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Abstract: From the perspective of biomechanics and forming technology, Ti—Fe—Zr—Sn—Y eutectic alloy was designed
using a “cluster-plus-glue-atom” model, and then the alloy was prepared by laser additive manufacturing (LAM) on
pure titanium substrate. The mechanical properties of the alloy were evaluated using micro-hardness and compression
tester, and the elastic modulus was measured by nanoindenter. The results show that the alloy exhibits a high hardness
of HV (788£10), a high strength of 2229 MPa, a failure strain of 14%, and a low elastic modulus of 87.5 GPa. The alloy
also has good tribological, chemical, forming, and biological properties. The comprehensive performances of the
Tigs.51F€26.40Z15.86512.93Y 030 alloy are superior to those of the Tig sFey 5 eutectic alloy and commercial Ti—6A1—4V alloy.

All the above-mentioned qualities make the alloy a promising candidate as LAM biomaterial.
Key words: laser additive manufacturing; composition design; biomedical titanium alloy; microstructure; property

1 Introduction

Laser additive manufacturing (LAM) is a
process of laser cladding to make a metal
component directly from a 3-D CAD model. It can
significantly reduce the “concept to product” time
by eliminating several intermediate steps, and has
distinct advantage in manufacturing complex
shapes of customized medical implants [1-4].

Titanium alloys have been widely used in
biomedical field due to high specific strength,
superior biocompatibility, and excellent corrosion
resistance in biological environment [5—7]. In
particular, Ti—6Al-4V alloy has been used as a
structural biomaterial for replacing failed hard
tissues [8], and the LAM products of the alloy have
been widely used in clinical practice abroad, which
are still in the development stage in our country.

However, the application of the alloy will be limited
in the future, as it contains toxic vanadium and has
a high elastic modulus [9]. The modulus mismatch
between the alloy and natural bone can induce
stress shielding effect, resulting in bone resorption
over a long period of time. Thus, recent research of
biomedical titanium alloys has been focused on the
design of new p-type titanium alloys with low
elastic modulus and excellent biocompatibility,
such as Ti—Mo, Ti—Nb, Ti—Zr and Ti—Sn based
alloys [10—13]. So far, the LAM p-type titanium
alloy products have been widely used in clinical
practice abroad. Unfortunately, the formability of
S-type alloys was poor and the
microsegregation was easily caused, resulting from
the wide temperature range of solidification.
Moreover, the strength and the wear resistance were
insufficient.

The LAM biomaterials should not only have
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high biological and mechanical properties, but also
possess good formability. It would be worth to
develop eutectic microstructure with high biological
and mechanical properties, since such alloys have
single melting temperature. With this respect, the
binary TizosFeys eutectic alloy having a novel
combination of high mechanical properties and
good formability is potential candidacy [14,15]. But,
it still has limitations. One is that the alloy was
easily oxidized forming harmful TisFe,O phase,
because residual oxygen in the original powder
particles was involved in the LAM process. The
other is that the elastic modulus of the alloy
(149—154 GPa) was higher than that of natural
bone [15]. To develop it into a LAM biomaterial,
the most important thing is to improve oxygen
removal ability and to decrease elastic modulus.

Previous research [7] has demonstrated that
non-toxic yttrium had a good purification effect on
the liquid composition of the Ti—Fe alloy, which
could effectively suppress the formation of TisFe,O
phase, owing to higher chemical affinity between Y
and O. Elastic modulus is an intrinsic feature of
materials, which is determined by the inter-atomic
bonding force [10,16]. To decrease the elastic
modulus of the binary Ti—Fe alloy, it is of
significance to choose proper alloying elements to
adjust the combination of the components.
Non-toxic Zr (68 GPa, 0.162 nm) or Sn (50 GPa,
0.172 nm) elements are both good candidates
because they have lower modulus and large atomic
radius compared with Ti (116 GPa, 0.145 nm) and
Fe (211 GPa, 0.127 nm). When single element Zr or
Sn dissolves in S-Ti solid solution, the lattice
constant of the solid solution will be increased and
the bonding force between components will be
weakened, which will help to reduce the elastic
modulus of the alloy. However, the results of
preliminary experiments showed that the role of Zr
or Sn in decreasing the elastic modulus of the alloy
is at a comparable level, and there is a certain
limitation in decreasing the modulus through single
alloying element. Therefore, it is necessary to
further decrease the elastic modulus through
multi-alloying of Zr and Sn elements.

