (Figure 3d) of the twin region, it can be seen that after
50% deformation, the «”T appeared in the o’’M, and the two types of martensite had

a crystal orientation relationship [021]a”"M/ /[021]a”T. According to Figure 3e and the
corresponding selected diffraction in Figure 3f, it can be found that in the region of 3-phase
separation, the crystal orientation relation of  phase and B’ phase was [011]3//[011]p’.

To confirm the compositional distribution of the solute element clustering in Figure 3,
Figure 4 shows the results of the elemental analysis performed on the sample with 50%
deformation, where Figure 4a—e show the elemental mapping and Figure 4f shows the EDS
analysis of the solute elements. As can be seen from Figure 4a—e, after 50% deformation, all
three solute elements have undergone localized clustering, forming strips of solute-rich
and solute-poor areas. As can be seen from Figure 4f, the Ag content in the solute-rich area
was significantly higher than that in the solute-poor area.
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Figure 3. TEM microstructure of TNZ-7Ag with 50% deformation. (a) TNZ-7Ag with 50% deforma-
tion, (b) bright-field, (c) dark-field images and (d) SAED of twins and (e) the image and (f) SAED of
B and B’ phase.

'
r—— — Areas

Figure 4. Element mapping and EDS results of 3-phase separation. (a) STEM, (b) Ag, (c) Nb, (d) Zr,
(e) Ti, (f) EDS results.

It can be summarized from the above results and analysis that the pre-deformation
mainly caused o’’M martensitic phase transformation in TNZ-7Ag alloy at the start, and
with the increase in the deformation amount, the secondary martensitic phase transforma-
tion and residual 3-phase segregation also took place in the alloy. The secondary martensitic
phase transformation introduced the twinned martensite o’ T, while the B-phase segrega-
tion led to the localized solute clustering, which increased the local Ag concentration.
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3.2. Microstructure of TNZ-7Ag with Pre-Deformation and Aging

Figure 5 shows XRD patterns of TNZ-7Ag after 50% pre-deformation and different
aging durations. From Figure 5a, after being aged at 600 °C for 0.5 h, the a-phase peaks
were enhanced, while 3 and Tip Ag peaks were weakened, which indicates that the amount
of the « phase increased at this time. When the aging time extended to 2 h, the diffraction
peaks of 3 were weakened and, combined with Figure 5b, a reduction in the percentage of
3 phase is illustrated.
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Figure 5. XRD patterns of TNZ-7Ag with 50% pre-deformation and different aging durations.
(a) XRD, (b) the percentage of 3 phase.

Figure 6 shows the SEM microstructure of 50% pre-deformed TNZ-7Ag after 0.5-2 h of
aging. According to Figure 6a,e, after 1 h of aging, the short rod-like o’ T phases formed in
the B grains, and the phase composition of 50%/0.5 h was «’M + «'T + 3. As for Figure 6b,f,
the amount of "M phased decreased, while the size increased. And the number of o’ T and
TipAg phases at the nanoscale increased. According to Figure 6¢,g, the amount of &M phase
decreased again, while the amount of o’ T phase increased in 50%/1.5 h samples. And it is
notable that there was o-phase precipitation in the «”’T phase. When the aging time extended
to 2 h, the a-phase particles became bigger, as shown in Figure 6d,h.

Residual B phase

Figure 6. The SEM microstructure of TNZ-7Ag with different pre-deformation + aging treatments.
(a,e) 50%/0.5 h, (b,f) 50%/1 h, (c,g) 50%/1.5 h, (d,h) 50%/2 h.

Figure 7 shows the TEM microstructure of TNZ-7Ag after different aging treatments.
From Figure 7a, it can be found that the sample after 0.5 h of aging consisted of f + ’M
+ o’T, and the phase transitions were p—«”"M and o’M— «'T, which agreed with SEM
results. After 1.5 h of aging, the sample showed « phase and Ti,Ag phase, and the «”'T
phase was also embedded in «’M phase, as shown in Figure 7b, which suggests that
phase transformation of o’ T— & + TipAg should occur in the «” + B-phase region, while
the «’M—«/'T process continues. Most of o’’M transformed into «’T phase after 2 h
of aging, while the amount of TipAg phase increased according to Figure 7c. Combined
with Figure 7d, TipAg particles were distributed in pairs for the induction of twins. High-
resolution observation (Figure 7e) and Fourier transform analysis of the TiyAg-phase
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particles (Figure 7f,g) revealed that the Ti,Ag particles were symmetrically precipitated
because of the introduced «”T phase.

