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Fracture analysis of cobalt-bonded tungsten 
carbide composites 
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Specimens of WC-Co were indented to measure the resulting crack size and unindented 
samples were fractured in three-point flexure to obtain strength and to measure characteristic 
features on the fracture surface. Fracture toughness was determined using indentation tech- 
niques and compared to those determined using fractography. We show that principles of 
fracture mechanics can be applied to WC-Co composites and can be used to analyse the 
fracture process. 

The fracture surfaces were examined by scanning electron microscopy and optical micros- 
copy. Characteristic features observed in glasses, single crystals and polycrystalline materials 
known as mirror, mist, hackle and crack branching were identified for these composites. We 
discuss the importance of fracture surface analysis in determining the fracture origins and in 
the failure analysis of WC-Co composites. 

1. Introduct ion 
Cobalt-bonded WC composites show high fracture 
toughness, hardness and strength Compared to other 
ceramic materials. All of these properties make the 
composites attractive for use in challenging environ- 
ments like those in metal cutting, drilling and tool 
inserts. As a consequence, great attention has been 
paid to the evaluation of mechanical properties [1-3]. 
Much literature is devoted to the study of strength of 
these materials [3]. In addition, in more recent years 
attention has been devoted to the fracture toughness 
of WC-Co, i.e., the critical strength intensity factor 
[4-6]. There appears, however, to be some discussion 
over the proper test to use in measuring the toughness 
[7, 8]. Single-edge notched beam (SENB) [5, 6, 9], 
chevron-notched beam (CNB) [10], double cantilever 
beam (DCB) [11-13] and indentation crack tests 
[14-19] have all been used on these materials to 
measure the resistance to fracture. These tests do not 
always provide similar estimates of the value for frac- 
ture toughness. It is understandable if the SENB, 
CNB and DCB tests give different values to the inden- 
tation type tests because the indentation tests use 
smaller cracks than any of the other tests and small 
cracks can behave differently to large cracks [20]. 
The greatest controversy occurs with the small cracks 
associated with the indentation technique [10-13]. 
Discussion of whether or not Palmqvist type cracks 
occur and what specific equation should be used, if 
indeed they do occur, has generally been at the focus 
of the controversies for not only these materials but 
other ceramics as well [7]. Most failures in ceramics 
including WC-Co, however, occur from cracks or 

defects of the size of indentation cracks [5], so it is 
important to understand their behaviour. 

This paper addresses the analysis of fracture by 
indentation cracking to determine the most appro- 
priate existing expression for determining the resist- 
ance to fracture as measured by fracture toughness. 
The results are confirmed by fracture surface analysis 
where the critical cracks that cause failure and the 
surrounding topography are observed. We deter- 
mined that the indentation techniques of Lawn, 
Marshall and coworkers [18, 19] agree with the large 
crack techniques for two cobalt content tungsten 
carbide composites. 

2. Background 
2.1. Failure mechanisms of WC-Co 
The failure behaviour of WC-Co cermets has been 
investigated for several decades [1, 4-7, 11-13, 21]. 
For instance, it is reported that, like other brittle 
materials, larger WC particles, i.e., grains, fracture 
transgranularly and smaller particles fracture inter- 
granularly [21]. Also there are generally four failure 
modes for WC-Co composites [5, 21]. (1) The first is 
fracture of WC particles in which multiple interfacial 
decoherence of WC particles leaves a pattern of rup- 
tured cobalt ligaments on the larger WC particle face 
at one fracture surface, and leaves several smooth WC 
particles surrounded by a cobalt ridge on the opposite 
fracture surface. (2) The second is brittle fracture of 
WC-WC boundaries which includes transgranular or 
intergranular microcracking of WC particles; the 
broken or debonded particles are surrounded by a 
coarse ridge of cobalt binder phase which matches on 
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Figure I Observation of (a) fracture surface and (b) chemically etched surface illustrating fracture modes in WC-Co composite. Cracks were 
produced by Vickers indentation technique used in this study. (a, fracture of WC particles; b, interfacial decoherence of WC particles; 
c, fracture of cobalt phase; d, separation of WC-Co interface). 

