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AXAMK AWM ET HA-Ti REY FGM, FEE T HA-Ti &bl Bk i m
Bk RY. ERASARERERNKMENER RO T HA-Ti X NFGN JUEK M HA-TI
A FGM il & RABNE AMBNYE. HREY, HA-TI R4Y FGM ERHERAHTH
5RMESERNAREE. HA-Ti RESEMS K REREE Ti-HAS XEAHH, HRAR
LEHEW. HARKZABRHE HA SEMUKBENFASTHEA. RAREAHRKHY
BHRAKBT AR, FGM t FARBEAR/DT ROZUEE, RERERLE A RE
HA/Ti HE& & & (NFGM) 8 1/3, RE BERZMAR AT RE-

x @ 17 TfBEME, EviE, REAGRM, BERKEG, &
4 2% 5 TB323
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S RHE R B A Sh BEH5 B #18 (Functionally Graded Material, FGM) #J#% & &
SRR S A SR B SR BT 42 41 4 [1~3). 44 FGM 2 FOM BRI X — KB 7 18 (0. 1
ERKE (HA)- &% FGM A4 R B HA QB BAS R B R, FEELYES
FURBRI S E MR 18, Y FOM AW EFENIRE, B RS H B T
MRS, EERE LB XAM OSSR AREAREERR SR RA RS

A MR A S H % HA-Ti 44 FGM, 3£ E T HA-TI R & by bk B A
MK AN EORSEMNSERGER E, AR SRS BRI AR 25
Wi HA-Ti B8 Bk HA-Ti FGM $l &R A R N4 i 36 34T B, LA 2% FOGM #
HBREE.

2 FGM SR BERENITE

FGM AR ARBE EREKERENBMEERNERSB FCM &I B F=ERAR
WY HHRADNE. TECEVHEFRRMER L, RARYEDZFESITERN A
SRS, 5 HA/Ti HEEEEK (NFGM) #5 SRS, UEE FGM Y N B
¥, b FGM ¥ & #3244 B &
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HiIRE, XOY VEHEMMPFEHES, (4
ERYESEAAHEEEAL. & FGM TR
E AR R 20, BRI ERL 20 20000 Zi &k
RERERZEIM S RELIR, FGM E&
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Fig. 1 Scheme of the analysis model
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AT HEBEHERENEME, Q. LS HJNFrENER FRIERY HREKRE
Xt 2 15 R YR K Qi = Qe E/(1 - v?), Q12 =vE/(1-v?), Qes = 0.5E(1+v), Xf, E H#
HEREE, v PR, BN ar=a, as=0.

FGM B2t RHEER K P MATH MR, HENYEE GIEER ., Rk RE. BN
HARESRE) MEANERENEEAZL. B, X FGM #ETHRN A0, HEL
R RIR S RN AR, A SATY IR T RRENE & WAk 8 Z R 4
8 1. R, BT FGM RALE S EAMEAE, BE BN BN % ¥ FEERR
iE FGM 37, HAXRE A2 ERM OIS (R ERENREK R ) &
AEEMAKE ARG BYESBERMGTERBHRN SR, L.

ek

3 Rk

TR RS b L Gk ¥ B S BE >99.3%, T3 kL BE Sl 45um; HA ¥y #9 Ca/P X 1.67+£2.0%, FH R E
H 1.2um. SEM SRE R HA MAFHARINSE. HA-Ti FGM &8 BB ALK 1.

R ATHRE HERMHABERSWMRBAR ZERS, FEBAGREMNERIES 12h.
HA/TiFGMAHRAE M XA E, KRB B LM KX A>B>C 2D ESF
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B IREEBR R H, 7E 150~250MPa E W TR ERE, HANER —EEISRE/ENER
Fl. EEUGRBAIEAMEETHRERS, RPKANER, ENHHR 5~25MPa, 4R E
7 900~1100°C, fR & 30~90min. KB LA ESHAFTRELBIRAEMERN U RETFH
B, EABHEANER—Z BN Y. HIAEHRNZET, HE&EH 6 F HA-TI &4
(A RZEL, BTRE FGM 5B E R BMERE R MRk R 5.

%1 HA-Ti FGM &R EENE & A aE H A K

Table 1 Components of composite materials and each layer in FGM

Layer Ti/vol% HA /vol% HA/Ti composite materials
A 100 0 Ti-HAO
B 80 20 Ti-HA20
o] 60 40 Ti-HA40
D 40 60 Ti-HA60
E 20 80 Ti-HA80
F 0 100 Ti-HA100

EXEEHMETME FGM |, EMASHE B AR, B PR K65 7 i85
B, 7€ Instron-1186 B F AR BV LA=ZSAT BN e S MEEE, A#R
<} 3mmx4mmx36mm, ¥ 30mm, KL EHHEE N 0.5mm/min, FH IR 4 4. A
e ZBH B AEA¥ Bl TASI00 $vatr RS0 e . KR ETEE 100~900°C. R £ R ~F
5mmx5mmx 20mm, Ft & 3 B >4 10°C/min.

