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Abstract The human bone appears as a hierarchical structure composed of cortical bone with high density and
strength and cancellous bone with low density and blood vessels. Therefore, the structure and mechanical properties
of human implants should match the characteristics of human bone. Based on the stress on the natural human bone,
the titanium alloy porous structure designed by topology optimization method was fabricated by laser powder bed
fusion (LBPF). The mechanical properties and deformation failure mode of the porous structure were analyzed by
compression experiment and numerical simulation. It was found that the numerical simulation and experimental
results have a high consistency in the current work. Finally, by comparing with the mechanical properties of human
natural bone, combined with the failure mode of porous structure, a porous material suitable for human implants was
obtained.
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Table 1 Comparison of chemical composition (mass fraction) of TC4 powder with ASTM F136-12 standard unit: %
Element Al \Y% O N C H Fe Ti
TC4 powder 6.49 4.29 0.074 0.01 0.008 0.0033 0.18 Bal.
ASTM F136-12 standard 5.5-6.5 3.54.5 <<0.13 <<0. 05 <<0.08 <<0.012 <<0. 25 Bal.
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Table 2 Forming process parameters of TC4 porous structure

Forming structure  Laser power /W Scanning speed/(mmes™") Scanning interval /mm  Powder layer thickness /pm
Supporting structure 100 600 0.10 60
Physical part 170 1250 0.10 30
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Fig. 3 Topology optimization cells with different porosity. (a) Porosity 60%; (b) porosity 70%; (c) porosity 80%
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Fig. 4 Cell models created by Solidworks. (a) Porosity 60%; (b) porosity 70%; (c) porosity 80%
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Fig. 5 Unit porous structure with different porosity. (a) Porosity 60%; (b) porosity 70%; (c) porosity 80 %
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Fig. 6 Porous structure samples. (a) 6-60 sample; (b) 6-70 sample; (c) 6-80 sample
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Fig. 7 Stress-strain curves of porous structure specimen
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Fig. 8 Compression deformation process of porous structures with different porosity (e is compression deformation)
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Fig. 9 Stress distribution of porous structure with different porosity. (a) Porosity 60%; (b) porosity 70%; (¢) porosity 80 %
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Fig. 10  Stress distribution in porous structure. (a) Porosity 60%; (b) porosity 70%; (c) porosity 80 %
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Fig. 11  Experimental and simulated compressive stress-strain curves of porous structure with different porosity.
(a) Porosity 60%; (b) porosity 70%; (c) porosity 80%
3.3 HEREMHREE 110 MPa Z [l , 17 R A8 4 78 1. 2~18.5 GPa Z [l .
B 12 Fif s R R LB R 2 FLEE M RO PTESmBE T A A1 B 1 J 24 R D A8 JBE 1) T P i
i A SR 25 R W AL On s NS — % O 2~15 MPa, 1 [RECEE N 1~2 GPas % 508 BT E
B OL T, Bl LB A 38, 22 L 45 09 B9 BT s o 5% & 100~230 MPa, 1 G #5804 2~20 GPa.
JEFIA IO i S AR D8/ HO BT iR B S I 7E 19~ T A FL IRy 6026 19 2L 45 01 A PE e e g 5

1714006-7



150 24
s 6-60 CXI6-T0EER6-80] s
S120F 110 185 1208
= z
i 1162
& 90 3
ﬁ - 12 E
2 64 g
g 60 8.2 7
& 3 418 &
2 g
g 30F 19 {4
& 1 1.2 ©

0 RREE )

Specimen

12 ZfLE5H0 By 4T 5 B2 A A7 A
Fig. 12 Compressive strength and compression modulus of

porous structure

AR TE AR VETC , 100 FLBR R 8024 i £ FLASH /Y
P A PN N D g i P P A R g L
87 73 1O 78 ph 4 R H: O 28T AnT R O A i AR
NRMAY) . 25 ERVA FLER R 6000 B 2 £L 451
A AR B b 8 BB A A B0 A A5

