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Abstract

Biomedical titanium alloys with Young’s moduli close to that of cortical bone, i.e., low Young’s mod-
ulus titanium alloys, are receiving extensive attentions because of their potential in preventing stress
shielding, which usually leads to bone resorption and poor bone remodeling, when implants made
of their alloys are used. They are generally -type titanium alloys composed of non-toxic and allergy-
free elements such as Ti—-29Nb-13Ta-4.6Zr referred to as TNTZ, which is highly expected to be used
as a biomaterial for implants replacing failed hard tissue. Furthermore, to satisfy the demands from
both patients and surgeons, i.e., a low Young’s modulus of the whole implant and a high Young’s
modulus of the deformed part of implant, titanium alloys with changeable Young’s modulus, which
are also f-type titanium alloys, for instance Ti-12Cr, have been developed. In this review article, by
focusing on TNTZ and Ti-12Cr, the biological and mechanical properties of the titanium alloys
with low Young’s modulus and changeable Young’s modulus are described. In addition, the titanium
alloys with shape memory and superelastic properties were briefly addressed. Surface modifications
for tailoring the biological and anti-wear/corrosion performances of the alloys have also been briefly
introduced.
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Introduction

With the rapid increase in the elderly population, disturbance of mo-
tility, which is one of the three main diseases: alongside cancer, cir-
culatory diseases (cardiovascular diseases), is increasing among aged
persons. The disturbance of motility is mainly caused by disordering
of hard-tissue, i.e., cortical bone (hereafter bone). In such cases, the
disordered bones are reconstructed by them with artificial implant
devices such as bone plates, hip joints, spinal fixation devices and
dental roots to maintain quality of life. A high load is usually ap-
plied on these implant devices. Therefore, metallic biomaterials are
suitable candidates for constructing these implant devices. These
biomaterials require high mechanical reliability and high corrosion
resistance to prevent dissolution of metallic elements, and they
should be composed of elements exhibiting low toxicity and allergic
problems. Simultaneously, metallic biomaterials require a low
Young’s modulus, close to that of bone (10-30 GPa), to prevent
bone resorption and achieve good bone remodeling.

©The Author(s) 2016. Published by Oxford University Press.

The biocompatibility of titanium and its alloys is superior to those
of other representative metallic biomaterials such as stainless steel (es-
pecially SUS 316 L stainless steel) and Co—Cr—Mo alloys. The Young’s
moduli of titanium and its alloys are smaller than those of SUS 316 L
stainless steel and Co—Cr—Mo alloys, and other characteristics such as
their corrosion resistance are also excellent. Furthermore, the balance
between strength and ductility of titanium alloys is superior to those of
other metallic materials. Therefore, titanium alloys have been receiving
much attention for use in implant devices. For example, the most
widely used Ti alloy, (o0+ B)-type Ti64 ELI (referred to as Ti64 ELI),
for biomedical applications has a Young’s modulus (~110 GPa) that is
only about half of those of SUS 316 L stainless steel (~200 GPa [1, 2])
and Co—-Cr-Mo alloys (~210 GPa [3]), which are still commonly used
in implant devices. However, because of the toxicity of vanadium and
the higher Young’s modulus of Ti64 ELI than that of the bone (~10-
30 GPa) [1, 3, 4], this alloy cannot be widely used in spinal fixture de-
vices. Over the past two decades, many novel types of Ti alloys with

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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good biocompatibility and a low Young’s modulus (~60 GPa) similar
to that of the bone have been developed for biomedical applications.
For example, B-type Ti-29Nb-13Ta—4.6Zr (TNTZ) [5-8] has good
mechanical properties, corrosion resistance and biocompatibility and a
low Young’s modulus of ~60 GPa. Therefore, TNTZ is considered to
be a promising candidate for use as a next-generation metallic
biomaterial.

Unfortunately, none of the aforementioned alloys meet the re-
quirements of both surgeons and patients when they are used for spi-
nal fixation applications. Specifically, surgeons require materials
having high Young’s moduli to suppress springback during opera-
tions due to the limited space available for operation inside a pa-
tient’s body. However, patients require materials with low Young’s
moduli for a stress-shielding effect [8, 9]. In other words, the metal-
lic rods used in spinal fixation devices are required to have a low
Young’s modulus, good biocompatibility and low springback.
Accordingly, it is necessary to develop novel Ti alloys that have
good biocompatibility and a changeable Young’s modulus. To ac-
complish this, it should be possible to change the local Young’s
modulus to a high value (>100 GPa) at certain parts of the device by
deformation at room temperature, while allowing the Young’s mod-
ulus of the rest of the device to remain unchanged at a lower value
(close to bone of 10-30 GPa) [10].

Metastable B-type Ti alloys (hereafter B-type Ti alloys) have a low
Young’s modulus [11], as well as good mechanical properties and ex-
cellent corrosion resistance. Furthermore, the deformation-induced
transformation, which can change the Young’s modulus, may occur
in B-type titanium alloys; hence, B-type alloys might be the materials
of choice for biomedical applications. Additionally, ® phase has a sig-
nificant effect on the mechanical properties of Ti alloys [12]. The ®
phase can be introduced in B-type Ti alloys by deformation-induced
phase transformation. However, the deformation-induced phase
transformation is dependent on the type of alloy and the stability of
the B phase. Hanada and Izumi [13] reported that the ® phase forms
during cold working of as-quenched Ti—Cr alloys within a composi-
tion range of 8-11.5 mass% Cr. Moreover, the ® phase can be intro-
duced by deformation at room temperature in Ti-V, Ti-Fe and Ti-
Mo metastable B-type alloys [14-18]. Cr is known to control the an-
odic activity of the alloy and increase the tendency of Ti to passivate
[19], and the passive films of Ti alloys, in turn, allow them to main-
tain resistance to corrosion [20-22]. Thus, Cr is suitable as the alloy-
ing element to develop Ti-based biomaterials. The Cr content of
binary Ti-Cr alloys, however, has to be optimized to produce a defor-
mation-induced ® phase transformation in order to develop a new Ti
alloy with a changeable Young’s modulus for spinal fixation applica-
tions. The Young’s modulus and tensile properties of the developed
alloys have been systematically examined, and the springback and cy-
totoxicity of the optimized alloys have also been investigated for use
in spinal fixation applications.

This review article introduces the topics of research and develop-
ment of low Young’s modulus B-type titanium alloys with a focus
on TNTZ and B-type titanium alloys with changeable Young’s mod-
ulus with a focus on Ti—Cr alloys. Shape memory and superelastic ti-
tanium alloys as well as surface modification of titanium alloys for
desired surface performances were also briefly discussed.