(O012)TiAg

Figure 7. TEM microstructure of TNZ-7Ag with 50%-deformation + 600 °C aging treatments.
(a) 50%/0.5 h, (b) 50%/1.5 h, (c) 50%/2 h, (d,e) high-resolution microstructure of 50%/2 h,
(f,g) Fourier transform map.

3.3. Elastic Modulus

Figure 8 shows the elastic modulus of TNZ-7Ag aged at 600 °C for 0.5-2 h after 50%
pre-deformation. After the pre-deformation, the elastic modulus of the material decreased
to 57 GPa. After being aged for 0.5 h, the elastic modulus increased to 65 GPa due to
p—«”-phase transition behavior and reached a maximum value of 75 GPa after 1 h of
aging. After that, as the p— «”-phase transition process tended to stabilize, o’ — o'’ became
the main phase transition process, and the elastic modulus was maintained at about 76 GPa,
which was lower than that of the samples without pre-deformation treatment of TNZ-7Ag
and Ti-13Nb-13Zr [10]. However, there was a-phase nucleation in the process of o’/ — o
+ TipAg. Since the aging time was short, the « phase has not grown significantly and
the overall phase composition was 3 + «”, so the elastic modulus was maintained at a
low level.

100

TNZ-7Ag without pre-deformation
NNpF———f7"F7"""""—"————————————— = = — = —

80 |-

0} /
LA

50 -\

40 F

Elastic Modulus / GPa

TNZ-7Ag with 50% pre-deformation

30 I 1 1 I
0.5 1.0 15 2.0

Aging time / Hour

Figure 8. The elastic modulus of TNZ-7Ag with 50% pre-deformation and aging for 0.5-2 h, TNZ-7Ag
without pre-deformation and Ti-13Nb-13Zr (data from ref. [11]) listed in red.
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3.4. Corrosion Resistance

Figure 9 shows the Tafel results of TNZ-7Ag with 50% pre-deformation + aging at
600 °C for 0.5-2 h. After the pre-deformation, the corrosion current density of TNZ-
7Ag decreased gradually with the extension of the aging time, which indicates that the
corrosion resistance was enhanced. Compared to the corrosion current density of TNZ-7Ag

without pre-deformation, TNZ-7Ag samples with more Ti; Ag phase could obtain stronger
corrosion resistance.

(a)10‘3 (b) 2000 3
TNZ-7Ag without pre-deformation
1800 F = =TT T P —
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H ok 13}
20 107 ;51400 F
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Figure 9. Tafel curves and data results of TNZ-7Ag with 50% pre-deformation and aged at 600 °C for
0.5-2 h. (a) Tafel curves, (b) corrosion current density.

Figure 10 shows the results of Ag ion concentration and Ag ion release rate after up to
7 days of immersion in SBF solution. From Figure 10a, the Ag ion release concentrations
of TNZ-7Ag treated by different methods did not differ much, and all of them remained
at a low level. And according to the Ag ion release rate converted from the concentration
(Figure 10b), it can be known that the Ag ion release rate was higher in the initial stage
and remained at a similar level in the first 3 days, while after 7 days of immersion, the

rate decreased to 0.5 pug/(L-d), which was due to the dense and thickened passivation film
formed by long-term immersion.

() 4 (®) 150
[ 150%/0.5h O ey —=—50%/0.5h
~ s [L]50%/1h gt B ——50%/1h
< [ |50%/1.5h o —4+—50%/1.5h
= =
= 50%/2 h —+—50%/2 h
4 -E ° D00k °
= =
st 5 075
Sal S050F
£ £ :
éﬂl _ W 200.25 :
0 0.00 1 1 1 1 1 1 1
1d 3d 7d 0 1 2 3 4 5 6 1 8
Immersion time / day Immersion time / day

Figure 10. Ag ion concentration and release rates from TNZ-7Ag alloys with 50% pre-deformation

and aged for 0.5-2 h after 1 day, 3 days, and 7 days of immersion. (a) Ag ion concentration, (b) Ag
ion release rate.

