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Abstract WC and dense WC-10 vol.%Co materials with grain size of ~1 um were synthesized by high-fre-
quency induction heated combustion synthesis (HFIHCS) method in one step from elemental powders of W, C and
Co within several minutes. Simultaneous combustion synthesis and densification were accomplished under the

combined effects of an induced current and mechanical pressure. In the absence of cobalt additive, WC can be
formed, but its relative density was low (about 73%) under simultaneous application of a 60 MPa pressure and the
induced current. However, in the presence of 10 vol.%Co, the relative density increased to 99% under the same

experimental condition. The percentages of the total shrinkage occurring before and during the synthesis reaction
of WC-10 vol.%Co were 5% and 51%, respectively. The fracture toughness and hardness values of WC-

10 vol.%Co were 10 MPa-m"?

and 1840 kg/mm?, respectively.

Key words : High-frequency induction heated combustion, WC-Co composites, Hard materials, Combustion syn-

thesis, Hardness, Fracture toughness
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Fig. 1. Scanning electron microscope image of raw materi-
als: (a) tungsten, (b) activated carbon and (c) cobalt powder.
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Fig. 2. XRD patterns of raw materials: (a) tungsten, (b)
activated carbon and (c) cobalt powder.
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Fig. 3. Schematic diagram of apparatus for high-frequency
induction heated combustion.

2 Age) AH-H aFafRErid danix) e sk
=25 O 3¢ vepligdd. FdsH £ g
158 54 dolEo] 40mm, &% 45 mm, W7
20 mmpl] FA3le] FIHErid AR Y] A
o o] Aaslar oF 40 mtorre] XFEY7|E 4
EotaA). 718e] Ay AHe FHE YAES 4
7] $18led 10 MPassec®] £X2. 60 MPad] ¢3S
718 eA). 4% FEARE S cholg) Al
ol 7}8led oF 1200°C/min®] $24%=2 7FdshdA
2e F2 =4 (Pyrometer) 2 £ tiele] FHiLT
E =23} o|Wl LVDT(Linear variable differential
transformer}®] $==710] W32 Dabspar] U3}
o]fo] A wi7}A] AF{E sIk@EAl). upA =
A2 AIRE 600°C/min®] WZEER Ae7iA] Wzt
ehadA). weel U3k WC-10 vol. %CoZ A2
37] 18 F8 4 FAES 2F 40l JeERiSlR,
49 YA AAE E 10 FABIAEH.
AEsl 45b4 ] FA o= ARd WC 2 WC-
10vol.%Co 2743Fe] YL EE of27[wdl Ay
L2 FAsigen, AAES] AEME 93] CuKa
T ARSEt XA 3AEAEE Al ERIT AAES
oA 2AS 8] H3ted 6 ume} | ume welo}
2 Ho]~ER AHE Avldt £ Murakami £
(distilled  water : K,Fe(CN)y: KOH=100m/: 10 g: 10
g)02 1-287} ¥alsled, EDS7) Akl FARRNE

Journal of Korean Powder Metallurgy Institute

Stagei Stage2 : Stage3 Stage4
Vacuum ; Pressure; Resistance ; Cooling
Applica- | Applica-: Heating Down

tion tion Application

Heating Rate
12009C/min

Level

Pressure Rate

10MPalset Jemp.

Shrinkage
Displacemen

Time
Fig. 4. Schematic representation of the temperature, pres-
sure and shrinkage displacement profile during high-fre-
quency induction heated combustion.

Table 1. Processing parameters of high-frequency
induction heated combustion synthesis and densification
of WC and WC-10 vol.% Co composite

Parameter Applied value
Vacuum level 40 mtorr
Applied pressure 60 MPa
Resistance heating
Frequency 50 kHz
Total power capacity 15 kW
Output of total power 60%
Duration 2 min
Heating rate 1200°C/min
Cooling rate 600°C/min
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Fig. 5. Variations of temperature and shrinkage displace-
ment with heating time during high-frequency induction
heated combustion synthesis and densification of WC-
10 vol.% Co composite.
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Fig. 6. Scanning electron microscope image of W+C sys-
tem: (a) after milling, (b) before combustion synthesis and
(c) after combustion synthesis.
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Fig. 7. XRD patterns of W+C system: (a) after milling,
(b) before combustion synthesis and (c) after combustion
synthesis.
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Fig. 8. Scanning electron microscope image of
W+C+10 vol. % Co system: (a) after milling, (b) before
combustion synthesis and (c) after combustion synthesis.
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Fig. 9. XRD patterns of W+C+10 vol.%Co system: (a)
after milling, (b) before combustion synthesis and (c) after
combustion synthesis.
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Fig. 10. (a) Three-dimensional atom array in the WC crys-
tal, (b) shape of equilibrium crystal and (c) atom array in
the [001] of WC crystal.
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Table 2. Physical and mechanical properties of WC and
WC-10 vol. % Co composites

Properties Sintered  Sintered WC-
wC 10 vol.%Co
Relative density (%) 73 99
c/a - 2.6
Vickers hardness (Kg/mm?) - 1840
Fracture toughness (MPa-m'?) - 10
Grain size (Um) 0.4 0.9
Mean free path (Um) - 0.32
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Table 3. Density, volume, and volume changes during high-frequency induction heated combustion synthesis of WC-

10 vol. % Co composite

. L Product
Initial sample Before ingnition  Reactant (theo.)

