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Abstract; The definition, classification and basic characteristics of biomedical titanium alloys were introduced, and
their development course was reviewed. Focusing on improving of biocompatibility and biomechanical compatibility, the
deficiencies in design, control of microscopic structure and phase transformation, as well as surface state optimization of
biomedical titanium alloys were analyzed, together with further research and development trend. Finally, the latest devel-

opments about new metastable beta titanium alloys are summarized.
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Table 1

Basic characteristics of biomedical Ti alloys used in biomedical engineering

Classification and application

Basic requirements and characteristics

Repair or replacement of hard  Good biocompatibility ;
tissues ( orthopedics, dental,

et al. )

appropriate mechanical strength, better processing and working;
with specific surface chemistry and microstructure to support bone cell growth and differentiation

easily combined with other active molecules ( bone morphogenetic protein, transforming growth factor, et al. )

to induce bone growth;
easy to disinfect

Interventional therapy of soft tis-
sues ( blood vessel, non vascu-
lar ) plantation;;
good flexibility, easy to implant;
good expansionary ;
strong supporting force ;
can be seen under X-ray;
minimum surface connection area

Good biocompatibility to avoid immune rejection or corrosion ;
slight procoagulant ability, does not cause inflammation and endometrial hyperplasia of vascular wall after im-
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Table 2 The classification and typical performances of biomedical Ti alloys

Types Classification Typical performance Typical alloys
a e Low strength, better workability, excellent biocompatibility TA1-TA3
Near Medium strength, good workability, good biocompatibility Ti3AI2. 5V
a+B a+p High strength, good comprehensive performance, can be strengthened by aging, Ti6 AV,
good biocompatibility Ti6AI7NDb, et al.
B B Medium strength, low-modulus, good workability, good biocompatibility Ti30Mo
Metastable B Medium and high strength, lower-modulus, better comprehensive performance, Til5Mo, Til2Mo6Zi2Fe, et al.
Near 8 easily strengthened by aging, better workability and biocompatibility Til3Nb13Zr, et al.
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Table 3 The developed conventional metallic biomaterials

Alloys Type Combination property Application Standard
Pure titanium «a Rm =200 ~580 MPa, A5 =15% ~30% orthopedics, dental, Enrolled in inter-
TA1ELI, 7=25% ~30% , E~110 GPa, ¢ _, >200 GPa, et al. national and China

TAl, TA2, TA3, TA4

better biocompatibility

standards

Ti6 A4V (TC4) a+f Rm =895 MPa, As=10%, Z=25% , E~110 GPa, Orthopedics, dental, Enrolled in inter-
TC4ELI o, >350 GPa, et al. national and China
Kc >60MPaV/m, good biocompatibility standards
Ti6 AI7Nb a+B Rm=900 MPa, As=10% , Z=25, E~105 GPa, Orthopedics, dental, Enrolled in inter-
(TC20) o _; >300GPa, biocompatibility is better than TC4 et al. national and China
standards
TiSAL2. 5Fe a+B Rm>1 020 MPa, As=10% , E~112 GPa, Orthopedics, et al. Enrolled in inter-
(TC15) national and China
standards
Ti2 ARMo2Zr Near o Rm >750 MPa, A5 >12% , E =105 GPa, Orthopedics, dental,

(TAMZ, Ti15)

TiNi Martensite

Stainless steel Austenite

(316L, 304 et al.)

CoCr alloys
(L1605, etal.) -

Rm =465 ~950 MPa, A>35% , E~190 GPa

Rm =820 ~ 1200 MPa, A=35% ~55% ,

biocompatibility is better than TC4 and TC20 et al.

Rm =650 ~1 200 MPa, A5 =15% ~40% ,
E =50 ~90 GPa, good biocompatibility

Orthopedics, dental, Enrolled in inter-

cardiovascular, et al. national and China
standards
Orthopedics, dental, Enrolled in inter-
cardiovascular, et al. national and China
standards
E =240 GPa

Orthopedics, dental, Enrolled in inter-

cardiovascular, et al. national and China

standards
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Table 4 Biocompatibility and biomechanical compatibility of biomaterials

Projects

Contents

Biocompatibility

Blood reaction: cellular ( mostly platelet) activation, activation of blood coagulation systems, fibrinolytic system activa-

tion, hemolytic reaction, leukocytic reaction, protein adsorption, et al. ;

immunological reaction: complement activation, humoral immune response, cellular immune response, et al. ;

tissue reaction; inflammation, cell proliferation( abnormal differentiation) , change of cytoplasm, et al. ;

general reaction: local toxic reaction, general toxic reaction

Biomechanical

compatibility

Appropriate modulus of elasticity, high: E=80 Gpa, such as stents and bone plate;
low: E <80 Gpa, joint and teeth implanting;

lowest: E <30 GPa: teeth repairing

enough strength and toughness;

good stability ;

