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{Abstract)

In the present investigation, to understand the deformation mechanism of cemented tungsten
carbides, the variation of the hardness and toughness of cemented tungsten carbide was studied
as a function of its microstructural parameters. Particularly, in order to evaluate the toughness
of cemented tungsten carbides, transverse rupture test, impact test, Palmqvist test, plane strain
fracture toughness test were used.

Results obtained are as follows.

1) The relation of the Vickers indentation hardness of cemented carbide to its microstructural
parameters can be presented by the Hall-Petch type equation. The value of Hall-Petch constant
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Hy and K; are given as 425Kg/mm? and 559Kg/mm®/2,

(o)
oy

respectively, The true MFP of cobalt

layers is proposed as the strength controlling microstructural parmeter.

2) In transverse rupture test, it has been shown that TRS reaches a maximum for the critical

value of true MFP (0.62um).

3) Impact strength is a function, mainly, of the amount of the brittle phase present in the

WC-CO alloys.

size is relatively small.

It continues to increase with the percentage of cobalt,

but the effect of grain

4) It is shown cxperimentally that the parameters measured by the Palmqvist test crack resis-
tance parameter, W and the hardness, H, are related by the following expression 103/W =AH —
B. The values of constant A and B are given as 0.0216 and 20.93, respectively. This method is

very useful for daily measurement of toughness, for example in studying materials and in qua-

lity control of products.

5) The fracture toughness values (Ky.) of cemented carbides depends on the microstructural

parameters, particularly the true MFP of cobalt binder and degree of separation of WC grains,

The fracture toughness decreases almost linearly with the hardness of cemented carbides. The

critical strain energy release rate,

G, calculated from the linear elastic fracture mechanics

relationships also increases linearly with the true MFP.
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Table 1. Pmperties of Constituents

Propertles WC Co
Melting Point Decomposes 1495°C
2,600°C

Crystal Struc- - Simple Close-Packed

ture at 20°C Hexagonal Hexagonal
Density ''15.7gr/cm® | & 9gr/cm®
Coeff. of Linear
Thermal Expan- 5.4x1078 12.3x1078

sion(20—800°C)
Modulus of

Elasticity 1025108 psi | 30> 108 psi
Hardness™ { 94R , 40R
Poisson’s ratio* 0.22 0.3
Elongation <t Britle 7.5%

* Approximate Values
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Table 3. Empirical Relationships of Microstructural Parameters on Strength

Researchers Relationship Ref.
1. Unkel o=00(1+Ae %) 49
2. Gurland Hzp=— A log P+B 17
3 Ef(igg}r’mei“er Hy=620420.5(0.95—log 7..) X (38— (%Col) 50
-1
4. Warren Hy=0.THcCH+0.25Hc(1—fg)+Hz fs(1+1 7) 14
1 fe i S 2
5. Chermant =7, + ; 26
6. Kreimer H=A/V*+B 24
7. Lee He=HwcVwcC+H,(1-VwecC) 47
Where A4, B,g0; Constant

P; Nominal MFP
Ico, 1; True MFP

Hs, Hwc and Hm; Hardness of the Composite, Carbide and Matrix, respectively

C; Contiguity

Table 4 Microstructural Parameters, Mechanical and Magnetlc Properties of WC-Co alloys
wC : @ | a
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# tion ¢ i
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12A ‘ 1.614  0.79 ‘ 0.3¢ | 0.62 | 0.41 | 88.0 | 1147 | 291 | 8 238 14.26| No
8A '1.29 1 0.875 \ 0.49 | 0.36 ' 0.18 ‘ 90. 4 ] l404| 238° 151. 15214, 72 No
6B 1.53 0.900 0.44 0.30 = 0.17 90.9| 1469 | 183 | 148 121 1 14.90 . Yos
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Table 5. Comparatlve Data between ASTM and JIS Standard

‘ Dlmensmn(mm) ‘Span [
Standard length
B [ om | LG
. - e
pSTM 51 | 6.3 { 19 | 143
B 40 | 80 r 24 | 20

oo A 2o whel el A 2 A WC
Jxe] wteb A e Fevkn Bumsiyth fu;‘r
Gurlanda® 49 1= Cobalt o] MEP o] wje) 7 ] >
| Reller Capr
Loadmg ¢ _3PL
(mm) ! le,gf;,fr 2BH*
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7.0X80L | .
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Table 6. Absorbtion Energy obtained from Charpy Test