4 %5 8

AR SO $ A0 A I 45 09 A TR] LB A 2 £L 45 4
149 S 407 1 BE 0 UK 228 % 80T Ol BEAT T S8 8 B UL A
LA LT 458

1) R4S g b, 2 FLA5H B9 84T 9 ml o 4L
B 6000 A1 7000 F S 1 BB 2245 L B A< O 80 2%
14 Mg A DT 2R, LG IR T 3 ) G B SR A AN O
FH T B 2 40U 5 T Bt 3 17 7 B 190, 254 72 2 R
A7 A5 i 2 1 £ 0 3G 1 DB 228 45 4 TR R B R
SRPUEIE RN IS A M T RSP T . B
0T 5 B A7 QA 14 20 B 45 LB R 6006 1Y
Z LR T N A i v R A A 8 D
45K

2) AR s b B AR S SR A R N Y)
B ) R 2 B B B FL B AR Ol 6006 #7000 19 £
FLA5F b P B v B Y — B HR R L 4G
KM Z LA T =R A — R iRE. T
— AP 14 AR AT 4K 2 1 RO R LA A rh g 24 o A%
1 Chn e 48 DR R0 ) SR A AR AU A5 Y, A G ] LA
U Mo TN 22 FLASHA B4 ) S PR RE AN R 44T

2 % X #

[1] Navarro M, Michiardi
Biomaterials in orthopaedics[J]. Journal of the Royal
5(27): 1137-1158.

A, Castano O, et al.

Society Interface, 2008,

(2]

(6]

[10]

[11]

1714006-8

£ 584 F 1781/2021 £ 9 B/HAEXBFEHE

Thieme M, Wieters K P, Bergner F, et al. Titanium

powder sintering for preparation of a porous
functionally graded material destined for orthopaedic
implants[J]. Journal of Materials Science: Materials
in Medicine, 2001, 12(3): 225-231.

LiY, Guo Z M, Hao J J, et al. Porosity and
mechanical properties of porous titanium fabricated
by gelcasting[J]. Rare Metals, 2008, 27(3): 282-286.
Erk K A, Dunand D C, Shull K R. Titanium with
controllable pore thermoreversible
gelcasting of TiH,[J]. Acta Materialia, 2008, 56(18):
5147-5157.

Yook S W, Yoon B H, Kim H E, et al. Porous

fractions by

titanium (Ti) scaffolds by freezing TiH,/camphene
slurries[J]. Materials Letters, 2008, 62(30): 4506-
4508.

Zou C M, Zhang E L, Li M W, et al. Preparation,
microstructure and mechanical properties of porous
titanium sintered by Ti fibres[J]. Journal of Materials
Science: Materials in Medicine, 2008, 19(1): 401-405.
Peng D Q, Tang N X. A preliminary study on
porous titanium as a new biomaterial[J]. Medical
Journal of Chinese People’s Liberation Army, 1984,
9(1): 34-36.

AW, A B R R 2 LR W00 IR R
] AR BE 22, 1984, 9(1): 34-36.

Zhang E L, Zou Z E, Zeng S Y. Imbedded body in
porous titanium of biologic medical use, and
preparation method: CN101049516A[P]. 2007-10-10.
Kbk, ARGy RN, AL R R BRI 2 Lk
A MR Ko A 4§ 7 7% - CN101049516A[P]. 2007-
10-10.

Gu D D, Zhang H M, Chen H Y, et al. Laser
additive manufacturing of high-performance metallic
aerospace components[J]. Chinese Journal of Lasers,
2020, 47(5): 0500002.

P44, TRELHE, BRIET, &5 LS ALK m e RE 4R
BB BOE 3 B R i (7], O, 2020, 47(5):
0500002.

Zhang G H, Guo S Q, Huang S, et al. Relative
density of GH4169 superalloy prepared by selective
laser melting[J]. Laser & Optoelectronics Progress,
2020, 57(3): 031404.

TR 2, SRAPE, B, A e DRI L BRI 4
GH4169 £ 4 1 20% B BF 52 [T]. WOt 5ot i+ 2
J&, 2020, 57(3): 031404.

Lin H, Yang Y Q, Zhang G Q, et al. Tribological

performance of medical CoCrMo alloy fabricated by



[12]

[16]

selective laser melting[J]. Acta Optica Sinica, 2016,
36(11): 1114003.

MOVE, A7 7R, SR E P, 45 L HOGE X fb 2 1146 5%
B 4 B BE 4 YERE [J]. OB 2% 2 4, 2016, 36(11):
1114003.