good durability: ¢ _; =350 GPa, K,.=60 GPaVm
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Table5 Mechanical properties of some human bones
. Modulus of elasticity Tensile strength Compressive strength .
Bone/tissue /CPa /MPa /MPa Elongation/ %
Shank Femur 17.2 121.0 167.0
Shin bone 18.6 146.0 123.0
Bone of arm Humerus 17.2 13.0 132.0 -
Radius 18.6 149.0 114.0 -
Ulna 18.0 148.0 117.0 -
Vertebra Jaw 0.23 3.1 10.0 -
Pelvic bone 0.16 3.7 5.0 -
Cancellous bone 0.09 1.2 1.9 -
Cortical bone 7-30 50 - 150 100 -230 1-3
Cancellous bone 0.1-0.5 10 -20 2-12 5-17
Arthrodial cartilage ~0.1 10 -40 - 15 -50
Dentin 18.2 - 295.0 -
Fo6 ERIMMEHPNIREBREEERT
Table 6 Current metastable beta titanium alloys at home and abroad
Alloy systems Alloy composition
Binary alloy Ti-Mo, Ti-Nb, Ti-Ta, Ti-Hf, et al.
Ternary alloy Ti-Nb-Pt, Ti-Nb-Pd, Ti-Nb-Ta, Ti-Nb-Zr, Ti-Mo-Ta, Ti-Ta-Zr, Ti-Nb-Hf, Ti-Nb-Sn, Ti-Mo-
Nb, Ti-Mo-Sn, Ti-Mo-Hf, Ti-Ta-Fe, Ti-Nb-Fe, Ti-Mo-Ga, Ti-Mo-Al, Ti-Mo-Ge, Ti-Mo-Ag,
Ti-Mo-S¢, Ti-Cr-Cu, Ti-Nb-Fe, Ti-Nb-Al, Ti-Nb-O, et al.
Quaternary alloy Ti-Nb-Ta-Zr, Ti-Nb-Ta-Sn, Ti-Nb-Mo-Zr, Ti-Mo-Zr-Sn, Ti-Mo-Zr-Fe, Ti-Mo-Zr-Al, Ti-Mo-Nb-

Sn, Ti-Mo-Ga-Nb, Ti-Ta-Zr-Fe, Ti-Mo-Nb-Si, Ti-Mo-Nb-O, et al.

Quinary alloy

Hexahydric alloy

Ti-Mo-Nb-Zr-Sn, Ti-Mo-Al-Nb-Si, Ti-Nb-Sn-Ta-Pd, Ti-Nb-Zr-Ta-O, et al.
Ti-12Ta-9Nb-3V-6Zr-1. 50, Ti-23Nb-0. 7Ta-2Zr-1.20, Ti-Fe-Mo-Mn-Nb-Zr, et al.
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Table 7 The effect of Ti alloys surface features on bone and blood as well as their characteristics

Surface state

Effect and characteristics

Surface roughness

Coated by oxidation films
and corrosion resistance

Surface charge
Surface hardness

Surface nanocrystallization

Large surface roughness is benefit to osteoblast adhesion, but will cause thrombus formation

Coated by oxidation films (ZrO,, Nb,0;, Ta;05, PdO, et al. ) will improve the wear resistance

Ti-O films is electronegative, it is good for improve anticoagulant activity
Improve wear resistance and corrosion resistance

Improve bioactivity and biocompatibility
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Fig. 1 Phase stability index diagram based on Bo and Md parameters, and the pseudo-binary Phase diagram of Ti-8 stabilizer
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Table 8 Newly metastable beta titanium alloys designed in America and Japan
Countries Alloys Type Typical performance Application
US Ti-13Nb-13Zr Near 8 Rm=1030 MPa, A=15% Orthopedics, dental, et al., en-
E =79 GPa rolled in international standards
Ti-12Mo-6Zr-2Fe Metastable 8 Rm =1 000 MPa, A=10% Orthopedics, enrolled in interna-
(TMZF) E =74 ~85 GPa tional standards
Ti-35Nb-5Ta-7Zr Near 8 Rm =599 MPa, A=19% Orthopedics, dental, et al.
E =55 GPa
Ti-35Nb-5Ta-77Zr-0. 40 Near 8 Rm=1 010 MPa, E=66 GPa  Orthopedics
Ti-15Mo-3Nb-0. 30-Si(21SRx) Metastable 8 Rm =1 034 MPa, A=14% Orthopedics, dental, et al.
E =79 ~83 GPa
Ti-15Mo-3Nb-3 Al metastable 8 Rm =812 MPa, E =82 GPa Orthopedics, dental, et al.
Til6Nb10Hf Near B Rm =851 MPa, A=10% Orthopedics, dental, cardiovas-
( Tiadynel610) E =81 GPa cular, et al.
Ti-35Zr-10Nb Mear B Rm =1 050 MPa, A=14% Cardiovascular
E =80 GPa
Ti-15Mo Metastable 8 Rm =874 MPa, A=21% Orthopedics, dental, enrolled in
E =78 GPa international standards
Others: Ti-15Mo-3Nb-10Hf, Ti-(40-50)Ta, et al.
Japan Ti-15Mo-5Zr-3 Al Metastable 8 Rm =975 MPa, 4=25% Orthopedics
E =75 GPa
Ti-29Nb-13Ta4. 6Zr Metastable 8 Rm =911 MPa, A=13% Orthopedics, dental, et al.
(TNTZ) E =65 GPa
Ti-12Ta-9Nb-3V-6Zr-1. 50 Near 8 Rm<2 100 Mpa( as-rolled) Medical device
Ti-23Nb-0. 7Ta-2Zr-1. 20 E=20~60 GPa, £,<99.9%
( Gum metal )
Ti-15Zr( Sn) 4Nb-2Ta-0. 2Pa Near 8 Rm =726 ~990 MPa, Orthopedics, dental, et al.
A=14% ~24% , E =94 ~99 GPa
Ti-15Zr-4Nb-4Ta Near 8 Rm =1 000 MPa, Orthopedics, dental, et al.
A=10%, Z=50%
Ti-25Nb-11Sn Near B Rp =1000 MPa, E =20 ~40 GPa Orthopedics, et al.

