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Fig. 1 Mechanical properties of some well-known biometals

for medical device applications!® '
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Fig. 2 Electron micrograph and diffraction pattern of NP35N

[23].

alloy’ (a) Microstructure; (b) Transmission diffraction

pattern
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Fig. 3 Microstructures of MP35N alloy: (a), (b) 60% cold working; (c), (d) 60% cold working and aging
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Fig. 4 [100] diffraction pattern (a) and CDF (centered dark
field) image (b) obtained from superlattice spot in aged

AEREX350 alloy®!
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Fig. 5 Vertical stacking fault of MP159 specimen and
corresponding Mo atoms distribution®®: (a) Stacking fault; (b)
Mo atomic distribution of a in Fig. 5(a); (c) Mo atomic

distribution of b in Fig. 5(a)

S TR EANIG G, T, R R AR,
S0 A RS I 2 i = S, AN S 0045 <6 PR . 5
Ty J7 1, H AT 4E FOE AN RE ST s b LB
DUSEAT H 2L S AT I 5 Ot BT S50 A B 0 2 M i o
BB LF I WS LB . (HE OB LAEITFI, 3
HME BN ATHGE b AR, RAE RS Mo Ji
TR S . M BOd R MP35SN &4 Mo Ji+
FIAb TR PR ATY B S, 4 MP35N A4
T UCGRARE AR TR R, R T AT — A R
R AR ARG A B R P 5 X LA s i AT AN S AE 2 T

MEZERR.

BtE NIRBEST A KT AU 3 i, MP3SN A4
VD L E RIS AR DU R a2 A PR R B
MIB FURRE, BRI, X St H IR 73 i
BEMTHR ARSI B A7 i, 0 AP T RR
HEAM AN E . BSARHIRGAF X — T
A, X MP3SN A g AU HLEL ORI 9E 3 BEAE 22 20
ZURAHLEE . A7 AR IAAAE S SR IMATALEE LU S5
R AR R R Tk BB MG, B T 3EAT
BRSBTS, b AR VARSI H T
C2e M 2 DhfE 1 2 OIS MP3SN &4zt AT
TESII T, DM TR A 2ot e v
MP35N & <G TEREAL AL o S REIE L N AL #r, X
MP35N £ AR AN N FEAR AT 15U AT, AL
Vo N Ja R T 2 e R 14 4~5 i, JRAEINT 2K
AhFRJE IR . DA MP3SN £ G st A5 i (1 L
AR, BEAT SRR SN S SRR, T B
Uit 5%

3 4hiE

1) B G SRR IN T NS, &
P ek (R A AN SR AR AL o B0 PR T Al 15
SEACHLER I, RS v i DL N T2k
WERAA, AT - DREmaerE, ERad
FELE SRV A iy, A2 H 219 A 2 B
PEREZIR .

2) [HIE MP & <AL W LA OGRS R, B it
WAL MP35N £ <Ak A 75 T F) doc kR A ) L o
XT G MP 5 G s A HLERIT ST, W H R RV N
TR R AR AL Z 1A B AR, I R
REFR WU TN < P B SR O S A
RGN DA LA R Wi I 2 A PR BRI SRR

REFERENCES

(1] Bd, BT, & &, WRUERE, TIREG. EwHH A

TB12 Sh& MRS 2 ERe]. T EA (e ), 2015,
23(S1): s326—s330.
NIU Jin-long, TIAN Yu-xing, YU Sen, MA Xi-qun, YU
Zhen-tao. Microstructure and mechanical properties of TB12
alloy developed for dental orthodontics[J]. The Chinese Journal
of Nonferrous Metals, 2015, 23(S1): s326—s330.

21 E &, B, Xk BEHRG SREAAL B T2
T B  TSJE Tk RE R A s VR RO Rt JE D], v [ AT 4



#2645 5 W

Pl %

e P B B Bl 15 AL B O RTT Sk

1051

(31

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

JE2EAR, 2015, 24(6): 1466—1473.