Yin BZ, Qn Y, Wen P, et al. Laser powder bed
fusion for fabrication of metal orthopedic implants[J].
Chinese Journal of Lasers, 2020, 47(11): 1100001.
TFHgedk, ZEH, WM, B AR R Rl % 4 R
HALAPIT]. T E#OE, 2020, 47(11): 1100001.
WuXZ, LiuHQ, Wang F Y, et al. The study on
mechanical properties of porous tantalum components
formed by laser selective melting[J]. Laser Journal,
2019, 40(11): 154-160.

ST, XVLLHE, £ R AL, A5 OB KA LB £
FLEH S R AL F Jr 2 MR ST (0], WOk 2 ik, 2019, 40
(11): 154-160.

Heinl P, Miiller L., Korner C, et al. Cellular Ti-6A1-4V
structures with interconnected macro porosity for bone
implants fabricated by selective electron beam melting[J].
Acta Biomaterialia, 2008, 4(5): 1536-1544.

Chen J K, WuM W, Cheng T L, et al. Continuous
compression behaviors of selective laser melting Ti-
6Al1-4V alloy with cuboctahedron cellular structures
[J]. Materials Science and Engineering: C, 2019,
100: 781-788.

Ataee A, Li Y C, Fraser D, et al. Anisotropic Ti-
6A1-4V gyroid scaffolds manufactured by electron
beam melting (EBM) for bone implant applications
[J]. Materials & Design, 2018, 137: 345-354.

Starly B,

Mechanical evaluation of porous titanium (Ti;Al,V)

Parthasarathy T, Raman S, et al.
structures with electron beam melting (EBM) [J].
Journal of the Mechanical Behavior of Biomedical
Materials, 2010, 3(3): 249-259.

Xiao Z F, Yang Y Q, Xiao R, et al. Evaluation of

topology-optimized lattice structures manufactured

[19]

[20]

[21]

[23]

[24]

[25]

1714006-9

£ 584 F 1781/2021 £ 9 B/HAEXBFEHE

via selective laser melting[J]. Materials &. Design,
2018, 143: 27-37.

Spears T G, Gold S A. In-process sensing in
selective laser melting (SLLM) additive manufacturing
[J].  Integrating Materials

Innovation, 2016, 5(1): 16-40.

and  Manufacturing

Cao X Y. Topology optimization design for porous
lattice structure and manufactured by selective laser
melting[D]. Beijing: Beijing University of Technology,
2016.

WX . Z LIRSS B ML BT B SLM il i&
[D]. dbat: db st Tl k2%, 2016.

Xu Y L. Mechanical properties tailoring of porous
structure using topology optimization and selective
laser melting[D].
Technology, 2019.
PRAM L . JE T O 8 X AR 3 S M A B
Z LG 1A VERE I 752 (D], kst Jb et Tk K2
2019.

Gibson L J, Ashby M F. Cellular solids: structure
and properties[M]. Liu P S, Transl. 2nd ed. Beijing:
Tsinghua University press, 2003: 87-89.
AR AR T, B AT L - F e SEOK . 2 AL R 2 A
LM X8 A, 388 TR dbat: TR R
Ji4L, 2003: 87-89.

Gorny B, Niendorf T, Lackmann J, et al. In situ

Beijing: Beijing University of

characterization of the deformation and failure behavior

of non-stochastic porous structures processed by

selective laser melting[J]. Materials Science and
Engineering: A, 2011, 528(27): 7962-7967.

Stamboulis A G, Boccaccini A R, Hench L L. Novel
biodegradable polymer/bioactive glass composites for
tissue engineering applications[J]. Advanced Engineering
Materials, 2002, 4(3): 105-109.

Bonfield W, Wang M, Tanner K E. Interfaces in
analogue biomaterials[J]. Acta Materialia, 1998, 46

(7): 2509-2518.



	1　引言
	2　材料与方法
	2.1　实验材料、设备
	2.2　多孔结构成形参数
	2.3　拓扑优化多孔单元结构的建立

	2.3.1　胞元的拓扑优化设计
	2.3.2　单元多孔结构的建立
	2.4　实验方法

	3　结果与讨论
	3.1　应力应变曲线分析
	3.2　断裂失效行为及应力分布
	3.3　抗压强度和杨氏模量

	4　结论

