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Table 1. Properties of various carbides

Carbide TiC | ZrC | HFC | VC | NbC | TaC | WC
Property
Crystal structure FCC | FCC | FCC | FCC | FCC | FCC HCP
Latti t =0.290
altice parameter 0.433 | 0.470 | 0.465 | 0.417 | 0.447 | 0.445 @
(nm) b=0.284
Melting temperature
©) 3225 | 3225 | 3890 | 2800 | 3650 | 3800 2900
Theoretical
) 3 494 | 69 | 12,70 | 5.81 | 8.20 | 14.50 | 15.70
density(g/cm”)
Nominal carbon
20.05 | 11.64| 6.30 | 19.08 | 11.45| 6.23 6.13
content(wt%)
Microhardness(Hv) 3100 | 2600 | 2900 | 2100 | 2400 | 1800 1780
Elasti dul
astic moguitis 451 | 348 | 352 | 422 | 338 | 285 | 696
(GPa)
Coefficient of thermal 59
expansion 7.7 6.7 6.6 7.2 6.7 6.3 '
6,1 7.3
(10°K™)
Oxidizing temp.(C) 1100 | 1100 | 1100 | 800 | 1000 | 1100 500
Heat of fi ti
eat of formation 44,1 | 47.0 | 50.1 | 24.5 | 33.6 | 34.1 9.67

(-AH¢ : kcal/mole)
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=
IH
0
ol

A
ol

of
i

1oy

Jt.

}

o)
3J1Jt #O0tOF ot

S,i_]

Ju
1}

m
KIO
Ju
iy

R0

ol
Rl
oJ

oll
OF

R0

ol
53

H

Eats A2

HA= =DI

0

2

[e=)
842

ol

3
=

H

R0

Ju

9]
o
)

Gy

Ju

)

o

H
0l

0l
HH

(>2um)

WC

Rr

oll

A

—

[—

EAUPN

20l A

1350 7 1400C 2

1600C)0IA &

3

(

ot

H
B
H

0l

=Pl

T2l SRS

(=]

A4
o/ =

L.

J
19
~
KIO
ol

0
ol

3
=

~
s
<

nd
Ju
10
Hr

ol

9]
o
)

s
J

o
o
&

0
Rl
Rr

z

=sUe etag.

!

S
=

Ct.

Kk

ol
o0

or

U
OF

R0

ol

JJ
Kk

o
00

(o]
)=

L

o
=

dE0 JIHE 20l

[=:|
S

(W-C) Ol

o3

H

iy

o]
s

10y
wl

b

(

SH

el

10D
1l

ro

o

E
-/

Mot=

XEALOIOI &

clElo A= Hel)z HAED,

Ju

|
110

OF

rh
50

ur
<+

ol

~
Klo

o0

ol

oD

A
o=

BUS0l =

ol

O
0}
w

1

=240)

pS[ps]

Sk
=

~
Klo
JJ

|
110

OF

t
50

o3

)
~
I

o]
s

J
19)
~
KIO
]

A
R0



2.2 Ut 22X M=

Rr
or

cl® 2

[
=

LH=2EIE (nanostructured materials)gt Oded JHAl
AJIE JHXE

HH

11

S

i
(gas—condensat ion/vacuum

Olei2 0l

X

tel 288

¢}

100nm Q|

gHoz HIE

2ok,

g€

1989 =2°| H.Gleiter w==Jt J|

5t

M0l CH

=
=

5t

2J12 HEE M

S0l 2o U

o

compaction)

L

Ju
OF

J

9]

O
Ll

11

R0

o0

o =0 ZEE0l Z0LM0F 8l & 0= 2EE 2 2710t

N

I

2
[=]

3719

LHEFLER

=
[a—

(micron =2 J1)0IIA

ZOHAIE JIEMZ

azoz

LIl H=0ICt.