WANG Song, LIAO Zhen-hua, LIU Wei-qiang. Research
progress on thermal oxidation process and wear, corrosion
resistance and bioactivity of biomedical grade titanium alloy[J].
The Chinese Journal of Nonferrous Metals, 2015, 24(6):
1466—1473.

FRIR, KSR, EEEW, B8O WA AR A
ARG B BURI R [T]. Th A R R AR, 2014, 24(11):
2836-2843.

ZHANG Xing-dong, LIU Li-bin, WANG lJian-li, XIONG Xiang.
Application of high-efficiency combinatorial approach in
biomedical titanium alloy[J]. The Chinese Journal of Nonferrous
Metals, 2014, 24(11): 2836—2843.

HU R, ORNBERG A, PAN J. Investigation of influence of small
particles in MP35N on the corrosion resistance in synthetic
biological Journal of the Electrochemical
Society, 2009, 156(10): 341-344.

SR, BRI, ENE B S S
SRS P PEREL]. Wiy Sl ArRHS TR, 2007, 36(1): 37-41.
SHI Sheng-feng, LIN Jun, ZHOU Bing, WANG Xiao-xiang.

environment[J].

Microstructure and corrosion resistance of medical cobalt-based
alloys[J]. Rare Metal Materials and Engineering, 2007, 36(1):
37-41.

YOUNKIN C N. Multiphase MP35N alloy for medical
implants[J]. Journal of Biomedical Materials Research, 1974,
8(3): 219-226.

SMITH G. Cobalt-nickel base alloys containing chromium and
molybdenum: U.S., Patent 3356542[P]. 1967—-12-05.

VR ISR R R A E-MP3SN B4z [J]. HUBRCCRER
kL, 1980, 6(11): 50-57.

XU lJin-ke. The best material for spring manufacture-MP35N
alloy[J]. Materials for Mechanical Engineering, 1980, 6(11):
50-57.

L ik, A, Re0, HiE, PR, Ni-Co-Cr-Mo &
& MP35N (5T CO B MR RERITTI]. JE TRl S B HoR,
2010, 22(5): 403—-406.

REN Qiang, LI Chun-fu, RONG Jin-fang, CUI Shi-hua, LI
Ya-jie. Resistance to COs-induced corrosion of Ni-Co-Cr-Mo
alloy MP35N[J]. Corrosion Science and Protection Technology,
2010, 22(5): 403—406.

ISR, MP159 A < (SR AL LI M S A TE R (D). 74 %:
PUAL Tk KA, 1999: 1-101.

LU Shi-qiang. Strengthening mechanisms and hot deformation
of MP159 alloy[D].
Polytechnical University, 1999: 1-101.

characteristics Xi’an: Northwestern

ESCALAS F, GALANTE J, ROSTOKER W, PHILIP S. MP35N:

A corrosion resistant, high strength alloy for orthopedic surgical
impants: Bio-ssay results[J]. Journal of Biomedical Materials
Research, 1975, 9(3): 303—313.

GALUPPO L D, STOVER S M, ALDRIDGE A, HEWES C,

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

TAYLOR K T. An in vitro biomechanical investigation of an
MP35N intramedullary interlocking nail system for repair of
third metacarpal fractures in adult horses[J]. Veterinary Surgery,
2002, 31(3): 211-225.

LESSAR J F, COBIAN K E, MCINTYRE P B, MAYER D W.
Medical electrical lead conductor formed from modified MP35N
alloy: U.S., Patent 7138582[P]. 2006—11-21.

GARDNER C J, TRISNADI J, KIM T K, BRAMMER K,
REISS L, CHEN L H, JIN S. Controlled metallic nanopillars for
low impedance biomedical electrode[J]. Acta Biomaterialia,
2014, 10(5): 2296—2303.

QeI RATEHANDI RIS EHIR R DL BUIR F 5 S 3401,
PERIRLE 5 TRE2AIR, 2009, 27(1): 112-117.

LIANG Fang-hui. Clinical application and development of
materials used for joint replacement implants[J]. Journal of
Materials Science & Engineering, 2009, 27(1): 112—-117.