Others: Ti-29Nb-13Ta, Ti-29Nb-13Ta4Mo, Ti-28Nb-24.5Zr, Ti-8Fe-8Ta, Ti-8Fe-8Ta4Zr, Ti-10Fe-10Ta4Zr

£9 PERITHAHNNFTENRESRUEE

Table 9 Newly metastable beta titanium alloys designed in China
Alloys Type Characteristics Application fields
Ti-24Nb-47Zr-7. 9Sn( Ti2448 ) Near 8 Low modulus, low Poisson’s ratio Bone plate, external spinal fixator
Ti-Ni-Nb, Ti-Nb-Zr(Sn) Near 8 Low modulus, shape memory and superelas-  stent
tic effect
Ti-(1.54.5)-Zr(0.5-5.5)-Sn(1.5 Near 8 Superior  strength, low-modulus, better  Orthopedics, dental, cardiovascu-
4.4)-Mo(23.5-26.5)-Nb(TLM) workability and biocompatibility lar, et al.
Ti-(3-6)-Zr-(2-4) Mo-(24-27) Nb( TLE) Near 8 High strength, low-modulus, better work- ~ Orthopedics, dental, et al.
ability and biocompatibility
Ti-26Nb-20Ta Metastable 8 Low modulus Repair or replacement of hard tissues
Ti-22Nb4Zr-2Sn Near 8 Low modulus, shape memory and superelas-  Repair or replacement of hard tissues
tic effect, good cold workability
Ti-11Nb-(11-21)Z Ne
r[{i_( 15 _35) ) M0—7)er Mela(;?:bfe B Low modulus, ¢-1 =400Mpa Repair or replacement of hard tissues
Ti-34Nb-6Zr, Ti-28Nb-25Zr Near 8 Low modulus, good corrosion resistance Repair or replacement of hard tissues
Ti-35Nb-10Zr, Ti-35Nb-8Zr-2Mo Metastable 8 Low modulus, good corrosion resistance Repair or replacement of hard tissues
Ti-20Nb-15Zr-10Mo Metastable 8 Low modulus Repair or replacement of hard tissues
Ti-39Nb-5Ta-7Zr Metastable 8 Low modulus Repair or replacement of hard tissues
Ti-7. 5Nb-1Sn-(1-6 ) Mo Near 8 Low modulus, shape memory and superelas-  Repair or replacement of hard tissues

tic effect
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Table 10 Effect of alloying elements on the mechanical properties and biocompatibility of Ti alloys

