48 4% %5 6 1)
2019 4 6 H

mAEERMBISIR

RARE METAL MATERIALS AND ENGINEERING

Vol.48, No.6
June 2019

NEESENYHBEILEWZITRE N F 46

AR, FAA ¥

52 1
®, F

$#2 INAK?

(1. TR, widk X 430070)
(2. PR RIS 2, Wik 2RI 430030)

O HAYZAEHBT 2 DNLE R 32, DA B AL A Bt . ARSCER HSFI center A 7¥[H] sphere 2
AR AL v, SEBUNIE—"Fi center BEEFLE A I, R BOLEX 5 E R (selective laser melting, SLM)
g AR 75%IK B2 I EK 5 <2 TieA14V BE AL -5 RN FLES A NRELE, BEATROWARL R AEF J) 22 Mk Bk, 15304
DIt . R SRR AL ) AR T RUSL, FESLBRAA 75% M4 AT, R EESURE AR IR P B B A i 5

MLy 36.25%, PP ETE R 29.9%.

KR WM HE, AL, IEAVRBIBOT MY, JrvtkRE

FEESES: TB303 XEAFRIRTD: A

XEHS: 1002-185X(2019)06-1829-06

B FIATEL TioAIV BAT RUFHIEDAMENE, 2l
HRMEANY A RL . AP BOE S 0 ) B 5 T
HHN, NS MUY ) BERCSON, i a2
BoHIREF AL, FEEARKR SR, AF
TR A G N T AE 2 AL AR
ACRT DAAT 2k 38 G )N ) BRGSO, 38 W] LA TSGR HE A1
FPERE, dERFS AR E . B 3D FTEI G,
IR LIRS 7 (1) 7 IR &5 R R i B ) ot LA T
(i B

ARSI £ 200 RS Al 22 FLES # () 46 HAT AR KK
JRBRPE, TEGA G COCRRAE 3D FTEL. PR R 4
AR JE ARG A 2 AL A5 M s 3R S F . Ht v T
B 2 b R BE A i BOR AL AR O IE X A B AR (selective
laser melting, SLM) FlHFRIEX IELF A (electron
beam selective melting, EBSM) %5 il 1 [1 4 J@ A4 BT AN
B BRG AR, UMM RE ik 21T 2 i AL et K-,
[ o] LI s B AR A, AR AR 2K 21 2
FUR A 4 L B R34,

ZALE TSN B Bt B IR SR M
LR TCI 2 ALE BT IT i, AN TR Gk 48
ME, &IEGIE 2 LA R FLBHRP I
R Ko, (AALEHR—. itz R
A R EIFLEE R A, Gomez! 145 A $E 3L T Voronoi
BBk T VE R AR FLES BT, SR SR A7 e M ol
R R AT 2 AR A, RS

Fs HER: 2018-06-5

WL DR R 2 LAY, LA KA eI T PE 22 1 1)
o N TR S, AT AR RE I 2 FLE K, BRI
FUR SRR B2 — , BSR40 A0 e i 40 bz
PRI S 4Nl I 2 FLES T3 5] 1 A, 2=l
S NS A3 )2 B AR, SO 2 5 R AL R ki
BEIZALEER, (R AREIESE; Boccacciol 45 A
& A AU A= 20 27 SR 50y (1 D0 A 1 SR i e Pl J82 L
GER I E AR FLBR AT o IXSEHIF 97 I AT R4 1 3 (A [+
B EE 2 AL G5 R ) T 2 Pk B IEAT TE A B

ARSCRAVE SN B BR B, R B 22 FL45 1)
FIwTE 5k, $EHEI center [z 25 (8] sphere 2 Fivffi & 5]
LIk, R SLM HiAR G KA 4 2 LSkt
P, 38 IR, 43 B R0 L R R LB AH 5 g
SEVERE, AR 2 FLAE M RIBE I 2 FLAS A AN I BT
S SLM H AR 2 R A EOAR LA
1 7 &
1.1 MNFLEMIRIT

