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Table1l Performance of new biomedical metastable g-titanium alloy’

®1 HEEMERTLR pREERIERE

[20-40]

Elastic Mechanical Hardness 1-Elongation/ Corrosion
Alloy Processing method modulus/GPa proportiey(MPa, ratio HV/MPa 2-Elastic TECOVEIY o cistance Reference

value) strain

. 750 °‘C/ST/30 min, UTS-1250; o
Ti-32r-Mo-15Nb 410 °C aging treatment 84 YS-1180 1-6.5% [20]

. 750 °‘C/ST/30 min, UTS-765; o
Ti-32r-Mo-15Nb 250 °C aging treatment 59 YS-485 1-28.5% [20]
Ti-12Mo-5Zr Homogenized 90.9 UTS-1028; YS-956 3960 1-4.1% [22]
Ti-12Mo-5Zr 780 C/ST 78.6 UTS-695; YS-540 4270 1-3.9% - [22]
Ti-12Mo-5Zr 860 ‘C/ST 64.5 UTS-628; YS-509 4400 1-4.7% Good [22]
Ti-12Mo-3Nb 950 “C/ST/1 h, WQ 105  Strength: TS-747; YS-447 1-42% LTCI"’Z;XH@ 5]
Ti-25Nb-8Sn Cast 52 Bending strength: 962 - [6]
Ti-25Nb-9Sn Cast 53 ~Bending strength/modulus 2-73% [6]

ratio: 20.5
Ti-25Nb-10Sn Cast 73 - 2-92% [6]
. Bending strength/modulus

Ti-25Nb-11Sn Cast 61 atio: 20.6 [6]
Ti-25Nb-15Sn Cast 132 Bending strength: 1777 [6]
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. Metal injection molding ) 0
Ti-24Nb-4Zr-8Sn 1400 C sintering 53.5 UTS-656; YS-636 - 1-9.2% - [23]
Ti-24Nb-4Zr-8Sn 1500 °C sintering 57.1 UTS-655; YS-627 - 1-4.2% - [23]
Ti-30Nb-2Sn 1000 ‘C/ST/1 h, WQ 69 UTS-500; YS-307 2020 - - [24]
Ti-30Nb-2Sn 400 °C aging treatment 100 UTS-889; YS-853 3590 - - [24]
1000 C/24 h
I treating, swaging, R 3 1c0 3
Ti-8Mo-4Nb-2Zr 950 °C/ST/2 h, 354 YS-798 1-15% [10]
guenching
1000 °C homogenizing . .
Ti-30Nb 100,800 CSTthen  ‘Roao  WQ:UTS-60L;YS-340 o200 WQ:128.25% Quitegood  [25]
WQI/FC
. . WQ-79; . . WQ-282; . .
Ti-30Nb-1Fe Ditto FCo104 WQ: UTS-627; YS-602 FC-349 WQ: 1-17.5% Quite good  [25]
. . WQ-78; . . WQ-255; .
Ti-30Nb-3Fe Ditto FC-82 WQ: UTS-650; YS-625 FC-261 WQ: 1-18% - [25]
i ; WQ-79; . . WQ-246; .
Ti-30Nb-5Fe Ditto FC-81 WQ: UTS-689; YS-626 FC-250 WQ: 1-16.5% - [25]
. Hot-rolling, 1000 C ) ) .
Ti-15Zr-7.5Mo homogenizing/24 h 114 4790 Quite good  [21]