Elements Type  Strength/Hardness Modulus Plasticity Content/w% Bio-capability
Zr Neutral ( >T15% ) ! | >(15% 1~15 Non-toxic, good biocompatibility
(0] .
Sn Neutral 1 4 | >15% 1~15 Non-toxic
Nb Eutectic 0 ! [0) 1 ~40 Non-toxic, good biocompatibility
Mo Eutectic 1 W 0 <30 Essential elements, 'over—conlent.is bad to bone,
non-toxic after alloying
Ta Eutectic 0 } (0] <15 Non-toxic, good biocompatibility
Hf e 1 1 ! <10 Non-toxic, good biocompatibility
. Essential elements, over-content is bad to liver
Fe B slow eutectoid i 1 ! <2.5 and kidney
Pd B slow eutectoid 1 - (0] <1 Non-toxic, good biocompatibility
Au B flast eutectoid 1 - (0] <1 Non-toxic, good biocompatibility
Al « replace 1 1 ! <8 Toxic elements, harmful to nerve when exceeding
. Essential elements, Toxic ( >0.03 ug)
v eutectic t 1 0 =4 and harmful to liver and kidney
. L Essential elements, harmful to respiratory when
Ni B fast eutectoid i ! 0 <1 exceeding (> 10 mg)
. Essential elements, harmful to heart when
Co B slow eutectoid 1 - ! <1 exceeding ( > 1.1 mg)
Essential elements, cause poisoning and cancer
Cr B f - . <23 when exceeding ( >6 mg)
B B Essential elements, cause poisoning and cancer
Zn B t <1 when exceeding ( >2 g)
. Essential elements, cause poisoning and
Cu B fast eutectoid t - 0 <25 hemolytic disease when exceeding ( >100 mg)
. Essential elements, harmful to nerve
Mn B slow eutectoid 1 - 0 <2.5 When exceeding ( >9 mg)
0] o interstitial i 1 ! <0.5 Essential elements
N o interstitial 1 1 ! <0.5 Essential elements
Si B interstitial 1 0 ! <0.5 Toxic elements
Note: 7T : Increased; | : decreased; W: sensitive, non-direct proportion; O: little, maybe be improved
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Table 11 Heat treatment and typical microstructure of Ti alloys
Type Heat treatment microstructure
e Solution treatment above the recrystallization temperature « phase
a+p Solution treatment above the recrystallization temperature o and B phase
Solution treatment above the o + 8 phase region + rapid cooling( water or oilquenching) Martensite phase o' or a” et al.
Solution treatment below the « + 8 phase region + rapid cooling( water oroil quenching) Metastable B and « phase
:;il:;mn treatment below the a + B phase region + rapid cooling( water oroil quenching) + Secondary a and transferring phase
B Solution treatment above the recrystallization temperature B phase
Metastable 8 Solution treatment in the phase region + rapid cooling( water or oil quenching) Metastable 8, B’ phase et al.
Solution treatment in the B phase region + rapid cooling + aging Secondary ¢, w phase et al.
Solution treatment in the B phase region + air cooling Metastable 8, B, primary a phase et al.
Solution treatment in the B phase region + air cooling + aging Primary «, Secondary a, B phase et al.
Near 8 Solution treatment in the 8 phase region + rapid cooling( water or oil quenching) Martensite a’ or " phase et al.
Solution treatment in the B phase region + rapid cooling + aging Primary «, and B phase et al.
Solution treatment in the 8 phase region + air cooling Metastable 8, primary a phase
Solution treatment in the 8 phase region + air cooling + aging Secondary a, w and B phase
Solution treatment in the « + 3 phase region + rapid cooling or air cooling Martensite a’ or «” phase, primary @ and
Transforming phase et al.
Solution treatment in the « + 3 phase region + rapid cooling or air cooling + aging Secondary a and B phase et al.
F12 HEEEREREARANNFEERZE
Table 12 Effect of microstructures on mechanical properties for Ti alloys
Microstructure Crystal structure Strength / hardness Modulus of elasticity Plasticity Phase features
 phase hep 1 1 ! Intermediate phase
o’ martensite hep 1 1 ! Intermediate phase
a phase hep 1 1 ! Stable phase
B phase bee } ! 1 Stable phase
o martensite Trapezium ( most ) ! 1 1 Intermediate phase
Metastable bee ! l 1 Intermediate phase

K13 ZAHWEERRERZ

Table 13 Current preparation methods of porous Ti

Liquid phase methods

Solid phase methods

Physical vapor deposition

Direct foaming

Directional solidification sponge Dip sintering, foaming, et al.

Foaming method; including solid - state method and the slurry method

self-propagating plus high temperature synthesis ( SHS) method

Gel casting forming method

Fiber and wire mesh sintering

Powder metallurgy: including the bulk sintering method, spatial footprint,

organic  Electrodeposition
Physical and chemical dep-
osition

Sputtering

Rapid Prototyping Technology : including laser solid forming, laser etching, et al.

Plasma spraying
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Table 14 The process method and characteristic of micron-nanominiaturization of metallic materials

Preparation methods Characteristics

Physical deposition ( PVD)

Easy to pollution, low density with residual porosity

Rapid solidification Process complexity, high cost

Crystallization of Amorphous Alloy Only suitable for part of the metal

Severe plastic deformation ( SPD) Promising method with clean interface and no residual porosity. including high pressure and torsion
(HPT), multiple forging( MF) , cylic extrusion-compression (CEC) , equal channel angular pressing

(ECAP) , accumulative roll bonding (ARB) , repetitive corrugation and straightening ( RCS) , et al.

Mechanical alloying Easy to pollution, low density with some residual porosity

Others

Thin-walled tube torsion, surface peening, surface friction, et al.

K3 SR A ECAP 1l % 1 AU Bk 9 K AP A B e B ST A it
Fig. 1  Some samples and typical products of CP Ti after ECAP
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Fig. 4 The picture and mechanical properties of TLM alloy foils made by improved ARB method
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Table 15 The comparison of mechanical properties of TLM alloy after different heat treatment

Alloy Samples Rm / MPa As/ % E/GPa Heat treatment Strengthening mechanism
Plate/1 mm 585 42 49 ST -
dispersion or
TLM Plate/1 mm 1020 14 77 STA precipitation ,
grain refinement
Foil/0. 06 mm 1050 33 35 ARB nanocrystalline
F16 KESRAEVHEERFTERER
Table 16 Some main methods and features of surface modification of Ti alloys
Surface modification methods Modified layer Objective

Acidic treatment

Alkaline treatment

Hydrogen peroxide

<10 nm of surface oxide layer

~1 pm of sodium titanate gel

~5 nm of dense inner oxide and

Remove oxide scales and contamination
Improve biocompatibility, bioactivity or
bone conductivity

Improving biocompatibility, bioactivity

treatment porous outer layer or bone conductivity

Improve biocompatibility, bioactivity
or bone conductivity

~10 wm of thin film, such as calcium
phosphate, TiO, and silica

Sol-gel

Anodic oxidation ~10 nm to 40 mm of TiO, layer, adsorption Produce specific surface topographies,

and incorporation of electrolyte anions improved corrosion resistance,
biocompatibility, bioactivity or

bone conductivity

~1 pm of TiN, TiC, TiCN, diamond and
diamond-like carbon thin film

Chemical vapor deposition Improve wear resistance, corrosion

CVD

resistance and blood compatibility
Induce specific cell and tissue response by
means of surface-immobilized peptides,
proteins, or growth factors

Modification through silanized titania,
photochemistry, self-assembled monolayers,
protein-resistance, etc.

