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Co-Cr alloys are widely used in cutting tools and turbine components due to their high strength and
resistance against wear and corrosion. However, scrap generated during hardfacing is often discarded
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due to impurities and oxidation, and research on its recycling remains limited. This study aimed to op-

timize the recycling process of Stellite 6 scrap to reduce waste and minimize costs while maintaining
material quality. Melting, casting, and powdering processes were designed using HSC Chemistry,
FactSage, and COMSOL Multiphysics, with optimization of key parameters such as the crucible materi-
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al and temperature control. The recycled alloy and powder were analyzed using X-ray fluorescence

analysis, inductively coupled plasma optical emission spectroscopy, and X-ray diffractometry, showing
mechanical and chemical properties comparable to commercial Stellite 6. The Co and Cr contents were
maintained, with a slight increase in Fe. These findings demonstrate the potential for producing
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high-quality recycled Stellite 6 materials, contributing to the sustainable utilization of metal resources

in high-performance applications.
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1. Introduction

Co-CrAl &2 =2 4= (500-1500 MPa), =2 %= (HRC
40-65), 12|11 =5t WH}E*EM WalE 2= 35 Almolt
[1-5]. o]&{gt E*égi 13 Co-CrA a2 240l whzt ohegst
FER JdEo] FAF 3+, HE BE, gyl Edo|s, I B

T o2 A Eop Léal &5 ATH5-7]. HEHCZ, Co-

Cr-MoAl T2 WAlH 2 A Aol S ot 928 U
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HE 5 A A7 Hokol|lA F2 AREHTHS-10]. Co-Cr-NiAl &
T2 2 e, WASHY, Wetido] S-4=5to] §g7] X, 7kA
5l 5 12 54 3hgo] At A8 AR E8-ETH11, 12].

Co-Cr-WA| $H22 |9 =0 Ao} Yuliza & a4 E40
Z 18} st=wo]4 (Hardfacing) 84 549 d2A2 L85
™, 73] Stellite 6 (Kennametal Inc., USA) Zh= AEO=Z 71
g A AeH13-151

o|A Y ThFRt At EofollA ZEs| B-85+= Stellite 6= 714E
2, B2 d7AE0] ZAY B4 P E L2 EF0A 9 25
a3 S A5t AFE FHoUTE Jacek Gorka et al. [16]2
Laser-Cladded Coatings 378 &5l Co 7|5t &= (Stellite 6)°1

it

I Io

https://[powdermat.org


http://crossmark.crossref.org/dialog/?doi=10.4150/jpm.2025.00136&domain=pdf&date_stamp=2025-08-29

YongKwan Lee et al.,

Lo AR E i 237} Qs Bloleg kel & (TiC) 3
< {13l o et 529 Tigk CE H7isto] Wald 3 541 9
A A = A% A5 FPsd. 1 AW, Ti-W-C &
F &tsHEo] PAE o] 440 nii W WY AFHES SRS
o, ofof met ®Aje] WA Gat A Aol FdEe FRlstA
t}. E3, Dariusz Bartkowski et al. [171-2 thet WC, TiC H&
I} oA ¥ Eof uhE I¥ BIE Bl 7A5to], A ©at
= Al uAIF =L} ot do] FFE mAe] A A/t
Wd Al A ERIskt

Eyup Bagci et al. [18, 1912 Stellite 6 &=2] Ho|A D& (face
milling) S0l 3 vk, 3 F4, A4k Haprt BA9] AA
& (Material Removal Rate, MRR) ¥ ©}X& E/30f v|2|&= JFE
AAA & EAsHRATE 1L A}, dAF glo] 9 o]F £eof wet
At o] Z71etol| wet o] e AdE Hlow, A4
£eoh= FOt AT SRIEA U TLE]AL, Joowon
Suh et al. [20]:= A3 oHA] 5 (Directed energy deposi-
tion, DED) 7]¥F 235 Az d7F 5% 43 (Hot Isostatic
Pressing, HIP) 38& A¥3e $42] S 59, 71& 2 3%
o] TEE 7|29 F4 d 93kE 340 A& 5 71414 54
Fdoll 71045, 2HA 0 2 WAl Aol i S A5

