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With improving living standard and medical level, the proportion of the world’s population in the older ages

increases continuously. Therefore, the maintenance of bone in our bodies has become crucial. Additionally, the number
of serious road traffic injuries is likely to continue to rise in most regions of the world as motorization increases.
Moreover, the number of people damaged in athletic sports also grows. The demand for biomaterials for replacement of
functionally disordered hard tissue with artificial instruments such as bone plates, hip joints, spinal fixation devices, and
dental roots increases rapidly. Titanium (Ti) and its alloys have attracted considerable attention as a result of their
potential for use in several biomedical applications owing to their favorable mechanical properties, excellent corrosion
resistance, and biocompatibility.

Presently, Ti biomaterials such as commercially pure titanium (CP Ti)} and Ti-6Al-4V extra-low interstitial alloy
(Ti64 ELI) are widely used in biomedical applications. However, some problems have been pointed out. For example,
Ti64 ELI contains toxic vanadium (V) and CP Ti possesses only moderate mechanical properties. Moreover, the
Young’s moduli of Ti64 ELI (around 110 GPa) and CP Ti (around 105 GPa) are much higher than that of human bone
(10-30 GPa). As a result, the mismatch in the Young’s modulus between metallic implants and human bones leads to a
stress shielding effect, which could possibly cause osteoporosis or poor osseointegration. Niimomi et al. reported that
low Young’s modulus is effective in inhibiting bone atrophy and leads to excellent bone remodeling. In addition, bone
atrophy becomes more distinct with increasing Young's modulus of the implants. Thus, the materials low Young’s
modulus are preferred for biomedical applications. Recently, many new Ti alloys containing nontoxic elements and
having a low Young’s modulus (40-60 GPa) and good biocompatibility have been intensively investigated.
Ti-12Mo~6Zr—2Fe, Ti~15Mo-5Zr-3Al, Ti~13Nb-13Zr, Ti-24Nb-4Zr-8Sn, and Ti-29Nb-13Ta-4.6Zr (TNTZ) were

developed successfully.
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Scoliosis is a three-dimensional deformity of the spine, characterized by a curve in the coronal plane of 10° or more.
Spinal fixation is the most widely performed surgery for scoliosis to restore a more normal curve and appearance to the
spinal column. The implant rods for spinal fixation undergo bending when manually handled by surgeons within the
small space inside the patient's body for in-situ spine contouring. Therefore, the handling ability of these rods is very
important for operation. The springback of implant rods should be small so that the implant offers better handling
ability during operations. Generally, the amount of springback is considered to depend on both the strength and the
Young’s modulus of the implant rod. And the implant rod with low Young’s modulus shows large springback, while
implant rod with high Young’s modulus shows small springback. Therefore, surgeons require materials having high
Young’s moduli to suppress springback and offer good handling ability during operations. However, patients require
materials with low Young’s moduli to prevent stress-shielding effect. In short, metallic rods used in spinal fixation
devices are required to have not only a low Young’s modulus to avoid the stress shielding effect but also a high Young’s
modulus to suppress springback. None of the current alloys meet the requirements of both surgeons and patients when
used in spinal fixation applications.

To solve the problems in spinal fixation applications, a new concept was proposed for the development of novel
biomedical titanium alloys with a changeable Young’s modulus to satisfy the requirements of both patients and surgeons.
Generally, the Young’s modulus of a Ti alloy is not sensitive to deformation. However, the Young’s modulus of Ti alloy
is sensitive to the secondary phase or precipitates within the B matrix. Moreover, non-equilibrium phases, such as o, o”,
and o, can appear in certain metastable B-type titanium alloys during deformation at room temperature. Utilize these
deformation-induced phases is an effective way to obtain the changeable Young’s modulus. If Young’s modulus of the
deformation-induced phase is higher than that of the original matrix, the Young’s modulus of deformed part increases,

but that of non-deformed part remains low.

Changeable Young’s modulus Young’s moduli of the

non-deformed parts

Bending by surgeons remains low

High Young’s moduli are

Matrix : B phase obtained at the deformed

Rods comprise p phase and Deformation-induced phase with

show low Young’s modulus high Young's modulus

Fig. 1 Concept of changeable Young's modulus of implant rods by bending during operation.
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Figure 1 shows the concept of changeable Young's modulus of implant rods by bending during operation. Before
deformation, the implant rods comprise f phase and show low Young’s modulus, and after bending by surgeons,
deformation-induced products with high Young’s modulus appear. Thus, high Young’s moduli are obtained at the
deformed parts, while low Young's modulus remains at non-deformed parts.