In the present work, Ti—Fe—Zr—Sn—Y eutectic
alloy was designed using a “cluster-plus-glue atom”
model, and then was prepared by LAM on pure
titanium substrate. The microstructure and the
properties of the alloy were investigated and

compared to those of TissFeyys eutectic alloy and
Ti—6Al-4V alloy.

2 Design of Ti—Fe—Zr—Sn-Y alloy

In terms of a recently proposed “cluster-plus-
glue-atom” model, any structure can be dissociated
into a cluster part and a glue atom part, so that the
phase composition is always described by the
cluster formula [cluster][glue atoms], [17—19].

In the Ti—Fe binary alloy, for instance, there
are two clusters near the binary Tiz soFeyo 5o eutectic
point, as shown in Fig. 1. One is a Fe-centered
CN14 [Fe-Tiy4] cluster derived from Fe-containing
bee f-Ti phase, and the other is a Ti-centered cluster
CN14 [Ti-FegTig] derived from TiFe phase with
CsCl structure. The eutectic TisgsFesos, which
corresponds to the most stable melt, can be
formulated as being composed of two stable
subunits [Fe-Ti14]Fe1+[Ti-FegTi6]Ti3=Ti24Felo=
TijoeFex4 (at.%), in accordance with the dual-
cluster model for eutectic liquids [20]. When Zr, Sn
and Y are added to the binary eutectic alloy, Zr and
Sn will enter into the [Fe-Tis]Fe; cluster of S-Ti
solid solution, as they do not form CsCl structure
with Fe. Moreover, according to the cluster close-
packing principle, the cluster is the nearest-shell
polyhedron centered by any non-equivalent atomic
site in the unit cell of the alloy, which generally
consists of elements having strong negative mixing
enthalpies, while glue atoms, located among the
clusters, are composed of elements having weak
mixing enthalpies. Because the mixing enthalpy
between Sn and Ti is more negative than that
between Fe and Ti, the only site for Sn to occupy is
to replace Fe at the central site of the [Fe-Ti4]Fe;
cluster. The mixing enthalpy between Zr and Ti is
weaker than that between Fe and Ti, so Zr will
substitute the Ti atoms at the first shell of
the [Fe-Tij4]Fe; cluster. A new dual cluster
formula for the quaternary eutectic melt should
be [Sn-TizZr,]Fe +[Ti-FegTig ] Tiz=TixnFeoZr,Sn=
Tigs711F€2647721588Sn594 (at.%). Y is not mutually
soluble with Ti or Fe, and thus, it will not enter into
any cluster formula. Its function lies in the
purification of the melt against high-temperature
oxidation. Here, it is needed to emphasize that the Y
content should be strictly controlled, as too much Y
content could cause the formation of some harmful
phases. Based on the preliminary experiments, the
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added amount of Y in the alloy was determined to
be 0.3 at.%. Thus, the final composition of the
multi-component eutectic alloy is Tigs51Fe26.40Z15 86
Sny.03Y 030 (at.%).
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Fig. 1 Ti—Fe binary phase diagram and cluster structure
3 Experimental

The pure Ti plate with dimensions of 30 mm x
20 mm x 20 mm was chosen as substrate material.
Master alloys with nominal composition of
TizosFeyos, TiessiFersa0Zrs86Sn203Y 030 and  Ti—
6Al-4V were prepared by arc-melting in an argon
atmosphere, and then were ground into powder with
size of 30—100 um by ball grinder, which were
chosen as LAM materials. A 6 kW CO, laser unit
was used for producing deposited layers. The
optimized laser processing parameters were adopted
as follows: laser power 2.6 kW, laser beam diameter
6 mm, and scanning velocity 9 mm/s.

