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Critical stress intensity factor, and related parameters have been measured in three-point 
bending for 18 different combinations of different volume fractions of cobalt (5 to 37%) 
and grain size of tungsten carbide (0.7, 1.1 and 2.2 #m). In particular, a study was made 
of the correlations between the strength and mechanical and microstructural parameters, 
such as Lco, Cwc, Eco/Dwc, E~o/Dwc, Hv and wear resistance. A hypothesis for the 
mechanism of fracture has been proposed following an analysis of these results and a 
study of the mode of fracture. 

1. Introduction 
A good knowledge of the mechanical characteristics 
of tungsten carbide-cobalt materials is necessary 
because their utilization is very often limited by 
their brittleness. This brittleness is accompanied 
by low toughness and extreme sensitivity to micro- 
structural defects. Conventional mechanical tests 
have limited applicability. On the o ther  hand, 
methods of  fracture mechanics have been applied 
successfully to materials which are as brittle. 
Some measurements of  the critical Stress intensity 
factor, Kic , already made on some WC-Co 
materials, show that the results are independent of 
the method used [1 -6 ] .  Furthermore one semi 
empirical model [7] and a qualitative model [4, 
8] for the mechanism of fracture have been pro- 
posed. In this study we have applied these methods 
to specimens of different compositions and 
various grain sizes in order to obtain correlation 
between the critical stress intensity factor and the 
microstructural parameters such as are obtained 
from quantitative metallography and stereology. 

2. Experimental procedure 
2.1. Materials 
The materials, WC-Co composites, employed were 
fabricated for us by Ugine-Carbone. They are 
divided in  three ranges of mean diameter of 
tungsten carbide crystals (diameter of equivalent 

spheres) 2.2, 1.1 and 0.7pm. The volume fraction 
of cobalt, Vv(co), varies between 5 and 37% (3 and 
25 wt %). 

The characteristic microstructural parameters 
were determined on optical or electron-optical 
micrographs depending on the mean diameter of 
the equivalent circle of the tungsten carbide 
crystals, from which the mean diameter of equiv- 
alent sphere was obtained, using the Saltykov 
corrections [9]. A minimum of 1500 crystals was 
counted [10]. The other microstructural para- 
m e t e r s -m ean  free path in the cobalt phase, 
/Sco, and contiguity of the carbide phase, C w c -  
were obtained by the usual methods of linear 
analysis [11]. 

2.2. Spec imen  design and analysis 
The specimens used for Kic tests were 42 mm x 
8 x 4 ram. They were squared off  and pre-notched 
with a "V" or "U" with a diamond grinding wheel. 
The pre-notch was extended to a fine notch by 
spark erosion using a copper blade with a thickness 
20 to 25pm. The specimens were fractured in 
three-point bending in a Tinius Olsen machine, 
type Locap 100000N. The applied load was 
measured with a 1000 N load cell. The knife edges 
were in WC-Co (3%Co in wt), semicylindrical 
with a radius of curvature of 3 ram. The distance 
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between lower knife edges was 32mm (Fig. 1). 
To conform to standards [12, 13] we have recorded 
the load applied as a function of the displacement 
across the notch at the specimen edge using a 
strain gauge extensometer. The signal from the 
extensometer is passed to an a.c. bridge Sedeme 
NS 45P, and from these to the abscissa of a 
Hewlett-Pacl~ard 7005-B recorder. The load is 
recorded on the ordinate. 

and Y a form parameter which, in the case of three- 
point bending and L/e -~ 4, is given by [14] : 

Y =  1 . 9 3 - 3 . 0 7 ( e ) +  14.53(e-) 2 

The critical value of the strain energy release 
rate, Gin, is then given in the case of the plane 
strain by: 

GIC = E "  

where E is Young's modulus, and v is Poisson's 
coefficient. We have taken v = 0.2 for the materials 
studied [15, 16]. The existence of a plastic zone 
at the crack tip imposes restrictions on the size of 
the specimen and the crack length, because it is 
necessary to ensure that a condition of plane 
strain is obtained and also that the strain cannot 
be relieved by general plastic deformation. These 
conditions are fulfilled if [12, 13] : 

a >1 2 .5(Kml  2 
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Figure 1 Arrangement of the KIC equipment. 