3.5. Antibacterial Properties

Figure 11 shows the results of antibacterial properties of TNZ-7Ag after different
aging durations. From the bacterial colony counts, it can be visualized that the antibacterial
properties were significantly enhanced as the aging time increased. From the corresponding
antibacterial rates, it can be found that the antibacterial rate was about 80% after aging
for 0.5 h. At this time, the amount of TiAg precipitated was not enough to provide the
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optimal antimicrobial effect, whereas the antibacterial rate of the material was maintained
at more than 95% after aging for more than 1 h due to the formation of the large number of
Ti;Ag phases.

,1

*
X
2
g
= 80 +
5
£ 60
< 40
20
0 ;
5

0.0 0. 1.0 1.5 20 25

Aging time / hour

Figure 11. Bacterial colonies on TNZ-7Ag with 50% deformation + 600 °C aging for 0.5-2 h and the
antibacterial rate. (a) cp Ti, (b) 0.5 h, (c) 1 h, (d) 1.5 h, (e) 2 h, (f) antibacterial rate (* p > 0.05, n = 3).

3.6. Cytotoxicity

Figure 12 shows the cytotoxicity test results of MC3T3-E1 cells after 1, 3, and 7 days
of co-culture with TNZ-7Ag extract. Figure 12a shows the OD values obtained after co-
culturing, from which TNZ-7Ag extract did not exhibit cytotoxicity in comparison with
the control group (cp-Ti). According to the RGR shown in Figure 12b, all the experimental
groups showed an RGR higher than 75%, which suggests that the experimental samples
exhibited no cytotoxicity to MC3T3-E1 cells.

18 150
(a) [ Control group (b) 140 [ 150%/0.5h
1.6 [ ]50%/0.5 h 130 [ ]50%/1h
[ 150%/1h TP 190 * [ 150%/1.5h
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12 [ TS Ry 100 i [l

o
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e
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!
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1
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1
1
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[}
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e
=)

Figure 12. The OD value and relative growth rate (RGR) of MC3T3-E1 with the extracts of different
samples after 1 day, 3 days, and 7 days of culture. (a) OD values, (b) RGR (* p > 0.05, n = 3).

4. Discussion
4.1. Effect of Pre-Deformation + Aging on the Microstructure

In this study, TNZ-7Ag was cold rolled with 20-50% deformation reduction. After
the cold rolling, «”” martensite appeared in the alloy and the width of the martensite rose
with increasing deformation. At 50% deformation, there was an obvious twinned structure
according to SEM results. TEM observation suggests that two types of o’ phases were
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formed in TNZ-7Ag, i.e., primary «’M and secondary «’T. Twinning was found in the
secondary «’T. In addition, spinodal decomposition was found in TNZ-7Ag, which formed
Ag-rich areas. All these results suggest that a large amount of «’M phase and twins were
obtained in the material after 50% deformation.

The effect of the primary «’’M and twins on the aging precipitation behavior of Ti,Ag
was clarified by microstructure observation on the 50%/0.5-2 h TNZ-7Ag. During the aging,
these o’M phases were transformed into Ag-poor «” phases and Ti; Ag phase particles.
At the same time, o phase with the size of about 1 pm formed in the residual 3 phase.
TEM observations showed that after the aging treatment, TiyAg phase precipitated in large
quantities along the twinned martensite o’T, forming clusters with sizes of 200-500 nm,
which increased the size of Ti; Ag phases by about 150% compared to that in TNZ-7Ag
without pre-deformation [11]. As a summary, the primary o’’M and secondary o’ T induced
by the pre-deformation successfully increased the amount and size of the Tiy Ag phase.

4.2. Antibacterial Properties and Elastic Modulus

The antibacterial activity of Tip Ag-phase particles is related to both their number and
size. Fu et al. [15] showed that larger-sized TipAg had stronger antibacterial properties
compared to smaller Tiy Ag phases, and high ROS expression was observed on the surface
of the alloys containing Tip Ag phases, suggesting that Ti; Ag phases can kill bacteria by
contacting the surface of the bacteria to cause oxidative stress [22,23]. Chen et al. [2] also
reported that the antibacterial properties of Ti-Ag alloys were enhanced with the rise in the
size and the number of TipAg phases. In this study, the antibacterial rate of TNZ-7Ag was
80% at the beginning of the aging process (0.5 h) and reached >95% when the aging time
reached 1 h due to the pairs of TipAg-phase particles formed at twin boundaries, which
significantly increased the size and number of the TiyAg phases. However, the effect of
aging time prolongation was no longer obvious after 1-2 h, and the antibacterial rates
were retained at 95%, which indicates that the amount of TiyAg phase reached the level
of providing sufficient antibacterial effect after 1 h of aging treatment. In contrast, the
numbers and sizes of TNZ-7Ag without pre-deformation were much less than in this study,
while the antibacterial rate was only 30—40% after being aged at 600 °C for 2 h [11]. This
strongly demonstrates that the «’M and o’T could enhance the antibacterial ability of
TNZ-7Ag after aging by increasing the number and size of Ti; Ag particles.