Phase identification of these LAM specimens
was carried out using XRD—6000 X-ray diffracto-
meter. The microstructural characteristics were
analyzed using a Zeiss Supra 55 (VP) scanning
electron microscope (SEM). Vickers hardness was
measured with a DMH—-2LS micro-hardness tester
under a load of 0.981 N for a dwell time of 30 s.
The compressive property was measured with an
Instron-type testing machine at a strain rate of
0.1 mm/min. The specimens for compressive
testing were 6 mm-long rectangle parallel-piped
with 3 mm x 3 mm cross-section. Elastic modulus
was measured using a nano Indenter XP with a
Berkovich indenter at constant loading rate of
0.05s' and maximum indentation depth of
1000 nm. To obtain reliable results, 30 indentation

tests were performed for each specimen. To verify
the reliability of the data, the elastic moduli of the
binary Ti—Fe eutectic, Ti—6Al—4V, and Ti—Ta—Zr
alloys were also measured using a nano indenter.
The measured data were basically the same as those
obtained with the conventional approach, indicating
the method is feasible for measuring elastic
modulus of bulky materials. Reciprocating friction—
wear test was performed using a CETR UMT-2
testing machine. A Si;N4 ball with a diameter of
5.96 mm and a hardness of HV 1500 was selected
as the wear couple. The corrosion behavior was
evaluated using a M352 system composed of
EG&G273 potentiostat connected to a computer.
The corrosive medium was Hank’s simulated
balanced salt solution (HBSS), whose temperature
during the test was maintained at (37£1) °C. The
surface roughness was tested using NV5000 surface
profiler.

For evaluation of apatite growth on the surface
of alloys, the specimens were soaked for 4 d, in
10 mL of a simulated body fluid (SBF) solution at
37°C. Then, the specimens were rinsed with
deionized water, and then dried at 40 °C. The
cytotoxicity evaluation of the alloys was carried out
according to GB/T 16886.5 standard. The samples
were respectively placed in several petri dishes
containing DMEM culture medium (hereafter
referred to as serum-free medium, SFM) to extract
samples for cytotoxicity testing. Then, the extracts
were respectively diluted to 100%, 50%, 10% and
1%. The SFM medium was used as a negative
control and the SFM medium with 0.64% phenol
was used as a positive control. The morphology of
cells was checked using an inverted microscope
(DMI 1, Leica). The optical density (OD) was read
spectrophotometrically at 490 nm with molecular
devices (SpectraMax 190). The RGR was converted
into 0—5 material toxicity levels. The level 0 and 1
reactions are non-toxic. Cell adhesion and
proliferation tests were carried out according to the
following steps. The cells contained in culture
plates with samples were cultured at 37 °C in a
humidified atmosphere with 5% CO, for 30 min,
60 min, 120 min, 1 d, 4 d and 8 d, and a cell culture
plate without sample was also included as a control.
The wells were rinsed twice with PBS after the cell
culture. Then, the MTT and DMEM were added
into the wells and the cells were incubated at 37 °C
for 4 h. After that, 1 mL DMSO was added to the
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wells and shaken for 10 min to dissolve the
product. Finally, the OD of the solving liquid was
read spectrophotometrically at 490nm by
molecular devices.

4 Results and discussion

4.1 Microstructure

Figure 2 shows X-ray diffraction patterns of
the alloys. The data reveal that TissFeys alloy
consists of a disordered f-Ti solid solution, an
ordered TiFe intermetallic compound, and a small
fraction of TisFe,O oxide. The TisFe,O oxide is
generally regarded as oxygen-stabilized Ti,Fe
intermetallic phase, which causes the embrittlement
of the alloy [21]. In the case of the Tigss1Fexs.40-
Zrs55631N503 Y 030 alloy, the TisFe,O oxide disappears
due to purifying effect of Y element. Meanwhile, an
additional Zr,Fe intermetallic compound is clearly
observed. The data also reveal that the lattice
constants of 5-Ti and TiFe phases in the TizgsFey s
alloy are 0.319 and 0.305 nm, respectively; while
those of these phases in the Tigss1Fens40Z1556-
Snyo3Yo30 alloy are 0.328 and 0.302 nm,
respectively. This indicates that the additions of Zr
and Sn enlarge the lattice constant of §-Ti, resulting
from the dissolution of alloying elements in S-Ti.
On the contrary, the lattice constant of the TiFe
phase decreases due to the deviation from the
stoichiometric composition of TiFe.