The values of KIC were determined by the 
analytical method. The brittleness of WC-Co is 
such that a perfectly linear load displacement 
curve can be obtained (Fig. 2). In this case the 
value of Kic can be obtained, knowing the rupture 
stress [14]: 

Kxc = Yarx/a 

In three-point bending this becomes: 

3FrLY x/a 
Kic - 2 le z 

where F r is the load at rupture, L the distance bet- 
ween lower knife edges, 1 the breadth of specimen, 
e the width of specimen, a the length of crack, 

We have calculated the size of the plastic zone 
using the approximation given by Irwin [17]. Its 
radius in the plane strain is given by: 

1 (KI.___qct2 ry = \ ~ 

where ay  is the yield stress. 
The critical size for a defect may possibly be 

obtained for ceramic materials where the plastic 
zone is very small [18] from: 

ae = 1.217r' 

For materials as brittle and strong as WC-Co 
it is preferable to use the analytical method rather 
than the compliance method [19] or the work-of- 
fracture method [20], because these last two 
methods require a knowledge of the displacement 
er of the load Ft. This displacement is very small 
(10 to 40#m) and hence very difficult to measure 
accurately. Some measurements have, however, 
been made using these methods and the results 
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Figure 2 Experimental curves load-displacement for notched specimens: WC-10 wt %Co, DWC --- 0.7/~m. 
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Figure 3 Variation of KIC with the volume fraction of cobalt. 

are in agreement with those of the analytical 
method [21]. 

The limits of elasticity, a,z, were determined 
in compression" with cylindrical specimens 5 mm 
diameter and 13mm long and the stress-strain 
curves were obtained point by point. The per- 

manent deformation of the specimen was measured 
using a comparator to 1/1000 mm. We have chosen 

as the yield point a strain of 0.05% plastic defor- 
mation because values greater than this change the 
structure too much to be representative, and fur- 
thermore prevent one obtaining a value for the 
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materials with low volume fractions of cobalt. 
The rupture stress, Or, and Young's modulus, E, 

were obtained in three-point bending on polished 
specimens 200 mm x 5 m m x  1 mm, the distance 
between the lower knife edges being 16ram [21, 
22]. The hardness was measured with a Vickers 
diamond under a load of 5 kg (Zwick apparatus). 

The abrasive wear tests were carried out by 
Ugine-Carbone on a Fargo machine by rubbing 
the specimen (39mm x 23mm x 8ram) (5, 10, 15 
and 30 Co vol %) with wet brown alumina AS O SB 
15, grain size 30 (300 to 1500 gm) from Pechiney, 
under a load of 20kg for 1300 cycles (lO0rev 
rain-I). 

3. Results 
3.1. Variation of K~c as a function of 

simple microstructural parameters 
The dependence of KI t  on the volume fraction 
of cobalt is given in Fig. 3. For a given grain size 
a steady increase of K]c with increasing volume 
fraction of cobalt Vv(co) is observed. This is 
expected because if the critical stress intensity 
factor represents the resistance to crack pro- 
pagation, its value must increase with the ductility 
of the material. The influence of the mean diameter 
of the carbide crystals appears to be more marked 
when the volume fraction of cobalt increases, and 

1942 

it is the materials with the coarsest grain sizes 
which are the toughest. The critical values of the 
strain energy release rate, G[c, varies in the same 
way as K[c. These results are in good agreement 
with those of other authors [1 ,4 ,6 ,  7]. It is 
interesting to note that the methods of measure- 
ment and the shape of the notches ("V" or "U"), 
and of the specimens (three-point bending [1-3,  
8], double cantilever [1], double torsion [4], 
compact tension [6] ) did not influence the value 
of Kic. Furthermore, some materials from dif- 
ferent sources, but with the same microstructural 
parameters, have the same values ofK1c. 

3.2. Correlation with some other mech- 
anical parameters 

A correlation has been looked for between Km 
and mechanical parameters which show a 
systematic variation as a function of the different 
microstructural parameters. Amongst the pro- 
perties look at, hardness values gave the best 
results. The variation of Kic as a function of the 
hardness is shown in Fig. 4. The decrease of KIC 
with hardness was forseeable: the harder a material 
the more brittle it is. It can be stated, however, 
that the hardness is still sensitive to the mean 
diameter of the tungsten carbide crystals. For a 
given hardness it is the material with the smallest 
grain sizes which is the toughest. 
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Figure 5 Variation of the loss in weight of the specimens per minute of revolutions of the abrading disc with KIC. 
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Figure 6 Variation of the radius of the plastic zone, ry,  with the volume fraction of cobalt. 

A study has similarly been made of  the relation- 

ship between Kic  and the abrasive wear resistance. 
When Kzc is plot ted against the loss in weight of  
the specimen per minute,  thus F = 2ff ' /number of  
revolutions o f  the abrading disc per minute,  it is 
observed that F increases with Kic  (Fig. 5). The 
material exhibiting most wear is that with the 
highest volume fraction of  cobalt.  This is in 
agreement with the fact that the harder the 

material, the smaller is K ic ,  and F is consequently 
small also. 