Energy ‘ ‘ Energy : ‘ Energy
Alloy absorbed Alloy absorbed ; Alloy absorbed
(Kg. cm) | (kg.cm) | (kg.cm)
3p* 4 6.95 | sM* | 6.49 | 3C* 4.72
6F | 16.45 ‘ 6M l 15.5 6C i 10,04
9F J‘ 17.52 | oM ; 24,32 aC j —
15F \ 27,12 ‘ 15M | 34. 69 15C ' 34,72
2BF \ 35.07 | 25) i 35.30 25¢ ! 44,38
Alloy; WC—(3, 6,,9, 15, 25, w/0)Co
* F; Fine
M; Medium
C; Coarse
F7 H v 273 FE% 2 A5 FAXE =49 AA
Table (6) Codekst WCSlxd o& s}3]A wrh Latin® 2. 512 % Cutting edge & 713
FradAE vebd ey o] E =33 Ao 2AFE AR gpAA e AL %OI =3 A
Fig(11)e] }. 1% 9w, & Impact Chipping Al g oz =hs]A]
T I T T FZ FgavlA < Ftas: 4 ]- o 22
50+ @—® coarse ~ o &R Scattcring o Astx FAH A
$ o----@ medium .
o Fel A7l v ol#fge] dvkm Rzt it
::-40*' - Kerper, Mong, St1efel»]— Holley #® &= Charpy
7 Impact g o0& Tk §F(6, 13Wt. % Co)2l
&30 . 24} EE 24¢ 25 & 492 Gurlande?
z A e} 7Fo] = A 9] g 23 AN o E oo
55 20 - 2 o] #R T I ]-I—(Varlatlon Coefficient) s}
g GFebA AN SAREE FE 4 B
- 10+ - vl sbEsbx] Esbeha A 4 sk
0 L . | 6. Palmgvist Test
© 3 % LosaL % ® 23¢2e 444 Gt = PHenA

Palmqvist®” = Vickers k&0 4 24 s} Crack
Foloj A Cracke] Hag d(Work)g oh& 2ol
A A Abst gl ok

Fig.11 Relationship between Impact Strength
and Co Content for WC-Co alloys

Fig. (Ao 1 B& upe} o] shx}A] Foliv]=| Ap=6.49Py/Py/H,; (28)
& CoFape] Fobshe] =t} Fobste & & o] 7] 4 Ap: Crack 2ae] 2 03 o4 o (Work)
et WC 2 jme) o gke] slelal 6% Cortxl Py: Crack she] €3 83
= WC 9] =7} Coarse, Medium, Fine =0 = &7} H.:: Vickers 7 o] o
st ek = el hFAAE St effect & aqy yyses wAKEE Febk Aol A
Aol & Halstg 2 oleleh Crack Aels} a5 Abolel & thgst 2

Gurland ¢} Bardzil® = Unnotched 27 A o o WM A Pome® pe Moz 1}Epd
2 FpddAE FAY A3 $F9 24 (Coded) = 9tk
ol & AFEE g T WOxwel d5& A9 L=aP+b (29
glorz dwstd ok g7 A L2 Vickersqr&o] ] w45} Crack
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Table 7. Palmqvist Data and Hardness

Hy
(10kg)
(kg/
) i N - o o i } ) - o ﬂmm:
4A L((zm) 162 | 336 501 856 1352 1670 1984 — — 1714
6B | L(zm) 120 | 242 375 587 82 1136 1453 1469
8A | L(pm),  — 163 266 264 — 832 — 1222 1404
12A | L{gm)  — . — — 1€0 506 — 517 600 1147
15A | L{pm): — — — 45 73 - 119 160 1016
SP* | L{gm) — 286 ' 416 770 1103 1515 — — — 1705
*(Ti, Mo)(CN)+1Mo--Ni
3 P sbFelvh a0 b= $Ee 44, X Sl A wbad st AN
wl el v, olwl L==0x] : =2, Zero 7} = ¢
5] 5130 Tk, L=aP (30)
NP u) =z A lVa=P/L=W (31)

4
g AEE s PHan g1 et NrE 8
FAtEsE dolA HAE Az AEmE | i oy
ol St wo- AFUl Aetedra gl

Exner®®, Sadahiro®, Viswanadham® Eo

Fig.12 Photomxcrograph 1]1uctratmg a typlca] Vlckers Indentatlon with Cracks emanating
from the Corners for 96WC-4Co alloy. (450%)
Load. (A) 5kg, (B) 10kg, (C) 50kg
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2 BE gHtn o} Fig. (15)9f ko] TdA
A5 A=) AR vebile el Bk o]
& el E stedh F AEe TS FdHEY
& Zhast olefd wuk ol ol vkt

Fig. (15)%] Hyperbolic A& W s} H, A}o]e]
gt e AE dag o+ Ak
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Fig.13 Results of Palmqvist tests performed
on a series of WC-Co alloys
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(1 o 1 1 1
0 2 4 6 8 0O 12 ¥ I8
COBALT CONTENT, W/0

Fig.14 Relationship between W and Cobalt
Content of WC-Co alloys

Aol e Azt Q4o

T A7 13
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g
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o
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T
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Olee 1 I | T
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Fig.15 Relationship between W and H, har-
dness in WC-Coalloys
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1000 1200 1400 1600 1800

