55 24 55 10 ) PESEEEFIR 2014 4£ 10 A
Volume 24 Number 10 The Chinese Journal of Nonferrous Metals October 2014

TEHES: 1004-0609(2014)10-2497-09

E T Mo [z T A UL B0t 1 X s 0 BB
CoCrMo S € T ZRHEBFITA

IWR Y, kR, REE! RE ARG

(1. B RLTORY: BRSS9V TR R, )7 5106405
2. UM RO, TN 510650)

B OE: T EERE AR TR G E S B R, SRR T B RIS R R A
Ykt T8 ORI AR AT 2 ASTMF75 3K (1) CoCrMo £ & AT A i o 18 Job 1E AR A0 i )37 iy Ty
WS EUR T 2580, WO LR, TR A AR A A PR 5E P R i J ik, IR TR
b2 HTH T PR R . S5 SRR FEBOGThA 168 WL 433IAIFE 0.06 mm. FH3HE 550 mmys N, R
TR BUE BE T LA ] 98.58%, HLAOWAIZUA ). riAkAE S 45 5 B iR A i PR3 FE (.04 40 pA/em?,
Zeib iR KK, i A AR 20.86 pA/em®, LR B ERE AL T #5HE CoCrMo & 421, 1% M3 X L1
B CoCrMo 6 4 A BE S AE N AR J5 TR N FH AR L T 435

FKHEiF: CoCrMo &4 WOREX A L SUFRE; Wy i, mEmd; kel

hESHES: TG665; THI64 XHEkFRERS: A

Process optimization and electrochemical behavior of
CoCrMo alloy fabricated by selective laser melting based on
response surface method
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Abstract: In order to directly fabricate personalized medical metallic implants with complex structure and excellent
properties and ensure the parts have good microstructure and biological characteristics, the CoCrMo alloy satisfying the
requirement of ASTMF75 is fabricated by selective laser melting (SLM) technology. The parameters of relative density
were optimized by orthogonal experiment and response surface design. The microstructure of the specimens was
observed, and the corrosion characteristic of the samples in simulated body fluid environment was analyzed while the
influence of heat treatment process on the corrosion resistance was explored. The results show when the laser power is
168 W, the scanning space is 0.06 mm and the scanning speed is 550 mm/s, the relative density of CoCrMo alloy samples
fabricated by SLM can reach 98.58%, and the microstructure is homogeneous. The electrochemical experimental results
demonstrate that the corrosion current density value of the sample is about 40 uA/cm2, and becomes only 20.86 uA/cm2
after annealing heat treatment. The corrosion resistance is better than that of fabricated by casting methods, which
provides the basis for the application of CoCrMo alloy directly fabricated by SLM in medical implants.
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Table 1 Comparison of powder material manufactured by
SLM and ASTM F75 standard

Element Mass fraction/%
CoCrMo power ASTM F75 standard
Cr 29.4 27-30
Mo 6 57
Si 0.8 <1
Mn 0.75 <1
Fe 0.26 <<0.75
N 0.19 <0.25
C 0.15 <<0.35
Ni 0.09 <0.5
Al <<0.01 <0.1
Ti <<0.01 <0.1
W <<0.01 <0.2
Co Bal. Bal.
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Table 2 Design of orthogonal experiment with three factors

Experiment Laser power/ Scan space/ Scan speed/
No. W mm (mms™")
1 130 0.06 400
2 130 0.07 500
3 130 0.08 600
4 150 0.06 600
5 150 0.07 400
6 150 0.08 500
7 170 0.06 500
8 170 0.07 600
9 170 0.08 400

M
2 CoCrMo &xJE M R IE 5L
Fig. 2 Microphology of CoCrMo metal powder
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Table 3 Response surface experiment of Box-Behnken
design
Experiment Laser power/ Scan space/ Scan speed/
No. W mm (mm's ")
1 130 0.07 400
2 170 0.07 400
3 130 0.07 600
4 170 0.07 600
5 130 0.06 500
6 170 0.06 500
7 130 0.08 500
8 170 0.08 500
9 150 0.06 400
10 150 0.06 600
11 150 0.08 400
12 150 0.08 600
13 150 0.07 500
14 150 0.07 500
15 150 0.07 500




2500 A G A R

2014 410 H

I3 MR RS Ol BSA224S, FRESREE N 1 mg. 52
b5 B2 T H S A 2

r- mzju—p’:io M
KAt my o ARFEAEAK R IITR myy, RFEAE AT
FHTs  py o AWK E(LO gem®)o RFERI SR
WIE p b CoCrMo A4 IHE %L p, (8.29 g/em’)tl
B B Sy s B R 6 B0 2 p, (FHXT 2 FE),  p, =
L %100%