Low young’s modulus titanium Alloys

Development of low Young’s modulus titanium alloys
As mentioned previously, when implant devices are implanted to re-
construct disordered bone, prevent bone resorption and enhance

good bone remodeling, the Young’s moduli of implants should be
close to that of the bone. To satisfy this requirement, many kinds of
titanium alloys composed of non-toxic and allergy-free elements ex-
hibiting Young’s moduli closer to that of the bone, i.e., low Young’s
modulus titanium alloys, have been developed. Most of them are f-
type titanium alloys because their crystal structures are body centered
cubic (bce) where titanium atoms in the f phase are not densely
packed like in o- and (o + B)-type titanium alloys where titanium
atoms in the o phase having a closed packed (hcp) structure are
densely packed [23]. Some of the representative low modulus B-type
titanium alloys for biomedical applications are Ti-13Nb-13Zr
(ASTM F1713-96), Ti-12Mo—-6Zr-2Fe (ASTM F1813-97), Ti-15Mo
(ASTM  F2066), Ti—16Nb-10Hf, Ti-15Mo-2.8Nb-0.25i-0.260,
Ti-35Nb-7Zr-5Ta  (TNZT), Ti-29Nb-13Ta—4.6Zr (TNTZ),
Ti-Mo-Sn, Ti-40Ta and Ti=50Ta [24]. They contain a large amount
of high-cost non-toxic and allergy-free elements such as Nb, Ta, Zr
and Mo. Among them, TNTZ was developed theoretically by
Niinomi et al. [5, 6] using the d-electron alloy design method. TNTZ
is composed of Nb, Ta and Zr, which are considered to be the safest
alloying elements. Owing to the high cost of rare metals such as Nb,
Ta, Mo and Zr, low modulus B-type titanium alloys have very re-
cently been proposed that are based on low-cost elements such as Fe,
Cr, Mn, Sn and Al. Examples of such alloys include Ti-10Cr-Al [25],
Ti-Mn [26], Ti-Mn—Fe [27], Ti-Mn—Al [28], Ti—Cr—Al [29], Ti~Sn—
Cr [30], Ti=Cr-Sn—Zr [31], Ti~(Cr, Mn)=Sn [32] and Ti~12Cr [10].

The Young’s moduli of representative low Young’s modulus B-
type titanium alloys for biomedical applications are shown in Fig. 1
[33] along with those of the representative o- and (o + f)-type tita-
nium alloys. As mentioned before, the Young’s moduli of the low
Young’s modulus B-type titaniuma alloys (generally ~80 GPa) are
much smaller than those of a- and (o + B)-type titanium alloys. The
Young’s moduli of TNTZ are listed in Table 1 [34] along with those
of Ti64 ELI and bone. TNTZ exhibits the lowest Young’s modulus
of ~55 GPa when subjected to severe cold rolling (CR) after solution
treatment (ST) and the highest Young’s modulus of ~97 GPa when
aged after ST. The lowest Young’s modulus of TNTZ is aproxi-
mately half of that of Ti64 ELI (110 GPa) but it is still greater than
that of the bone (10-30 GPa). Therefore, a further decreas in the
Young’s modulus is required for TNTZ. On the other hand, the
highest Young’s modulus of TNTZ is close to that of Ti64 ELL
Therefore, from another perspetive, the Young’s modulus of TNTZ
can be controlled from the lowest value of ~55 GPa to the highest
value of ~100 GPa, which is nearly the same as that of Ti64 ELI
with both heat treatment and thermomechanical treatment.

Enhancing mechanical reliability while maintaining low
Young’s modulus

Static mechanical reliability

The lowest Young’s modulus of a low Young’s modulus titanium al-
loy is, in general, obtained under solutionized conditions leading to
poor strength. Therefore, the strength of a low Young’s modulus tita-
nium alloy should be increased while maintaining the low Young’s
modulus. The static strength (i.e., tensile strength) of B-type titanium
alloys like TNTZ can be improved through severe cold working pro-
cesses, such as severe CR [12], severe cold swaging [35] and/or severe
plastic deformation such as high pressure torsion (HPT) [36, 37].
Such processes have the potential to increase tensile strength to the
levels similar to or greater than that of Ti64 ELI, while still retaining
good ductility (elongation), as the high degree of dislocation intro-
duced creates a great deal of work hardening. Figure 2 [37] shows an
example of the tensile properties of TNTZ subjected to severe CR
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Figure 1. Young's moduli of representative a-type, (0.4 p)-type and B-type titanium alloys.
Table 1. Young’s moduli of (a-+b)-type Ti-6Al-4V ELI, B-type Ti- 1400 a5
29Nb-13Ta-4.6Zr (TNTZ), and cortical bone | =
W os E3 0oz 4 Elongation
Material Young’s modulus (GPa) & 1200 130
o =
Ti-6Al-4V ELI (WQ) 110 % ) 1000 - 1 25
Ti-29Nb-13Ta-4.6Zr ~ g‘

o R
wQ 63 0 o 800 120 &
WQ + aged at 673 K for 3.6 k 97 = ;_%_ S

o ©
WQ + CW 55-60 5::5 600 - 115 ©

Cortical bone 10-30 28 o

o & 400F 10 W

WQ: water quenching after solution treatment, AC: air cooling after solu- g R
tion treatment, CW: severe cold working. = g 200 - 15
0 0

after ST (TNTZcg) and TNTZ subjected to HPT at a rotation num-
ber N=1-60 (TNTZypr at N=1-60). The tensile strength, 0.2%
proof stress, and elongation of TNTZcg are 800 MPa, 565 MPa and
22.5% on average, respectively. The corresponding values of TNTZ
subjected to ST have been reported to be ~600 MPa, 370 MPa and
26%, respectively. The tensile strength of TNTZ is increased by se-
vere CR. It is clearly seen that the tensile strength and the 0.2% proof
stress of TNTZypr are greater than those of TNTZcg. Further, the
elongation of TNTZypt shows a reverse trend, i.e., it is less than that
of TNTZcg. Figure 3 [37] shows the Young’s moduli (E) calculated
from a stress—strain curve obtained by tensile tests for TNTZcr and
TNTZypr at all N. After inducing severe torsional strain, the Young’s
modulus of TNTZpr slightly declines at N < 5 and then tends to sat-
urate at N > 5 with increasing N. The Young’s modulus of TNTZpr
decreases from 64 GPa for TNTZcr to ~60GPa for TNTZypr at
N =60, which represents a decline of 6%. However, it is important
to note that the Young’s modulus of TNTZpr tends to become satu-
rated at N > 5.