Biochemical methods

~30 to 200 wm of coatings, such as titanium, Improve wear resistance, corrosion,

HA, calcium silicate, Al,05, ZrO,, TiO,

Plasma spray
resistance and biological properties

Modify surface composition; improve
wear, corrosion resistance, and
biocompatibility

~10 nm of surface modified layer and/or pm

of thin film

Ton implantation and
deposition

ARG, ZAHORC IR I T 1008 SO N Tt AR
FEGCHE ML T 7 1A B AT MR A 14 4% 1] [P
C 3&%%'47—481 .

VU ¥ 58 R B R 18 5 SR LR T Pk F AR T
PR e RIEIE R Ti-0 BEEAT SE88 A i 12454, AL
G T TR EE M ARG A GRS B0 T BRI
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K5 Bl TLM k& R S RERR I Ti0,/HA ARR)ZE

Fig. 5 Functional TiO,/HA composite coatings on the TLM titanium alloy

F6  Bha e R oG i =B 4 (a) Kl /MRAE Ti-0 B (b) il LTIC 1B (e ) 2 0 25 B R
Fig. 6 AFM image of Ti-O film surface (a), and morphology of platelet adherent on different materials; Ti-O films (b) and LTIC (c¢)
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Table 17 Typical products of Ti alloys involved in the catalog of surgical implants and orthopaedic devices

Product types

Typical Products

Replacement of bone and joint
Osteosynthesis devices
Spinal devices
Cardiovascular implants
Cranial prosthesis devices
Dental devices

Surgical instruments

Artificial femoral head, joint of hip, knee, ankle, shoulder, et al.
Bone nail, bone plate, bone screw, et al.
Dorsal vertebra, lumbar And spine fixation system
Endovascula stent, cardiac valves, heart pacemake et al.

Stencil, mini-bone plate, mini-bone screw, et al.

Dental, artificial teeth, et al.

Puncture instrument, bone saw, rongeur forceps, et al.
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Table 18 The classification of human soft tissue and its field of vascular interventional therapy

Soft tissue types of human intervention

Cardiovascular Peripheral vascular

Application fields of intervention treat

Non vascular

Carotid artery

Coronary arteries Renal artery Biliary Cardiology, brain surgery,
Thoracoabdominal artery Tractesophagus internal medicine, oncology, urology,
Limb artery Airway abdominal division, obstetrics and
Intracerebral arteries Vein artery Urethra gynecology, et al.
Tliac artery

JE A REIU o R 2 R A B, i, 2007 A A BR
FESERK AL . AR A S48 . Sk A 5 R A
il P AR T AR B 106 {23650, HBAESIETL 10%
Pk o 2007 4F 4 Bk PR T 3 B Bk B 27 {2 £ 0T, W
2006 41 K 20% , T T AE Ok 2RO AR R K R Y
15% o N T35 B4 77 3 41 1 85 4 2002 4 £ 22 200
23T, HLMEGAELL 7% ~12% (Rl BE e o PR b9
KA SRR R R, | FeRaa i m— 2 A
DIRet R, misgmrs .

TEIE— AN KE, ERZSFNmEL R, BHR
A T 7KV 14382k R 1 R T T o P 11 8 U A S )
TR R 4 BR S T A8 B0 A I BRI FE T . 2006
IR P 7 2R ATk SRS B Tk A 7= B AE 1686 12
JG, FE 142 125C, 295 IR TS B 2% ~3% o A
ok v R T A B T B B B A AR K Rk 20% , Bl
BB RO R AHEDE, BT R T I A B T
P 8 0 R 9 KT 1 B v T 3 R Jé . 2005 4R 3R
EC AN EE . HAZEMNS = KEFHMTs, 2
2010 4F, FRE BT # A Tl S fER B8 3 1000 127T,
FRIVAEN, hE S HA, BSO8R R EIT R
i, RS S L E S B 5%, 3
2050 X — I EfF IR F) 25%

(G [ 7625 4 B2 FHEK A 4 bR B AN T & F 5
Hhei, BUOKFEAE, REMRZ, Bk, M
P LRSS, AR ARG KR E AL T
BB, BRSO R EARE T, AZ SRR
JrAEM PR A, FRER B R 10:3, i n T E
Br A B (10:7 ), 5 HL H Al BN AE T FE 2297 28 0