Bt of 2}, Stellite 62> E4 FE|E G Axdlo] I, 114 4t
A A% EAF (High Velocity Oxygen Fuel, HVOF) 34 = &
o] Z-g5| 1 it} 0|9} &S] Alejandra Islas Encalada et al.
(2112 Stellite 6 =Tl &3} 25 (Cr,C) &% HIRIHE 75t
o] HVOF 34& T¥To2M, uti A &% 1 HAUSE
o gt AFE APttt sid AFolAE= vt E4o] 2%
FF= A= Cr C,9] AYE &3l 2/ &40] 7IddE ASst
9tt. E3h Zaneta Dlouhd et al. [22]= €47 9 A5E7) 7])gho)|
Stellite 6& 57| 9181, HVOF 374 A #lo]A] 82X (La-
ser Texturing) AA2] 34& A-&sto] I8 a&Z A5
0 A3, Aol A= 71AA 11742 (mechanical interlocking)
FFOE Qs Z¥ AEo] F7Fet v, A ER 9] of1l F
3 U= A3l5o] Fo|A "l AAF 9 HVOF A 5 &350l A
Aol o] WYL, o]= QI3 ¥/ 450l AsteS gelst
Rt

o] ¥ Stellite 6 X oS &I 2A 54 FAT 2
7ol et A= S| AP Lo, stEwo] 4 57
Y5k Stellite 6 27 2] &0l et A+ oFF] w|&gt
of &I Sltt. Stellite 6 AT T4 ASHe, 4 59
Eo] £YE 7Fs/do] ot i H7] ==, oo u& A
A A GH 7St iy AT S avbA o Aqggdd
AAA WG AR ob S FAOIAM 285 = F oA
1-87HA] e o 2 A 02 7|t €.
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wheha], 2 Ao A= Stellite 6 AT HO &G 78S HE
otaL, 233 W 9AFO 7|1A7F Z3HE Feol= A-8H A
8ol 7Fs3AE HEstaLA gtk olF el thket AlEe ol
AZE o] (HSC Chemistry [23], FactSage 8.0 [24], COMSOL
Multiphysics 6.1 [25)& 28319 A&-§ 574& 2ok, 4
A AHA Aol A AP Stellite 6 2T S 71O 2 AHE-E Stel-
lite 6 FXAE A x5kt E3L AXH A2 Stellite 6 T34
£ &85to] g Axgo] I8 9 HVOF AR 78 223 Az
St HFTH o' ALE A9 B4 EA4S A6k AdE
Stellite 6 A& Bl R4 =M &G T4 44 &8 7t

42 BrksEr

2. Experimental Section

2.1 A 4
H AL A= Stellite 6 AT O] &8-S Yot A9 TS
EESP7]0] A, g AT 9 242 S5tk Aol A
SH ATHS @Al A EAAE WE 8 3 o]
RS A2 Stellite 6 22 A5 o} 2835
of Z-FE HAR A 718 f7] et B2 gt EeES Al
517] 93 ofeh&-S 283t Ultrasonic 3417+ AdPstch 1 &
E&Eo] AAE 2379 W S sl Vacuum-plasma
melting @ ZH A F4E B3 Compactions H35Htt.

I HEO 2 Stellite 6 233 A 37 2ASHE 5] HSC
Chemistry 8.07} FactSage 8.0 SoftwareE &
AbE 8510l o] & HIR O & Tt 37 RS EEoIlth 11
2|31 COMSOL Multi-physics SoftwareE 08¢t -5-3H8 434
(Finite element method, FEM)& &3l &€ dg 4 £ HALA}
AARE A3Pste] 1w} gof 271 A5

ARE T4 20Z 7o R AAgHE A3
Fx 23 FH|E 0]2519] Stellite 6 2T &3 T4 SR
o, Y &2 ARG FE] X4 T
AXA HE AES It IJ4d 2 AFol et XRE
ICP-OES, FE-SEM, EDS, XRD £4-& 535311, /-8 Stellite
6 AFE] &4 vlwskelth. 18, Axgt -G Stellite 6
ZAe}t ofEnto] 2] F7E Bol Stellite 6 =TS A=A 0]
T A 34S o A A7EE R & et 712
o

1=}

o Rty |

Saystol 498 Rt Bl BkE MYt Asdos
£ Ck

o
ol
ok
2
ne,
18,
o
)
X

Az AZE Stellite 6 L= TRt 7| 2242 B3 38 22
el =4 7R s
2258 4%

& AFE S0 A=H Stellite 6 F=2A] R 22| JEEAES
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3l Energy Dispersive Sepctroscopy (EDS) (Oxford, U.KA}),
ICP-OES (Inductively Coupled Plasma — Optical Emission Spec-
troscopy, Varian Vista Pro, USA), X-ray Fluorescence Analysis
(XRF) (Thermo Fisher SCIENTIFIC, ARL PERFORM’X, USA)
= Z8sto] APt B, #2842 Field Emission Scan-
ning Electron Microscope (FE-SEM) (JEOLAL, Model: JSM-
7100F), X-Ray Diffractometer(XRD) (BRUKER AXSAL, Model:
D8 ADVANCE)& @83} 54 B7Ha Asholrt.