3.3. Derivation of quantit ies from Kac 
3.3, 1, Radius o f  the plast ic zone 
It is essential to know the size of  the plastic zone 
in order to confirm that the necessary conditions 
to obtain the critical values of  the stress intensity 
factor are fulfilled. Furthermore this value has 
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Figure 7 Variation of the loss in weight of the specimen per minute of revolutions of the abrading disc with the radius 
of the plastic zone size, ry .  
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Figure 8 Variation of the critical size defect, ae, with the volume fraction of cobalt. 

already been required to carry out a study of  the 
mechanisms of  fracture [4, 8].  We have calculated 
the radius of  the plastic zone using the value of  
oy  0.05%. The variation of  the value of  ry  as a 
function of  the volume fraction of  cobalt is rep- 
resented in Fig. 6, The values obtained are relatively 
low and it can be said that the necessary con- 
ditions are perfectly fulfilled. The radius ry  
increases steadily with the volume fraction of  
cobalt and is particularly sensitive to the mean 
diameter of  the tungsten carbide crystals. 

1 9 4 4  

Moreover, during abrasion, the loss in weight of  
the specimen per minute, F, is a linear function of  
the radius of  the plastic zone (Fig. 7). It is observed 
that the smaller this plastic zone is, the lower is 
the wear, which is consistent with the hardness 
results. This suggests that the plastic deformation 
associated with abrasion is responsible for the wear 
of  the material. 

3.3.2. Critical size defect 
It is useful to know the critical size defect, ac, 



which for a given stress leads to catastrophic frac- 

ture. This is particularly important  for materials 
such as W C - C o  where the critical size defect is 

relatively small, given the low values of  K ic .  We 
have chosen to determine the critical size for a 

semi elliptical crack, i.e. Griffith, corresponding to 
a nominal stress equal to the stress at rupture 
in bending un-notched specimens using the values 
given in Table I. 

The variation of  ac with the volume fraction of  
cobalt is shown in Fig. 8. The first comment  is 
that the values are very small and of  the same size 
as only a few carbide crystals. There exists a very 
marked minimum for the two largest mean grain 
sizes ( /)w c = 2.2 and 1.1 pro), and at composit ions 
which correspond to the maxima values of  the 
rupture stress. Furthermore it should be noted 

that the size of  critical defect varies very little 
with the volume fraction of  cobalt  for specimens 

of  small mean grain size ( / )wc = 0.7/2m). 

3.4. Analysis of the fracture 
A preliminary study demonstrated that the meth- 
ods of  quantitative metallography and stereology 
can be applied to a study of  the rupture of  
materials [23, 24] .  We have, therefore,  analysed 
statistically the fracture path on the face of  the 
crack propagation,  bearing in mind the different 

types of  fracture in WC-Co composites:  fracture 
of  the carbide crystals designated W/C, fracture 
following the interface of  the carbide crystals 

designated WC/WC, fracture following the inter- 
face ca rb ide -coba l t  designated WC/Co, and finally 

the rupture o f  the cobalt phase designated Co/Co 
(Fig. 9). To do this we have considered, on the one 
hand, the mean distance covered by each of  the 
four fracture modes (Fig. 10) and, on the other 
hand, their relative part icipation (Fig. 11). 

The mean distance of  fracture in the carbide 
phase, W/C and WC/WC, is constant and essentially 
of  the same magnitude as the mean diameter of  

tungsten carbide crystals. The mean distance 
traversed in the cobalt  phase, WC/Co and Co/Co, 

increases regularly with the volume fraction of  
cobalt and approaches a limiting value close to 
the diameter of  the tungsten carbide crystals of 
the different specimens. 

As regards the relative propor t ion of  each type 
of  fracture (Fig. 11 and Table II), it can be ob- 
served that  the most important  mode is fracture 
following the interface WC/WC and it decreases 
with increasing cobalt  content .  Furthermore,  
this variation is almost coincident with that for 
the carbide phase. The amount  of  transgranular 
fracture in the carbide crystals passes through a 
maximum, whereas the propor t ion in the cobalt,  

TABLE I The characteristics of the WC-Co materials studied: /)we , mean diameter of tungsten carbide crystals; 
VV(Co), cobalt volume fraction; E, Young modulus; cry, yield point at 0.05%; at, rupture stress by bending; KIC , 
critical stress intensity tractor; GIC , critical value of the strain energy release rate; a e critical size defect; ry, radius of 
plastic zone. The values presented are averaged over 25 to 40 measurements, except for oy = 0.05% (5 measurements). 