both fracture surfaces. If the separation takes place by 
WC-WC interfacial decohesion, the particle shapes 
will be different on the other side. (3) The third is 
ductile tearing of the cobalt phase where the rupture 
of the cobalt layer of non-uniform thickness leaves a 
pattern of dimples or tear ridges on both fracture 
surfaces. In general, the thinner the cobalt layer, the 
smaller the size of dimples. (4) The fourth is decoher- 
ence of WC-Co interfacial boundaries where the WC- 
Co interface failure after appreciable deformation 
leaves the WC and cobalt phase with a pattern of 
tearing ridges. The fracture of WC grains and cobalt 
binder phase are the most common failure modes. 
These are easily seen by optical microscopy or scan- 
ning electron microscopy (SEM) using indentation 
techniques (Fig. 1). Fracture of WC-WC grain 
boundaries usually take place first and the rupture of 
the cobalt binder region follows. 

2.2. Indentat ion techniques  
Previous failure analyses and toughness measure- 
ments were mostly limited to surface microcracking 
and low indentation loads (< 1000 N). In addition to 
these observations by surface indentation it is recom- 
mended that the fracture surfaces of unindented and 
indented specimens are examined in order to under- 
stand better how WC-Co composites fail and to deter- 
mine proper analyses for fracture toughness. Shetty 
and coworkers [7] reported that fracture in WC-Co 
cermets obeys the Palmqvist crack model because 
cracks emanating from the ends of the indenter follow 
a linear dependence of crack dimensions on inden- 
tation loads rather than the 3/2 powder dependence 
expected for the radial-median crack model. 

They observed the Palmqvist cracks in cemented 
carbides by sequential polishing [7] of the indentation 
impression area while monitoring surface removal. 
Lankford [8] indicated that the half-penny crack model 
is observabIe at higher indentation loads, thus, there is 
still some question whether WC-Co fits the Palmqvist 
crack or half-penny crack models, or both. 

The equation for fracture toughness by indentation 
for WC-Co composites based on the Palmqvist crack 
model [7, 22] is as follows 

Kc = 0.089(HW) '/2 (1) 
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where H is hardness, W a crack resistance parameter 
[22, 23] which can be obtained from W = (P - Po)/  

4a or W = P/4a,  where P is the indentation load and 
P0 is an experimentally determined threshold inden- 
tation load for cracking, and a is the mean Palmqvist 
crack length (Fig. 2). 

Anstis et al. [18, 19] have shown that for many 
materials, a Vickers or Knoop indentation can pro- 
duce a model flaw with which to study the fracture 
process. The cracks resulting from residual contact 
stresses during and after the indentation process can 
be used to estimate the fracture toughness using a 
measurement of the crack size from the surface trace 
(Equation 2): 

Kc = O.O16(E/H)'/2Pc -3/2 (2) 

where E is the elastic modulus and c the crack length 
as shown in Fig. 2. 

2.3. Fracture surface analysis 
Observations of the fracture surfaces of fractured 
specimens provide much information about the failure 
source, fracture process and fracture toughness evalu- 
ation. Most fracture surfaces can be examined by 
optical or scanning electron microscopy. Fig. 3 repre- 
sents a schematic of the different features observed in 

Figure 2 Optical micrograph demonstrating the Vickers indentation 
and associated parameters. The shaded and light region outlined by 
the arrows shows a region of lateral, subsurface cracks due to the 
indentation process, a is the Palmqvist crack length, r the half 
diagonal of impression and e the crack length (a + r). 



glass, single crystals and polycrystalline materials 
known as the failure initiating flaw, the mirror, mist 
and hackle regions, and crack branching [24]. In fine 
grain materials failing intergranularly and in larger 
grain materials failing transgranularly [19], failure 
sources generally can be easily identified and 
measured. Without the presence of residual stress, 
fracture toughness can be estimated from fracto- 
graphy [25-27] using Equations 3 and 4: 