Solid solution strengthening by oxygen (O) is also effective in im-
proving the strength of TNTZ while maintaining a low Young’s
modulus. Figure 4 [38] shows the tensile strength, 0.2% proof stress

WiZen  TNIZier  NIZuer TNTZur  TNTZgpr  TNTZier
aAaN=5 stN=10 aN=20 atN=80

Figure 2. Tensile properties of TNTZcg and TNTZypr at rotation numbers
N=1-60.

and elongation of TNTZ with oxygen content of 0.14 (TNTZ-
0.14), 0.33 (TNTZ-0.33) and 0.70 (TNTZ-0.70) in mass% sub-
jected to hot rolling designated as HR14, HR33 and HR70, and
subjected to ST after hot rolling, designated as HRST14, HRST33
and HRST70. With an increase in the oxygen content, the tensile
strength and 0.2% proof stress of all TNTZ variants increase, but
their elongation firs decreases and then increases. This result is con-
tradictory to that reported conventionally. Their tensile strength can
reach ~1100 MPa, and their elongation can reach ~20% of those of
HR70 and HRST70. Both the tensile strength and the elongation of
HR70 and HRST70 are larger than those of Ti64 ELI registered in
the ASTM F136 standard [1]. Figure 5 [38] shows the Young’s mod-
uli of HR14, HR33, HR70, HRST14, HRST33 and HRST70 along
with that of Ti64 ELI registered in the ASTMF136 standard [1]. The
Young’s moduli of TNTZ after both hot rolling and ST increase
with increasing oxygen content. The Young’s moduli of HR14,
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Figure 3. Young’'s moduli of TNTZcg and TNTZupr at rotation numbers
N=1-60.
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Figure 4. Tensile properties: tensile strength, 0.2% proof stress and elonga-
tion of TNTZ-0.140, TNTZ-0.330 and TNTZ-0.700 subjected to hot rolling
(HR14, HR33 and HR70), and solution treatment at 1003, 1083 and 1243 K for
3.6 ks after hot rolling (HRST14, HRST33 and HRST70).

HR33, HRST14 and HRST33 are <65 GPa, and those of HR70 and
HRST70 are less than ~75 GPa, which is much less than that of
Ti64 ELI (~100-110 GPa). The microstructure and X-ray diffrac-
tion profiles of HR14, HR33, HR70, HRST14, HRST33 and
HRST?70 revealed the presence of a single phase. Therefore, the in-
crease in the Young’s moduli of TNTZ after hot rolling and ST can
be attributed to oxygen dissolution in the phase.

Dynamic mechanical reliability
It is important to note that the dynamic strength (i.e., fatigue
strength) is not improved by either severe cold working or severe
plastic deformation [12]. Consequently, the most effective means of
improving the fatigue strength of p-type titanium alloys is the intro-
duction of a secondary phase, or secondary particles, into the B-
phase matrix, through either aging or direct addition of particles of
hard materials such as ceramics.

It is known that ®-phase precipitation significantly increases the
strength and Young’s modulus compared with a-phase precipitation
although w-phase also enhances the brittleness of the alloy. A small

90 TI-GAI-;\)ELI (ASTM F136)

Young's modulus, K/GPa

%, % %, %,
% () %
v ? G )-,' ﬁ‘%{} })0

Figure 5. Young's moduli of TNTZ-0.140, TNTZ-0.330 and TNTZ-0.700 sub-
jected to hot rolling (HR14, HR33 and HR70), and solution treatment at 1003,
1083 and 1243 K for 3.6 ks after hot rolling (HRST14, HRST33 and HRST70),
respectively.

amount of @-phase precipitation is therefore expected to improve
the fatigue strength of TNTZ, while maintaining a low Young’s
modulus. For this purpose, a short-aging time at fairly low tempera-
tures is effective in producing a small amount of ®-phase precipita-
tion [39]. The Young’s moduli of TNTZ subjected to ST, severe CR
and aging after CR at 573 K can approach a value of <80 GPa,
which is a tentative target value for a low Young’s modulus alloy for
biomedical applications. In this case, the fatigue strength of TNTZ
can be seen to improve by aging treatment for 10.8 ks to a fatigue
limit of ~600 MPa when compared with that of TNTZ subjected to
ST showing a fatigue limit of 350-400 MPa, while maintaining the
Young’s modulus at <80 GPa. A transmission electron microscopic
micrograph confirmed the distribution of @-phase, thus demonstrat-
ing that it is possible to effectively utilize the controlled precipitation
of w-phase to improve the fatigue strength of TNTZ, while main-
taining a low Young’s modulus.

The addition of a small amount of ceramic particles such as TiB,
or Y,03 into the matrix is also expected to improve the fatigue
strength of B-type titanium alloys, while maintaining a low Young’s
modulus. This was confirmed by severe CR of TNTZ containing
TiB, or Y,Oj3 [40, 41], where Y or B contents are 0.1 and 0.2
mass% for B, or 0.05 and 0.1 mass% for Y, respectively, showing
an improved fatigue strength of 550-600 MPa or 500-550 MPa,
while their Young’s moduli are ~60 MPa.

The fatigue strength of TNTZ can also be enhanced by solid so-
lution strengthening by O solute [42]. The fatigue strength of TNTZ
with an O content of ~0.5 mass% exhibits a fatigue limit of
~600 MPa with a Young’s modulus of ~70 GPa.

Biological and mechanical biocompatibility

Biological biocompatibility refers to chemical reactions with living tis-
sue, and is expressed by indications such as toxicity, allergy and fusing
between biomaterials and living tissue. Mechanical biocompatibility
refers to the mechanical suitability of biomaterials as living tissue and
is expressed by the suitable level of Young’s modulus as well as tensile
strength, ductility, fatigue life, fretting fatigue life, wear properties,
functionalities, etc., in a broad sense [24]. Among these mechanical
biocompatibility indicators, the Young’s modulus is one of the most
significant. To investigate biological biocompatibility and mechanical
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biocompatibility, indicators such as Young’s modulus and animal
studies are highly required.