«—BTi
® e — TiFe

= —Z7Zr,Fe
*» —Ti,Fe,O

Tigs.51F€26.40Z15.86512,93Y .30

*

20 40 60 80 100
200(°)
Fig. 2 X-ray diffraction patterns of TizsFeys and
Tigs 51F€26.40Z15 86510 93Y 9 30 alloys

Figure 3 shows the typical SEM micrographs
of the alloys. As shown in Fig. 3(a), the TisgsFexs
alloy has a cellular eutectic structure with
interlamellar spacing of 1.27 um. Since residual

oxygen in the original powder particles is involved
in the LAM processing, Ti;Fe,O oxides with an
average size of 12 um are also found at eutectic
colony boundaries. The oxide is generally regarded
as oxygen-stabilized Ti,Fe intermetallics, which
results in undesirable brittleness.

Fig. 3 SEM morphologies of TijysFesos (a) and Tigys-
Fes6.40Zrs.86Sn3.93Y 30 (b) alloys

LikCWiSG, the Ti64.51FCZ6.4()ZI'5,86S1'12493Y0.30 alloy
also exhibits a cellular eutectic structure (Fig. 3(b)).
But, there is a clear change in the constituent phases
of eutectic, a multi-component eutectic consisting
of p-Ti, TiFe, and Zr,Fe phases is formed instead of
the binary eutectic as revealed by XRD, and the
TiFe particles at the center of the eutectic colonies
are clearly observed. Meanwhile, the purifying
effect of Y not only restrains the formation of brittle
Ti4Fe,O oxide, but also increases supercooling
degree of the melt, leading to the grain refinement.
The average interlamellar spacing of the eutectic is
measured to be 0.45 um, and is much smaller than
that of TissFeyo s alloy. Here, it is worth mentioning
that the observed structures of the alloys are in
non-equilibrium state, because the f-Ti phase often
undergoes a martensitic transformation upon rapid
cooling. However, the martensitic transformation is
suppressed due to f-stabilizing effect of Fe,
resulting in the stabilization of high-temperature
[S-Ti phase.



3278 Li-ying HAN, Cun-shan WANG/Trans. Nonferrous Met. Soc. China 30(2020) 3274-3286

4.2 Mechanical properties

Vickers hardness test shows that the hardness
of TissFesg5alloy is about HV (658%10), while that
of Ti64‘51Fe%,4OZr5‘36Sn2,93Y0,30 alloy is HV (788i10)
Such an improved hardness for the studied alloy
can be attributed to the combination of grain
refinement, enhancement effect of intermetallic
compounds, and dissolution of alloying elements in
p-Ti (solution hardening). As compared to the
commercial Ti—6Al-4V alloy (HV 358), the
hardness of the Tiggs51F€26.40Z1586SN203Y 030 alloy is
improved significantly.

The strain—stress curves of both alloys under
compressive test are shown in Fig. 4. The data
reveal that the TissFeys alloy fails just after
yielding with a failure strain of 5.2% at a maximum
stress of about 988 MPa. The fractographic
observation displays that radial cracking occurs at
the TisFe,O oxide (Fig.5(a)), which acts as
stress-concentrating site. It is believed that the
brittle oxides offer no resistance to crack growth.
Once the crack is formed in the case of the
crack-nucleation controlled fracture, it immediately
propagates to cause the fracture of the alloy. The
Tiss.51F€26.40Z1586S02.93Y 0.30 alloy exhibits improved
mechanical properties (the maximum stress of
2230 MPa, strain to fracture of 14%) compared
with the TizsFeys alloy. The high strength
exceeding 2.0 GPa is also superior to that of the
conventional Ti-based alloys having a-Ti, S-Ti or
(a+p)-Ti structure (typical values for the Ti-based
alloys are 0.8—1.3 GPa) [22]. This fact may be
related with the purifying effect of yttrium, which
not only restrains the formation of brittle TisFe,O
oxide, but also increases supercooling degree of the
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Fig. 4 Strain—stress curves of TijysFeys and Tigss-
Fe.40Z15.86S15.03Y 030 alloys in compressive test

Fig. 5 Compression fracture micrographs of Tig sFesg s (a)
and Ties s1Fe6.4021536512.03Y 0.30 (b) alloys

melt, leading to the grain refinement. Moreover, the
enhancement effect of intermetallic compounds and
dissolutions of Sn and Zr in p-Ti also play
important role in improving the strength of the alloy.
The TiFe phase having rounded morphology is
believed to be one of factors improving ductility of
the alloy, which acts as efficient barriers for shear
strain and cracks propagation [23—25]. It can be
visualized from Fig. 5(b) that cracks are blocked at
the TiFe boundaries (indicated by arrows).