Mo B [, R, ROVE, TeLk, S ONTR
Rl oV NI OO NN 3 B a2 S AN e
R[], T EHS TR SRR RS, 2007, 11(1): 67-69.
HAO Liang, DAI Min, SHUAI Lang, CHENG Tao, FAN
Hong-xian, ZONG Shi-zhang. Effect of Co*" and Cr’* as
artificial joint wear product on tumor necrosis factor secreted
cells[J].
Rehabilitative Tissue Engineering Research, 2007, 11(1): 67-69.

from human mononuclear Journal of Clinical

MARTI A. Cobalt-base alloys used in bone surgery[J]. Injury,
2000, 31: 18-21.

SURY P, SEMLITSCH M. Corrosion behavior of cast and forged
cobalt-based alloys for double-alloy joint endoprostheses[J].
Journal of Biomedical Materials 1978, 12(5):
723-741.

T, B BT B M AR IR ). #RESR, 2006,
20(4): 67-69.

Research,

HUANG Jing-jing, YANG Ke. Research on magnesium alloys
for bio-medical applications[J]. Materials Review, 2006, 20(4):
67-69.

UM, LR, AR, FREESE, PRibas, (TR, ¥
TSI BB R AR AR S I BE S 4 JDBM M STIERE (D).
o A 0 4 23R, 2011, 21(10): 24762488,

YUAN Guang-yin, ZHANG Xiao-bo, NIU lJia-lin, TAO
Hai-rong, CHEN Dao-yun, HE Yao-hua, JIJANG Yao, DING
Wen-jiang. Research progress of new type of degradable
biomedical magnesium alloys JDBM[J]. The Chinese Journal of
Nonferrous Metals, 2011, 21(10): 2476—2488.

WANG X, KAMENEV K V. Review of modern instrumentation
measurements ~ at

for magnetic high pressure and low

temperature[J]. 2014, 40(8):
735-746.

HUANG Y, KONG J F, VENKATRAMAN S S. Biomaterials

Low Temperature Physics,

and design in occlusion devices for cardiac defects: A review[J].

Acta Biomaterialia, 2014, 10(3): 1088—1101.



1052

hEA SR R

2016 4F 5 A

(23]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

GRAHAM A H, YOUNGBLOOD J L. Work strengthening by a
deformation-induced phase transformation in “MP alloys”[J].
Metallurgical and Materials Transactions B, 1970, 1(2):
423-430.

GRAHAM A H. Strengthening of “MP alloy” during ageing at
elevated temperatures[J]. Transaction of the ASM, 1969, 62:
930-935.

SHAJI E M, KALIDINDI S R, DOHERTY R D, SEDMAK A S.
Plane strain fracture toughness of MP35N in aged and unaged
conditions measured using modified CT specimens[J]. Materials
Science and Engineering A, 2003, 340(1): 163—169.

SHAJI E M, KALIDINDI S R, DOHERTY R D, SEDMAK A S.
Fracture properties of multiphase alloy MP35N[J]. Materials
Science and Engineering A, 2003, 349(1): 313-317.
TOPLOSKY V J, HAN K. Mechanical properties of cold-rolled
and aged MP35N alloys for cryogenic magnet
applications[C]//Transactions of the International Cryogenic
Materials Conference-ICMC. USA: AIP Publishing, 2012:
125-132.

WANG L, LI B, ZHANG H. Embrittlement phenomenon of Ag
core MP35N cable as lead conductor in medical device[J].
Journal of the Mechanical Behavior of Biomedical Materials,
2013, 18:213-218.

ASGARI S, EL-DANAF E, SHAJI E, KALIDINDI S R,
DOHERTY R D. The secondary hardening phenomenon in
strain-hardened MP35N alloy[J]. Acta Materialia, 1998, 46(16):
5795-5806.

SORENSEN D, LI B Q, GERBERICH W W, MKHOYAN K A.
Investigation of secondary hardening in MP35N  wires[J].
Microscopy and Microanalysis, 2013, 19(S2): 1778—-1779.
SORENSEN D, LI B Q, GERBERICH W W, MKHOYAN K A.
Investigation of secondary hardening in Co-35Ni-20Cr-10Mo
alloy transmission  electron
microscopy[J]. Acta Materialia, 2014, 63: 63—72.

