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ABSTRACT

One of the representative high-strength titanium (Ti) alloys used as biomaterials is a commercial Ti-6A1-4V
(Ti-64). It has, however, serious problems because Ti-64 contains vanadium, one of highly toxic elements, as
the necessary additive to improve the mechanical strength. In this study, in order to develop a high-strength and
biocompatible Ti alloy for application to biomaterials, powder metallurgy (PM) a-Ti material with zirconium
(Zr) and oxygen (O) solid solution (Ti(Zr,0) alloy) was fabricated from the elemental mixture of CP Ti and ZrO,
powders. During solid-state sintering process, the additive ZrO, particles were decomposed by reaction with CP
Ti powder, and then Zr and O atoms were dissolved in the a-Ti crystals as substitutional and interstitial elements,
respectively. These solution elements caused a remarkable increment of the lattice constant of a-Ti (hcp) crystal,
and resulted in the significant improvement of tensile strength of Ti alloys. For example, Ti(Zr,0) alloy showed
0.2% yield stress of 1153 MPa when using CP Ti powder mixed with 3 wt.% ZrO, particles, which was greatly
high compared to PM CP Ti material with 0.2% YS of 463 MPa. In addition, the solid solution strengthening

mechanism of this alloy was investigated in detail.
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Fig. 1 Relationship between polarization resistance and biocompatibility
of pure materials, Co-Cr alloy and stainless steels”.
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Fig. 2 Dependence of tensile properties of extruded Ti(O) materials on
oxygen content”.
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(a) CP Ti powder

(b) ZrO, particles

(c) Elemental mixture of
Ti+ZrO, powders

Fig. 3 SEM observation images of raw powders used in this study. (a) CP Ti powder, (b) ZrO, particles and (c) elemental mixture of Ti -ZrO, powder (3 wt.%

Z10,).
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(a) 873K

>

Fig. 4 SEM observation images of Ti-3 wt.% ZrO, materials sintered
at 873 K (a), 973 K (b), 1073 K (c), 1173 K (d), 1273 K (e) and
1373 K (f).

Fig. 5 SEM-EDS mapping analysis results of Ti, Zr and O of remaining
ZrO, particle in Ti-3 wt.% ZrO, material sintered at 873 K.

LSS TR DML ASBIEE S Tz BIRDHERR S I
72 BESRE IR BE 873 K O Bk /K12 D C SEM-EDS 12 & % 0345
W &AT o 7458, Fig. SITRT & 9 ICZBAFAT 2 IHBH &
FFAZ BT Zr ORALFEIR DR T E, FRIZO0IZD
WTHDLTRIELL Tz, Z DAL I e 3125 -
T2 ZO, RIS LTE Y, ZokE, TimRELEOHRSE
AR D ZRPBREL-LEZOND. H5F
L7z ZtO, i F-HIk D Zr B X N O JE 1 o-Ti BHAHNEET 5
LT, o TiOKTHEIZENTZLEEZOND. 2T,
XRD NS & 0 BRI IC B B o-Ti 55 o ¢ #ili 7 o
Wit L, ZO, KT DR OEEHICL 5 KITHED
BAHS % B ERT L7z, S L 72 BBk o o kg1
FER & BERG L O BIAR & Fig. 6 [T $. 72, CPTikKIC
xF L CTR87I3K, 1237 KIZ THRFFMR 10.8ks & L T SPS BE#h

2018 4- 12 H

04Tl T w96 210 '
1- .70 L10)y . ..
g 3 ”. ...... & »... l
S 0470 oo
8 3
a CPTi
Q
§a%9‘ @
E
-
0.468

873 973 1073 1173 1273 1373
SPS temperature, T/K

Fig. 6 Relationship between lattice constants in c-axis of a-Ti matrix and
SPS temperature.