Previous analysis shows that the elastic
modulus of the TisysFeyq5 alloy obtained from its
strain—stress curve is only more than 10 GPa and
has a large deviation from the data reported in
Ref. [22]. To correct the data, a nanoindentation
method was adopted. The results show that elastic
modulus of the TijsFey salloy is 147 GPa and very
close to the reported value, indicating that the
method is reliable. A significant decrease in elastic
modulus (87.5 GPa) is obtained for the Tiggs;-
Feas.40Z15.86S15.93Y 030 alloy, because the additions of
Zr and Sn reduce the bonding force of the lattice of
S-Ti and TiFe phases by expanding unit-cell volume
and they have low modulus. Moreover, grain
refinement also plays a positive role in decreasing
the modulus of the alloy.

4.3 Tribological properties
Under dry sliding condition, the friction
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coefficient and the worn volume of the TizysFey s
alloy are measured to be 0.881 and 0.0782 mm’,
respectively, while those of the Tigss1Fexs40Z15 56
Snyo3Yo30 alloy are 0.620 and 0.0232 mm?,
respectively. This indicates that the studied alloy
has significantly better tribological properties than
the TijosFeys alloy. Moreover, the studied alloy
exhibits enhanced tribological properties compared
with the commercial Ti—6Al-4V alloy (its friction
coefficient and the worn volume are measured to be
0.665 and 0.0757 mm’, respectively).

In order to investigate the wear mechanism,
the worn surface morphologies of alloys are
observed by SEM. As shown in Fig. 6(a), besides
the desquamating pits induced by adhesive wear
and the furrow characterizing abrasive wear, a large
crack is formed on the worn surface of the
Tizo sFey9 s alloy and has an angle of about 45° to the
sliding direction. The formation of the crack is
attributed to the existence of the TisFe,O oxide at
eutectic colony boundaries, which acts as stress-

Ties.51F€26.40Z15865N2.93Y 030 (b) and Ti—6Al-4V (c) alloys

concentrating site, leading to the initiation and
propagation of crack, even oxide shedding as
indicated by arrows. However, only adhesive and
abrasive wears take place on the worn surface
of the Tigss1Fex640Z15365n203Y 030 alloy (Fig. 6(b)).
Compared with the Ti;sFeys alloy, the
desquamating pits decrease in number and size, and
the furrows become narrower in width and
shallower in depth, owing to decreased adhesive
tendency between the alloy and wear couple, as
well as high hardness [26—29]. As for the
commercial Ti—6Al-4V alloy, there are a lot of
wide and deep plowing grooves and debris on the
worn surface induced by severe abrasive wear
(Fig. 6(c)). This makes the tribological properties of
commercial Ti—6Al-4V alloy lower than those of
the studied alloy.

4.4 Corrosion resistance

Figure 7 displays potentiodynamic polarization
curves of the alloys in Hank’s solution. It can be
seen that the current density of the Tigss1Feos40-
753651503 Y 030 alloy increases first with increasing
potential from null-current to 0.3213 V (vs SCE),
and then remains a slow rise up to 0.4055 V, which
is characteristic of passive behavior. The corrosion
current density of this alloy obtained from Tafel
plots using both cathodic and anodic branches of
the polarization curves is 6.660x10~" A/cm?, and the
corrosion potential is —0.0297 V (vs SCE). The
similar curve is also found in the TiosFey s alloy.
But the difference is that the corrosion current
density (8.286x107° A/cm®) significantly increases,
and the corrosion potential (—0.5156 V (vs SCE))