VICKERS HARDNESS { kg/mm?}

Fig.16 Relationship between 1/W and H,
hardness in WC-Co alloys

1/W=AH,-B (32)
1714 Ast B 45l Fig.(15)] 24§ 1/
W st Hyv o) dls] 4 plot ghs Fig. (16)3 74 =
o 71 ¢7]e A ewde A A4, BE Faid A
(33)5} 7A "
10%/W =0.0216 H —20.,93 (33)

7. Fracture Toughness(K; Test)

st3)ql 42 ASTM(E399—78) Zof A - shx
& ¥ Z(Fatigue)ol] 24 Precrack 8] z¢] o]
R EEAA = 32 o g A=tE =zl o
+ webd AREE 5 gleld Kenny®i= Knoop
Indenter 2. Almond® & Vickers &} Wedge In-
denter & Chermant®”r} Pickens®®: EDM o
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2 Precrac}‘(r Fo 3 elg -2 =z 39 Hib- = olat+(Ewt+E)F? (37
ner® = si3)Ale] o] (Work)e Zx o3 Ingels- a+(EuetE)B(1=F)
trom“’ s} Berry“Yi Compact Tension A5 0. o171
2, Murray® = Double Torsion 2} -2 A& s} a:E”(l"V‘?‘*"EW Ve
Fel4 e 2Ag ek =g 3129 Sadahiro®= B=Vue—VI3
Vickers Indenter & o} &8 Hodalr 2HFF o0 V.=Continuous Volume=CV,,
2 5 Anvil 2 Precrack ¥4 &= 3149}, Eyue=7,05X10,M N /m2ue 63
2 ool dx SENB(Single Edge Notched E:r=2. 09X 10M N /m?2:e) 1)
Beam)e] 4¢3 3dgdos A (12)d o) AR Ko Gre 3t 5-& Table(8)d] %514t
Kb 83 Koghe 2 (302 37 siqth WC-Cogta8 Kol = iH:—- Coxrel g
- Km 1 True MFP o] ko] el 4 Fig. (17)s] A&
= Exporimenal By~ w FF 5 »rwow Fig. (1) 4 & % 315¢] True MFP

2

ST E Ko = Zobebgch

. cot(sin‘1 _p/2 )

Ad4p/2 40 : T T
—osin-la) . 0/2 _ 34
2sin \/A%—p/?} (34)
SHZH AT Kool o $ -microcrack 2ol 30 ]

Novak ¢} Barsom Criterion@s] 2 (35)0.2 #

Abehgl o 5 g
4 1 § 20 o/ )
Vap 4 3 fé /
o714 4% microcrack length, a¥ Biunt * 1o L : ]
Notch ¢] =¢f, p3= Blunt Notchd =% wuta .
ol ot X ‘
A% =5} o @ (Linear Elastic Fracture Mecha- c 65 ) I.l5
nics)el 4 A (36)3 e WA 4Rz A TRUE M.F.P (ym)
;¥ =) a 48 (Critical Strain Energy Rele- Fig.17 Fracture Toughness versus True Mean
ase Rate) Giet= 4 (36)02 7% 4 §ith Free Path
Gro=Ki'(1-2#)/E (36) Fig. (18)& Kic sk Hy AFol & bl 102 K
o714 E+ Young’s Modulus ¢] = v = Poisson’s B Hy3vhsl ol 2o 2agts o = Qo In-
ratio 2. =z g2 0.24 zo] o}, 49w gelstrom =} Nordbergt®q el = ol z]s}u}
Lee“" = Young’s Modulus 3kl o g+ =haA] 2] o] Chermant = Osterstock®Te] B 73l :}s}i o

A A (D e g A8 gabeh,

Table 8, Microstructural Parameters and Fracture Toughness

Alloy V l Particle | Conti- True y ; Poi ssgn s’ Et T(Xl()“{ Gic . Hy

| olume S1ze(gm) guity MFP(ym)‘ M‘\I/m3 2 ratio (v) MN/m?) (,,/m) {MN/m?)
30A 3 0.560! L73 017 NI 32 0.2 543 . 1810 7129
12A | 0.796 | 1.6l '  0.34 0.62 18 0.2 7 3.24 90 11247
8A 0.875} .29 0.49 0.36 15 0.2 - 282 765 13768
4A 0027 LoLl 0.5 0175 12 0.2 259 | 53 16807

; Poisson’s ratio=0.2 (Data obtamed from Ref. 45 46)
1' Data Calculated from Egq.37
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Nominal MFP: The mean distance through the

binder layers averaging the intersection
of carbide-carbide contacts with test lines
as Zero.

True MFP: The mean distance through the

binder layers which does not the inter-
section of test line with carbide-carbide
contacts as binder films of Zero thickness.