i L 72BN BT B c i IO e Bz IRt 5 5. BT
ERNIBEAGIRED FALIHICHMARLTBY, L Zo, 5
T D5HEDOMEATIAED Ze T3 £ V0 JET- 0 i & o
LB DEEZLNS. 3wt% ZrO, KT & L7 873 K
TORERERD c il ¥ 12 81E, 873K, 1237K T CP Ti ¥
KBAEARDOZN L RBEOMTH 5 Z L5 873 K TORERS
MR T, ZtO, K T OG5 KIS IE A Uk v 2 EAVRIE S T
7z, %B, 1073 K I E ORI CTRERS L 72 3B o1& T2 5
X, 1FIT—EOfi (0.4704~0.4707nm) %R LTHBY, ZrO,
BT ORI EE L CHEIT LS EERBLTWS, L
o T, DLEO#RL )AL TIE, FHMERRCEITS
SPS et & LT, Mk 1373 K, RFFHFR  10.8 ks 247
HL7-.
32 ZrJEFB X OT0 BFREEIC X B o-Ti B O MR 21
Zr0, i+ D A D3 A U 72 Ti(Zr,0) BERE R I BT, Zr i
TELORTORIMNRIREAEZZONLZ LD, WET
DEZ% HEEOMRMEZ Higls, BLZ2ELEE % i L 721 12 240
I L2475 72, FER L 72 ZrO, K 7% 0~3 wt.% i L 72
Zr JE ¥ X OO JE I CP T KM AT (LT, Ti-X wt.%
ZrO, 3R L ALT, X =0~3) OGBSI & 5 MEkBlgE
A, PSRRI R SO T Fig. TIRT. WO
MIZBWTH, I TROBNEREHICE > TEK I
Sk A S 5 ARk A LTV B, (d) D 3 wt% ZrO, K-
Sy 1 Gl E S 1Y) | B [ L2 e e Y VAR = gl
72, ZeO, KL O MR OB MRS SRR D30
WAL, 3wt% ZrO, K -7 £ D 5.00 pm 2> 5 4.56 pm &
o ln. WIZ, Ti-0~3wt% Zi0, M I & I h 2 BE DS
JUOBEOEEBIN AT 7. FDOFER % Table 1 1Z/R7.
Ti-0 wt.% ZrO, #I M 2 B W THiH S -1, SR
Td % CPTiHROLMBILEIEICHKT 2DDTHS. K
2, ZiO, R FICHEENDMHERE EWE L - LA OBHER
DM % Fig. 8 12”7, MFIZRMVWIEOMBEEZALTHD,
ZrO, B T DO FIMAE ) BRI OB 1A Y 3 % WK =
HEZTHZ RS, HFRFOERBREICZB TR 5D
BEORAIIIIZFELTVEVE VR S,

T2, BEEIBERBICTIHPCRABRGBYT S Z ET,



750 A WA,

M FK, g

Al

I, Bk R HR HA

(b)lwt%Zr02

(a) 0 Wt.% ZrO,

Extirusion dirvection

Fig. 7 Optical microscope observation images of extruded Ti(Zr,0) materials
(0 wt.% ZrO, (a), 1 wt.% ZrO, (b), 2 wt.% ZrO, (c) and 3 wt.%

710, (d)).
1.0
2 [ /’
N K Vg
‘E 0.8 - .,’
= I ’
3 - /s
g 06 |
S i e
g - ” y =0.9623x+0.2153
% 0.4 | , ’ R2=0.9938
o -/
= ¥4
TS 4
2 -
8 L
p= [
0.0 £s s o 0 ¢ ¢ ¢ s 0 s 2 ¢ o 0 ¢ s s s 0 3o 2 2 3
0.0 0.2 0.4 0.6 0.8 1.0

Added oxygen content (wt.%)

Fig. 8 Relationship between added oxygen content and measured oxygen
content of extruded Ti(Zr,0) materials.