1.0

Tigs.51F €26 402158651203 Y .30

0.5+

o(vs SCE)/V
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—05L Ti-6Al-4V

TiggsFex s
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Fig. 7 Potentiodynamic polarization curves of TiyysFeyo s,

Ti64_51F626<40Zr5<86Sn2_93Y0<30 and Ti—6Al-4V alloys in

Hank’s solution
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becomes more negative. This indicates that the
studied alloy has better corrosion resistance in
Hank’s solution. Furthermore, the corrosion
resistance of the studied alloy is superior to that of
the commercial Ti—6Al—4V alloy (its corrosion
current density and corrosion potential are
respectively measured to be 5.469x10°° A/cm? and
—0.2030 V (vs SCE)).

The corroded surface observation displays that
the passive film on the Ti64.51F626'4()ZI'5.86SH2'93Y0'30
alloy is very homogeneous (Fig. 8(a)), which results
from the “enveloping effect” of finer eutectic
structure, giving rise to a protective barrier against
corrosion [30—32]. However, large eroding pits,
caused by the dissolution of the TisFe,O oxide, are
observed on the TisysFey s alloy, which leads to the
continuity of the passive film decreased (Fig. 8(b)).
Compared with the studied alloy, commercial
Ti—6Al-4V alloy has suffered slight corrosion and
the eroded structures are clearly visible (Fig. 8(¢)).

(a)

Fig. 8 Corroded surface morphologies of Tigss;Fezs.40-
Zrsg6Sny03Y 030 (a), TizgsFexs (b) and Ti—6Al-4V (c)
alloys

4.5 Surface roughness

In checking the surface roughness, the top
surface and the side wall were tested from the
alloys. From a few initial measurements, it was
found that the roughness on top surface was
approximately 4% greater than that on side wall.
Since the largest roughness on each alloy was of
primary interest, measurements were only taken on
the top surface. Figure 9 shows the typical 3D
profiles taken from the top surfaces of TissFeys,
Tigs.51F€26.40Z15.86S12.03Y 030 and Ti—6Al-4V alloys.
The data reveal that the surface roughness of the
TizsFerys alloy is 4.721 um, while that of the
Tiess1Fe2640Zr586SM203Y030 alloy is  4.685 um,
indicating that the studied alloy has better
formability. The reason is that the purifying effect
of Y restrains the formation of Ti;Fe,O oxide,
leading to decreased viscosity of the melt [33,34],
despite the fact that the studied alloy undergoes
wider solidification temperature range than the
binary eutectic alloy. In addition, the formability of
the studied alloy is better than that of Ti—6Al-4V
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Fig. 9 Typical 3D profiles taken from top surfaces of
TizosFexs (a), Tisss1Fe€.40Z158650293Y 030 (b) and Ti—
6A1-4V (c) alloys
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alloy prepared by LAM using commercial
Ti—6Al1-4V alloy powder, for the surface roughness
of the studied alloy is smaller than that of the
Ti—6Al-4V alloy (7.013 pm).

4.6 SBF bioactivity

Figure 10 shows the surface morphologies of
the alloys after immersion in SBF solution for
4d. As shown in Fig. 10(a), the surface of the
Tiss.51F€26.40Z1586S02.03Y 030 alloy is almost fully
covered by the sediment layer. EPMA analysis
reveals that the sediments mostly contain Ca, P, C,
O, Ti and Fe, among which the molar ratio of Ca to
Ti is 0.548:1, giving the evidence that the sediments
may be composed of apatite containing carbonate
ions [35-37]. As for the TiysFeys alloy, the
sediment layer is not continuous and becomes
thin, on which some flocculent sediment is clearly
observed (Fig. 10(b)). As a result, the molar ratio of

Fig. 10 Surface morphologies of TiggsiFex40Z15.6-
Sn2'93Y0_30 (a), Ti70'5F629'5 (b) and Ti—6Al-4V (C) alloys
after immersion in SBF solution for 4 d

Ca to Ti decreases to 0.032:1, and is much lower
than that of the TigssiFen640Z1586SN203Y 030 alloy.
With regard to the Ti—6Al-4V alloy, some fine
sediment, growing in the form of partition
aggregates, occurs on the local surface (Fig. 10(c)).
In a consequence, the molar ratio of Ca to Ti
decreases to 0.039:1, much lower than that of the
Ties51F€26.40Z15.865N2.03Y .30 alloy.