3. Results and Discussion

2 Aol A Stellite 249 5ty A5 mHetstr] Lot
o], FactSage 8.0 Software®| Phase Diagram XE& &85l A&
goldE £3sielth. F 7HA] A= A4S Al on, o=
Fig. 19 AAJsk3ATt. Fig. 1(a)i= Stellite =2] 8 71421 Co-
Cr o] ¥4 HHEE, Tt Co/Cr 2/gH|2 2% 27149 A
HIE SIS IR A= ALt Aot} A4t Axfo] =,
Co ol W2t @-Co (24}, e-Co (K24, o4, T3 HAF
(Liquid)°] B4=+= A& g1 & etk 53], ¢-Co ¥ e-Co
2 Cro] F{of 40%714] 1L-80] 7Fsstal oA =529l Co 2
B AeolA AEdEcta g3 A glom, o] Stellite 6 Fa<9] W
FA1G Astet Aol Sl Ao = A JrH201

Fig. 1(b}= TH3EA Stellite 6 Taoll tholl Cr F & 20
£ A E HIE AR 23S Yehdth AL A3, oot 3L
A 9 §ehE Afo] EAfck= A& SRIE It E3F, AHE Hol
HAE 7R H = ARE Stellite THEOA] ubEoR HIEE

o]
=

Co-Cr
1atm
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Cr &F (2F 25-30 wt%)2 5Fgst Zo=2 9 s 94 (Co,

Cr, W, Fe, Si $)9] A2 9z4] 7]|Z&0 7 3k 79 o] Ho
7]’ oF 0.2-0.39 =4 :r’-Zl'Oﬂ =g =g, o],%‘_ Z(Z],—Q—?_)‘]-%i]:]- S

273 oM<= 2= wet g EE (CoW,C) B E3t &5}
= /gl ¥4E 7s/dol AARRITE. oRA[EFO =2, Stellite 6
239 Q&G Al od 34T Cr B3k A HAE SsiAs,
Co-Cr 7|4 Y &1 &3l 275 &ET a7t 3o, ojd F
4 1,500 T o9 12 230] a7-drh= 288 =33t

1231 Stellite 6 2] AZ-E SHOMNA A2 =7 24
£ 47st7] {l8ll, HSC Chemistry SoftwareS &-8-sto] tfgt
5 aAeke] ¥ ANtS Jdstiler di B mrhvete] vt
SOE IR AEES I W H2M SXE JAISH R
o Fig. 2()= ERHAoR @Wol AR HE 55 =7y 2419k
W AL 23S eI T 23 S92 d (Mo), EleRE
(TD), & (T} 12 37 2104 d= JEET wHEsto] 2t
Z} o] 22l (Mo,), 2283} BEHg (TiCr), A=53} T4
(TaCr,) 59 32 FAsh= Zo] El=dt. vhd, g2
W) A2 FE(Zr)2 45t HHEoHA] o= 202 e, 5%
TR 22 W Zro] A3t SR E wohEQlh

Fig. 2(b)= Bt Azt =7y 44199 Akt
oo, tiF29] A2ty AAle A=t Bhgsto] of2] BAEol
BAHE A= gRlsigit. A= gRlo] oz 2419 39,
IHzE st 7k AR LM, 1§ A= Yot (ZrO,)
+ A or dAmel WhgsHA ¥aL QHER AsS HER o, Al
2t} &4 5 7P At =i Alge gdEUY A84es,
&3l THoNA =7 A2 5459 B W EE Zn, AR 9
8% 210,71 B8 7s = =kt