ZRoHs

Ti R OB I E L2 FUTT 2 e Tw s L
L, Table 1 /R & 9 IZEREH =1E Zr0, B -l 2 &
5370.020~0.036 wt.% & IEH /NS, R TOEE L%
BHERRCE R o7z, ZOMIIIREERTH S CP T KD
sFREAE (0.02wt%) LHBETHL I L2 oMt

TEELRE TORZERTORAIEETEL L VWAL, 20k

Table 1

IVEBEEGHBVMETH S 9 2, ZO, KT & ORLR
PO TREWZ L 2B E 2 T, RIFETIZEAEHR IR
LG E LT Z T ORTD2HEET 5.

FIT, WET O T A0 B EIREZ AT L
Ti-1~3 wt.% ZrO, 4 b % Sk FLi 5 % K4 & L 72 TEM-EDS
W2 X BIRMT & AT o 72, TCE A R %Fg9:i? ¢
DWW T Ti BHAHN O — 2 VA 2 iR L 7225, Zow

TIE—FB Ti f SR BE 12 bwfﬁﬁﬁﬁﬁﬁaéht
22l RFICHARS EEBEEIIA VDS, RN
Zr BRI &N, 22T, AT EIZBI5 Zro
EEEE HE TR, ZeBEEES R 2 MBI L TR
Rt s X9 120.2 pm BFE CEAR S50 2175 72
ZORER % Fig. 10 1R, MWEFRIZTISHT 5 Zr oF G
R % TRLTBY, HFIIE ZO, W FORMEIN T
TN T2 Zr 0B G2 ERTHELLE. A @BLY
(b) TIE, KRB FICBVTH Zr OEEIZIRK T 1.0 wt.% i
WRE L RE LRI L h o7z, LT, (e) Ti-3 wt.%
ZrO, J A TUE, A SR I B W T Ti-2 wt.% ZrO, i A
LHBEOM (2.0~25wt%) &R L, # 5 Tl
4.0~5.0 wt.% & KR PN IR T 2 5D E o Zr O A = % fif
BL7z. F 7z, R A 58 0.5 um Bl N D S 5
RNIZ AR CREERADSHIR L, 5 Sh AT TR I 5%
L7z, 22T, Ze 3 —#o Ti sk Sk FOE 5 R+ 2 3%
R 4720, MHIN TR O Ti-3 wt.% Zro, #1123 L T
EPMA-EDSIZ X %~ v ¥ ¥ Zii 24T - 7245 £ % Fig. 1112
AR @RI L R QBRI BT, Ze 5B Ti

ORI FUIRIELTB Y, (b) oI TH#IC WT%W
Y TS HEAR L 72 o-Ti #&5 SR O R R IS > T Ze i)
BRI LT, L2z T, M TR S z—3o
Ti A8 iR LA BE D Ze W5 ORATIE,  BERSR O IRE T Ti A
SR Ze R S RAL L7 IREECHII I T2 it L 72 2 &
;D,%ﬂ#%ﬁén&wiiW&ﬁﬁ o T LS

LIZkp LR EZLNS.

3.3 o-Ti kSRS S 2T B 3 % FEERIIENT 35 X O BRI fEAT

Zr B LU0 DREAEIC X Y o-Ti D hep LT 5720
XRD fENT#E R 2 W T TifE AT 0 alil B X O c il O+
AR, BEELOMBEEML 2R % Fig 121
RTINS ORTFEROEIMIE Z, O DWILHKD o-Ti
SR DORFEEHBRIC I D 5D THHH, I TE—HDT
FOBEEIC L 5 o-Ti OF KT OMBEIHL I LT, %5
LROMBRENEE L2V EIREL, BT EROZ

_

Chemical contents of zirconium (theoretical), oxygen and nitrogen (analyzed) of extruded Ti(Zr,0) materials.