Studies on Japanese white rabbits have been conducted using
TNTZ, SUS 316 L stainless steel, and Ti64 ELI to investigate the ef-
fects of intramedullary rod implantation [6] and bone plate implan-
tation [8]. The Young’s moduli of the intramedullary rods of
TNTZ, Ti64 ELI and SUS 316 L stainless steel in these cases were
measured using three-point bend testing to be 58, 108 and 161 GPa,
respectively [6]. For the implantation of intramedullary rods and
bone plates, both the lowest bone atrophy and best bone remodeling
were reported for TNTZ. In the study on bone remodeling, utilizing
bone plates made of TNTZ, Ti64 ELI and SUS 316 stainless steel
implanted in fracture models made in the rabbit tibiae, the healing
conditions were observed using X-ray photographs taken at regular
intervals over a period of up to 48 weeks after implantation.
Following this, both tibiae were extracted along with the bone plate,
and the bone formation was externally observed. For all the mate-
rials, bone union was obtained at 4 weeks after implantation (4w),

(b)
Middle position

and the fracture line was barely discernible at 8 weeks after implan-
tation (8w). Moreover, the trace of the experimental fracture was
completely absent at 16-20 weeks after implantation (16w and
20w, respectively). However, bone atrophy (thinning of the bone)
was observed under the bone plate, and the time at which this oc-
curred varied between different materials. According to the X-ray
images taken from 4w after implantation to 18 weeks after implan-
tation (18w) for each plate, in SUS316 stainless steel, the thinning
of the bone was first observed at 7 weeks after implantation, and
the bone almost disappeared at 12 weeks after implantation (12w).
In Ti64 ELI, the thinning was first observed at 7 weeks after implan-
tation, and almost disappeared at 14 weeks after implantation
(14w). Finally, in TNTZ, the corresponding time was 10 weeks and
18 weeks after implantation. Furthermore, an increase in the diame-
ter of the tibia and in the double wall structure in the intramedullary
bone tissue was observed only in the case of the bone plate made of
TNTZ, as shown in Fig. 6 [8]. In this figure, the inner wall bone
structure represents the original bone, i.e., the remaining old bone,

Figure 6. CMRs (Carbon-13 Nuclear Magnetic Resonance) of cross sections of fracture models implanted with and without bone plates made of TNTZ at middle
position at 48 weeks after implantation: (a) cross section of fracture model, (b) enlarged view of the selected area in (a), namely high-magnification CMR of
branched parts of bones formed outer and inner sides of tibiae, and (c) cross sections of unimplanted tibiae.

Observation of
tissue reaction
and bone formation

Ti-29Nb-13Ta-4.6Zr
(INTZ)

Ti-6A1-4V ELI
(Ti64 ELI)

SUS 316L stainless steel

Figure 7. CMR. Photograph of boundary of each specimen and bone at 8 weeks after implantation.
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whereas the outer wall bone structure is the newly formed part. This
bone remodeling is the direct result of using a bone plate with a low
Young’s modulus. The low Young’s modulus is found to be effective
in preventing bone resorption and leading to excellent bone
remodeling.

To investigate the biological biocompatibility of TNTZ, small
round bars made of TNTZ, Ti64 ELI or SUS 316 L stainless steel
were implanted in lateral femoral condyles of the rabbit. Then, a
contact micro radiogram (C.M.R) of the boundary of bone and each
implant was examined, and the results are shown in Fig. 7 [6]. Each
specimen is surrounded by newly formed bone, and the bone tissue
shows partial direct contact with the specimen. However, the extent
of the direct contact is greater with TNTZ than with Ti64 ELI and
SUS 316 L stainless steel. The biological biocompatibility of TNTZ
with bone is excellent.

Titanium alloys with changeable young’s
modulus and low young’s modulus

Development of titanium alloys with changeable
young’s modulus and low young’s modulus

Taking the spinal fixation devices, which are generally composed of
rods, plugs and screws as schematically shown in Fig. 8 [43], as an ex-
ample, the rods, in particular, undergo bending when manually han-
dled by surgeons within the small space inside the patients’ body for in
situ spine contouring [10]. The bending shape should be maintained.
Therefore, bend back, called springback, of the bent rod should be
prevented. The amount of springback in implant rods should be small
so that the implant offers better handling ability during operations.
The amount of springback is considered to depend on both the
strength and the Young’s modulus of the implant rod. If two implant

(a)

(b)

Figure 8. (a) Images and (b) schematic drawing of spinal fixation system consisting of rods, screws and plugs.

Operation treatment of spinal disease

vinal stabilization

Conservative
treatment

3 'EIJA Spinal fusion
u - -

= =

oo

EE

: £

[~ -

Period

forr complete bone fusion

Target of low Young’s modulus titanium alloy

Figure 9. Schematic drawing of risk for secondary fracture and period for complete bone fusion in operation treatment of spinal disease.
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rods having the same strength, but different Young’s moduli are used,
the implant rod having the lower Young’s modulus shows greater
springback, as schematically shown in Fig. 9 [43]. Therefore, patients
require low Young’s modulus to prevent stress shielding, whereas sur-
geons require high Young’s modulus to prevent springback. To satisfy
these conflicting demands at the same time, it should be possible to
change the Young’s modulus to a high value only at the bent parts of
the rod by deformation at room temperature, while allowing the
Young’s modulus of the rest of the rod to remain unchanged at a low
value [10]. Among these non-equilibrium phases such as o’ martensite,
o martensite, and ®-phase, the @ phase has a higher Young’s modulus
than the B phase. Therefore, if @ phase is induced by deformation
(bending) at only the deformed part, the conflicting demands might be
satisfied. For this purpose, Ti-12Cr has been developed. Fig. 10 [44]
shows the Young’s moduli of Ti—(10-14)Cr alloys subjected to ST and
CR, where CR at a reduction ratio of 10% was performed to simulate
deformation. The degree of increase in Young’s modulus is the highest
at a Cr content of 12 mass%. To achieve a higher degree than that
of Ti=12Cr, which has an athermal w-phase, O is added to the alloy
because O suppresses the formation of athermal w-phase. Finally, Ti-
11Cr-0.20, which exhibits a higher degree of increase in Young’s

110

& 100 |
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o 90 ¢

g‘ 80 B

S 70 F

°

g 60f -o-CR
'% >0 8- ST
3 40

>- 30 L 2 B 2 a

9 10 11 12 13 14 15

Chromium content, (mass%)

Figure 10. Young's modulus of Ti-(10-14)Cr alloys subjected to solution treat-
ment and cold rolling.
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Figure 11. Young’'s moduli of Ti-(11,12) Cr-(0.2,0.6) O alloys subjected to solu-
tion treatment (ST) and 10% reduction cold rolling (CR).

modulus than that of Ti-12Cr, has been developed as shown in Fig. 11
[44].

Trend of springback

Figure 12 [45] shows comparison profiles of the ratio of springback
per unit stress as a function of the applied strain for TNTZ, Ti-12Cr
and Ti64 ELI (Ti64 ELI). The ratios of springback per unit stress of
all the alloys show a similar trend, i.e., the value initially decreases
significantly and then remains approximately stable with increasing
applied strain. Among the mentioned alloys, Ti-11Cr-0.20, which
reaches a very low yet stable value when the applied strain is >2%,
exhibits a minimal ratio of springback per unit stress. This value is
much lower than that of TNTZ and is the closest to that of Ti64 ELI
among the compared alloys.