Another aspect of interest in this study is the effect of the «’M and twins induced by
pre-deformation on the elastic modulus of TNZ-7Ag during the aging process, which is
mainly influenced by the phase composition of the titanium alloys. For the phases present
in this study, the order of elastic modulus is E > E,» > Eg [24]. After 50% pre-deformation,
the phase composition was B + «”, which could effectively decrease the elastic modulus.
As a result, the elastic modulus of TNZ-7Ag was 55 GPa. After aging at 600 °C, the elastic
modulus increased due to the phase transformation — o’ + «. However, when the aging
time was extended to 1-2 h, the elastic modulus reached a maximum of about 75 GPa,
which means the existence of «” phase limits the precipitation of « phase. Microstructure
observation showed that although «-phase precipitation was observed at 1.5 h of aging, the
increases in the number and size were not obvious, which was because the o’M and o' T
hindered the growth of the «-phase grains. This phenomenon of the elastic modulus not
increasing with aging time is like the Elinvar effect [25]. Hao et al. [16] reported that the
temperature coefficient of elastic modulus can be varied continuously from positive (zero
by the Elinvar effect) to negative in spinodal decomposition Ti-Nb-based alloys, which is
achieved by modulating the nanoscale composition of the § + «” phase. Similar results
were found in this study. In this study, the synergistic effect of the solute element clustering
of &’’M and the twin boundaries of «”’T prevent the increase in the elastic modulus by
limiting the growth of the « phase with high elastic modulus and maintain the f + «”
phase with low elastic modulus, which provides a reference for the development of novel
low-elastic-modulus antibacterial titanium alloys.
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4.3. Corrosion Resistance and Cytotoxicity

Corrosion resistance and cytotoxicity are critical issues that must be considered in the
development of biomedical materials. Low Ag concentration does not show cytotoxicity
to osteoblasts [26]. The concentration of Ag ions was influenced by corrosion resistance,
with higher stability in the alloy resulting in lower concentrations of released Ag ions in
the SBF environment. Analysis of the corrosion current density obtained from Tafel curves
revealed a decrease in the corrosion current density of TNZ-7Ag with prolonged aging time.
This decrease indicates an enhancement in corrosion resistance, attributed to the increased
presence of the TipAg phase, which augments the inert component on the alloy surface.
It can be found that the Ag ion release was not sensitive to the precipitation of Ti;Ag
phase corresponding to the analysis of the Ag ion release results, which was because the
bactericidal effect of Ti Ag came from the contact sterilization, which did not decompose in
the SBF solution, and a dense passivation film was encapsulated on the alloy surface, which
effectively blocked the ion release pathway. In addition, Zheng et al. [27] reported that
the selective dissolution of Ti on the surface of Ag-containing Ti alloys during immersion
could increase the percentage of Ag on the surface, which in turn improved the long-term
corrosion resistance. Tweden et al. [28] showed that the concentration of Ag ion reached
more than 1200 ng/L to cause a cytotoxicity, and the amount of Ag ion release in this study
was much lower than this value. The corresponding cytotoxicity test also showed that there
was no cytotoxicity of TNZ-7Ag with pre-deformation + aging in this study.

5. Conclusions

1. Two types of &’ phase, «’M and «'T, were successfully introduced to TNZ-7Ag by
a deformation at room temperature.

2. The &’M and «”T induced by pre-deformation effectively increased the size and
number of Tip Ag phases during the following aging and improved the antibacterial properties.

3. The solute element clustering and the twin boundaries limited the nucleation and
growth of the « phase and kept a low elastic modulus during the aging treatment at 600 °C.

4. The TNZ-7Ag with high antibacterial properties and low elastic modulus has been
successfully obtained by pre-deformation and aging treatment, and it also exhibits excellent
corrosion resistance and cytocompatibility.
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