HHGUE PR NG LIRS B Ak
NEHSERE R 10~30 GPa, JFUEALEREA 5.36%~
14.2%, FLBESFN 5~150 pm, #4358 L B 5k 5
30%~95%, FLBRSF A 20~1000 pm; ARYEAHSCHFY, £
L& R i B AL RS 100~600 pm,  FLER R AT
60%~95% 2 18] H T EAEUEHT 55 B4 M A, Rtk
FLBURSFEER T 300 pm™, FLBRRSFIAS] 500 pm

EEME: EZEELSFEMPFTOLEER (9737 KD (2016YFB1101300)
EHBEN: AER, B, 1974 448, ft, Bz, OO T REPU R TRE2EGE, Widb i 430070, Hif: 027-87651973, E-mail:

shizhiL998@163.com



© 1830 -

Wity @A RS TR

848

HARFHE S, AR R Pk S Bt
FLERLSF 2 400~800 um, LB N 60%~95% .

MR RFAE, ERE RN LR T a i, BEAR
LTk 2 Z AL AT RE,  anfLBRAS . ki
ML 2L, P GEZE . 12 H rhinoceros5.0 #XAFXT
FLHICHHAT R S AL, R 1 PR i Ll oo
K2 L858 SRS @ SChFLAR, AL oo R Sl
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LR GER ST IR, R 1 mmx 1T mmx1 mm. KL
AICAE X Yy Z J7 I a2 o e S =7 1) BT
FE e, ¥t 807w 2 ALa5 0 . ATl i R
T FLSLBREAE 4 A% 20 mm, 55 20 mm 9 AT AR 0[5
fLEiky, Kl 2 frox, FLBRRSE A 600 pm.
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Table 1 Unit cells and pore structures

Unit cell - = = JE— Y
I mmX 1 mm ,’ " p.’ E‘ }‘sw ;’04 <y \‘4
X1 mm
Pore
structures = e
SmmX5mm B @ ? % %‘g’g
X5 mm

Pore structure ——

Pore size =

K1 fiaseEX

Fig.1 Definition of pore size
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n= (L) = F(J(x, = %) + (v = 3,)") (2)
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BEBCTH MR, RO BTy S A7 AT L
IR AL, 2SR Z ALV TR S, B
TR 4a s,

LR EZ AAAAERB L, $ 1Bl i) sphere £
JEALBETEJ5 3, Wl 3b Fos o My ik R IR,
HEER T ) = e (m ey, BUE RS0 xyz HAFAE &R
FIEHEI LB D i, B R W s b2 — 2

a
Ya Center point of pore: p

=

Bl 3 VI center B LTI AZS R sphere BfJE LT
Fig.3 Planar center gradient pore structure design (a) and spatial

sphere gradient pore structure design (b)

B2 BFLER

Fig.2 Regular pore structure

1 4 center BiJ¥ AL sphere B EALFNBEALAL

Fig.4 Center gradient pore structure (a), sphere gradient pore

structure (b), and random pore structure (c)
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WG LT AR Le, XS 202
2 ALERIIRRIE S A, 1) z Bl e IR SR, 15
FIFAE 20 mm 5 20 mm [P center B 2 FLE5H,
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2.1 SLM HI&ZILHKEEHY
9% 22 FLARG < SR BT F R SR AL DAy B R BR 54
Ti6Al4V-ELI(extra low interstitial)/Grade 23, %F4k& 4

K5 BhEETLER

Fig.5 Gradient pore structure
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T I AR A R F B s L B il A 2 ]
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Fig.6 Micro-structure of Ti6AI4V-ELI (extra low interstitial)/Grade
23 after SLM technology manufacturing
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PR VA H AR A 41N ERR B AR ZLn & 6b FioR,
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It MTS810 P&k 5e /L5 3D 4T E G AL AFiE
PN 2RSS, WK 8 Fis. M 2 LB % K 45
REG 77 (GB/T1964-1996) HEAT 48 IRRK: . BEE
IS PR 45 In 2538 % 0 0.5 mm/min. FELESS JBA 245

WAL, PR @20 mmx20 mm, B4 3 AN
TR E, Br M AR R LR AR AT AR A, Ak
75%, HBrH LR SERILRFE MR 2 Pis, wED
T 5% XPRUZH 58 B 2 r iR g b AT b B, 153
Stress (MPa)-Strain (%)#1 Load (N)-Extension (mm)H#H2k
B, ol 9 10 Bros. thardrillilss ol un, 4