Cytotoxicity

Figure 13 [44] shows the morphologies of MC3T3-E1 cells cultured
for 86.4 ks on Ti-12Cr and the alloys considered for comparison.
All alloys show healthy morphologies of cells with a flattened spin-
dle shape. Figure 14 [44] shows the density of cells cultured for 86.4
ks on Ti-12Cr and the alloys considered for comparison. Ti-12Cr
has the highest cell density, which is considerably higher than that
of SUS 316 L and Ti64 ELI and similar to that of TNTZ. These
findings indicate that Cr in Ti-12Cr can increase the tendency of Ti
to passivate [46]. The passive film of Ti-12Cr allows it to maintain
high resistance to corrosion and prevent release of Cr ions from Ti-
12Cr. Therefore, the excellent cell density may be attributed to the
passive film formed on the surface of Ti-12Cr.

Figure 15a [47] shows the osteoblast cell numbers after a culture
time of 6 days on CP Ti, Ti64 ELIL Ti-10Cr-0.20-ST (Ti-10Cr-
0.20 subjected to ST), and Ti-10Cr-0.20-CR (Ti-10Cr-0.20 sub-
jected to CR at a reduction ratio of 10%). Ti—-10Cr-0.20-ST and
Ti-10Cr-0.20-CR show comparable cell numbers after 6-day cul-
turing in comparison with CP Ti and Ti64. Figure 15b [47] shows a
scanning electron microscope image displaying the morphology of
the cells cultured on Ti-10Cr—0.20-ST. The cells exhibit a flattened
cellular morphology with a high level of attachment, which indicates
that the cells can spread well on the surface of Ti-10Cr-0.20-ST
components.

0.06
z
€005 | —~TNTZ
e -0 Ti-12Cr
:‘go.04 L —o—Ti64 ELI
.‘é
3 0.03 |
(7]
(=9
$o0.02 |
L
[=;]
£
£ 001 |
S
.g 0 I 1 L 1 1 L i
& 0 2 4 & 8 10 12 14 16

Applied strain (%)

Figure 12. Ratio of springback per unit load as a function of applied strain for
Ti-12Cr, Ti64 ELI, and TNTZ, and strains for calculation of the springback
ratio.
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Therefore, Ti-Cr alloys exhibit good cell biocompatibility and
are expected to show good living tissue compatibility.

Applicability of titanium alloys with changeable
young’s modulus to rods of spinal fixation
devices

In the application of titanium alloys with changeable Young’s modulus
for the rods of spinal fixation devices, their fatigue strength is highly
important factors. The uniaxial fatigue strength of titanium alloy with
changeable Young’s modulus, Ti-12Cr, is significantly excellent as
shown in Fig. 16 [48], which shows the fatigue limits of Ti-12Cr and
Ti64 ELI for comparison. The fatigue ratio, which is a ratio of fatigue
limit to tensile strength, of Ti-12Cr is ~0.9, whereas that of Ti64 ELI is
~0.6. However, to use the alloy in practical applications for rods, its
endurance must be evaluated in a laboratory according to ASTM
F1717 [49], which describes a testing method used for evaluating the

(a) SUS 316L I ¢

. ' 7‘*  .

(c) TNTZ

compressive fatigue strength of spinal fixation rods via a simulated spi-
nal fixation model as shown in Fig. 17 [49]. The spinal fixation device
comprises screw, and plug made of Ti64 ELI and rod made of Ti-
12Cr. A Ti64 ELI rod is also used for comparison. Bone is simulated
using ultrahigh molecular weight polyethylene (UHMWPE). The com-
pressive fatigue limit of Ti-12Cr subjected to ST is less than that of
Ti64 ELIL as shown in Fig. 18 [50]. In the ASTM F1717 compressive
fatigue testing, the rod typically fails at the contact area between the
rod and the plug. Therefore, fretting that occurs between the rod and
the plug is thought to reduce the compressive fatigue strength of the
rod. An effective solution to such a problem is improving the mechani-
cal properties and tribiological characteristics of the rod. The introduc-
tion of a hardened layer via compressive residual stress on the surface
of the rod effectively prevents fretting fatigue. Peening techniques can
introduce these hardened layers through plastic deformation, i.e., work
hardening, by delivering a large impact on the material surface. Among
the major peening techniques, cavitation peening, which is schemati-
cally shown in Fig. 19 [50], appears to be a highly promising method

(b) Ti64 ELI 7T

Figure 13. Optical images of MC3T3-E1 cells cultured in Ti-12Cr alloy and the alloys considered for comparison for 24 h.
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for improving the compressive fatigue strength of rods used in spinal
fixation devices because it induces less surface damage than other peen-
ing techniques. Therefore, cavitation peening was performed on Ti-
12Cr rods to improve their compression fatigue strength as evaluated
by ASTM F1717; the technique significantly increases the compressive
fatigue strength of the rods, as also shown in Fig. 18 [50].

Therefore, Ti-12Cr with changeable Young’s modulus is ex-
pected to be used in practical applications for the rods of spinal fixa-
tion devices.

Applicability of shape memory and superelastic
titanium alloys to rods of spinal correction

It is usually essential that biomedical shape memory titanium alloys
should fulfill the requirements of good biocompatibility, superior cor-
rosion resistance and stable shape memory property. To date, only
Ti-Ni alloys meet the requirements and have therefore been largely
commercialized for biomedical applications [51]. Shape memory and
superelastic titanium alloys have extensive orthopedic applications,
e.g., spinal correction. Through heating, ‘self correct’ can be accom-
plished when the shape memory rod resumes to its memory shape.
The force generated by this process accelerates healing, reducing the

250
- I
~ 200 T I
E |
< 150 | T
2 |
‘E T
2100 | [1
8
50
0 1 L 1
SUS316L TiB4ELI TNTZ  Ti-12Cr

Figure 14. Density (cell number) of MC3T3-E1 cells cultured in Ti-12Cr alloy
and the alloys considered for comparison for 24 h.
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time of recovery. Nitinol shape memory alloy (SMA) rod-based cor-
rection by comparing the clinical and radiographic results can be ob-
tained from using a temporary SMA rod and those from a standard
rod in the correction of severe scoliosis. The temporary use of SMA
rod is reported to be able to reduce operative time, blood loss and
achieve better coronal correction rates, while improve the correction
of the coronal plane when compared with standard techniques [52].

900
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Figure 16. Fatigue limit of Ti-12Cr and Ti-6Al-4V ELI.

«—Simulated bone
(ultrahigh molecular weight polyethylene
(UHMWPE) )

Plug (Ti64 ELI)

<— Rod
(Ti-12¢r)

Figure 17. Schematic drawing of compressive fatigue strength test method
according to ASTM F1717.