@]
PN

e =

ol
X0
O
o)
uir
Ur

2.2.1 U=z 2=

=

JEXIZD hexagonal 2 HHLE

LIeMHE22 = A2 OE

=
o

e

E
11

R0
A

ol
N

Kq
H

ol
Rl
mm

}

[l

21X

AUAE

£ JXIH Ol

KA

1

X+0l

oft

b 420l dl

2
[

}

A2 2L X0 ESEHA =

4 X

=}
=

et AX0IA 2
A Ol

2t

ACH =

A
—

ol
Kir

oI
Gy

Of
[

11

ol

180

K4
z
R
ok
il

ol

0l
D

10
Rl

=]
=

JdE2=2 HIE3E0 20

OlLHA =L
A2 el e MI20M=

g 0UXE JtXl
g sds Y

Lo
= —

=S
[a—

| THZO0ll A 2

Yo
= =

UqA = Ol

Ju

o3
<+

ol
o=

=
=

2t 0l A

O

ME Ol LEEHLE

24 X5 2l
=og

Lt

&,
Table 20IlA Lt

R0

otALt.

= Table 20 HIAl

=4

=S
[

5%
3+

-

oll
ol

1

It

0l

&0

R0

E
-/

M=ol A O

24 X5 2l
=og

MZ 0l dlol Lie

pN|
=



Table 2. Comparison of characteristics between conventional

and nanostructured materials

Property Material Crystal Glass Nanocrystal
Thermal expansion
(10-6/K) Cu 16 18 31
Specific heat at 295K Pd 0.24 0.37
Density (g/cc) Fe 7.9 7.5 6
Young's modulus (GPa) Pd 123 88
Shear modulus (GPa) Pd 43 32
Saturation magnetization
at 4K (emu/q) Fe 222 215 130
Susceptibility (10-6 Sb ~4 ~0.03 20
emu/Oe/qg)
Fracture stress (GPa) Fe-1.8%C 0.7 8
Superconducting Tc (K) Al 1.2 3.2
Activation energy for | A9 in Cu 2.0 0.39
diffusion (eV)
Cu in Cu 2.04 0.64
Debye temperature (K) Fe 467 3
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Fig. 2. Schematic diagrams showing (a) basic principle and (b)

sequence of friction stir welding process
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Arc weld

FSW

Fig. 3. Comparison of FSW welds and conventional arc welds
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Table. 3 Role of contained elements in SS400
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Table.4 Characteristics of used powders.

Theoretical Particle size
Raw Materials Purity(’)) ~ Manufacturer
density(g/cm’) (tm)
WC 18.7 053 995 Taegutec
Mo,C 88 -326 Mesh 995 Alfa Aesar
Co 89 16 998 Alfa Aesar
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Table. 5 Chemical compositions and mechanical properties of SS400

Materials Chemical composition{wt3)
C Si Mn P 5
55400
0.14 0.009 0.67 0.01 0.003
Yield Strength{MPa) Tensile Stress(MPa) Elongation(%%)
310 350 37

L —
IF B i

Fig. 6. Schematic illustration of friction stir welding process
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Fig. 7. Details of tool shape
Table. 6 Welding condition for FSW
welding condition values
Rotation speed(RPM) 400~800

welding speed(mm/sec) 4~6

FSW Shoulder dia(mm) 11
Pin dia.(mm) 3

Tiltangle 2
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Fig. 12. FE-SEM images of raw material : a) WC, b) Co, c¢) Mo.C and
(d) milling Powder
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Fig. 13. Grain size analysis of raw materials : a) WC , b) Co , ¢) MoC

and d)milling Powder
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Fig. 14. XRD patterns of raw materials : a) WC , b) Co , ¢) Mo.C and
d)milling Powder
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Fig. 16. FE-SEM images of WC—10wt%Mo-C—10wt%Co hard materials:
(a)1000C and (b)11007C