Kc = 1.24~fC .1/2 (3) 

where C* is the flaw size determined by C* = 
(a 'b* )  1/2, where a* is the semi-minor axis, b* the semi- 
major axis of an elliptical flaw and af is the applied 
stress at failure 

K c = 1 .24M~(C*/R i )  1/2 i = 1, 2, 3 (4) 

where Mi is the corresponding mirror constant 
obtained by 3//,. = aiR]/2; i = 1, 2, 3 corresponds to 
the mirror-mist, mist-hackle and macroscopic crack 
branching boundaries, respectively. It should be noted 
that the measurements of R~ must be made along the 
tensile surface to use Equation 4. It has been shown 
that these mirror constants are generally independent 
of the rate and type of loading [25, 26]. 

More recently, Kirchner and Conway [28-30] 
showed that the stress intensity approach of Newman 
and Raju [31] developed for surface cracks, could be 
applied to the fracture mirror boundaries, thus, for 
each boundary there is a critical value of the branch- 
ing constant, KBi. These values are valid for all 
measurements of R~ along the crack periphery. It can, 
however, be shown that for most cases KBi is directly 
related to M i at the surface [28, 32]. Thus, it can be 
shown that 

KB~ = 1.24M i i = 1 ,2 ,3  (5) 

where KB~ is branching stress intensity factor. 

3. Experimental procedures 
l0 and 16wt% cobalt-bonded tungsten carbide 
composites were indented with a Vickers diamond. 
Residual stress due to grinding of WC-Co composites 
can influence the measurement of toughness and 
strength [7], therefore, before indentation, to remove 
the grinding zones on the surface, three sequential 
steps of polishing were required: 3 min with a 15 #m, 
10 rain with a 6 #m and 10 rain with a 1 #m diamond 
compound using an automatic polisher. After polish- 
ing all of the indentations were performed with a 
Vickers hardness indenter on a compressive testing 
machine* using loads between 500 and 2500N. The 
loading rates were 0.0008 mm sec ~ under 1000 N and 
0.0004mmsec 1 for up to 2500N to avoid indenter 
damage and any impact effect; the load was held for 
15 sec and released at the same speed as that of the 
loading. The average crack sizes and hardness impres- 
sions were determined by optical microscopy. Also, 
unindented specimens (as-received) of these compo- 
sites were fractured in three-point bending for 
strength measurements and fracture surface analysis. 

Figure 3 A schematic of the fracture surface including mirror, mist 
and hackle regions, and macroscopic crack branching. C* is the size 
of failure-initiating crack (= (a*b*)~/2), R 1 the mirror-mist bound- 
ary, R 2 the mist-hackle boundary and R3 the hackle-crack branch- 
ing boundary. 

The microstructures of 10 and 16wt% cobalt- 
bonded WC composites were examined after chemical 
etching; this includes the immersion of polished bars 
in a chemical solution (10 ml water + 1 g KOH + 1 g 
K3Fe(CN)6 ) for 3 to 5 min. The samples were flushed 
with water and cleaned using a sonic resonance cleaner 
for about 30min. 

Fracture surfaces were examined optically, and the 
features (Fig. 3) were measured with a microscope. 
Flaw and mirror sizes were always measured along the 
tensile surface. For an asymmetric feature of mirror 
boundary the longer R i was used for property evalu- 
ation [26]. 

