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Simplicity is the ultimate sophistication. Saying by Leonardo Da Vinci [1] 

I have no special talents. I am only passionately curious. Saying by Albert 
Einstein. [1]. 

INTRODUCTION 

Powder metallurgy materials - cemented carbides (mainly based on tungsten 
carbide or titanium carbide), also known as hardmetals, ceramic and powder 
composite materials, are most widely used as tool materials in machining and 
forming applications as well as materials for wear component because of their 
excellent hardness-ductility combination. These materials are related to so-
called “structurally brittle” materials group. 
Until now there is no complete understanding of the material behaviour under 
complex service conditions where cemented carbides with a heterogeneous 
structure are subjected to various types of loading and wear. These materials 
tend to contain natural structural defects: pores, non-metallic inclusions or 
inhomogeneties etc., and their existence is crucial for most mechanical 
properties and material selection. The above-mentioned imperfections facilitate 
fatigue crack initiation, reduce lifetime and decrease cyclic strength, especially 
at a high number of cycles. It is most difficult to define the number or size of 
defects due to their variety. Traditional fracture mechanics theories of the 
evaluation of the effect of defects are based on stress concentration factors and 
are applicable to defects larger than ~1 mm. However, as defect size decreases, 
these theories become invalid. 
The problem of the fatigue strength estimation of wear resistant cemented 
carbides is of great importance from both a scientific and industrial point of 
view. Irreversible microscopic changes (micro-crack formation, phase 
transformation, phase boundary sliding, and pore nucleation during 
manufacturing and fatigue processes) occur, analogous to the irreversible 
sliding processes during the fatigue of ductile materials. In addition, different 
processes caused by crack closure, crack bridging, and friction of opposite crack 
surfaces have an influence on the fatigue crack growth. Various material 
parameters such as yield stress (σY), ultimate tensile stress (σU), and hardness 
(HV, HRA or HB), may correlate with fatigue limit (σf) or threshold stress 
intensity factor range (∆Kth). 
The presented research is an attempt to enlarge the knowledge concerning time-
dependent degradation of composites under alternating stresses and prediction 
of fatigue strength from limited data. The performance of some TiC-base 
cermets (prospective for metal forming) in cyclic loading conditions – fatigue, 
blanking of sheet metal – was analyzed and compared with that of a 
conventional WC-hardmetal, applicable in metal forming. The results of the 
mechanical properties (strength, plasticity), fatigue properties, blanking 
performance and microstructure of cemented carbides are presented. 
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1 REVIEW OF THE LITERATURE 

Fatigue testing procedures provide fatigue life prediction and design assurance, 
but they do not enable life improvement or design optimisation. Explanation of 
the causes and processes of fatigue can be given by fracture mechanics. 
A classical fracture mechanics method disregards materials microstructural 
aspects as they are based on simplifications: crack itself, or the region where 
separation has occurred, is regarded as a smooth, continuous surface; the 
boundary between this surface and regions where separation has occurred, 
called the crack front, is regarded as a continuous line (generally crack front is a 
segment of a straight line, ellipse, or circle), and the crack is positioned on a flat 
plane [2-4]. On the other hand simplicity is the key to popularity of fracture 
mechanics. 
However, for a complete understanding of fatigue fracture (fatigue mechanics), 
microstructural initiation and growth criteria must be defined and related to 
macroscopic models as there are some evidence that microstructure plays a 
major role in microscopic fracture [5-9]. Well known Murakami approach for 
prediction of the lower bound of the scatter in fatigue strength is the 
characteristic example of that phenomenon [10], will be discussed in next 
chapter. 

1.1 Characterization of materials mechanical reliability 
Fatigue is the progressive, localized, permanent structural change that occurs in 
materials subjected to fluctuating stresses and strains that may result in cracks 
or fracture after a sufficient number of fluctuations [11, 12]. In the first stage of 
the fatigue process the fatigue crack nucleation and crack initiation starts from 

cyclic stress. Cyclic growth 
of the crack (crack 
propagation), caused by 
tensile stress and plastic 
strain, take place in the 
second stage, see Fig. 1. 
Finally, in the third stage, 
sudden fracture of the 
remaining cross section 
occurs. The final failure 
region will typically show 
evidence of plastic 
deformation produced just 
prior to final separation. 

Figure 1. Process of fatigue crack initiation and growth [13]. 
Significant plastic strains occur during each cycle at high loads. Crack 
propagates quicker and low numbers of cycles are needed to produce fatigue 
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failure. Such cyclic behaviour is commonly referred to as low-cycle fatigue 
(LCF, from 1 up to about 104 cycles). 
The high-cycle fatigue (HCF, from 104 up to 107 cycles) is associated with 
lower loads and high number of cycles to produce fatigue failure. Fatigue 
performance at greater number of loads (more than 107 cycles) is named ultra 
high-cycle fatigue (UHCF). 
To characterize the failure response of nonferrous materials, and of ferrous 
alloys in the finite-life range, the term fatigue strength at a specified life, σN or 
SN, is used. The term fatigue strength identifies the stress level at which failure 
will occur at the specified life, number of cycles N. The specification of fatigue 
strength without specifying the corresponding life is meaningless. The 

specification of a 
fatigue limit σf (Sf) or 
endurance limit σe (Se) 
always implies infinite 
life (an infinite number 
of cycles can be 
sustained without 
failure), see Fig. 2. 
Another term – fatigue 
life, Nf, is used to 
specify the number of 
cycles that specimen 
sustains before failure 
[12, 14]. 
 