Po

KHAALG 1 L2 SB35 FER) CoCrMo
G, W4 ARS8 av by o d, SR
as cHINSTFSE A1 emX1 em X1 em, REEb. d N
SFSECH 0.8 em X 0.8 em X 1 cm. WE HALHERT R4,
SPARE v d PRALIAFEREAT AL BE T2, B KR FE
1200 C, LRl BN a B2
1.3.2 WAk s Je sk

ARG I L2 H08 8 = 3% FE) CoCrMo
Gt . WE RGBT IR, SRR AT
HTZ, B KRR 1200 °C, fRE-—BN R E . 5¢
FSCEERE I D62 WA B A A Rk Y s, R
PERIFIARE, TR IR 400 . 800 .
1200 5 )RR ARREAT T BE IF4Y, KR 8AE S REAN
ZB KRN, 5 min 5T,

Ak 24 5206 48 CHI660D LA 2% T AF i, 76 =i
AHEE AT, A TURH 0.9%(5 & 7 20
NaCl %o S50t B R = Ml =720, DL AT
H R A 2 % A (SCE), 41 A% by 6 HL A
CoCrMo & 4R W o it o Al A — 41l f
(1) FF 1% FOA R Bl A AR AR i 28

2 FHRE55M

2.1 BUEEMEL
2.1.1  IERI LR

T I PAT PR B0 BERE , EAT B AT T LAAS R,
BWOLTIZ N 170 W, HHEAEES 0.06 mm, FHEH AL
A 500 mm/s B}, CoCrMo & 4 B0 i Ry s vy
96.98%, X IEATIREG 145 R T I ZE 73 i Had ik F
BAF 2 3 AR RE AT A W2 b LA,
WotDhge, FIREEE . FHEEE 3 AN ZE 4 5200
TUBCR R R R, IEAS TR AR 22 40 #r 4 R [
3 7R,

0.98
0.96 1
2
£ 094}
kS
[}
2
= 0921
[}
=7
= — Laser power
090 ® — Scan space
4 — Scan speed
0.88

1 2 3
Factor level
B3 AR AR 22 b DR 30T R B0
Fig. 3 Effects of fabrication factors on relative density of

sample

W I E AT S g5 R LA R, ik S E0GE
W, 3 AR FEXT CoCrMo £ 4 R B0 JiE 1 e e 3
Wrrs WEEOCThARRIG N, BoE A ER A
e, RUIE 130~170 W IS HGH N, A BIRERAL
AR Be it e A E DA S FLBR, 2 e 3L
C RN 6 E SUWNE SURA N SRS = 1 izp R UL DA
AT ARSEAA 58 B Y I R, AT 52 R
OES i

BEAE SR EE (3 0, CoCrMo £ 4l B J i
M ERTNRER, HE TR, S
M 0.06 mm #5051 0.08 mm I, BUXFE S,
AR 0.08 mm B HNE] 0.1 mm B, BOEEE T
B A B PR . KR A ) A1 BER AT AR
RO FE A R EE S TE T DGR, Wi 49150
I NIEIERE XL, AR R R A K

D-s

= x100% )

Kol p BRI, s R, D 4w
F S

4 Pl s SEIETE D MR
Fig. 4 Relationship between scanning space (s) and melting
road width (D)



5524 5 10 1

WK, A BT R NI A BOLIE I AL CoCrMo fré T & R IL AL 4T N 2501

B (R v FE S O E AR d AHOR(— M D
H1.5d), SEBRI RO SR e, R,
CINYStiBuR: BRI NP 5 & RS ERINE (=552
YA R A 3 P9 B N IR, s 5 T 2 TR
ARE R . FORREF, WOGRRERS NG, EiEk
[REE A A, TAEIRTEYS), S B R 4T

BEE SRR G N, BUREIN PR, X
2 H T BRI 0, WG AR R LI
B IR) AR, A5 7o B AR L PR R A A e TR MR e 11 e
AN, FEUBSHA TS, BN, R, A
(R D, AN DA T LR, i 80
JEEIE R o SRR A, AT 2,
PoEm L FAEF, ERERMLILS, AR T SGE K
R BUEE
2,12 w N g TSRS 25 R A

TEASTRES I AN REHER 01T % S HOEBAR I X B
R LR, HIE A EAR L LA P WnE 3
AR ZE X EOR AR, HIEEU S E0mT RS 4L
T [ R SOAE B, A B FH BT 71 I S 0TGN A7 A1
PRAA A AT LARAS S s i i e SO R, DRI, Jded i Y.
MR U T ZEREA TS 2B, A PO PR o e D A
DY INAE S 3 O

Wk Design-expert A0 5256 45 AT X L
B, IR PR IS B Dy e B i) — Rk 2 I, AT L
1330 5¢ T30 FER [R5 B A
K=0.9178+0.024 X 4—0.0152 X B—0.0114 X C—0.008 X

AXB+0.0121 X AX C—0.0021 X BX C+0.0175 X 4>+
0.00073 X B*+0.0052 X C* 3)

K 4. B, CHnMRRBOGTIA . FiREE. F4
S .