PRASAD M, REITERER M W, KUMAR K S. Microstructure

using analytical scanning

and mechanical behavior of an as-drawn MP35N alloy wire[J].
Materials Science and Engineering A, 2014, 610: 326—337.
PRASAD M, REITERER M W, KUMAR K S. Microstructure
and mechanical behavior of annealed MP35N alloy wire[J].
Materials Science and Engineering A, 2015, 636: 340—351.
TAWANCY H M, ISHWAR V R, LEWIS B E. On the FCC—
HCP transformation in a cobalt-base superalloy (Haynes alloy
No. 25)[J]. Journal of Materials Science Letters, 1986, 5(3):
337-341.

SINGH R P, DOHERTY R D. Strengthening in MULTIPHASE
(MP35N) alloy: Part II. elevated temperature tensile and creep
deformation[J]. Metallurgical Transactions A, 1992, 23(1):
321-334.

ISHMAKU A, HAN K. Characterization of cold-rolled and aged
MP35N alloys[J]. Materials Characterization, 2001, 47(2):

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

139-148.

ISHMAKU A, HAN K. Deformation induced nanostructure and
texture in MP35N alloys[J]. Journal of Materials Science, 2004,
39(16): 5417-5420.

HAN K, XIN Y, ISHMAKU A. Strain hardening by formation of
nanoplatelets[J]. Nanomaterials by Severe Plastic Deformation,
2004, 28: 95-100.

RAGHAVAN M, BERKOWITZ B J, KANE R D. A transmission
electron microscopic investigation of phase transformations in
MP35N[J]. Metallurgical and Materials Transactions A, 1980,
11(1): 203-207.

RAGHAVAN M, BERKOWITZ B .
transformation in MP alloys[J]. Scripta Metallurgica, 1980, 14(9):
1009-1012.

HAN K, ISHMAKU A, XIN Y, GARMESTANI H, TOPLOSKY

Strain  induced

V J. Mechanical properties of MP35N as a reinforcement
material for pulsed magnets[J]. IEEE Transactions on Applied
Superconductivity, 2002, 12(1): 1244—1247.

ASGARI S, EL-DANAF E, KALIDINDI S R, DOHERTY R D.
Strain hardening regimes and microstructural evolution during
large strain compression of low stacking fault energy FCC alloys
that form deformation twins[J]. Metallurgical and Materials
Transactions A, 1997, 28(9): 1781-1795.

ASGARI S. Anomalous plastic behavior of fine-grained MP35N
alloy during room temperature tensile testing[J]. Journal of
Materials Processing Technology, 2004, 155: 1905—1911.
L, 5k A, % W, B OHL MP-159 Al LI
B BABIUIT]. AR TR, 1990, 4: 35-37.

MA Shu-bo, ZHANG Yun, CHANG Xin, ZHOU lJing. An
Investigation of strengthening mechanism of MP-159 alloy by
TEM][J]. Journal of Materials Engineering, 1990, 4: 35-37.

LU Shi-qiang, SHANG Bao-zhong, LUO Zi-jian, WANG
Ren-hui, ZENG Fan-chang. Investigation on the cold
deformation
Metallurgical and Materials Transactions A, 2000, 31(1): 5—13.
i, WORD, B, LS, o B EiERES S
MP159 [¥PEfiE. AU N]. MEREE S T2, 1998, 16(3):
42-45.

LU Shi-qiang, SHANG Bao-zhong, LUO Zi-jian, ZENG

strengthening mechanism in MP159 alloy[J].

Fan-chang, LIU Yu. Properties, microstructure and application of
superalloy MP159[J].
Engineering, 1998, 16(3): 42—45.

LU Shi-qiang, SHANG Bao-zhong, LUO Zi-jian, WANG

cobalt-base Materials Science &

Ren-hui, ZENG Fan-chang. The effect of the thermal exposure
on microstructure of MP159 alloy[J]. Journal of Materials
Science, 1999, 34(22): 5449—-5456.