4. Resu l t s  and d i s c u s s i o n  
The chemically etched microstructures of WC with 
different cobalt content are shown in Fig. 4. Measure- 
ments of crack size and surrounding topography are 
presented in Table I. Table II shows the values of 
strength, hardness and fracture toughness of 10 and 
16wt % cobalt-bonded WC cermets calculated using 
indentation techniques, fracture surface analysis and 
the data in Table I. Fracture toughness values based 
on W = (P - Po) /4a (Palmqvist crack model) are 
relatively high for WC-Co compared to large crack 
data [6, 9-13]. If  the classical Palmqvist crack model 
is used, i.e. with P0 = 0, then the values would be even 
higher and unrealistic. This shows that the Palmqvist 
crack model is not appropriate for these WC-Co 
composites regardless of the indentation load. If the 
presumed half-penny crack length (c) is used in place 
of a in Equation 1 with P0 = 0, then reasonable 
values are obtained for the toughness of WC-Co. This 
agreement may be fortuitous or may have significance. 
Even though there is no justification for W = P/4c ,  
fracture toughness based on W = P/4c  seems to be 
acceptable. 

*Instron Engineering Corporation, Canton, Massachusetts. 
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TAB LE I Observed datat from fracture surface analysis of WC-Co composites 

Sample a* 2b* C* (#m) R 1 R 2 R3 crf (MPa) 

10Co-a a 50 133 58 330 700 1050 1548 
10Co-b 50 70 42 233 500 733 1901 
10Co-c b 58 333 500 900 1753 
10Co-d 45 133 55 300 600 1000 1647 
10Co-e a 33 100 41 200 400 600 2053 
10Co-f a 33 100 41 175 430 630 2084 
10Co-g c 50 65 40 165 400 600 2273 
10Co-h 45 65 38 200 350 600 2200 
10Co-i b 34 230 465 660 1897 
10Co-j 45 65 38 200 400 730 2043 
10Co-k b 325 560 1000 1500 772 

10Co-1 a 45 133 55 250 530 750 1958 
10Co-m b 45 250 500 780 1806 
10Co-n c 100 150 86 - - - 1332 

16Co-a a 70 200 118 230 430 660 1626 
16Co-b b 46 100 250 400 2190 
16Co-c 45 100 67 150 250 450 2072 
16Co-d c 100 150 122 250 600 800 1425 
16Co-e a 67 165 105 233 450 700 1638 
16Co-f 70 130 95 230 430 700 1607 
16Co-g b 75 220 375 550 1776 
16Co-h c 45 67 55 100 220 400 2278 
16Co-i 30 75 47 90 200 300 2473 
16Co-j b 70 130 300 450 2011 
16Co-k 50 70 59 100 250 400 2277 
16Co-1 a 40 100 63 135 300 450 2008 
16Co-m c 33 65 46 90 170 300 2411 
16Co-n 100 133 115 250 550 800 1480 

t See Fig. 3 for definition of symbols. 
aFailure source: elliptical pore. 
bFailure source: circular pore. 

CFailure source: machining damage. 

After the indenter contacts and penetrates the speci- 
men, the plastically deformed area surrounding the 
impression is formed and this gives rise to surface 
tensile zones close to the contact zone [23]. The radial 
(Palmqvist) crack can be formed at the tip of the 
indentation impression upon unloading. On the other 
hand, penetration may cause a subsurface median 
(penny-like) crack immediately under the impression 
after indentation, eventually leading to a radial (half- 
penny-like) crack on unloading. Vickers indentation 
of brittle materials without any metallic phase is found 
to lead to the development of penny-shaped cracks 
under the indentation impression; these cracks break 
through the compressive surface layer upon continued 

loading and unloading, finally forming a radial- 
median crack. The size of crack that forms is propor- 
tional to P2/3(c = k P  2/3) [33-35]. 

Fig. 5 shows the average crack sizes (a and c) as a 
function of indentation loads. The lines exhibit a 
linear relationship for the Palmqvist crack length (a) 
and the radial-median crack length (c) plotted against 
indentation load (P), rather than proportional to p2/3 
for the radial-median crack. In addition, fracture sur- 
face analyses in Fig. 6 showed that fracture occurred 
from the median-radial crack shape just below the 
impression. This implies that the WC-Co fractures 
from radial-median cracks even if Palmqvist cracks 
form first. The inconsistent results using indentation 

Figure 4 Polished, etched surfaces showing microstructures of (a) WC-10 wt % Co and (b) WC-16 wt % Co. 
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T A B L E  II  Comparisons of  mechanical properties of WC-Co  