T7 ZE53 N4 R EL P<<0.05 BT, KL A. B.
C. AB. AC. A/ ¥ HBEI, H—PRNT 3 M HE
H X} B AT FE N, H R R 3R AU SE A AE
AHAEH, TAA g R R IE S, 4.34, R
T PRI R RAR T BE % L A B0 SIS I S o i) 85
H T AT IR A R, AT A, &
PG Z TN B A C°, AR BC AN E . H/E N
1AL 5 0 D) B X 80 T 1) 5 Wi A7 6 A8 B AE
fr, DA, R BC T, 454 sehrtsol, W EsLg
PN Lo AR, X O DA RN gl 2 1) 18 2 5
T, DRI PR DRSS ARG 25 A i
FIIEIMA T 4°C, FriFas R RBUE K 5.07, BRI
TIORSAff, 17 S A 280 00 DT S50 BE B (R [ 5 A

K=0.9212+0.024 X A—0.0152 X B—0.0092 X C—
0.008 X 4 X B+0.0121 XA X C—0.0021 X BX C+
0.0171 X A4*-0.0044 X 4> X C 4)

XU SR, S 5022 i AL s 0 23
A AEE T LA (4 A4 50X P 45 10 S0 B A Jy R kAT
Rl SRS ZE IR ER AT I (IR 5) T LA Hh,
PITAT R AR P o A 2 LR R L, AL, R RAIA
R I AT ABIAT 45 IE AR 0 A, T 0L £ i Zx 8
W JEE IR TRUINAEL 5 S 56 PR S EA T EE (UL 6) mT L
Bl AW ZERAD, A B RO
FHL AT, X PR T A S WAL PR
SR, A 2RIl 5 R R w45 A o

100 -

80 r

60

40

Probability/%

201

-2 -1 0 1 2
Residual distribution

B5 Gz ESMES K
Fig. 5 Probability distribution of residual

1.00

o
\O
=

Predicted relative density
[
O
S

088 090 092 094 096 098 1.00
Actual relative density

Bl 6 ST (et SEE K L
Fig. 6 Comparison of predicted and actual values of relative

density

h T A3 B E ) CoCrMo 15 4 R BUR 4kl
XS SR T, T8 I ) A B e )
PrAR AR B, BOR OB, (HItE R



2502 A G

2014 £ 10 H

JEAN TR, Pl E R R AR =, AR,
o Ed B, SEURRERSE, AR T UGEEE
FEFNRMES 1% 5256 ik vF 55045 2199 41 4] E ok
0.06 mm IR EHEEEHRL Ny 42.5%, JuFEEHE, W
1 P N e i w0 AP R S 1 V2 W 7 1
FAHERIHE 2 0.06 mm, FEMLSE RIS AR HOE T
RAFRHSE, PP B0 B2 AR # . i
N TS AT, AT AW S b I O A B I PR S E0
R, s e LA F) 98% LA b, il 7 fizr. [A]
B, EEUR R B0 D2 0 — [ e e, i i
AR T3NS DR AR IR T LASRA A i (R R R B i, X
WIGTE T A0 AR i v PR 22 2 () (R A LA Y AEAN AT 22
WES TR, ATART— > DRI 3% 14 32 A8 A S T DK 3850 g = A
LN

T 356 % DR 32 7K ST 22 ) T s v S8 1 35 4743
Mrs oT DA = A i RS DR 2R 1 A DA B2 %
ZHCF AT IBERRE, A TIABRAHT, FA9H
e PR R B B, e B A T A AT ik
WU BRI 7, ARS8 S 5GP xT &l 7 rk
AN N Eh TR T S, DL R 8 R, B
35 RHWOCTIER A 168 W, 13 N 550 mmy/s,
FARIEESA 0.06 mm B, BEAT R SU% FEIA 2] 98.6%,
il TR
2.1.3 WAL

T I 4 AH AR S R A I TR 3 A S AN T
i, WK 9 fik. HIE 9 WLLEH, SLM R IETH
CoCrMo & &xHRLims), RN R2 a3,
A AL s A0 A ] DA A AL R A T s 28 v
&y =5 HAE R —EiErh ORI S, g h T
K AL TR 2 A A 77 30, WO HRAE RS

sity

Relative den

B7 SLM 5L CoCrMo 5 <z e RV i fiy iy 1 i i
Fig. 7 Response surface of relative density of SLM CoCrMo
alloy