0]Oo O
AT =

(o] o
LleSe =

A

=

L
|
EEE—
Co (Austenite)§ L
Co+Q %
GO0 Co + CozoCra
Co+WC Co+ CoxCryCo+ o

o + CozC]
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Thermodynamic phase diagram prediction: (a) Co-Cr system, (b) Stellite 6 composition system
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Fig. 2. Simulation results for reactivity with the crucible material based on thermodynamic calculations
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3.2 € MY oM Zut
3.2.1 153 719G 34 27 S A% € AE & 2
o Stellite 6 233 A{L-§ T4 E8H 170 Rt
34 271 A% 98 COMSOL Multiphysics softwares &8
sto] & A s ZIegstlon oju 8- WA @ o
Fig. 30 Uebfiict. 3t -85 Ay A2 ol Eq. (D)o b
ERdH Ui FofuA] #i5} (oCp-9T/ot + pCp-VTi= WH- LA &

Thermodynamic and thermal-fluid-based recycling of stellite 6 scrap

o - Density

Cp: Heat capacity

ki Thermal conductivity
T: Temperature

V' Gradient

Q.' External heat source

AR V.(kVT) & JF Ax71% oA (Q) 2w st= A4t Qe =Qrn + Qm (92 % 2o 7)) Q)
ShaL wAE 5 YRR e Es ofuA] ¥olke Eeof mE 224
AL LA E AP AR Al oluf &8 Stel- Q' Ohmic heating
lite 27 2] &4 dlo]EH|o] AL ofef Table 1] YERH AT} E35E Q.. Induction heating
Qfito] 7t = A=l 2%t AU A] Fol= A7) 9 _ 1 ws
Qui = 5 Re™ (o2 2171 29 ©)
S AUt A7l oJgt Yo R WAl ALkt ofof gt &= 2 v °ET
2] v oF Eq. (2-4)°fl YEri]lTt. R: Coil diameter
e " Exponentially Decaying Term
or w: Angular frequenc
pcp—+pcp-vT=v-(va)+Qe W s ey
ot B: Magnetic field
K]
g
K]
High-frequency heat source E
(Induction coil) g
N
’Ey
Melting unit §
(Stellite 6) 1
X
Wat_er E:g;‘ High-frequency
Cooling E"‘ melting furnace chamber
: S
5
Cu :¢
g 0
SRSERRRE
SRR
CESRR
<RIPKIPK I
SREK
<Induction coil design>
Fig. 3. Cross-sectional mesh structure applied to thermal-fluid analysis
Table 1. Material properties used for induction heating thermal-fluid calculations
Material Properties Air Water Copper Stellite
Density (Kg/m’) 1,900 5,200 8,940 7,760
Thermal conductivity (W/m*K) 0.3 1,000 400 225
Specific heat capacity (J/Kg*K) 1,369 5,200 385 610
Electrical conductivity (S/m) or Electrical 4E’ 5.5E° 6E 2.5E*
resistivity (ohm*m) (Electrical conductivity) (Electrical conductivity) (Electrical conductivity)  (Electrical resistivity)
Relative permittivity 45 1 1 1
Relative permeability 1 80 1 1

334

J Powder Mater 2025;32(4):330-343



YongKwan Lee et al.,

1 E
Qra = 5 Re™ (g1n 1719 49 @

E. P .
e Heat generation function

S 22 dolg Ho|AE &-Eato] AWMAR, &
w2 71 W AL APkt ojnf Fotg= B/t
1} 34 Au)9] 7H5 &80l 3 kHzolA thst &8 24 |d 2|
DA A=A ALkS 1Y a
Fig. 4(2)o14 RIE= AXH &2o] F7igol aet 27139 Al
717} 0.0201141 0.08 T7HA] Z71ES &
F &0 A DAYske A3 Al71E 2ulshH 5 kw o9l 7
788t A7) 4ol WAgste] A ool Bag
C olie] 2k 452 Il 4 5 kW olide] 1Y H=o] 8+
= 2=
Fig. 4(bj= 22 &9 24 3 kHz 5 kW A A7) u}
2 A Y 2= W3t AlEFold Z3g YER I A HA o]
0% A3 A|FoA =7} uj9- 2 AVef(whehA) 7t Uret
Q1= 96027t AU &4 WH-7F A A15] 7FEEHA] 2

)
o
o)
&

£
<t
bu
P
)
iy
(o
i
o
o

Mo Ho NN

SIS
ol 2

Thermodynamic and thermal-fluid-based recycling of stellite 6 scrap

T7F AMSSIAL, 2,880%9) 3,600 004 WH %71 oF 1900°C
OGO R oA, HFTHOE 2% Fi7} H2MOFE FA|=H 2
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Al Edold ATHE ol Fig. 501 UERHIt. ALt A3} 2
o] M xoA 24 &-8°] 7FsHA
I 4= Slr}. ®FH 5 kW o4 2704 = 30& m|Tte =
7} 7Fsstol &9 8 A7 DAY A7) Akt Aaket 5 AsHA
Ago] H4 5 kW ol 271o] FAs}r} wrteh