WC-10wt  % Co WC-16wt  % Co 

Hardness (GPa) 13.8 _+ 0.6 15.4 4- 1.2 
Strength (MPa) 1930 _% 210 2020 _+ 350 
Fracture toughness 

(MPam 1/2) 

Fracture surface 
analyses 

Flaw size, C*(ab) Ln 16.2 _+ 1.2 19.9 __ 0.8 
(Equation 3) 
Mirror cons t an tM l 15.9 _+ 1.0 18.7 -I- 0.7 
(Equation 4) M2 16.4 _+ 0.7 19.7 + 0.8 

M 3 16.3 + 0.8 19.9 _+ 0.8 
Indentation 
techniques 36.5 +_ 0.8 a 37.2 _+ 3.7 ~ 

17.7 _+ 0.7 b 20.7 + 1.1 b 
17.5 + 1.3 ~ 19.6 + 1.0 c 

Literature values 13-17 d 16-21 d 

Fracture toughness (Equation 1) using Palmqvist crack length (a). 
b Fracture toughness (Equation l) using radial-median crack length 

(c) 
CK c = O.O16(E/H)I/2Pe -3n (Equation 2). 
dLiterature data (large crack model, [10, 14, 21]). 

techniques strongly suggest that fracture toughness 
evaluation by the Palmqvist indentation crack model 
should be re-examined for use with WC-Co compo- 
sites. The toughness values, however, calculated based 
on the radial-median crack model (Equation 2) agree 
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Figure 5 Relation between crack length a, c and indentation load P. 
r-la, O c. 

Figure 6 Observation of  the fracture surface around an indentation 
impression exhibiting the crack of radial/median crack shape. (a): 
P = 800N, W C - 1 0 w t %  Co; (b): P = 1500N, WC-16wt  % Co. 

well with those obtained in the literature [4, 10] using 
large crack techniques for similar WC-Co composites. 

Fracture toughness by flaw size and mirror con- 
stants were summarized in Table II. Table III was 
obtained by measurement of crack sizes and sur- 
rounding topography on the fracture surfaces. Frac- 
ture toughness values obtained from fracture surface 
measurements (Equations 3 and 4) result in very con- 
sistent data with fracture toughness values calculated 
from Equation 2. More data are needed to assure the 
accuracy of the mirror and crack branching constants, 
but they are useful as estimates of the stress at fracture 
(Equations 4 and 5) for in-service failures of WC-Co 

T A B L E  I I I  Comparisons of  R,/C*,  mirror constants and 
branching stress intensity factors of  WC-Co  composites 

WC-10wt  % Co WC-16wt  % Co 

Ri/C*" 
RI /C* 4-6 2-3 
R2/C* 9-11 4-5 
R3/C* 15-17 5-7 

Mirror constant b (MPa m ~n) 
M 1 27-31 23-26 
M 2 40-43 32-36 
M3 50-55 42-45 

Branching stress intensity factor c (MPa m ~/2) 
K m 34-38 28-33 
KB2 49-53 40-45 
K m 62-68 51-56 

aRi/C* , i = 1, 2, 3 and C* = (a 'b*) In. 
6M i = GmR)/2, i = 1, 2, 3 
CK m = 1.24Mi, i = 1 ,2 ,3 .  
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Figure 7 (a) Fracture surface and (b) 
failure-initiating source showing a non- 
uniformly dispersed cobalt phase at the 
origin of failure of WC-16wt % Co. 

components. This study demonstrates that fracture 
surface analysis developed for glasses and polycrystal- 
line materials can also be applied to WC-Co 
composites. 