4 ERFVE

4.1 HA-Ti FGM MI|& S5RHMA L

BA#ERmEE e H &L HA/Ti Z49 FGM, RE HA R Z$ (15x107°K 1)
H Ti(9x107°K~!) KR £, EEREH SIES, FCMBERAERETHMAIE,; FGM %
BERZBRERARIEHR.

FGM Hi BN VLRSI BCEMA RN AR 540 M R AR ELEM. X7E HA/Ti
Z4EY FGM B RRFAEIR, mE2. A—F 5 —M, FGM AR Ti BEFEEN
i HA %, IERARNIARH S MERASMEEHEREERERZNABEZA
M4k, HAFi Ti M EELENSS. £ FGM & Ti B8 HA R S WRBe 548 F
Ti kd, FE HA S RN, FGM HHRARZH TN IHEYSAES, B Ti J
RS TISR A A T HA 24k, B5R HA 1 Ti B4 70 2 8] B2 B0 DA 44 % 22 40 2 4 BUAR
PHEESEN. AXHEASGHEET BATIEEEEAHARS TIi BZRAH Ti 54
SHAMEREBZHNERASGFE.

4.2 HA-Ti RESHHMHNBEEERARKRZEL

m ERTR, X HA-Ti FGM #4780 S1 4087, DATE ik HA-Ti RE &4 6 8 84
MBI KRS SORITRGE M4 HA B3RS B 7 41~121GPa 2 [7] 10 7 2 3¢ il 18
HA (4 B ¥ 85 2 110.89GPa, ¥ F De Wigh et al['!l §1 X Zhang et ol.'?] {0 45 5. H15
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—RMBREM Ti (9 MEEB R (107.95GPa) JE Bl T HA MR, TS FGM M & 28+
EMEERTSRAOMBE. WEH 3, HA-Ti RE S B MR Ti-HAS X34 H,
FE5HEMEERAHRAGELEYS, IRAINARYAERBTRERNESR. £/089

M 2 HA-Ti FGM # R #A A
Fig. 2 Microstructure of HA-Ti FGM
(a) A/B interface; (b) B/C interface; (c) C/D interface; (d) D/E interface; (e) E/F interface

SRR EA, WMAESRR T RN W R, TAELRARR I E = E(1-p)™, A
Eo AXSTLE Gy MIEsE, p BACAEK m H¥B (2~25). ARERESENTHN Ti-HA
b &g 3g N0k 803 8 8 '

Eua-1i = E1i(1 — fua) + Enafua
Hh E1;=107GPa, Eya=117GPa, f h HA EAEB SN & Ti-HA GE S RS x
MELHREEWETOERED MR 2.
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B 3 HA-TI RESHHE MM EREH &K M 4 TP LXA a0 kR N
Fig. 3 Young’s modulus and relative density of Fig. 4 Thermal expansion coefficient of composite
HA-Ti composite materials materials at different temperatures

D © 1994-2009 China Academic Journal Electronic Publishing House. All rightsreserved.  http://www.cnki.net
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5 7r0,(210GPa) Ml Al,05(380GPa) 481, Ti-HA &M EMMEEEE/NEE. N
EYEENANAEER, RARBMMEEEMN LM ERRIBEY M. B AEEY
HMEERBE, RA 7~25MPa. BB HEETENN ALY, IRAKEHTR
AERFMWEHATZRFES, MHEEASERESSHEEEEF -5 TL.

EH4MrRBEERBEAENZERITRBENTFHRMEA R HEEUNKBEY
A&, HATIiEGEMEHREKAPOE K. MEMRBET, Ti-HA0 R Ti hEHE
9 Ti-HA20 #1 Ti-HA40 B &4 R S Rk ERE B T Ti AR R Rk TR, 2R A
Bk Z%0; i Ti-HA100 DA K& A HA Mg 4 24k 49 Ti-HAG0 1 Ti-HA80 & & ¥ 6 HI i Rk tE B
FERRT HA MBEHAREAKIERE, TR ZEEE. A Tumer X AT AR
SR HA-Ti E4 BN E LR RE, HxkaH

am =) aKiVi/ ) KiVi

AP, om AEEGERTHIERREE, o, K. VUNSEATHREKRE, SBE8RE
BEANERS . BERMATERE 2

£2 HA-Ti HE4HHHMMHER, ARKRKEGNALL
Table 2 Young’s elasitc modulus, thermal expansion coefficient and Poisson’s ratio of

HA-Ti composite materials

Materials Ti-HA0 Ti-HA20 Ti-HA40 Ti-HA60 Ti-HA80 Ti-HA100
E/GPa 107.95 102.64 87.71 79.25 75.91 110.89
Tested
az0~90x1078/°C? 10.9 11.72 12.94 14.08 14.53 14.87
E/GPa 107 109 111 113 115 117
Estimated  ax107%/°C™! 9.0 10.26 11.49 12.69 13.86 15
v 0.34 0.328 0.316 0.304 0.292 0.28

4.3 FGM pHIERRAM DS G REAREHEFORFME

BT HA-Ti REGRMHHHERRAAEREARWEINESERERER, K35
FRAEBESELERENT FGM f &N A4S HRE, FUERE.