Ti-15Zr-15Mo Ditto 74 - 3980 - - [21]
950 ‘C homogenizing
Ti-23Hf-3Mo-4Sn 20 h, cold rolling, 55 UTS-920 - 2-4% - [26]
900 ‘C/ST/1.8 ks
950 ‘C homogenizing
Ti-23Hf-3Mo-4Sn 20 h, cold rolling, 55 UTS-1010 - 2-3.8% - [26]
800 ‘C/ST/1.8 ks
. ) 800 ‘C homogenizing orE- va. ) ) )
Ti-33Nb-4Sn 4 h, cold rolling, ST/1 h 36 UTS-855; YS-763 [27]
. Powder injection
Ti-16Nb molding 128 - 6200 - - [28]
Ti-16Nb-2Sn Ditto 77 - 4500 - - [28]
Ti-16Nb-4Sn Ditto 92 - 5100 - - [28]
Ti-35Nb-2Ta-32r Cold rolling 74 - - - - [29]
Ti-35Nb-2Ta-3Zr  Cold rolling+annealing 55 - - 2-47.94% - [29]
Ti-35Nb-2Ta-32r Cold rolling+ST 67 - - 2-35.36% - [29]
Ti-32Nb-2Sn ST and quenching 60 TS-780; YS-665 2600 1-32% - [30]
Ti-32Nb-2Sn 500 °C aging treatment 82 TS-1070; YS-960 3200 1-8% - [30]
Ti-32Nb-2Sn 600 °C aging treatment - TS-685; YS-560 2400 1-7% - [30]
. 90% Cold rolling _ ) )
Ti-29Nb-2Mo-6Zr deformation 76 HV/YM=3.38 2580 [31]
Ti-24Nb-4Mo-3Zr Ditto 87 HV/YM=3.32 2880 - - [B31]
Ti-25Nb-25Zr Cold rolling 70 TS-1350 ~2200 - - [32]
Ti-37Nb-6Sn Selective laser melting 66 UTS-891 - 1-27.5% - [33]
900 ‘C homogenizing/
Ti-18Zr-13Nb-1Ta 18 KS cold roling, . . . . ey [34]
600 ‘C annealing/1.8 ks, Nb
wQ
Ti-25Nb-32r-3Mo-2sn SPArK Plasmasintering, g, TS-815 : 1-14% . [35]
Ti-25Nb-3Zr-3Mo-2Sn 500 °C aging treatment 78 TS-950 - 1-8.5% - [35]
Ti-20Zr-3Mo-3Sn 700 ‘C/ST/1.8 ks - - - 1-3.5% - [36]
Ti-13Mo-6Sn - 66 UTS-740; YS-650 - 1-12% - [37]
Ti-29Nb-13Ta-4.6Zr ST 42 UTS-421; YS-88 - - - [38]
Ti-29Nb-13Ta-4.6Zr Cold rolling 46 UTS-686; YS-356 - - - [38]
Ti-20Nb-13Ta-4.67r  COld rolling+aging 48 UTS-967; YS-920 - 2-2.0% - [38]
treatment/1.2 ks
Ti-20Nb-13Ta-4.6zr ~ COld rolling*aging 83 UTS-1192; YS-1180 - 2-1.5% - [38]
treatment/6 ks
171 0,
Ti-20Nb-2Mo-6zr _Omogenizing+30% 76 HV/YM=3.65 2780 ; - [39]
cold rolling deformation
90% cold rolling
Ti-29Nb-2Mo-6Zr  deformation+annealing 79 HV/YM=3.72 2960 - - [39]
+WQ
Ti-35Nb-7Zr-5Ta- 350 “C aging treatment 435 UTS-1015: Y'S-966 ) 1-13.7% ) [40]