8 MTS810 M4
Fig.8 MTS810 measurement test

F2 HEIRTREFRFLBEER
Table 2 Design and actual porosity of samples (%)

Sample No. Design porosity ~ Actual porosity
1 75.18 72.89
Gradient group 2 75.18 73.67
3 75.18 76.23
Mean 75.18 74.26
1 73.70 75.67
Regular group 2 73.70 72.92
K 7 ZILE5H: BhEEFLRAIAI LR 3 73.70 71.85
Fig.7 Pore structures: (a) gradient pore and (b) regular pore Mean 73.70 73.49
100 3
3 2 1 — Sample 1 3 21 — Sample 1
= Sample 2 = Sample 2
80 - — Sample 3 — Sample 3
© Zol
S 60r 5
> X
8 40t 3
A §1r
|
20
1 0 1 1 1 1
0 2 3 4 0.0 0.4 0.8 1.2 1.6 2.0
Strain/% Extension/mm
Sample Diameter/ Modulus/ Load at offset ~ Stress at offset Load at Stress at Peak Peak stress/
No. mm MPa yield/N yield/MPa yield/N yield/MPa load/N MPa
1 20.0000 11031.8848 2799.1987 8.9101 25914.7685 82.4893 27007.4280 85.9673
2 20.0000 11901.0616 9320.7931 29.6690 27852.4962 88.6573 27852.4962 88.6573
3 20.0000 9772.5956 1353.1804 4.3073 27885.0834 88.7610 28206.1623 89.7830
Mean 20.0000 10901.8474 4491.0574 14.2955 27217.4494 86.6358 27688.6955 88.1359
Std. dev. 0.0000 1070.1747 4244.7029 13.5113 1128.2724 3.5914 615.92528 1.9606

K19 2 I e
Fig.9 Gradient group test data
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80 2.5
- 301 2 Z S 31 2 — Sample
60 | = Sample 3 20 r — Sample 3
o z
oS 1.5¢
% 401 X
g 3 10f
A ) S i
20 0.5f
O 1 1 1 1 1 1 K 1 1 1 1 1 1
0 1 2 3 4 5 6 0 OO.O 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Strain/% Extension/mm
S e N Diameter/ Modulus/  Load at offset  Stress at offset Load at Stress at Peak load/  Peak stress/
ample No.
P mm MPa yield/N yield/MPa yield/N yield/MPa N MPa
1 20.0000  7521.6698 16243.2422 51.7039 10336.6960  32.9027  20105.3204 63.9972
2 20.0000  8120.2523 17289.8790 55.0354 10205.5368  32.4852  21464.9309 68.3250
3 20.0000  8370.0595 8762.8405 27.8930 11894.1365 37.8602  22361.0176 71.1773
Mean 20.0000  8003.9939 14098.6539 44,8774 10812.1231 344161  21310.4230 67.83320
Std. dev. 0.0000 435.9797 4650.4882 14.8030 939.3431 2.9900 1135.7583 3.6152

K10 B S
Fig.10 Regular group test data
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Gradient Pore Structure Design and Mechanical Properties of Titanium Alloy Implant

Shi Zhiliang', Lu Xiaolong', Huang Chen', Li Feng®, Sun Yunlong®
(1. Wuhan University of Technology, Wuhan 430070, China)
(2. Tongji Medical College, Huazhong University of Science & Technology, Wuhan 430030, China)

Abstract: For the design of pore structure of titanium alloy implants, most of the current researches were on regular pore structures, while few of
them were concerned with the design of gradient pore structures. In this research, two methods of designing circular pores with Planar Center
Gradient and Spatial Sphere Gradient were proposed. On this basis, a certain model design of Planar Center Gradient was completed. Some
samples of titanium alloy gradient pore and regular pore structure implants with a porosity of 75% were fabricated by selective laser melting
(SLM), and microscopic material characterization was performed. Through the test of mechanical properties, the related mechanical data were
obtained. The result shows that the mechanical properties of the gradient pore structure are better than those of regular pores. Under the condition
of porosity of 75%, the average elastic modulus of gradient pore sample is 36.25% higher than that of regular pore and the average compressive
strength is increased by 29.9%.

Key words: additive manufacturing; gradient pore structure; computer-aided design; implant; mechanical properties
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