Figure 15. Cytocompatibility of the alloys. (a) Cell numbers after culturing for 7 days on CP ti, Ti-10Cr-0.20, and Ti64 ELI (Ti-64) and (b) SEM image of cells cul-

tured on Ti-10Cr-0.20.
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However, the Ni-hypersensitivity and toxicity of Ni have stimulated
the development of Ni-free shape memory alloys. Nowadays it seems
that B-Ti alloys are the most attractive candidates for biomedical
shape memory and superelastic alloys. Ti-Nb-X (X =Zr, Ta, Mo,
Au, Pd, Pt, Al, Ga, Ge and O) and Ti-Mo-X (X =Ta, Nb, Zr, Au,
Pd, Pt, Al, Ga and Ge) alloys have been developed, and their shape
memory effect and superelasticity were investigated systematically in
the past decade [53-55]. Yet extensive efforts are still needed for the
alloys for potential clinical applications.

Surface physicochemical modification of
titanium and titanium alloys

The aforementioned bulk properties of titanium and its alloys have
been recognized to be highly relevant in terms of element design and
fabrication processing. It is established that the biological response to
biomaterials and devices is controlled largely by physicochemical char-
acteristics of their surfaces. Wear resistance, corrosion resistance, lu-
bricity, blood compatibility, cell adhesion and growth, protein
adsorption, transport properties and electrical characteristics of bioma-
terials can be selectively improved or changed using physicochemical
surface treatment techniques while retaining the bulk properties and
modifying only the outermost surface [56]. In most cases, surface modi-
fications of the titanium alloys are necessarily required for biomedical
applications. According to the formation style, surface modifications
basically fall into two categories: (i) chemically or physically altering
the atoms, compounds, or molecules in the existing surface (chemical
modification, etching, mechanically roughening) or (ii) overcoating the
existing surface with a material having a different composition

s 350
g 300
g 250
S %200
==
2. 3150
E 100
=
£ s
s 0
Ti64 ELI Ti-12Cr Ti-12Cr
(8T) (CP)

Figure 18. Compressive fatigue limit of Ti-6Al-4V ELI (Tié4 ELI), and Ti-12Cr
subjected to ST and cavitation peening after solution treatment (CP) evalu-
ated according to ASTM F 1717.

Surface of material

Pressurization

Figure 19. Schematic drawings of development and crashing of cavitation.

Micro-jet

(coating, grafting and thin film deposition) (Fig. 20) [][56]. Various sur-
face modification methods [57], e.g., thermal spraying, sol-gel, chemi-
cal and electrochemical treatment, ion implantation and mechanical
methods, etc., have been developed in response to the deficient biocom-
patibility or mechanical strength of titanium and titanium alloys which
no longer function properly due to degradation from wear or tendency
to release metallic ions attributing to potential corrosion in the biologi-
cal environments. For hard-tissue replacement, the titanium alloy im-
plants are usually coated by more biocompatible materials, e.g.,
calcium phosphate bioceramics. Owing to its similarity in chemistry to
natural bone mineral, calcium phosphate in particular hydroxyapatite
has been extensively used for making surface coatings for orthopedic
applications [58-60]. Among the surface coating techniques that have
been attempted for making the biomedical coatings, thermal spray in
particular plasma spray is the most widely used approach, which is so
far the only certified method by Food and Drug Administration for ap-
plying CaP coatings to prosthesis surfaces [58]. From the perspective of
long-term performances of the implant, satisfying bonding strength
and high crystallinity in plasma sprayed CaP coatings are considered
desirable. With the development of the surface engineering, some new
techniques, e.g., low-pressure plasma spraying [61], solution precursor
plasma spraying [62], cold spray [63] and aerosol deposition [64], have
been attracting increasing attentions because they offer new opportuni-
ties of making unique and distinctive coatings for biomedical applica-
tions. In addition, a serious issue related to titanium-implanted devices
is the bacterial infection, which is one of the biggest complications fol-
lowing surgery. To prevent such infections, some approaches have
been applied to improve the antibacterial ability of the materials.
Exciting progresses have been made in recent years; however, antibac-
terial coatings on titanium alloy [65], titanium embedded with biocidal
agent [66], etc., are still not widely used clinically. The development of
novel titanium alloys, however, brings new challenges and chances for
the existing surface modification techniques.

Summary

Low Young’s modulus titanium alloys composed of non-toxic and
allergy-free elements are highly expected to be used in practical ap-
plications for load bearing-implants such as stems of artificial hip
joints, bone plates, spinal fixation devices, artificial dental roots,
etc., because they are effective in preventing stress shielding, which
leads to bone resorption and poor bone remodeling. When spring-
back should be prevented to keep the deformed shape of implants,
e.g., in the case of the rod of a spinal fixation device, titanium alloys

Impact wave

Decompression
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Unmodified surface
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Figure 20. Schematic representation of the surface modification approaches.

with changeable Young’s modulus are expected to be advantageous.
In the case of spinal fixation devices, these titanium alloys are ex-
pected to reduce adjacent segmental diseases after spinal fusion be-
cause the rods made of them are flexible. However, the efficiency
of the low Young’s modulus must be proven to obtain approval.
There are three treatments for spinal fixation, namely spinal fusion,
spinal stabilization and conservative treatment. When low Young’s

Etching and roughening

surface chemical reaction is also
frequently observed

Polyelectrolyte multilayer films

modulus titanium alloys are used for the rods of spinal fixation de-
vices, the target is expected to be between spinal fusion and stabili-
zation. To attain extensive biomedical applications of the titanium
alloys, surface modification is usually expected. It is anticipated that
novel surface modification techniques could open doors for the low
Young’s modulus titanium alloys for appropriate properties for bio-
medical applications. [][]

9102 ‘6 Yore |\ uo 1senb Ag /Blo'sfeuinopiojxo-ql//:dny woly papeojumoq


Deleted Text: , 
http://rb.oxfordjournals.org/

12

Niinomi et al.

Acknowledgements

M. N. and H. L. would like to express appreciation to the Japan Society for
the Promotion of Science (JSPS) with Grant-in-Aid for Scientific Research (A)
and Challenging Exploratory Research, and the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan with the Inter-
University Cooperative Research Program ‘Innovation Research for Biosis-
Abiosis Intelligent Interface’ for supporting to obtain some of the data
appeared in this article. M.N. also thanks Chinese Academy of Sciences for
the program of visiting professorship for senior international scientists. H.L.
and Y.L. thank National Natural Science Foundation of China for the
financial support.

Conflict of interest statement. None declared.

References

1. Niinomi M. Recent research and development in titanium alloys for bio-
medical applications and healthcare goods. Sci. Technol. Adv. Mater.
2003;4:445-54.