In the SBF test, hydroxyl groups (OH) are
adsorbed from SBF to form Ti—OH groups. When
the pH is approximately 7.4, the Ti—OH groups are
negatively charged, due to the presence of
deprotonated acidic hydroxides. Calcium ions (Ca*")
are then adsorbed on the surface of the alloys. As a
result, on the negatively charged surface, HOPO,
or H,PO; can easily react with the as-adsorbed Ca*"
to finally produce calcium phosphate [35,38].
Therefore, the formation of Ti—OH groups on Ti
alloy is crucial for apatite deposition. In current
practice, two major phases of S-Ti and TiFe can
generate galvanic microcells in SBF, of which £-Ti
with the high reactivity is acted as the anode with
respect to TiFe with the low reactivity. The
corrosion attack initiates from the f-Ti phase,
leading to the dissolution of the f-Ti phase and
formation of Ti—OH groups. The finer the grain is,
the larger the anode to cathode area ratio is, and the
more the Ti—OH groups will be formed. This can
be used to explain why the studied alloy has better
apatite deposition ability than TisosFeyes alloy. In
addition, the existence of TisFe,O oxide in
Tio sFeoy s alloy also plays a negative role in apatite
deposition.

4.7 Cytotoxicity

Observation of cell morphology shows that
1-929 fibroblasts in the extract of the Tigss1Feas.40-
758651503 Y 030 alloy adhere to the wall and display
the morphological characteristics of spindle and
polyon, as shown in Fig. 11(a), which is very
similar to that in the SFM negative control
(Fig. 11(b)). This indicates that the cells grow well
and have active secretion and metabolish function.
Unlike the studied alloy, most of cells in positive
control group are small and round with
karyopyknosis, being a poisoning morphology
(Fig. 11(c)).

In the further MTT assay, needle-like crystals
are observed in different concentrations of extracts
of the Ti64.51F626.4()ZI'5,86S1'12‘93Y0‘30 alloy, and exhibit
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an obvious increase in amount with dilution of
concentration (Figs. 12(a—d)). Similar crystals are
also found in the negative control (Fig. 12(e)). In
contrast, no crystals are observed in positive control
(Fig. 12(f)), since the cytotoxicity of phenol leads
to cell death. Table 1 lists optical density (OD)
value, relative growth rate, and toxicity level of the
Tigs.51F€2640Z15865N203Y 0,30, TizosFe€9 5 and Ti—6Al—-
4V alloys. Statistical results display that OD value
and relative growth rate of the TigysiFey40Z1556-
Sny03Y 030, Tiz0s5Fex9s and Ti—6Al-4V alloys have
no obvious difference from that of the negative
control. The toxicity level of the TiggsiFexs40Z15.56-
Sny03Y 030, TizosFexs and Ti—6Al-4V alloys in
different concentrations of extracts is 1. Thus, one
can draw the conclusion that the above alloys have
no cytotoxicity.

4.8 Cell adhesion and proliferation

Cell adhesion assay shows that round cells
begin to adhere to the surface of the TigssiFeas.a0-
Zrs586Sn203Y 30 alloy after being incubated for

(2)

30 min, and present rapid increase in amount with
extension of incubation time, as shown in Fig. 13.
Further statistic analysis reveals that the OD values
of the cells adhered to the studied alloy have no
significant difference from those of TisgsFey 5 alloy,
Ti—6Al-4V alloy and control group (Table 2). This
result suggests that the studied alloy can promote
the early adhesion of cells, being beneficial to
growth of the fibroblast cells.

In the further cell proliferation assay, [.-929
fibroblast cells are clearly observed on the studied
alloy after being incubated for one day (Fig. 14(a)).
With the extension of incubation time, the cells
exhibit significant increase in number, and almost
fully cover the whole surface of the alloy after eight
days (Figs. 14(b, c)). As shown in Table 3, the OD
values of the cells proliferated on the studied alloy
are higher than those of TissFeys alloy and
Ti—6Al-4V alloy, indicating that proliferation
ability of L-929 fibroblast cells on the studied alloy
is superior to that on the TizsFeys alloy and
Ti—6Al-4V alloy.