0,
710, content Elements (wt.%)

Elements (at.%)

(Wt.%) Zirconium Oxygen Nitrogen Zirconium Oxygen Nitrogen
0.0 0.000 0.234 0.020 0.000 0.696 0.067
1.0 0.740 0.429 0.033 0.391 1.272 0.112
2.0 1.481 0.732 0.027 0.787 2.160 0.094
3.0 2.221 0.965 0.036 1.187 2.834 0.123
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Fig. 9 TEM image and TEM-EDS mapping analysis results of Zr and O of extruded Ti(Zr,0) materials (1 wt.% ZrO, (a), 2 wt.% ZrO, (b) and 3 wt.% ZrO, (c)).
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Fig. 10  Zr line analysis results of extruded Ti(Zr,0) materials (1 wt.% ZrO, (a), 2 wt.% ZrO, (b) and 3 wt.% ZrO, (c)).
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[ O DA A LMk (B, TiO)# L7ed) T5) BLO O TEROMIMES 4c0) 1 ZZFNEh
DEFNEHELWEEZ LI ENTESL, BAEMFET 12X S Aa,(0) =-0.122 x 10™* nm/at.%[O], 4c,(O)=5.400 x 10™* nm/at.%[O]
&, RWFIZETHEE L7 U CP Tity K & TiO, K F DA EHEHEESNRTRBY, ThPFhzEge LTRBIoRY. 20

K TR L 72 TIO) MM 128w T, FEZRIZ L ) Ko BE, SR & LCTHEILHR Z & £ %\ CP Ti O o HllE
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before extruded (a), after extruded (b) Ti-3 wt.% ZrO, materials.
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Fig. 12 Relationship between lattice constants in a-axis (a) and c-axis (b) of a-Ti matrix and solute oxygen content of extruded Ti(Zr,0) and Ti(O)
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T5)) LRVW—FERLTWVS. koT, —HDILHEDME
B & 5 o-Ti QK IAEF OMMEE LI LT, ok
DOHBEBGENEEL RITE R VE VW ENR ML TH S &5
VAV

EO, EBICL->THR LA ZETFBIVPORTICX
LHTEBOEARICEHL T, £ HHMEFREHEICLS
NG R E O ZE U T, kil L7ARE DR Y1 % Wi 3
5. E—FMERESEEIRRO Y 2 LT Y-
Xz d Lo, TEOETEANOHBT AV —%2KD, Ih
Zi/MET B 2 L Tl b DR RS % kD B EHRFET
&)617,18).

HY=EY (D

ST, Hi NIV =Ty, ¥ B2, E;
IANVNFE A TH S, Fig 141R-T X D12, aTi DAL
% afiliin & bl (EIICEATCalii e 1200 D% %2
S8 TS 30, c T 2 DM (T 5T 36 1)
RIEAME @ L L, TCRABBERBET O 2N 72# 1
(Ti 5736 1, OJET 118, O2.7at.%) (b), TilJiT % &k
BT Zr &R L7 0F (TR 358, Ze i 1, Zr
2.8at.%) (c)D3FHFHEHE L/, TN 5% LT Vienna Ab
initio Simulation Package ver.5.3.3 (VASP)"*” % JJ\>C o-Ti #&
O T ERORBEIL 1T - 72, Z OFEHE % Table 2 12717

(a) Pure Ti

wgﬁéﬁo
00808 o Ti atom

338°

™)

Oxygen atom Zirconium atom

Fig. 14 Schematic illustration of hcp structures of o-Ti (a) and with
interstitial solid solution by oxygen atom (b) and substitutional
solid solution by zirconium atom (c).