Expt. Theo.
Density (g/cm®) 7.27 7.65 13.08 14.79 15.02
Sample volume (cm?) 2.03 1.93 1.13 0.99 0.98
Pore volume (cm?) 0.90 0.80 0.00 0.01 0.00
Volume change (%) 0.00 4.93 44 .33 51.23 51.72
Incremental vol. change (%) 0.00 4.93 39.40 6.90 0.49
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Fig. 11. (a) Vickers hardness indentation and (b) radial
crack propagating of WC-10 vol. % Co composite.
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Table 4. Nominal composition and structural characteristics of WC-Co composites produced by HFIHCS and

conventional methods

Sample Co contents d,, A Hardness Fracture toughness
wt.% vol.% (um) (um) (kg/mm?) (MPa-m*?)

FC6 6 10.1 1.0 0.39 1710 9.0
RTW6 6 10.1 1.2 0.43 1680 10.0
RTW6M 6 10.1 0.8 0.14 1840 8.4
NA13 7 11.7 0.07 0.03 2300 8.4
FAPACS 5.9 10 0.91 0.29 1900 8.6
HFIHCS 5.9 10 0.90 0.32 1840 10
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Z3t WC-10 vol.%Co 273%hae] Axe} szl
oJubEel A zubdel ola) 23 10 vol. %CoZ 3
3 274%=(FC, RTW company)2=} 3% Zhg-
vehdc}, gkARE 10 vol.%CoZ 73t izt
273l w8l Az WARE F9 g4 Eid

7|&2] WC-Co 2787 Alxe W ¢ &3
FakS 1500~2000°C8) T2o8 AA7F 7} sted
WCERS AZF F, Co¥es AFAZR A7)l
1400°Co]Afe] 2ol AA|2E 2kl AU 3s))
3t FA7EA kA 2] (Post-hot isostatic pressing)
= Habel odAle] FAL A 2. ol
vl8 TFuGErld gAY W, C, Codhe §4)
o] E3lsled 7|4 Jouledol] 23] TAMERIe] o
2PN =8, olu AEl= 3l AJA
4& HFHOE o] 43 AZYCEM FH oyg]
e AZbel ddFAHOZ WC-Co AL A=
& 4 oo =3, AEe) AIdAE 789 We-
Co 7o) Az vlsle] 3 78 et
W Aes B o 3Fsfirerlddie] 28 WC-Co
27331 3e] Alzyo] 7129 ubido A H e &
+4q] Azl Aoz Fdore).

4.8 B
IFIHFErld A4l 98 weet WC-10 vol.%
Co 2A4dTE Alx3kx, 1 7144 54 )l

o 2 AES 99
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LW, C ¥ Coo EHiae] 60MPa2) 3
60%S] 17 EHE 7hste] AU 99%<l A
L3 WC-10 vol.%Co =AAMBZS 28 o o]
Al g FAeR Alxs 4 9ot

2. W+C 2 W+C+10vol.%Co HE2HE] WC
2 WC-10 vol.%Co A|FA] A)H ¢&2e|= M3}
2= AR MA3] raslebt Hilexols F
As] Frlskde. AR $Eel7t FAs S}
g ol o]BHEIt e Elelel uhgEE
B 0|2 %7} & A Eo| FAFI} FAlo A
A AN = LG D718 JouleQoll
s AFAZ A7 Cort S-83h] IRk A
S freshal, S8l AHE 7)ol 23 JAakrA
HAAAM A3z} A=) @il e B4
=

3. HFIHCSHL 2 A28 WC-10 vol.%Co 2738
=2 A=} U427 1840 kg/mm?, 10 MPa
m"o|He}. o]F 2 AT YA 24 TSl
HEAE s Wk sdde =2 3 vt
WA R, 7182] vhge 2 AlZgk dnk 273
vl gt S vehlde) weid, dd3xos
FEolHe] g2 A7l A3 WC-Co 2733
Az 7 e TFIErtddae] 7129 A
ZHe) vl3l] AAHe)a TEH A2y Ao
ks,

7|

o

2 A7 A 20024 A o5
A} %A A9 ATF(R05-2002-000-01226-0)1 2]
3 =gl o ofo FRALE= YT

!

D 28

—_
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