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Jung-ll Lee, Hung Giun Kim*, Kyung-Hwan Jung®, Kang Min Kim*, Yong Son™* and Jeong Ho Ryu'
Department of Materials Science and Engineering, Korea National University of Transportation, Chungju 27469, Korea

*Korea Institute of Industrial Technology, Gangneung 25440, Korea

**Research Institute of Advanced Manufacturing Technology, Korea Institute of Industrial Technology, Incheon 21999, Korea
(Received October 24, 2018)

(Revised November 5, 2018)

(Accepted November 9, 2018)

Abstract The CoCrMo as-built alloys prepared by 3D-printing process are studied on tensile strength, wear resistance,
crystal structure and microstructure after complex heat-treatment including HIP. In this study, HIP treatment for removing
micropores, ambient heat-treatment for formation of metal carbides, and solution heat-treatment for homogenization of the
created metal carbides were tried and characterized for applying to artificial joint. The complex heat-treatment effects of the
CoCrMo as-built alloys prepared by 3D-printing process were owing to the densification during HIP, formation of metal
carbides and homogenization of the created metal carbides. The effects of the complex heat-treatment were confirmed by
XRD, FE-SEM and EDS.
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Table 1
Heat-treatment processes of CoCrMo alloy

Samples Heat-treatment process

#1 As-built sample

#2 As-built + HIP"

#3 As-built + HIP + heat-treatment (700°C)”

#4 As-built + HIP + heat-treatment (800°C)”

#5 As-built + HIP + heat-treatment (900°C)”

#6 As-built + HIP + heat-treatment (900°C) + solution heat-treatment”

I)HIP 1150°C, 4 hrs, Ar 100 atm, furnace-colling.
Heat treatment: in air, 20 hrs, water-cooling.
“Solution heat-treatment: 1200°C, Ar 1 atm, water-cooling.

Table 2
Atomic concentration of CoCrMo samples analyzed by WD-XRF
Samples Co Cr Mo C Ni Si Mn Fe Lu N
#1 63.40 28.80 5.38 0.77 0.16 0.47 0.45 0.27 0.28 -
#2 62.10 29.90 5.81 0.87 0.08 0.31 0.30 0.19 0.34 -
#3 62.90 29.00 5.80 1.07 0.11 0.30 033 0.15 - -
#4 63.00 29.40 5.89 0.88 - 0.32 0.29 0.18 - -
#5 62.90 29.50 6.01 0.79 - 0.31 0.30 0.14 - -
#6 65.40 26.50 543 0.99 0.14 0.40 0.28 0.54 - -
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Fig. 1. Tensile strength and elongation rate of the CoCrMo alloy
samples.
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Fig. 2. Vickers and Rockwell hardness of the CoCrMo alloy
samples.
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Table 3
Wear resistance properties of the CoCrMo alloy samples

Weight Weight Weight Wear
Samples befogre © afterg © lossg(mg) factor
#1 2357182 2357181  1.0x10° -
#2 2670814 2670782  32x10" 32x10°
#3 2673937 2673909 28x 10" 27x10°
#4 2626751 2626748  3.0x10° 3.0x107"
#5 28.28205 2828201 4.0x10° 35x107"
#6 2436986 2436983  3.0x10° 3.9x107"
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Fig. 3. XRD results of the CoCrMo alloy samples.

35 40 45 0

4A8} EA 2 (solution heat-treatment)s HFHOZ
ARl #60] 75ole Avd oz 8Ast A Tl
HJg SE5EsHEMuCoel ol Tdiias 2RI +

&l

AL, A-He 717 #1373 FARH HUS=S FWHM
=4S Tol I e AxE Ssled E4
2 T35l AFE FHESEM,Co e A3 4]
A Tol ddSEAS 4T 5 e, oT
HETAR EEAE AHES Fot] £3d T AA
LR 8 75 7IAA 540 FAEASS gl

F AU
HIPS 23 5@IAE M5S0 71414 54 ¥st
v|7
=]

:i

E AWslr] 93t Z2t MEES] rHFRE BEd
(Optical microscopy, OM)= ©]-&3sto] HAzhsiar WEH
322 Q1 AFIS Fig. 4o YERNITE Fig. 40 vephd
uiel o] HIP &4 ol o7 B a&estE 4
Jol F43] F7FINeS IR 4 ATk =3 HIP
8 Tl 5 GAE H8E A AEEdde S5
ske50] o #EEUSH, 700~900°ColA FA g
#3HE] #57FA] 9] AMEES AR AR S
A7t 2y, &As ExE S AR #62

3l
B
7
= Fig. 4ollA] R1g 4= o], #2 2 #49] F35Hy
N
ul

u7 ARl g2 F48skEe] vlge] F43] 7
steo] RIS olzidt A2 HIP 2 EXz
A Tol AHE FEeslEo] a8 Ixe Y F o
AolE S ERINA F= Aeld, ojzfst gAls}
Ex2E Fotd 71414 540 HAsEAES AER]
& A3

3D-ZHE A= FAMoR Az #1 MZI HIP &
22]e #2 MZ2] FE-SEM % EDS #4& 2A)3 4
= Fig. 59 JERNITE. Fig. 5014 &1k 4= gl%xo],
as-built =2 7ol wlol=R mA|7]Fo] 7T
el 4= %A, HIP 3792 Azl FHoll= wlola27]




254 Jung-I1 Lee, Hung Giun Kim, Kyung-Hwan Jung, Kang Min Kim, Yong Son and Jeong Ho Ryu

C Co Cr Mo Si
(a) 7.52 59.24 27.59 3.88 1.78
(b) 28.88 11.54 53.40 6.18 1.35
(c) 11.31 54.49 27.79 5.36 1.03

Fig. 5. FE-SEM and EDS results of the CoCrMo alloy sample #1 and #2.