9l d AL s Aol AA 9] & BRI A X
3kHz - 5kWo 2 =&=Qlou 22 A2 7oz} sl
FU 24 ) & 2A9] 7 9o et ALEE 9 2% 2
o7} e &= St} E3E, &8 Al AstEhe 1 2 HAL A5t
H AR 7FEE Ao w2 &
4 5 At H¥Ho 3 24E =&617] Y8 COMSOL
multi-physics Software®] 224514 (FEM) o= <& Wk
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(b) Internal Temperature Variation of the Material Over Time (P = 5 kW) Isolines: Temperature
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Fig. 4. (a) Magnetic field density variation with output changes, (b) temperature variation inside the material over time
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T T T T T T T T T T
3400 - - — -
—— po=s00w, (0,0) | | Stellite Melting Conditions
320070 po_1000w, (0,0) | | Coil power 5 kW: Melting achieved in over 20 minutes )
3000 - | —— po=2000 W, (0, 0) Coil power 4 kW: Meltﬁng achieved in over 27 minutes 4
PO=3060'W. (0.0) Coil power 3 kW: Melting achieved in over 40 minutes
2800 - e Coil power 2 kW: Several hours required for melting )
2600 - | — PO=4000W, (0,0) | | Coil power 1 kW: No melting observed a
P0=5000 W, (0, 0) | | Coil power 0.5 kW: No melting observed
2007 (0.05,0) 1 (A - i
.05, 0) 1,

O 2200 ) -
o

[ 2000 =
5

£ 1800 =
@

g_ 1600 .
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e

1200 ]

1000 e
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600 R

400 - T .

200 - T .

or 1 1 1 ! ! 1 I I I 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [h]

Fig. 5. Simulation results for temperature distribution in relation to high-frequency induction furnace output conditions

Table 2. Output and coil gap conditions used in high-frequency heat transfer analysis

Parameter Value
Coil power [kW] 53 (Maximum operating power of the coil)
Frequency [kHz] 3
Operation Time [min] 50
CI (m) C2 (m) C3 (m) C4 (m) C5 (m)
0.01 0.02 0.04 0.05

o4 A¥h= ol Fig. 60 YR Qi)

1 A Fig. 6()= Y (C1 24) FH9| ALY BEE
ojFu Mol w2 7|2 A7) gRlo] 7hssitt. o]E 7|§te g
A 7HAo] M2 2p7] Wi #s} 2z Aak AitolH, (o)
= I 714 E 25 9t ER1S it At ZAatolnt. A4 At
FY 7H4o] 71 77k C1 2014 Hd £ (4,200 ©)°F %
Ao 71 =8 A&UE (0.387 [THE AW AL 915+t
T3 (A= Stellite 6 S4F 7|02 BE 7Y 7H4 (C1-C5) ¥
HE AZF(0-50 min)= AU E(X)/Z%(Y)ol thoto] &% oF3
o], °F 167 °C/Guass2] 712712 A v]gsl= 235 g9lst
o} o= I 7} BA Qo] £ FH2T (ke 3 kHz, Y
A8 53 kW)olAE Y=167X-10 (Y: % [C], X: A&UE
[Gauss])2] A7} 45 EE5I31Th

tr
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Fig. 7. Recycling process of Stellite 6 scrap: (a) Stellite 6 scrap, (b) ZrO,-coated A120; crucible used for melting, (c) molten scrap alloy poured
into the crucible, and (d) recycled Stellite 6 as-cast alloy obtained after casting.
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Fig. 12. Atomizer apparatus and in-process views for metal powder atomization

Table 3. Atomizing conditions applied to recycled Stellite 6
powder fabrication

Parameter Value

Power [kW] 23
Vacuum level of vacuum chamber [Torr] 9.0*10”
Nozzle type Direct injection type
Orifice diameter [mm] 4
Atomizing gas Ar
Atomizing pressure [bar] 25
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Fig. 14. Field-emission scanning electron microscopy and energy-dispersive X-ray spectroscopy. analysis results for recycled Stellite 6 powder:

(a) 100 pm sieve size, (b) 200 um sieve size
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