0.350

16 h

Note: YM-Young’s modulus; HV-hardness; TS-tensile strength; Y S-yield strength; UTS-ultimate tensile strength



- 1114 -

Wiy @A RS RS

% 51 %

DNIE KSR LR SR AN R
2 iR pREErIIERE

2.1 EMhF e

HXwkikiE, BT/ 860 CH A HEM
Ti-12Mo-5Zr &4 p MBI Hi 2, PR R
%5 64.5 GPa I, i i B A AR B AR, 5K
628 A1 509 MPal?, HL 5 B A I 781 P K 20
REAMIERIT, 5 R AEWRET, Rk e & 4 ik b
SRR . AT R R IR 5. AT, I
BN SRR RIS U T AR ) BT ey 75 2 e A
FE RT3 P 250, A B LA M 20T ) £ G M AR
Hd, BEITER S IERNEBBU, b, H& 4+
A o HAFER, p ARG & MR A B T
T L i B, UL S SEMEHEN G 4
PIEEIE SR REAS L MG I . A R, [
AN SN FGRAT T KRR SIS B AR B RAR A &)
AW 1R REIEAT T RIURAL BT
211 BMAEE

PR R I 0 Rz — 2l it &4
oy AR pRaE mRME &, EHlESMEL K p M
st , AT A 3L LA O S5 ) B g 2 DU R JE o X N7 42
A Liu &SR D B T3 HiE o & S 44 R HED 2 Fh
J 43 BOAR ELAE FH K AT R 2R B B B 2% B %2 M R B 4G
P, W1 e A 4 0 P RS - S A - 2 2 T I SR
R, FERIhIEE T B RS R Ti-35Nb-102Zr .
Ti-35Nb-8Zr-2Mo. Ti-20Nb-15Zr-10Mo FI Ti-25Nb-
2Mo-4Zr HEWIE B AR B k& 4. 15 B RaE L HR
TEOMARZ: BME4HHER g RETET
Ti-Nb. Ti-Mo. Ti-Zr R& 4 iHTE M & S Re
A RPEHIARAS , HETT RS & SR s rER e, 4 Bahl 210

fE Ti-Nb REEFHRMFPEICE Sn, 45 Ti-Nb-8Sn
(TNS) A &EAHHLR T ENKBIE B AH; 1E Ti-15Mo &
LN Ta J/b & Si, HRENHEI T Ti-Mo A&k R+
JER o AR TR R, {1 LA e A i e A B R 8 i 2%,
T B IEVEREPS, Mo, Mn TEEAENACHAS . W
B AR, PE KA S S 1) B AR IR T
AR e e AR, dnAE Ti-20Zr A Ti-152Zr shds s &1
Mo, H4tHi— gAML, B 8 Ti-Mo-Zr & 43
P45 (80~97 GPa) ik T4k, #& Ti-zr tk R p HLF 5]
AJGE Mo il Mn, HABEERTRGE Ti-Zr 5480 B
K, 4% s B R (35.1~39.1 GPa)'5 AAE 441 A
PLEC K Ti-Zr-Mo-xMn (TZMM) &4, 7EfBZ 2155 h B
A B AT,

AN, 2 R KRR T2 (N R [ v Ak e 20430y
IR S 5O 4 4 (1 OWE 2H 23 8 A i T A e Ak
SsavEiE . PEILE (4RI b P 250 C AL
PRI Ti-3Zr-Mo-15Nb (TLE) &4 ki Py BB 0w 21
LN 1 FR RS RAE o f a M, —5E 1 o FHFRAR
B MR, (RN AR 1 =5 B, A4
EE T R KBRS & 8 5 £ R
Ti-12Mo-5Zr 7t 860 C [V Ab ¥ J5 T ZH 2R 4H /NS5
fi H G oMM R Gl 20) , HLBp PR AR ER B A
B RIS 64 GPa; Mohammed MR 5T T A fF
PHUR AR CEFERIN T AR B A B K b
B RLAMOA HIE R AR B BUEKG 4 Ti-20.6Nb-
13.6Zr-0.5V (TNZV) Jj%PERefsgm, i blmiohn T
AEFRAF B — RBEAT AR 2 (8] 50 A SBT3 a-
A RS ILE 3, ZEEsh ks
59~82 GPa  [], {HALHRYA HIH B RN KV K 5 A 4 e
IR R B B ALK, 1% 2 FiRE RS S MK T o AH,
ALK K G TNZV A 4 s s B A

B 1 {KiRE2 8 h J& Ti-3Zr-Mo-15Nb (TLE) & 4 TEM W H 41
Fig.l TEM microstructures of Ti-3Zr-Mo-15Nb (TLE) alloy aged at 250 C (a) and 410 °C (b) for 8 h?!



%5 3 1

PNAEALEE: RS B Ak e R B 2 USRI RTT Fe 2k Ji

B2 ARMEHEE Ti-12Mo-5Zr & 4K AR
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Fig.3 OM (a~d) and SEM (a;~d;) microstructures of Ti-20.6Nb-13.6Zr-0.5V (TNZV) alloys obtained with different heat treatments after defor-

mation at 850 °C and solution-treatment at 1123 K for 1 h: (a, ay) as cast, (b, by) furnace cooling, (c, ¢1) air cooling, and (d, dy) water quenching™
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Fig.4 As-sintered microstructures of the prealloyed powders by SPS under different conditions: (a) 950 “C/50 MPa/5 min; (b) 1000 ‘C/50 MPa/5 min;