2. Pilliar RM. Modern metal processing for improved load-bearing surgical
implants. Biomaterials 1991;12:95-100.

3. Niinomi M. Recent metallic materials for biomedical applications. Metall
Mater Trans A 2002;33:477-86.

4. Rho]JY, Tsui TY, Pharr GM. Elastic properties of human cortical and tra-
becular lamellar bone measured by nano-indentation. Biomaterials
1997;18:1325-30.

5. Kuroda D, Niinomi M, Morinaga M, et al. Design and mechanical proper-
ties of new type titanium alloys for implant materials. Mater Sci Eng A
1998;243:243. p 244-249.

6. Niinomi M, Hattori T, Morikawa K et al. Development of low rigidity -
type titanium alloy for biomedical applications. Mater Trans
2002;43:2970-7.

7. Niinomi M. Fatigue performance and cyto-toxicity of low rigidity tita-
nium alloy, Ti-29Nb-13Ta-4.6Zr. Biomaterials 2003;24:2673-83.

8. Sumitomo N, Noritake K, Hattori T et al. Experiment study on fracture
fixation with low rigidity titanium alloy - plate fixation of tibia fracture
model in rabbit. ] Mater Sci Mater Med 2008;19:1581-6.

9. Niinomi M. Biomedical implant devices fabricated from low Young’s
modulus titanium alloys demonstrating high mechanical biocompatibility.
Mater Matters 2014;9:39-46.

10. Nakai M, Niinomi M, Zhao XF et al. Self-adjustment of Young’s modulus
in biomedical titanium alloys during orthopaedic operation. Mater Lett
2011;65:688-90.

11. Zardiackas LD, Mitchell DW, Disegi JA. In Medical Applications of
Titanium and Its Alloys: The Material and Biological Issues. Vol. 1272.
ASTM, West Conshohocken, PA, 1996, 60-74.

12. Akahori T, Niinomi M, Fukui H et al. Improvement in fatigue characteristics
of newly developed beta type titanium alloy for biomedical applications by
thermo-mechanical treatments. Mater Sci Eng C 2005;25:248-54.

13. Hanada S, Izumi O. Deformation behaviour of retained f phase in -eu-
tectoid Ti-Cr alloys. ] Mater Sci 1986;21:4131-9.

14. Hanada S, Izumi O. Correlation of tensile properties, deformation modes,
and phase stability in commercial f-phase titanium alloy. Metall Trans A
1987;18:265-71.

15. Kuan TS, Ahrens RR, Sass SI. The stress-induced omega phase transfor-
mation in Ti-V alloys. Metall Trans A 1975;6:1767-74.

16. Oka M, Taniguchi Y. {332} deformation twins in a Ti-15.5 pct V alloy.
Metall Trans A 1979;10:651-3.

17. Matsumoto H, Watanabe H, Masahashi N ez al. Composition dependence
of Young’s modulus in Ti-V, Ti-Nb, and Ti-V-Sn alloy, Metall. Trans A
2006;37:3239-49.

18. Hanada S, Izumi O. Transmission electron microscopic observations of
mechanical twinning in metastable beta titanium alloys. Metall Trans A
1986;17:1409-20.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

Donachie MJ. Titanium: A technical guide, 2nd ed. Materials Park, OH:
ASM International, 2000, 126.

Hanawa T, Ota M. Characterization of surface film formed on titanium in
electrolyte using XPS. Appl Surf Sci 1992;55:269-76.

Ong JL, Lucas LC, Raikar GN ez al. Spectroscopic characterization of pas-
sivated titanium in a physiologic solution. | Mater Sci Mater Med
1995;6:113-1119.

Hanawa T, Asami K, Asaoka K. Repassivation of titanium and surface ox-
ide film regenerated in simulated bioliquid. | Biomed Mater Res
1998;40:530-8.

Niinomi M, Boehlert C]J. Titanium alloys for biomedical applications. In:
M Niinomi, T Narushima, M Nakai eds.). Advances in Metallic
Biomaterials, Tissues, Part 1: Materials and Biological Reactions,
Springer Series in Biomaterials Science and Engineering, Vol. 3. Ed. Wang
M., Berlin: Springer, 2015, 179-213.

Niinomi M. Mechanical biocompatibilities of titanium alloys for biomedi-
cal applications. ] Mech Behav Biomed Mater 2008;1:30-42.

Hatanaka S, Ueda M, Ikeda M et al. Isothermal aging behavior in Ti-
10Cr-Al alloys for medical applications. Adv Mater Res 2009;638-
642:425-30.

Tkeda M, Ueda M, Matsunaga R et al. Isothermal aging behavior of beta
titanium-manganese alloys. Mater Trans 2009;50:2737-43.

Ikeda M, Ueda M, Kinoshita T et al. Influence of Fe content of Ti-Mn-Fe
alloys on phase constitution and heat treatment behavior. Mater Sci
Forum 2012;706-709:1893-8.

Tkeda M, Ueda M, Matsunaga R et al. Phase constitution and heat treat-
ment behavior of Ti-7mass%Mn-Al alloys. Mater Sci Forum 2010;654-
656:855-8.

Tkeda M, Sugano D. The effect of aluminum content on phase constitution
and heat treatment behavior of Ti-Cr-Al alloys for healthcare applica-
tions. Mater Sci Eng C 2005;25:377-81.

Ashida S, Kyogak H, Hosoda H. Fabrication of Ti-Sn-Cr shape memory
alloy by PM and its properties. Mater. Sci. Forum 2012;706-709:1943-7.
Murayama Y, Sasaki S. Univ. Res. ] Niigata Inst Tec 2009;14:1-8.

Kasan Y, Inamura T, Kanetaka H et al. Phase constitution and mechanical
properties of Ti-(Cr, Mn)-Sn biomedical alloys. Mater Sci Forum
2010;654-656:2118-21.

Nakai M, Niinomi M, Cho K, Narita K. Enhancing functionalities of me-
tallic materials by controlling phase stability for use in orthopedic im-
plants. In: K Sasaki, O Suzuki, N Takahashi (eds) Interface Oral Health
Science 2014. Berlin: Springer, 2015, 79-91.

Niinomi M. Titanium alloys for medical and dental applications. In: S
Shrivastava (ed) Medical Devices Materials. Materials Park, OH: ASM
International, 2004, 417-22.

. Niinomi M, Nakai M. Mechanically bio-functional titanium alloys for

substituting failed hard tissue. In: FK Flogen (ed) Composites, Ceramics,
Nanomaterials & Titanium Processing, Springer Berlin Heidelberg, Vol.
7,2012, 409-33.

Yilmazer H, Niinomi M, Akahori T et al. Effects of severe plastic deforma-
tion and thermo-mechanical treatments on microstructures and mechani-
cal properties of -type titanium alloys for biomedical applications. Int |
Microst Mater Prop (IJMMP) 2012;7:168-88.