A BN 5.5 3600, TSR . KRR H AR KA FE
BEd7 #A™ b 2 F 43 0 o 310, 123 R 112 £9T, —
TS AN TX R e B 1 AL AR TR A £
Ty T, P BT A i b ) v R i R A
33 0 B B R ) i 4, BV [ P 4 W) BB AR 7=
ARG 4 BRI R AR R EEE T, [RBTFRE K, i
Bt RS2 A4 4 2% 1 At K B W 3 11 7=t I HE SR AR
IR P 6D 7= 7 5 o, R e i T A A AR K

SEBR v R TR BAORE I LS 205 10 £, —r i xE L
Hesz, BRI T EAERM R EHET . A, REMEST
A AR | S R AR BOR DA K BT 2 WA %
il PR & GA B R, B KA 4 R N L B 1SO
WER A 7 MG 822, BIEL T 2], Ti6AK4V
Ti6AI7Nb, TiSAI2. 5Fe. Til3Nbl3Zr, Til2Mo6Z12Fe
Til5Mo %, Wl o, a+p M BEIEKKGE, MKE
JFok WA 4 Ti 25, Ti6AMV Hfp4 4, Ti6AITND 44
2009 4F A 1E KB A H K SR A $0 6 R B fE GB/
T13810, T JLAC A H Y7 T R E KR 5, EE
P2 VKB G DR B g B 1 955 Atk 22 [ TB B T 3R 2011
KNG, X5 U B 3R AR Pk A 4 BF 90 R R T e B2
PR IRARES, EANRE AL SRR R, BN
A, PREERE, 55— R4 )5 10 ~20 49y, &
A W s TR 4 DR S HE e BRI 5 AR DG 7 A AR R
R A1)

7 & &

PR AR BRI RS 22 1 B 22 ) o ka2
21 MRS RPR TS B AT AR R 22—, A B AR X
] ity L ST 30 AF R A J A SR ) — ZIEB A B L e =5 9
BB AR i, B A BROBT M B — A SCRE 7ML R Y
SRR

DR, s A= 0 5 A LR B7 | IR T 45 B e
Al 5 B 7 AR AL B A R E AN S e, o — 20T
FB R R BRI AR B RE, e X AL 5E R TR G
FEEHOEAR T, 55 03 BRAR IS FHERA IO N A, R R 1K
B, BEAZUE 5RO ah A [ 5 B KO- S8 B
U BUEST . WIZEIRUE I SUEBIAR S 15 2R B S AA
TS A R G B3 45 A0 i o I 1 3 9 A 0 SR B
A, RP S, B R ™ b, A OR [ A
R, WRRHIE.

SEXHk References

[1] Daisuke Kuroda, Mitsuo Niinnomi, Masahiko Morinaga, et al.

Design and Mechanial Properfies of New 8 Type Titanium Alloys



50

T A ek

429 %

[4]

[5]

(6]

[7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

for Implant Materials [ J ]. Material Science and Engineering,
1998, A243. 244 -249.

Dowson D. Bio-Tribology of Natural and Replacement Synovial
Joints| M]//In: Mow V C, Ratcliffe A, Woo S L Y. Biome-
chanics of Diarthrodial Joints. New York: Springer, 1992 305
—-345.

Bothe R T, Beaton L. E. Reaction of Bone to Multiple Metallic
Implants[ J]. Surg Gynecol Obstet, 1940(71) . 598 —602.
Gottlieb S, Leventhal M D. Titanium, a Metal for Surgery[ J].
Journal of Bone and Joint Surgery, 1951(33) . 473 -474.
Brénemark P I, Adell R, Breine U, et al. Intra — Osseous An-
chorage of Dental Prostheses. 1. Experimental Studies[ J]. Scand
J Plast Reconstr Surg, 1969, 3(2). 81 —100.

Branemark P, Hansson B, Adell R, et al.
10-Year Period [ J]. Scand J Reconstr Surg Suppl, 1977, 16
1-4.

Ning Conggin (T'HE%), Zhou Yu(Jdl %), BEHKEGER
BB RFIEEUR [ J]. Materials Science and Technology ( #1 %}k
#5717, 2002, 10(1): 100 -106.

Long M, Rack H J. Titanium Alloys in Total Joint Replace-

Experience from a

ment—a Materials Science Perspective[ J]. Biomaterials, 1998,
19: 1621 -1 639.
Zhang Yumei ( 5K . #§ ), Guo Tianwen ( ¥ K 3L ), Li Zuochen

(kD). SRR G &1 A ER A MATFE I8 (1], Jour-
nal of Biomedical Engineering (£ ¥ [ 2+ T F#E2¢ 4= ) , 2000,

17(2): 206 -208.
Sumner D, Gatahte J. Determinants of Stress Shielding: Design
Versus Materials Versus Interface [ J]. Clinical Orthopaedics &
Related Research, 1992(274) . 202 -212.
Zhang Minghua (5K 4 ), Cai Heping (Z2H1°F). RfLIK)Z
A S B AL S EY ¥ KR I]. Journal of the
Fourth Military Medical University ( &5 VU % [ Jc 2% 22 ) ,
1999, 20(12): 1081 -1 084.
Geetha M, Singh A K, Muraleedharan K, et al. Effect of Ther-
momechanical Processing on Microstructure of a Ti-13Nb-13Zr
Alloy[ I]. Journal of Alloys and Compounds, 2001, 329 (1 -
2): 264 -268.
Yu Zhengtao( FTH&¥% ), Zhou Lian( J&§ JE), Wang Keguang
(E3t). YRR B Rk G &M 5IF &[]
Metals Letters( 45 2 B HLAR) . 2004, 23(1): 5 —10.
Hao Yiiling( B EHK) , Yang Rui(#5  £i). 44K, Ti-Nb-
Ze-Sn &4:[1]. Acta Mefallurgica Sinica ( 42 J&2£4R) , 2005,
11(41): 1183 -1 189.