& FGM 43 A8 B 8] 3157 HA-Ti FGM #1 HA/Ti NFGM A 8 2R & M B R R
AW, IFSRYESY (B SMEMERMGHME sITR 2P, RhESHKH
BOHEMAE y A BESENMESY. FGMikm 6 E4AR, S2E Imm, 484N
20vol%. NFGM W EMHH HA/TI MEHESE S, §FEE 3mm. #&EFEH 1100°C, Frik
AT=25~1100=-1075°C.

HA-Ti FGMt HA/Ti NFGM R #| &R R RN BB R/ oA HEROE 5. 7
W, BADNAHBRKABNTRUKBTFARST. T HA M Ti WRERRBHEER
K, NFGM | EZAR RPN EMBN AHEK, FERATLEXDEHE. FELTF Ti Uz
346MPa BYFERY /75 HA 32 3] 331MPa (9H i 51, B HA B9EM hevkfez, HINTH
BRI 14> 5 B4 38~150MPa 1 0.7~1.2MPa-m!/26:12.14.15] 53 it pJ {578 HA /Ti 7 &b
HABEREFH.
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FGM B FAMBEUBR K B/NT FEAPNBERZ O REKERNZR. HEl&
RARBREMREANERTLAEBERNER. B S5 B/R FGM f B KRN/ B R E
C/D 4 #y DM, 2% 116MPa, 2 HA/Ti &S & (NFGM) iy 1/3, i E/F R4
HI4E HA B R Z W RKRLLY N HF 18.74MPa, B4R FGM A B EHRF B ERMR
BAKMER. WEES 56 it THREMEMAEKZBWINESELERER, H
BERABEEMREAS AT HERB-ERAE, AERETTMNERRYE, EBER
FuEh, —BREKARBBRKOEEREZININ S, TR K 2508/ — 0 32 3 E Y
71, WEFEAEEE, BRDNILVFRSE. MEUERBHERE/N, % D/E FEAENH
BRNZAB/NIEAKER XSEUEXBHERTLERR.
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Fig. 5 Calculated residual thermal strain (a) and residual thermal stress (b) in HA-Ti FGM and NFGM
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Fig. 6 Calculated residual thermal strain (a) and residual thermal stress (b) in HA-Ti FGM and NFGM

BAh, mE 5 M6 Frok, HA-Ti FGM 1 HA/Ti NFGM 4 HA &£ mWEN A, Ti
REZN, AF HA RGBSR ER. BT2AENAER, BEEREN HA BEXRE
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FHEREFR, XELFERGAFHEEFR B

B EN RSO HRIRBERARSA, AR A E R S50 e, X
IER FGM HHFTHIER. F X HA-Ti FGM AW 5 A 4yt — SR A 4 FGM 1 &
YRR IEEHETZH.

5 &t

L AMRAEHEHET DA-TI REYIEHEME, FGM ERHERAR Y ITHSH
WL ASFIE, WEEL A HA (&Y EEM Ti SR

2. HA-Ti RE &M BB E7E TI-HASO A B A {H, FZRSARMEmE. H%
Rk ZBEEE HA & BB B 7+ 38 oK

3. MANY AHMERARNRRNKBTARSH, FGM BT HBEALRB/NT K2
BALIEEE, HBRRBEAKAN S HA HA/Ti EE& G (NFGM) 89 1/3, BH BE RN T
i ZhEE -
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Microstructure and Thermal Stress Relaxation Characteristics of

Hydroxyapatite-Ti Functionally Graded Biomaterial

CHU Cheng-Lin YIN Zhong-Da ZHU Jing-Chuan WANG Shi-Dong!
(BOX 433. School of Materals Science and Engineering, Harbin Institute of Technology
Harbin 150001 China)
t(Analysis and Testing Center, Southeast University =~ Nangjing 210018 China)

Abstract

The Hydroapatite(HA)-Ti functionally graded biomaterial(FGM) was developed by powder
metallurgical process. Young’s modulus and thermal expansion coefficient of HA-Ti composite
materials were investigated. The residual thermal stress and strain in HA-Ti FGM and HA/Ti
dual laminate (non- FGM) cooled to room temperature after sintering was analyzed by the classical
lamination theory and thermal-elastic mechanics. The results show the HA-Ti FGM displays the
microstructural characteristics of macroscopic inhomogeneity and microscopic continuity. Young’s
modulus of HA-Ti composite materials is affected by the porosity and reaches its valley point at
Ti-HA80. The thermal expansion coefficient increases with the rise of the testing temperature
and HA content. The residual thermal stress and strain strongly depends on the constitutional
distribution. In FGM, the maximal residual tensile stress is only a third of that in non-FGM plate.
It is obvious that the HA-Ti FGM has the function of thermal stress relaxation.

Key words functionally graded material, biomaterial, thermal stress relaxation, hydroxyap-
atite(HA), Ti