SEM photos in Figs 7 and 8 show fracture surface 
features of 10 and 16 wt % Co composites. The arrows 
indicate the failure-initiating flaws. In Fig. 7b it is seen 
that an internal microstructural defect associated with 
a non-uniformly dispersed cobalt phase acted as the 
source of failure. A microprobe unit detected only high 
cobalt peaks at the failure origin. It has been suggested 
[36, 37] that the formation of cracks around micro- 
structural defects such as agglomerates-aggregates 
is due to the density difference between the defects and 
the matrix. The defects have an important role on the 
density and set up residual stresses which reduce 
strength [36, 37]. Fig. 7b indicates that cracks nucleate 
at or around weakly linked regions and evidently act 
as stress concentrators. It is found that stress concen- 
tration and residual stress will be higher at the inter- 

face and can substantially reduce the load required to 
fracture materials [38, 39]. 

Careful examination of failure sources identify 
cracks from machining damage (Fig. 8a) resulting from 
a typical grinding operation or surface finishing. The 
flaw which is seen above the machining damage, acts 
similar to an indentation crack [40]. If a specimen with 
machining flaws is subjected to a tensile load, failure 
will ensue when the stress-intensity factor at the tips of 
these flaws becomes critical. The stress-intensity at the 
tips of these cracks will depend on their orientation to 
the load axis, the crack size, and the stress concen- 
tration effects at the bottom of the machining groove. 
These parameters will greatly influence the initiation 
of fracture [41, 42]. In addition to machining damage, 
single pores and/or pore clusters often have been 
found to be the failure-initiating source in many 
materials. Several studies [43-45] show that the size of 
pore is typically in the range of 10 to 200/~m depend- 
ing on materials. The strength of the materials generally 

Figure 8 Fracture surface micrographs showing failure origins such as (a) machining damage and (b) pore. 
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Figure 9 SEM photo showing the interior microstructure of a pore. Pores are major failure-initiating sources in WC-Co composites. 
(a) Notice the exaggerated grain growth and (b) notice that the grain boundaries without a cobalt phase are quite apparent inside the pore. 

decreases with increasing pore size and its popula- 
tion. In this study, most WC-Co flexure bars failed 
due to pores (Fig. 8b) which most likely resulted from 
the cooling stage of sintering. It is known that pores in 
WC-Co composites are pipe-shaped and the shrink- 
age of metal (cobalt) generally results in about 1 or 
2 vol % of porosity [46]. 

Fig. 9 shows the microstructure inside a pore in 
which exaggerated grain growth and no cobalt phase 
were found. In Fig. 10a (fracture surface above mach- 
ining damage) fracture markings (river patterns) on 

transgranular faces of WC grains show local varied 
directions of crack propagation. Fig. 10b (fi'acture 
surface around the pore) shows the transgranular 
fracture for larger WC particles and intergranular 
fracture features for small WC particles. Fig. 10c 
shows another failure mode observed in WC-Co in 
which crack propagation is continued by connection 
of small pores. (Lines indicate the boundaries of 
pores.) 

5. Summary 
Toughness measurement techniques based on the 
Palmqvist crack analysis need to be re-examined due 
to the disagreement of fracture toughness values 
obtained by different indentation methods. The inden- 
tation techniques of Lawn, Marshall and coworkers 
[18, 19] agree with the large crack techniques for these 
WC-Co composites. This paper suggests that fracture 
toughness evaluation by W = P / 4 c  where c is half the 
surface trace of an indentation crack measured from 
the centre, rather than W = (P  - Po)/4a, seems to b e  
acceptable for higher indentation loads. More tests 
are needed, however, to determine the difference in 
fracture behaviour between the radial crack system 
and the Palmqvist crack system. 

Fracture surfaces similar to those seen in glasses 
and ceramics are observed in WC-Co. The principles 
of fracture surface analysis that have been developed 
for other ceramics can be applied to WC-Co compo- 
sites. Some cobalt bonded WC alloys fail due to mach- 
ining damage, pores and excessive cobalt binder phase 
concentration. These failure sources indicate that 
the strength of WC-Co can be improved by chang- 
ing processing variables such as sintering time or 
temperature. 

Figure 10 SEM photos showing crack propagation and fracture 
modes (a) above the machining damage, (b) around pores and 
(c) fails by pore connection. 
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