DWG Vv(co) E oy=0.05% o r KIC GIC a c r y  
(#m) (%) (MN m -* ) (MN m -2 ) (MN m -z ) (MPa m -In) (J m -2 ) (m) (gin) 

2.2 5 643 600 2900 1200 8.8 115 14.0 0.5 
10 613 400 2450 2300 11.8 215 6.9 1.2 
15 570 000 2000 2700 11.9 236 5.0 1.8 
22 485 000 1500 2800 13.5 347 6.1 4.2 
30 447 000 1100 2650 17.3 644 11.2 13.1 
37 421 000 1000 2500 20.7 991 19.6 22.7 

1.1 5 645 000 3800 1060 9.1 124 19.6 0.3 
10 610 500 3200 1690 11.9 219 13.0 0.7 
15 570 000 2800 2280 13.4 304 9.1 1.2 
22 493 000 2200 2530 12.0 276 5.9 1.6 
30 447 000 1600 2750 16.0 549 8.9 5.3 
37 415 000 1400 1670 16.0 592 10.2 7.9 

0.7 5 645 000 4800 1940 8.8 114 5.2 0.2 
10 629 000 4000 2250 8.8 120 4.0 0.3 
15 570 000 3400 2500 10.9 200 5.0 0.5 
22 505 000 2600 2700 11.4 252 4.7 1.0 
30 447 000 2000 2910 13.3 379 5.5 2.3 
37 408 200 1600 3090 14.5 486 5.8 4.3 
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TABLE II Characteristics of fracture: types of fracture observed on the face of the crack propagation for a notched 
specimen of WC-Co, 13We 2.2 ~m with: V_v(eo), volume fraction cobalt; W/C, mean distance of fracture in trans- 
granular rupture in tungsten carbide, W/C; WC/WC, mean distance of fracture in the interface WC/WC; WC/Co, mean 
distance of fracture in the interface WC/Co; Co/Co, mean distance of fracture in transgranular rupture in cobalt, Co/Co. 

Vv(co) Fracture Fracture Fracture Fracture 
transgranular W/C interfacial WC/WC interfacial W C / C o  transgranular Co/Co 

(%) 
(%) w/c (%) wc/wc (%) wc/co (%) Co/Co 

(~m) (~m) (~m) (~m) 

5 25.5 2.76 69.0 2.09 5.4 0.97 - - 
10 33.7 2.92 59.1 2.19 6.9 1.17 0.35 1.03 
15 31.8 2.73 46.2 2.07 1'8.8 1.40 3.20 1.04 
22 27.5 2.36 46.7 2.07 20.9 1.51 4.74 1.34 
30 30.0 2.40 41.7 2.05 23.8 1.63 4.00 1.41 
37 16.5 2.65 34.6 2.11 35.6 1.94 13.40 1.65 

Figure 9 Propagation of a crack in WC-25 wt % Co,/3Wr = 2.2 pm, illustrated by two micrographs of the same region. 

we/Co and Co~Co, is of relatively minor im- 

portance for the lower volume fractions of cobalt, 
but becomes much more important for higher 
volume fractions. In addition, the fraction of 

rupture occurring essentially in the carbide phase, 
WC/WC + W/C, follows the carbide volume frac- 
tion measured in the bulk material. 

4. Discussion 
To formulate a mechanism for the crack propa- 

gation, it is necessary to investigate the correlation 
between toughness parameters and microstructural 
characteristics. The mean free path in the cobalt 

phase, /~Co, has already provided very good 
correlation particularly for the limit of elasticity 

[21,25] as well as for the fracture toughness [8]. 
The variation of Km with the mean free path in 
the cobalt phase is represented in Fig. 12. It can 
be seen that for a given grain size Kic is a linear 
function of /~co- However, the extrapolation of 
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Figure l l  Variation of the porportion of each type of fracture on the face of the crack propagation for a notched 
specimen as a function of the volume fraction of cobalt for WC-Co materials with/~WC = 2.2 gm. 

KIC to zero/ ,co  does not provide a unique value 
of Kic for pure carbide, as is the case when plotted 

against Vc(co ). This could result from the fact that 

for very low cobalt compositions, the mean free 

path in the cobalt phase is no longer a good micro- 
structural parameter to describe the microstructure 
at low cobalt volume fractions. It is interesting to 
note that in this case, for the range of mean grain 
size studied, a linear relationship is obtained bet- 

d D -1/2 ween Kjc an we for constant mean free path 
in the cobalt phase (Fig. 13). 