(c) 1000 “C/50 MPa/10 min; (d) 1050 °C/50 MPa/10 minl®
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Fig.5 Hardness (a) and elastic modulus (b) of the Ti-16Nb alloys as a function of sintering temperature!®
2 Ti-24Nb-4Zr-85n € BT FRELE SilHERMERE
Table 2 Properties of Ti-24Nb-4Zr-8Sn metal injection molding alloy samples®®!
Specimen Elastic modulus/GPa  Yield strength/MPa Ultimate tensile strength/MPa Breaking elongation/%
1400 C sintering 4 h 53.546.2 63649 65646 9.243.1
1500 C sintering 2 h 59.242.3 685433 720447 21408
1500 C sintering 4 h 57.1+2.8 627419 65543 42412
1500 °C sintering 4 h+hot isostatic pressing 61.646.2 653+13 6764 1.8+.4
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Fig.6 Stress-strain curves of Ti-37Nb-6Sn samples processed by SLM at different energy densities (a); average tensile strength (b),

elongation (c), yield strength (d), and elastic modulus (e) as a function of the energy density
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Fig.9 Femoral stem with graded mechanical behavior and Vickers hardness profile (a); evolution of the Vickers hardness and elastic modulus as

a function of time and aging temperature for the Ti-30Nb-2Sn sample (b)*?*
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Table 3 Vickers microhardness, Young’s modulus and HV/YM ratio of Ti-29Nb-2Mo-6Zr after different treatments®®

Homogenized and cold rolled

Annealed and water quenched after cold rolling

Reduct. Microhardness, HV YM/GPa HVr:tDiS(M Microhardness, HV YM/GPa H\/r;?ig(M
Homogenized 228.3945.58 92.5543.13 2.47 - - -
Cold rolled-30% 230.9244.83 83.46+3.39 2.77 259.6342.73 89.77+1.66 2.90
Cold rolled-50% 239.9845.32 84.97+2.85 2.82 269.58+44.55 90.85+).86 2.92
Cold rolled-70% 243.3743.85 83.0143.32 2.93 274.5742.94 87.6442.15 3.12
Cold rolled-90% 278.3743.71 76.3642.25 3.65 296.6643.22 79.32+40).55 3.72
Ti-6Al-4V 337416.0 14043.70 2.40 - - -

Note: Young’s modulus-YM; Hardness-HV
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Table 4 Electrochemical properties of Ti-20Nb alloy with different contents of Rul®!

Alloy Corrosion potential, Ecor/V Corrosion current density, leor/uA €m™  Corrosion rate, CR/mm a™
Ti-6Al-4V -0.3240.05 0.0449.02 0.440.2
CP-Ti -0.3340.03 0.0440.02 0.440.2
Ti-20Nb -0.440.2 0.0440.02 0.310.2
Ti-20Nb-0.5Ru -0.1540.03 0.04#0.01 0.2520.07
Ti-20Nb-1.0Ru -0.1749.03 0.0440.03 0.3#0.2
Ti-20Nb-1.5Ru -0.1340.06 0.03640.004 0.2740.03
#*5 Ti-30Nb-Fe &&7KFN(WQ)EHIHEILESY
Table5 Electrochemical parameters of Ti-30Nb-Fe after water-quenching (WQ)®?
Alloy Corrosion potential, Ecor/mV Corrosion current density, leor/pA €m™
Ti-30Nb -219 1.16
Ti-30Nb-1Fe -216 0.45
Ti-30Nb-3Fe —247 0.26
Ti-30Nb-5Fe -284 0.87
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Table 6 Electrochemical parameters measured from Tafel plots'®
Parameter STQ-2 STQ-4 AT73-2 AT73-4
Corrosion current density, leor/>10~" A €m? 1.140.6 0.740.1 3.5405 2742
Corrosion potential, Ecor/V (vs. SCE) -0.3140.03 -0.3020.02 0.2340.04 0.2340.03
Ti-10Mo-5Mn i Ti-15Mo-2.5Mn Ti-15M0-5Mn
100 um
Negative control group Positive control group
K13 1929 4Afiudfh 48 h )& (#) SEM 5
Fig.13 SEM images of the indirect cytotoxicity test in L929 cells cultured for 48 h*®!
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Research Progress on Metastable g-Titanium Alloys for Biomedical Applications

Sun Chunchun®, Guo Zhijun®, Zhang Jinyong®, Li Yunfeng?, Cai Bianyun®, Shen Baolong™*
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Abstract: Titanium and its alloys have been widely used in biomedical field due to their excellent biocompatibility, low elastic modulus, good

comprehensive mechanical properties and corrosion resistance. It is one of the most promising medical metal materials than stainless steel and

cobalt chromium alloys. From the perspective of biomechanical properties, biological corrosion resistance, biocompatibility and antibacterial

properties, the development status of metastable g-titanium alloys and its research process were summarized. Especially, the research status of

improving the mechanical properties of g-titanium alloys by altering the alloy elements, changing heat treatment process and alloy forming

methods were well focused on.
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