Rare

Masahiko Morinaga. Molecular Orbital Approach to Alloy Design
[ M]//Applied Computational Materials Modeling. US: Springer
Verlag, 2007 255 -306.

Geetha M, Singh A K, Asokamani R, et al. Ti Based Bioma-
terials, the Ultimate Choice for Orthopaedic Implant—A Review
[J]. Progress in Materials Science, 2009, (54): 397 —425.

[17]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Song Y, Xu D S, Yang R, et al. Theoretical Study of the
Effects of Alloying Elements on the Strength and Modulus of g -
Type Bio — Titanium Alloys[ J]. Materials Science and Engineer-
ing: a, 1999, 260(1 -2): 269 -274

Zhao Lichen ( #X 37 Fi ), Cui Chunxiang ( f£ & # ), Liu
Shuangjing(XIXLHE) . BT d & GBI AR AEYER
BRNEAR B AR S it M AERERTSEJ].  Rare Metal Mate-
rials and Engineering (% 4 4 J& # #l 5 T8 ), 2008, 37
(1): 108 -111.

Hwang J, Kuramoto S, et al. Phase-Stability Dependence of
Plastic Deformation Behavior in Ti-Nb-Ta-Zr-O Alloy[J]. Jour-
nal of Materials Engineering and Performance, 2005, 14(6) .
747 -754.

Guillemot F, Prima F, et al. Design of New Titanium Alloys for
Orthopaedic Applications[ J].
ing and Computing, 2004, 42(1). 137 - 141.

Wang Y Z, Ma N. Predicting Phase Equilibrium, Phase Trans-

Medical and Biological Engineer-

formation, and Microstructure Evolution in Titanium Alloy[ J].
JOM Journal of the Minerals, Metals and Materials Society,
2005, 42(1): 32 -39.

Zhang Xinping (3¢ ), Yu Sirong( F ), Liu Yaohui
(XUHHE) | et al. 3£TF BP B3 ) Ti-Fe-Mo-Mn-Nb-Zr % 4k
EaBAALT]. The Chinese Journal of Nonferrous Metals
(P EA G4 EFH) , 2002, 12(4); 753 -758.

Li Qiang (% #).
Properties of Biomedical Ti-Nb-Zr-Sn Alloys( 4= %) 1% Ff] Ti-Nb-Zx-
Zn e HE R FEREFSE) [D].
sity Press, 2007.

Study on Microstructure and Machanical

Tianjin: Tianjin Univer-

Guibert J Ph, Servant C. Deformation Mechanisms in a Beta — m
Alloy[ D ]//Titanium® 95 - Science and technology. Birming-
ham: Proceedings of the 8th World Conference on Titanium,
1995 972 -979.

Grosdidier T, Philippe M J. Deformation Induced Martensite
and Superelasticity in a 8-Metastable Titanium alloy[ J]. Materi-
als Science and Engineering A, 2000, 291. 218.

Takashi Saito, Tadahiko Furuta, Jung-Hwan Hwang, et al.
Multifunctional Alloys Obtained via a Dislocation-Free Plastic
Deformation Mechanism|[ J]. Science, 2003, (300): 464.
Liu Ruitang ( X #i % ), Liu Wenbo ( XI| 3C 1# ). Machanical
Droperties of Engineering Materials( M R} J12PEfE) [M].
Haibin: Harbin Institute of Technology Press, 2001.

Aydogmus Tarik, Bor Akir S. Processing of Porous TiNi Alloys
Using Magnesium as Space Holder[ J]. Journal of Alloys and
Compounds, 2009, (478): 705.

Valiev R Z, Islamgaliev R K, Alexandrov I V. Bulk Nanostruc-
tured Materials from Severe PlLastic Deformation[ J].

Materials Science, 2000, (45):. 103 -189.

Progress in

Webster Thomas J, Ergun Celaletdin, Doremus R H, et al

Enhanced Functions of Osteoblasts on Nanophase Ceramics Bio-



#1224 TRV SEHE AP BT R B AR & kb it o T &5 0 BAR e ook 51

materials[ J]. Biomaterials, 2000, 17(21). 1803 -1 810. [40] Latysh V, Krallics Gy, Alexandrov I, Application of Bulk

[31] Liang Yingchun (il %), Song Daiping ( % {8 F), Chen Nanostructured Materials in Medicine [ J 1. Current Applied
Mingjun( BREIE ) , et al. K ZR A=) B2 A4 R} 36 100 KRS B2 5% Physics, 2006 (6): 262 —266.

i 41 M 75 BEET 3 B [ J]. Chinese Journal of Mechanical En- [41] Saito Y, Utsunomiya H, Tsuji N, et al. Novel Ulira — High
qgineering (WL TFE2#4) , 2008, 7(44). 6 —15. Straining Process for Bulk Materials — Development of the Accu-

[32] Zhou Yinglong, Niinomi Mitsuo, et al. Effects of Ta Content on mulative Roll — Bonding ( ARB) Process[ J]. Acta Materialia.
Young’s Modulus and Tensile Properties of Binary Ti-Ta Alloys for 1999, 47(2) . 579 -583.