ZE9] AL A hdle], AxEo=m o) F X om, EDS ¥4 AFE F3l] Cr Aol F83 55
Uk P27 HAeS SISk 53], Fig. 59 #2 A ElE(M,,C) AAYS ERIskeH, o9 72 FE-

Zo] A9 o]Fe W FEo IFE AFS I SEM onRE OMolAle] B Azel fARBIT AL

=)
E:



Complex heat-treatment effects on as-built CoCrMo alloy 255

€t —‘%ﬁ] Olﬂifﬂ %*4% %6}04 HIP 7 $ as-built

3D-ZHY AF TSR Axe AFHEE Co-Cr-
Mo 3= &Ale Wiiulela=z 719 AAS] As
HIP Ex2let a&eskE A4S $gh 900°Colxe] ¢
PIAY 2 FEHEIE] 3= % 1200°CoNA <]
SA3} XElE AXE SFEAE 388 AAlst <l
THE AAEA Y] EAS ERISIIT HIP 37 olF
F7HQ dAElE ARl S 1A= 500 MPa
oS FAIBIAAL, Aalge] Aol HEH &A1)

QS AR AEe] A9olE 10% ool e vl
o} QIgmsl AA1ge] SHely b AHse 54
& nolF 918e 9

el E} HIP 2 F7HARl EA

S8 2 A,

2]

= TA O
2 Ax3 AFAHEE] CoCrMo T 2Aje] Egtdx)z
T3 HIP ZAZY XUst 34, AYdAe Fo &
SekslE A4 2 8A8 IAE FF FEEEE

&ﬂzﬂr qyels XRD FE-SEM EDS #Alo= QOL
Zi*é/l 71A1A U f“lﬂ% THWL HIP, o%‘%iﬂ

a 9 A3t QelE e HAdAn B4l
Qo FaEolol 3 Ao WTHHET

dAle| =2

o] =2 =L EATd AFHAl “Development
of in-situ thermal residual stress reduction system and

technology for metal additive manufacturing(KITECH
UR-18-0013)” ¥ FA7|HA A A= 20189 7]
2 7R AL (C06372270100486795)8] Aoz <13t
AEYS Yt

References

[ 1] R. Rosenthal, B.R. Cardoso, 1.S. Bott, R.P.R. Paranhos
and E.A. Carvalho, “Phase characterization in as-cast F-
75 Co-Cr-Mo-C alloy”, J. Mater. Sci. 45 (2010) 4021.

[2] S. Kurosu, H. Matsumoto and A. Chiba, “Grain refine-
ment of biomedical Co-27Cr-5Mo-0.16N alloy by reverse
transformation”, Mater. Lett. 64 (2010) 49.

[3] K. Hagihara, T. Nakano and K. Sasaki, “Anomalous
strengthening behavior of Co-Cr-Mo alloy single crys-
tals for biomedical applications”, Scripta Mater. 123
(2016) 149.

[ 4] R. Rosentahal, B.R. Cardoso, 1.S. Bott, R.P.R. Paranhos
and E.A. Carvalho, “Phase characterization in as-cast F-
75 Co-Cr-Mo-C alloy”, J. Mater. Sci. 45 (2010) 4021.

[5] M. Podrez-Radziszewska, K. Haimann, W. Dudzinski
and M. Morawska-Soltysik, “Characteristic of interme-
tallic phases in cast dental CoCrMo alloy”, Archives of
Foundary Engineering 10 (2010) 51.

[6] M. Niinomi, M. Nakai and J. Hieda, “Development of
new metallic alloys for biomedical applications”, Acta
Biomater. 8 (2012) 3888.

[71 Y. Okazaki, “Effects of heat treatment and hot forging
on microstructure and mechanical properties of Co-Cr-
Mo alloy for surgical implants”, Mater. Trans. 49 (2008)
817.

[ 8] K. Rajan, “Thermodynamic assessment of heat treatment
for a Co-Cr-Mo alloy”, J. Mater. Sci. 18 (1983) 257.

[9] H.S. Dobbs and J.L.M. Robertson, “Heat treatment of
cast Co-Cr-Mo for orthopaedic implant use”, J. Mater.
Sci. 18 (1983) 391.

[10] K.P. Gupta, “The Co-Cr-Mo (Cobalt-Chromium-Molyb-
denum) system”, J. Phase Equilib. Diff. 26 (2005) 87.

[11] J.V. Giacchi, C.N. Morando, O. Fornaro and H.A. Pala-
cio, “Microstructural characterization of as-cast biocom-
patible Co-Cr-Mo alloys”, Mater. Charact. 62 (2011) 53.

[12] J.V. Giacchi, O. Fornaro and H.A. Palacio, “Microstruc-
tural characterization during solution treatment of Co-
Cr-Mo-C biocompatible alloys”, Mater. Charact. 68 (2012)
49.