A

Fig. 11 Representative morphologies of L-929 fibroblast cell in TigysiFers40Z1586Sn293Y 030 alloy at strongest extract

dilution of 100% (a), SFM negative control (b) and positive control (c)

-

Fig. 12 Crystallographic morphologies of L-929 fibroblast cell in different concentration extracts from Tigg s;Fe6.40-
Zr58651.03Y 930 alloy ((a) 100%, (b) 50%, (c) 10% and (d) 1%), negative control (e) and positive control (f)
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Table 1 Optical density (OD), cell relative growth rate (RGR) and material toxicity level of L-929 cells cytotoxicity test
of Tigg.51F€26.40Z15.865N2.93 Y 0.30, Tiz0.5F €295 and Ti—6A1—-4V alloys

Alloy Group OD RGR/% Toxicity level
100% 0.734+0.027 86 1
50% 0.698+0.038 82 1
Tiga.51F€26.40Z15 8651293 Y 030 10% 0.821+0.018 96 1
1% 0.791+0.003 93 1
Negative control 0.854+0.038 100 0
100% 0.703+0.016 77 1
50% 0.745+0.053 82 1
TizosFex s 10% 0.727+0.032 80 1
1% 0.823+0.165 91 1
Negative control 0.909+0.202 100 0
100% 0.580+0.029 86 1
50% 0.585+0.008 87 1
Ti—6A1-4V 10% 0.630+0.011 93 1
1% 0.620+0.024 92 1
Negative control 0.675+0.028 100 0

Table 2 OD values of L-929 cells adhered to surfaces of Tigg 51F€26.40Z15.86502.03Y 030, Tiz0.5F€295, Ti—6A1—4V alloys and
control group

oD
Sample - - -
30 min 60 min 120 min
Ti(,4,51F626,40Zr5.g6Sn2,93Y0,30 0.130+0.002 0.281+0.006 0.488+0.009
TizosFex s 0.179+0.003 0.127+0.003 0.300+0.033
Ti—6Al-4V 0.141+0.003 0.199+0.005 0.393+0.007
Control group 0.161+0.002 0.201+0.004 0.344+0.006

Fig. 13 Crystallographic morphologies of L-929 cells adhered to TigysiFe26.40Z1586Sn203Y 030 alloy at different
incubation time: (a) 30 min; (b) 60 min; (c)120 min

(2)

Fig. 14 Crystallographic morphologies of L-929 cells proliferated on surface of Tigss1F€06.40Z15.86502.93Y 030 alloy at
different incubation time: (a) 1 d; (b) 4 d; (c) 8d
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Table 3 OD values of L-929 cells proliferated on surfaces of Tigy 51F€2640Z15.86S17.93Y 030, Ti70.5F€29 5, Ti—6Al—4V alloys

and control group

OD
Sample
1d 4d 8d
Ti64‘51F626A40Zr5A86Sn2A93YOA30 0.248+0.003 1.217£0.017 3.112+0.076
Tizg5Fez95 0.210+0.009 0.993+0.013 2.959+0.025
Ti—6Al1-4V 0.218+0.005 1.038+0.006 2.216+0.017
Control group 0.2344+0.002 1.673+0.024 3.685+0.110

5 Conclusions

(1) The TiessiFers40Z1586Sn293Y 030 alloy has a
non-equilibrium eutectic structure consisting of
disordered p-Ti solid solution, ordered TiFe
intermetallic compound, and a small fraction of
ZrFe intermetallic compound. The addition of
yttrium not only restrains the formation of brittle
Ti4Fe,O oxide, but also increases supercooling
degree of the melt, leading to the grain refinement.

(2) The Tiess1Fe.40Z15865n2.93Y 030 alloy not
only exhibits a high hardness of HV (788+10), a
strength of 2229 MPa, a large ductility of 14%, a
low elastic modulus of 87.5 GPa, but also has good
tribological properties, corrosion resistance in
Hank’s solution, and formability.

(3) The Tigss1Fers40Zrs86Sn293Y 030 alloy has
no cytotoxicity and can promote the early adhesion
of cells and growth of the fibroblast cells.
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