Table 2 Lattice constants (a-axis and c-axis) of a-Ti matrix estimated by
first principle calculation of electronic structure.

a-axis c-axis Aa/x107* Ac/x107*
/nm /nm nm/at.% nm/at.%
Pure Ti 0.2938 0.4636 — —
Ti-2.7 at.% O 0.2941 0.4656 1.135 7.358
Ti-2.8 at.% Zr 0.2948 0.4651 3.531 5.376
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(28~30%) %R L7228, Ti-3 wt.% ZrO, #iHIH Tl 6% & K X
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Fig. 15 Dependence of 0.2%YS (a), elongation to failure (b) of extruded
Ti(Zr,0) and Ti(0)*'” materials on oxygen content.
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TWwWb., TS MHIZonTid, &FRF 21512 L7 SEM-
EBSDNTIC X Y3RD B Z LT, Zr BXUOIZ X % [ EHR
bRz L7z 612, Hilio Fig 7 DA BMEEIC X 5
FURRBIEERE B & R D 7= 35505 Sk £% % JH v C Hall-Petch 0
FRERHNC X 0 SRS X B b & R 72, &k
D 02%YS A MR T 2 LR T T & OIRER R 2 AL
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Fig. 16  Strengthening factors contribution to 0.2%Y'S of extruded Ti(Zr,0)
materials with different ZrO, contents.

Table 3 Schmid factor, grain size and 0.2%YS increment factors of
extruded Ti(Zr,0) materials with different ZrO, contents.

0.2%YS increment factors

2:0, Grain size/
content Sr m Grain Zr solid O solid
(Wt.%) M refinement  solution solution
/MPa /MPa /MPa
0 0.45 5.00 0.0 0.0 0.0
1 0.41 4.95 1.3 70.7 216.3
2 0.42 4.64 9.7 111.7 444.0
3 0.43 4.56 12.0 142.1 569.3
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& THE L 72 ZeO, B0 F-350 o-Ti #E AT 12 3B 1 % 3R1E
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DWTRDZAETH Y, KRB THERR S L7z Zr O R
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HLRERE G AT & AR VRN 208 U C, 3272 2 s LA 1 1Y
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(1) CP TiByEK D ZrO, ki F-13 973 K LL T 10.8 ks @ SPS
PEAGIZ L D OB SEMG L, 1173 K TRAIZHHEL
720 F 72 XHEAT E RS IRAT IS X 0 R IR
HEL7-ZrJE T B L OO JET O o-Tif i~ O MBS =
FEFE L OBF VT hoMEicB v T oTi k5
2 —IZ W L7225, Zre B 13 3 wt.%ZrO, R+ i3
Ti T HAIC BT o-Ti SR ST ISR L7 £ 72,
T 5 F D [ 1 & o T o-Ti f i O F 25U+ %
B, TOBII—H DI OMEIZ X % o-Ti DT
OB LT, M5 onHEoREHE I WE L K
TSV & 2T B K OV — L T IRE A
BRIz B LTSI L.

(2) IR TOFIERBOMER, 02%YS 1 3 wt.% ZrO, fi
F OB X - TCP TIHFIA K L TR 25 /512 B3
L 72 BEWER OVl 1Z Zr0, B - DRI A3 2 wt.% F Tl
—EDMHE (28~30%) ZRL7ZDBDOD, 3wt% RN X
D 6% FTIRFLTBY, MMM T HENIFHIRIRHT L
2ol B X O IRE D O DS T O ERTH
BHEEELT 02%YSHEIZ LD B O R 112 X 2 [k
1LIEF 47% L K&, Ze T2 & 2 B bl 12% 2
JETHo7z. Tz, HRRNIBU DRI
BRSNS, AR X 5 0.2%YS o i b
Z 1% Kl TH o 72, EHIT, 02%YSEIZ DTl
SRALEE R IS HE DWW TR L 72 5H RS R I SRRl 1 bR C
20~30% K& o> THEY, ZOEKE LT Zr ORI
MEZBLTOWRWI ERZEZOND.

() FB L Zt BB E OB TFAMEMEHEZ RIZT &
L o-TiBHOBRBE T2 RKTAHI LT, ThZFh
DICHENEEBRIL % FEB L 228G H, Ti(Ze,0) A 3 5
N E AT A EEW ST L.
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