Yilmazer H, Niinomi M, Nakai M et al. Mechanical properties of a medi-
cal B-type titanium alloy with specific microstructural evolution through
high pressure torsion. Mater Sci Eng C 2013;33:2499-507.

Geng F, Niinomi M, Nakai M. Observation of yielding and strain harden-
ing in a titanium alloy having high oxygen content. Mater Sci Eng A
2011;528:5435-45.

Nakai M, Niinomi M, Oneda T. Improvement in fatigue strength of bio-
medical -type Ti-Nb-Ta—Zr alloy while maintaining low Young’s modu-
lus through optimizing w-phase precipitation, Metal. Mater Trans A
2012;43:294-302.

Song X, Wang L, Niinomi M et al. Fatigue characteristics of a biomedical
B-type titanium alloy with titanium boride, Mater. Sci Eng A
2015;640:154-64.

9T0Z ‘6 Yo N Uo 19nb Aq /Blo'seulnolployxo-ql//:dny wouy papeojumoq


http://rb.oxfordjournals.org/

Biomedical titanium alloys with Young’s moduli

13

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Song X, Niinomi M, Nakai M et al. Improvement in fatigue strength while
keeping low Young’s modulus of a f-type titanium alloy through yttrium
oxide dispersion. Mater Sci Eng C 2012;32:542-9.

Obara S, Niinomi M, Cho K et al. Improvement of fatigue strength of Ti-
29Nb-13Ta-4.6Zr for biomedical applications by oxygen addition. Abstract of
the 128th Conference of Japan Institute of Light Metals 2015;357-8.

Niinomi M. Development of titanium alloys with high mechanical bio-
compatibility with focusing on controlling elastic modulus. Materia Jpn
2013;52:219-28.

Zhao XF, Niinomi M, Nakai M et al. Optimization of Cr content of meta-
stable B-type Ti-Cr alloys with changeable Young’s modulus for spinal fix-
ation applications. Acta Biomater 2012;8:2392-400.

Liu HH, Niinomi M, Nakai M et al. Deformation-induced changeable
Young’s modulus with high strength in f-type Ti-Cr-O alloys for spinal
fixture. J. Mech. Behav. Biomed. 2014;30:205-13.

Donachie M]J. Titanium: A technical guide. 2nd edn. Materials Park, OH:
ASM.

Liu HH, Niinomi M, Nakai M et al. Mechanical properties and cytocom-
patibility of oxygen-modified S-type Ti-Cr for spinal fixation devices.
Acta Biomater 2015;12:352-61.,

Nakai M, Niinomi M, Liu H et al. Fatigue properties of Ti-12Cr alloy
with changeable elastic modulus, Collected Abstracts of 2015 Autumn
Meeting of The Japan Institute of Metals and Materials, 2015, J21.

ASTM F1717-15: Standard Test Methods for Spinal Implant Constructs
in a Vertebrectomy Model, ASTM standard. West Conshohocken, PA:
ASTM Int.

Narita K, Niinomi M, Nakai M, Suyalatu T et al. Improvement of endur-
ance of B-type titanium alloys by cavitation peening treatment. Collected
Abstracts of 2014 Autumn Meeting of The Japan Institute of Metals and

Materials, 2014, 380.

El Feninat F, Laroche G, Fiset M et al. Shape memory materials for bio-
medical applications. Adv Eng Mater 2002;4:91-104.

Wang Y, Zheng GQ, Zhang XS, et al. Comparative analysis between
shape memory alloy-based correction and traditional correction technique
in pedicle screws constructs for treating severe scoliosis. Eur. Spine |

2010519:394-9.

Miyazaki S, Kim HY, Hosoda H. Development and characterization of
Ni-free Ti-base shape memory and superelastic alloys. Mater Sci Eng A
2006;438-440:18-24.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kim HY, Ikehara Y, Kim JI et al. Martensitic transformation, shape mem-
ory effect and superelasticity of Ti-Nb binary alloys. Acta Mater
2006;54:2419-29.

Kim HY, Ohmatsu Y, Kim JI et al. Mechanical properties and shape mem-
ory behavior of Ti-Mo-Ga alloys. Mater Trans 2004;45:1090-5.

Ratner BD, Hoffman AS. Physicochemical surface modification of mate-
rials used in medicine, Biomaterials science: an introduction to materials
in medicine, Part 1. In: BD Ratner, AS Hoffman, FJ Schoen, JE
Lemons (eds). Materials Science and Engineering. Academic Press, New
York, 2004, 201-3.

Liu XY, Chu PK, Ding CX. Surface modification of titanium, titanium al-
loys, and related materials for biomedical applications. Mater Sci Eng R
2004;47:49-121.

Sun L, Berndt CC, Gross KA et al. Material fundamentals and clinical per-
formance of plasma sprayed hydroxyapatite coatings: a review. | Biomed
Mater Res 2001;58:570-92.

Heimann RB. Thermal spraying of biomaterials. Surf Coat Technol
2006;201:2012-9.

Gadow R, Killinger A, Stiegler N. Hydroxyapatite coatings for biomedical
applications deposited by different thermal spray techniques. Surf Coat
Technol 2010;205:1157-64.

Heimann RB, Vu TA. Low-pressure plasma-sprayed (LPPS) bioceramic
coatings with improved adhesion strength and resorption resistance.
] Therm Spray Techn 1997;6:145-9.

Candidato RT Jr, Sokolowski P, Pawlowski L et al. Preliminary study of
hydroxyapatite coatings synthesis using solution precursor plasma spray-
ing. Surf Coat Technol 2015;277:242-50.

Liu Y, Dang ZH, Wang YY et al. Hydroxyapatite/graphene-nanosheet
composite coatings deposited by vacuum cold spraying for biomedical ap-
plications: inherited nanostructures and enhanced properties. Carbon
2014;67:250-9.

Park DS, Kim IS, Kim H ef al. Improved biocompatibility of hydroxyapa-
tite thin film prepared by aerosol deposition. | Biomed Mater Res B
2010;94:353-8.

Zhao LZ, Chu PK, Zhang YM et al Review: antibacterial coatings on tita-
nium implants. | Biomed Mater Res B 2009;91B:470-80.

Cao HL, Liu XY, Meng FH et al. Biological actions of silver nanoparticles
embedded in titanium controlled by micro-galvanic effects. Biomaterials
2011;32:693-70S.

9T0Z ‘6 Yo N Uo 19nb Aq /Blo'seulnolployxo-ql//:dny wouy papeojumoq


http://rb.oxfordjournals.org/

	rbw016-TF1