Biomedical Applications[ J1. Materials Science and Engineering ~ [42] Jiang L, Pérez - Prado M'T, Gruber P A, et al. Texture, Mi-
A, 2004, 371(25): 283. crostructure and Mechanical Properties of Equiaxed Ultrafine-

[33] Barry O’'Brien , William Carroll. The Evolution of Cardiovascu- Grained Zr Fabricated by Accumulative Roll Bonding[ J]. Acta
lar Stent Materials and Surfaces in Response to Clinical Drivers: Materialia, 2008, 56(6) . 1 228 —1 242.

a Review[J]. Acta Biomaterialia, 2009, (5) : 945. [43] Tsuji N, Saito Y, Utsunomiya H, et al. Ulra-Fine Grained

[34] Han Yong, Zhang Lan, Lu Jian, et al. Deformation — Induced Bulk Steel Produced by Accumulative Roll — Bonding ( ARB)
Ambient Temperature a — to — 8 Phase Transition and Nanocrys- Process[ 1] Scripta Materialia, 1999, 40(7): 795 —800.
tallization in (a +B) Titanium Alloy[ J]. Journal of Materials [44] HanJ Y, Yu Z T, Zhou L. Hydroxyapatite/Titania Composite
Research, 2009, 11(24). 3 439 -3 445. Bioactivity Coating Processed by Sol-Gel Method and Its in Vitro

[35] Branemark P 1, Adell R, et al. Tntro-Osseous Anchorage of Dent- Activity[ J]. Applied Surface Science. 2008, 255(2): 455 -
al Prostheses, 1. Experimental Studies [ J]. Scand J Plast 458
Relonstr Surg, 1969, 3: 81. [45] HanJY, YuZT, Zhou L. The Surface Modifications of Dental

[36] Liu Jianglong( XYL JE ). Conspectus of Ecomaterials ( 535 #1 k) Implants that Made of A Near-b Type Titanium Alloy[J]. Mate-
Si6)[M]. Beijing: Metallurgical Industry Press, 1999. rials Science Forum. 2009, 618 ~619; 299 —302.

[37] 1i ] P, Groot K De. Porous Titanium with Reticulate Structure  [46] HanJ Y, YuZ T, Zhou L. The Effects of Different Hydroxyap-
for Orthopaedic Implant[ J]. Ti2003 Science and Technology, atite TiO, Composite Coatings on Bone-Related Protein[ J]. Ma-
2003(1): 3157 -3 164. terials Science Forum. 2009, 610 -613. 1 104 —1 108.

[38] Nag S, Banerjee R, Fraser H L. A Novel Combinatorial Ap-  [47] Huang N, Yang P, Leng Y, et al. Hemocompatibility of Tita-
proach for Understanding Microstructural Evolution and Its Rela- nium Oxide Films [ J]. Biomaterials, 2003, (24). 2 177 -
tionship to Mechanical Properties in Metallic Biomaterials [ J]. 2 187.

Acta Biomater, 2007, 3(3): 369 -376. [48] Huang Yan, Lu Xiaoying, Ma Jingwu, et al. In Vitro Investi-

[39] Ruslan Z Valiev, Yuri Estrin, Zenji Horita, et al. Producing gation of Protein Adsorption and Platelet Adhesion on Inorganic
Bulk Ultrafi Ne-Grained Materials by Severe Plastic Deformation Biomaterial Surfaces [ J]. Applied Surface Science, 2008, 255
[J], Jom, 2006. 33 -39. (2): 257 -259.

SR bE X B 5T 267 (LR LR gk i H

o [E B2 B 0 A i 00 R Mk S AR BB XA v TR A T 2010 AR 11 7 1S H AR I3 N ik B i
WEREE AT, hRIBEEIBE /R, VLA w2 . RN T 2 1 2 b S G R T T 2SR
PERAE I T3 H 2 e . RSN AR BT 1 L AR AR SRR IR . IR KRR [ R OR A
P e K I 2ERR M FEl | AR A I A J il R 2 77 e b L IR M R A B AR X N R E BE A B AR
J. WFRZEIH, WAMT GRS BT H , T WA BEFRBNRHAT & . b7 A =l & J 55 45
e BRI . X H S, K s Y i 500 {2 T ARSI E R, Al S A DGk U I T
e, AR T DCAE AR AR SR 267 UYL R 8 3 17 EIME L BRI SS . BUREEfL . AA S A3t
BCEMR AR, HESRG ™ M R A, A 250 Tl el DXl B2 31 0800 X8y 4 1l DA K AR Sy 5 | 50 ) 7 22 3R A
R BB R B R . 7ML R I ) e 1) 7
(AT )