Relative density
0.08
0.08
=
g
o 0.07
3
&
= 0.07
3]
A
0.06
Prediction 0983752
0.06 7 e
130 138 146 154 162 170

Laser power/W

B8 SLM §%! CoCrMo & 48U i S 4 R
Fig. 8 Optimization results of relative density parameters of
SLM CoCrMo alloy

(a)
(b)
S0um
B9 SLM il CoCrMo %4 il 4
Fig. 9 Microstructures of SLM CoCrMo alloy: (a) Front

surface; (b) Side surface

N+1JZI, FHREAR U AL T35 N R P E 2 18] o
I, i L R R ZE N R S S B2 A
(7] DI 2 JEAN L T, X e A A R AT
o B LR, BRUMESREE . RSEZE
VARERS IR 0 R RSV € N =Y S



5524 5 10

WK, A BT R NI A BOLIE I AL CoCrMo fré T & R IL AL 4T N

2503

2.2 TSRS

TERAL G I T2 S 80 N S = 305 FE) CoCrMo
HAFE, KR EAT B R s, AR
SE 3K, WLETT I WA B i) A4k, i B ] (o 4
¥, ififEzlETiRE, 1 h G5 SLM i
CoCrMo &< ifFF () T % FRAAE QIR 4 gl 280
O LALRFEES TR RS A i 2k, SEI0 S50k
Wrr: RSN AZ), FERREnN Ss, HiH
JE4 5 mV/s, HWAEHEA-1.0~1.0 V, WL R
K10 fizs. HHE 10 PR H, P2 ib s, #F
HIEAERINER ARG, RS8Rk

TEFE I RE RS A R R T A 2 S N B PR
WSO R TE L T, R, IR SN R A
Fon, URRIAERER, SEAT ABMRE,
= condJoon NG THLTUR FE), R RA A 0 B
SR, WTAEHRAN oo WRIER e, e
R, B EE S TR S BT I e L
JEE R H b R) B B, BRI, T DAFH B BE R s 8 g

_(2)

lg(/A)

-
1)
:

-0.2 0.2 0.6 1.0
Potential/V

-0.6

21 ©

1g(I/A)

_6_ E
]

=7

-1.0 -0.2 0.2 0.6 1.0

Potential/V

E 10 SLM % CoCrMo & 4t th th&k

-0.6

T PEEAR T AW Sz I P s S P, 17 < S 15 otk
SR Tl g 2 B RIARER T 4 8 11 i i i

I FH H A 2 AR Sl P H 28 2 B 2 A e A A il 000
A5 R TR R AT, W8 Rk rB A I U SR
WL, PAMEEES R WE 4 Pryl. imiEiEm
CoCrMo & 43 75 [w] ¥ 5 45 ¥ (1 JF % o A — Ky
—600~—400 mV, J& ik FL S KL N 60 pA/em?P,
shaRPEAE LR L, EMFESET, SLM kA
CoCrMo 5 &M IF A 5 #51E 1 CoCrMo & &xAH L
ZEEAE, (HATE RS AN TR A, X
W SLM 7 CoCrMo 4 4 B A B 4T i J6s ik 1
AT DA A B A NARZE SR s R TP A 5 S P A 4L
PEHEAT XS EERT LA, 2Rl 3B K AL BE S, RFELER G bl
e/ ) WA NS = e o a8 = D LS b U ol A iR
WL AN, AL NS, BT, R
TR R BT AN N AR R AR e A
B 7O, W DR T A T2 U R SLM
%2 CoCrMo &5 4 FTH J&S il fit

1g(I/A)

-0.2 0.2 0.6 1.0

-1.0
Potential/V
Y]
_3 -
< -af
=
)
_5 -
_6 L
_7 1 1 1 1
-1.0 -0.6 -0.2 0.2 0.6 1.0

Potential/V

Fig. 10 Polarization curves of SLM CoCrMo alloy: (a), (b) Samples without heat treatment; (c), (d) Samples after heat treatment at
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Table 4 Measured results of Tafel curves of SLM CoCrMo

alloy
Sample Corrosim}l Corrgsion curregt Open .circuit
rate/(mVs °)  density/(uA-cm %) potential/mV
a 5 40.85 -510
b 5 42.48 ~570
¢ 5 20.86 ~410
d 5 22.76 —480
3 g

1) BoOGThE . R R A X SLM
SR AT F BAAEAS HAER, Tl
AR PSS B R0 LR T RS e, i
JeDIEA 168 W, FARHE A 550 mm/s, FIHHIA]E N
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98.6%.

2) M TESECE, SLM 28 CoCrMo %
SIS, IEERBIEECE, BAA R4 Z
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