The purpose of this research is to develop a novel biomedical titanium alloys that have good biocompatibility and
changeable Young’s modulus via deformation-induced o phase transformation for spinal fixation applications.

The chapter 1 is a general introduction, which first introduces the increasing demand for biomaterials in the current
world, and then recalls the development history of metallic biomaterials, the background of titanium and its alloys as
biomaterials, after that introduces the background of spinal fixation, the existing problems and solutions to the problems
in spinal fixation applications, followed by the purpose and structure of this thesis.

Chapter 2 is about the designs of Young’s modulus changeable titanium alloys for spinal fixation applications,
which includes select proper alloying element and content region. Metastable p-type Ti alloys have a low Young's
modulus, as well as good mechanical properties and excellent corrosion resistance. Furthermore, non-equilibrium
phases, such as o', a", and @, which can change the Young’s modulus, can appear in certain metastable p-type Ti alloys
during deformation; hence, B-type Ti alloys are the materials of choice for this research. Non-toxic and allergy-free p
stabilizers—Cr and Mo are selected for development of Young’s modulus changeable Ti alloys for spinal fixation
applications. Additionally, the deformation-induced martensites (¢’ and o) decrease the Young’s modulus, while
deformation-induced w phase transformation increases the Young’s modulus. It is necessary to eliminate the effect of
the deformation-induced martensites (¢’ and o) on the Young's modulus. Therefore, a relatively high stability in the
phase has been chosen to suppress deformation-induced martensite transformation and promote deformation-induced
@ phase transformation during deformation.

In chapter 3, the optimal chemical compositions of alloys for deformation-induced o phase transformation and
changeable Young’s modulus is determined. The effect of deformation-induced ® phase transformation on mechanical
properties, such as Young’s modulus and tensile properties of Ti-Cr and Ti-Mo alloys are systematically investigated.
The deformation-induced o phase transformation and {332} mechanical twinning occur in the Ti{(10-12)Cr and
Ti«(13-18)Mo alloys during cold rolling. Changeable Young’s modulus was obtained in Ti~(10-12)Cr and
TiH15-18)Mo alloys. The increase in the Young’s moduli of Ti~«(10-12)Cr and Ti{15-18)Mo alloys by cold rolling is
attributed to the deformation-induced o phase transformation. Ti—12Cr exhibits the lowest Young’s modulus in solution
treatment condition and the largest increment ratio of Young’s modulus by cold rolling among the designed alloys.
Moreover, Ti—12Cr is expected to exhibit high fatigue strength because of its high 0.2% proof stress. From the

standpoint of mechanical properties including Young’s modulus and tensile properties, Ti-12Cr alloy is the optimized
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alloy for spinal fixation application.

In chapter 4, the effect of deformation ratio on the deformation-induced @ phase transformation and Young's
modulus is investigated. After cold rolling with a reduction ratio of 10%, the Young’s modulus increase remarkably is
attributed to the deformation-induced @ phase transformation. With an increase in the cold rolling reduction ratio from
10% to 70%, the increase in the Young’s modulus of the Ti-12Cr alloy is negligible. It is confirmed that a small
deformation is enough to introduce deformation-induced @ phase into Ti~12Cr alloy and increase its Young’s modulus.
In addition, the effect of grain size on the deformation-induced o phase transformation and Young’s modulus is also
investigated. It has been found that the Young’s modulus of Ti-12Cr alloy is not sensitive to the grain size and
morphology of materials. Additionally, with an increase in the grain size, the increases in the Young’s modulus are
almost same. It indicates that the deformation-induced o phase transformation is also not sensitive to the grain size.

In chapter 5, the springback and cytocompatibility of the optimized alloy are evaluated. Springback is evaluated by
tensile loading-unloading tensile test to confirm the effect of changeable Young's modulus on the springback.
Cyto-compatibility is evaluated by cell experiment. The ratio of springback of Ti~12Cr is smaller than that of TNTZ
and closes to that of Ti64 ELI The ratio reaches a stable value when the applied strain is greater than 2%. All alloys
show healthy morphologies of cells with a flattened spindle shape. Ti-12Cr shows the highest cell density, which is
considerably higher than that of SUS 316L and Ti64 ELI, and similar to that of TN'TZ. These results of s indicate that
Ti—12Cr alloy has greater potential for spinal fixation applications than TNTZ.

Finally, the concluding remarks are given and future research work is proposed in the chapter 6.
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