LI B, STEIGAUF T. Crystallography texture and mechanical
properties of MP35N wire[C]// Proceedings of the Materials &
Processes for Medical Devices Conference 2007. California,

USA: ASM International, 2008: 120—123.



H26 455 5 W

Pl %

e P B B Bl 15 AL B O RTT Sk

1053

[49]

[50]

[51]

[52]

[53]

[54]

LI B Q, STEIGAUF T, MCINTYRE P, SORENSEN D. Texture
and microstructure of Ag core MP35N wire with NDR
Process[C]//Proceedings of the Materials & Processes for
Medical Devices Conference 2009. Minneapolis, USA: ASM
International, 2010: 111-114.

DRAPIER J M, VIATOUR P, COUTSOURADIS D,
HABRAKEN L. Hardening mechanisms in multiphase alloy
MP35N[J]. Cobalt, 1970, 49:171-186.

SHAJI E M, KALIDINDI S R, DOHERTY R D. Influence of
cold-work and aging heat treatment on strength and ductility of
MP35N[J]. Materials Science and Engineering A, 1999, 272(2):
371-379.

LU Shi-giang, HUANG Bo-yun, HE Yue-hui, TANG Jian-cheng.

Hardening mechanism of MP159 alloy induced by aging[J].

Transactions of Nonferrous Metals Society of China, 2004, 12(2):

256-259.

ASGARI S. Structure and strain hardening of superalloy
AEREX350[J]. Journal of Materials Processing Technology,
2001, 118(1): 246-250.

NAJAFI H, ASGARI S. Strain hardening mechanisms in aged
AEREX350 superalloy[J]. Materials Science and Engineering A,

[55]

[56]

[57]

(58]

[59]

2005, 398(1): 204—208.

SAMIEE M, ASGARI S. Influence of solution treatment on
precipitation behavior of a Ni-Co alloy[J]. Scripta Materialia,
2007, 57(2): 93—96.

SINGH R P, DOHERTY R D. Strengthening in multiphase
(MP35N) alloy: Part I. Ambient temperature deformation and
recrystallization[J]. Metallurgical Transactions A, 1992, 23(1):
307-319.

LI B Q, SORENSEN D, STEIGAUF T. Phase transformation
study on MP35N wire for lead conductor[C]//Proceedings of the
Materials & Processes for Medical Devices Conference 2011.
USA: ASM International, 2013: 131—138.

OTOMO T, MATSUMOTO H, NOMURA N, CHIBA A.
Influence of cold-working and subsequent heat-treatment on
Young’s modulus and strength of Co-Ni-Cr-Mo alloy[J].
Materials Transactions, 2010, 51(3): 434—441.

HAN G W, JONES I P, SMALLMAN R E. Direct evidence for
Suzuki segregation and cottrell pinning in MP159 superalloy
obtained by FEG (S) TEM/EDX[J]. Acta Materialia, 2003,
51(10): 2731-2742.

Progress on strengthening mechanisms of
high performance medical cobalt based alloy

LI Wei-xiong" 7, XU Cheng®?, LI Qiong>*, WEI Xi-cheng',YANG Li-jing**, SONG Zhen-lun*?

(1. School of Materials Science and Engineering, Shanghai University, Shanghai 200072, China;

2. Cixi Institute of Biomedical Engineering, Ningbo Institute of Industrial Technology,

Chinese Academy of Sciences, Ningbo 315300, China;

3. Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China;
4. Medtronic Neuromodulation, Minnesota 55432, USA)

Abstract: MP35N alloy is a kind of high performance medical cobalt based alloy, which has good mechanical properties,

corrosion resistance and good biocompatibility. It has wide application prospect in medical devices and aerospace. The

mechanical properties of MP35N alloy and two kinds of strengthening processes on properties of the alloy were

summarized. The strengthening mechanism of MP35N alloy was divided into four categories, and the development and

current situation of different strengthening mechanisms were described. The advantages and disadvantages of different

strengthening mechanisms of MP35N alloy as well as the ideas about MP35N alloy in the future research were analyzed.
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