Fig. 17. FE-SEM images of WC-5wt%Mo-C-5wt%Co hard materials: (a)700C,
(b)900C, (c)1000 T and (d)1100 C
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Fig. 18. FE-SEM images of WC-2wt%Mo-C-1wt%Co hard materials: (a)1000C
and (b)1100 C
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Table. 7 Comparison of mechanical properties of WC-2wt .%Mo2C—1wt .%Co

sintered in this study with previously reported values

Ref, Binder contents(wt %) Relaive density(%) (Gran d=(mm) He(kg'mm?) Ex(MPem™)
([13] 10Co 98,2 045 1776 10,6
[13] 10Fe 95,7 045 1814 104
[14] 10Co 99,5 19 1333 135
[14] 96Hi-04Co 995 19 1180 125
Thiz work WC- Mo:(-1C0 100 03 2419 924
® wc a8 Mo,C & Co @ W W e a s
@ 10007 00T
R *
e
& =
g 2
g * £ .
® ®
i ®
me .' I.'. | | -. | le | '.!‘
s o LA ‘-ﬂ___,, VS WM —e\ A 'L:.__._._,_, WML
— g 5 - o m m o 0 0 Ll L1 b L
2 Theta 2 Theta

Fig. 19. XRD patterns of WC—10wt .%Mo-C—10wt .%Co;

€ hard material sintered
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Table. 8 Hardness values for various WC—(2~10)Mo.C—(1~10)Co raw

materials with sintering temperature

Boradbiihi size Pressure Temp Density Handness
(@) (MPa) (c) (%) (kg/mm?)
WC-10Mo,C-10Co 10 60 1000 99.5 2018
WC-10Mo,C-10Co 10 60 1100 100 2148
WC-5Mo,C-5Co 10 60 700 73 X
WC-5Mo,C-5Co 10 60 900 82.2 328.24
WC-5Mo,C-5Co 10 60 1000 994 2234
WC-5Mo,C-5Co 10 60 1100 100 2265
WC-2Mo,C-1Co 10 60 1000 100 2384
WC-2Mo,C-1Co 10 60 1100 100 2419

_45_



Fig. 22. Shape of WC—-Mo.C—Co compact (@ 10)

Gram boundary
destiuction

Fig. 23. Median crack propagation of the WC-2wt%Mo2C—-1wt%Co sintered
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C-2Mo3C=-1Co |

Fig. 24. Shape of WC—2wt.%Mo,.C—1wt.%Co compact(@65.5, T27mm)
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Fig. 25. WC—2wt.%MoC—1wt .%Co FSW tool

Top 100 2314
Middle 100 2331
Bottom 100 2342

Fig. 26. Mechanical properties in top, middle and bottom of
WC—2wt .%Mo-C—1wt .%Co hard material compact
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Fig. 27. XRD patterns of WC—2wt.%MoxC—1wt.%Co hard material sintered

Fig. 28. Fractured WC-10Co FSW tool in FSW welding for SS400
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Table. 9 Bead profiles of FSW welded joints with travel speed in

different rotation speeds

Rotating | Travel Tilt

Speed Speed | angle Bead Appearance
(RPM) | (mm/sec) (9

400 4 2

400 6 2

600 4 2

600 6 2

800 4 2

800 6 2
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Fig. 29. Comparison of tensile strength of FSW welded joints with

travel speed in different rotation speeds
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Fig. 30. Fractured specimens after tensile test for FSW welded joints

with travel speed in different rotation speeds
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Fig. 31. SEM-EDAX observation on the fractured surface of base metal
after tensile test for FSW welded joints
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Fig. 32. SEM-EDAX observation on the fractured surface of weld nugget

after tensile test for FSW welded joints
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Fig. 36. Comparison of maximum temperature for FSW welded joints with

travel speed in different rotation speeds
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(©) TMAZ

Fig. 37. Microstructure of FSW welded joints at rotation speed
of 400RPM and travel speed of 4mm/s
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Fig. 38. Microstructure of FSW welded joints at rotation speed
of 400RPM and travel speed of 6mm/s
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(D) SZ
Fig. 39. Microstructure of FSW welded joints at rotation speed
of 600RPM and travel speed of 4mm/s

(C©) TMAZ
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(C) TMAZ (D) SZ

Fig. 40. Microstructure of FSW welded joints at rotation speed
of 600RPM and travel speed of 6mm/s
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(D) SZ

Fig. 41. Microstructure of FSW welded joints at rotation speed
of 800RPM and travel speed of 4mm/s
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Fig. 42. Microstructure of FSW welded joints at rotation speed
of 800RPM and travel speed of 6mm/s
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