We have investigated new relationships between 

Kic or similar quantities and other microstructural 

parameters such as contiguity Cwc or dimension- 

less parameters such as Lco/ / )wc.  In Fig. 14 the 
variation of Kic is given as a function of contiguity 
in the carbide phase. In the range of cobalt volume 

fractions studied it appears that KIc is a unique 
function of Cwc. It can be deduced from this that 
the fracture toughness of the tungsten carbide 
cobalt materials is determined by the area of con- 
tacts between the carbide crystals and, therefore, 
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Figure 13 Variation of KIC with b ~ ,  for a constant mean free path in the cobalt phase. 

by the ease that the crack can propagate in the 
most brittle phase of compounds of this type. 

The metallographic analysis of crack propagation 
permits the conclusion to be drawn that the crack 
advances in several stages [8, 22] (Fig. 9): there is 
first statistical fracture of carbide crystals in front 
of the crack (Fig. 9A, region a); these localized 
fractures afterwards join up at the root of the 

1 9 4 8  

crack either by intergranular debonding or by 
rupture of the cobalt phase (Fig. 9B, region b). 
The distance between the isolated fractured 
crystals and the root of the crack and the pro- 
portion of fracture inter- or transgranular, appears 
to be related to the size of the plastic deformation 
zone and tungsten carbide crystals. 

It appears that in the case of fracture of 
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Figure 14 Variation of KIt 2 with the contiguity of the carbide phase, CWC. 

WC-Co, the plastic deformation of the cobalt 
phase plays an important role [21]. Gurland [26] 
and Nabarro and Luyckx [27], proposed a model 
of fracture of WC-Co, according to which the 
fracture of the carbide crystals is due to the 
plastic flow of cobalt. Thus it would appear that 
the parameter/2~o//)wc is very important, because 
it takes account of the size of the cobalt regions 
and of the mean diameter of carbide crystals. In 
addition it has the dimensions of length which 
avoids meaningless extrapolations. This parameter 
is justified as follows: the strain energy of a 
dislocation pile-up of unit length is of the form 
n2/ab 2 (n is the number of dislocations,/1 the shear 
modulus, and b the Burgers vector). Now n is pro- 
portional for a given stress to the length of the 

pile-up. Under these conditions the energy of a 
pile-up is proportional to the square of its length 
which one can take as equal to the mean size of 
the cobalt regions, i.e. in effect the mean free path 
in the cobalt phase Lco. This energy is thus of 
the form: 

W = n:/.Lb 2 = A/S~o. (1) 

At the instant of the opening of the crack in the 
tungsten carbide crystal this strain energy is con- 
verted to surface energy, hence [26] : 

n21ab 2 = 2"7/)wc. (2) 

The conditions of the fracture of WC are therefore 
given by the morphological parameter L~o/f)wc 
as a result of the equality of Equations 1 and 2. 
Gurland, when discussing the mechanical pro- 
perties of sintered tungsten carbide-cobalt alloys, 
prefered to describe the relation in terms of 
F2/3/Dwc (F is the volume fraction of tungsten 
carbide), in order to emphasize the analogy with 
the strain-hardening mechanism due to dispersions, 
proposed by Fisher et al. [28]. However, since the 
mechanism is more applicable to alloys with low 
carbide content, it appears to us more appropriate 
to use the parameters /TCo and /)wc which are 
more representative of the microstructure. 

If the fracture ahead of the carbide crystals 
is due to the plastic flow of cobalt, we can obtain 
a simple relationship between L~o/DWC and Gin, 
which describes the work-hardening in the plastic 
zone when the crack advances�9 It can be seen in 
Fig. 15 that Gic is a unique linear function of 
E~o/Dwc. This results from the above analysis. It 
appears that the crack propagation in the WC-Co 
materials is determined by the plastic flow of 
cobalt which causes the fracture of the carbide 
crystals ahead of the crack�9 

5 .  C o n c l u s i o n s  

The values of the critical stress intensity factor 
and the parameters which are dependent on it 
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Figure 15 Variation of GIC with L~o/Dwc. 

have been measured for a wide range of volume 
fractions of cobalt and for several carbide grain 
sizes. The study of the dependence of these values 
as a function of the microstructural parameters 
leads to two important conclusions: firstly KIC 
is a unique function of the contiguity of the 
carbide phase, which is supported by the role 
played in fracture of the joints between tungsten 
carbide crystals; secondly the variation of Glc as 
a function of -2 - Lco/Dwc shows the role played by 
the plastic deformation of cobalt and the relative 
dimensions of the carbide and cobalt phases. The 
analysis of the results, as well as the fracture path, 
has enabled a tentative fracture mechanism for 
these materials to be formulated. 
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