Figure 2. Two types of materials responses to cyclic loading [13]. 
The nonferrous alloys do not exhibit an asymptote, and the curve of stress 
versus life continues to drop off indefinitely. For such alloys there is no fatigue 
limit, and failure as a result of cyclic load is only a matter of applying enough 
cycles. All materials, however, exhibit a relatively flat curve in the long-life 
range [14]. Observations of WC-Co hardmetal fatigue curves sowed absence of 
any flat regions – the sign of obvious existence of a specific nature of fracture 
resulting from their production technology [15], see Figs. 6-8 (Chapter 1.1.2 
Fatigue performance prediction approaches – S-N curves (Wöhler plots)). 

1.1.1 Fatigue testing 
Fatigue tests can be classified as crack initiation or crack propagation tests. In 
crack initiation testing, specimens or parts are subjected to the number of stress 
cycles required for a fatigue crack to initiate and to subsequently grow large 
enough to produce failure [11]. 
In crack propagation testing, fracture mechanics methods are used to determine 
the crack growth rates of preexisting cracks under cyclic loading. 
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This chapter will cover only crack initiation fatigue testing methods. Crack 
propagation testing methods are discussed in Chapter 1.2.1 Fracture mechanics 
testing methods. 
The fatigue life of any specimen or structure is the number of stress (strain) 
cycles required to cause failure. This number is a function of many variables, 
including stress level, stress state, cyclic wave form, fatigue environment, and 
the metallurgical condition of the material. 
Cemented carbides are mostly tested by bending (stress-life approach) [16, 17] 
and indentation techniques (fatigue crack growth approach) [18-20], because of 
the obvious difficulties in measuring and monitoring strain during testing, see 
Figs. 3 and 4. 

Figure 3. Schematic representation of the apparatus used to investigate the mechanical 
behaviour of the materials under monotonically increasing and cyclic loads at room 
temperatures in air [21]. 
Every approach has own advantages and disadvantages. Testing with 3-point 
bending (R3a, see Fig. 4) is very time consuming, costly and the scatter of 
results is undue wide. Four-point bending jig (R4b, see Fig. 4) give no 
improvement in data scatter. Notched bend testpieces (RN3a and RN4b, see Fig. 
4) have several advantages, like: the scatter is considerably reduced; much 
lower loads required to break testpieces; the strength values obtained are more 
representative of the intrinsic material strength (because failures from large 
defects are excluded), but their preparation and notch geometry control is 
considerably complicated [19].  
Indentation techniques are cheap, faster to perform, but less reliable. Residual 
stresses affect results very much. The magnitude and geometry of residual stress 
field cannot be always well understood and defined. Cracks emanating from 
indentation site can intersect and change their geometry, see Fig. 5 [18-20]. 
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Figure 4. Different bending schemes according to ISO 3327 [17]. 

Minor changes in the specimen or test conditions can significantly affect fatigue 
behaviour, making analytical prediction of fatigue limit and life difficult [9]. 

 
 
Figure 5. Optical micrograph showing a median crack 
in SLS glass that has undergone subcritical crack 
growth under the influence of the applied indentation 
stresses [18]. 

1.1.2 Fatigue performance prediction approaches 
S-N curves (Wöhler plots) 
Several probabilistic approaches can be used for fatigue life prediction and 
fatigue strength assurance. Oldest and best-known method is to display fatigue 
data on a plot of cyclic stress level versus number of cycles, or alternatively, on 
a log-log plot of stress versus life. These plots are called S-N curves or Wöhler 
plots, see Figs. 6 and 7.  

Figure 6. Fatigue (R=0.1) of WC-Co hard-   Figure 7. Fatigue (R=0.1) of notched test 
metals at room temperature [21].    -pieces of various WC-Co hardmetals at 
       room temperature [22]. 

Alternating stress amplitude σa or Sa, mean load σm or Sm and other loading 
characteristics can be plotted against number of cycles, but this do not change 
the principle of approach. Fatigue properties that can be defined from this data 
were discussed above. Another materials characteristic that can be derived from 
S-N plots is slope of the fatigue curve. Higher slopes indicate higher 
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accumulation of the damage during the cyclic loading. This lead to a new term 
determination - fatigue sensitivity, i.e. the intensity in the decrease of strength 
with an increase of loading cycles (the slope of the curve on an S-N plot). 
Higher slops are common for materials with high fatigue sensitivity and vice 
versa, lower slopes are the sign of lower fatigue sensitivity [Paper I, 23-25].  
Stress concentration effect 
Fatigue performance is very sensitive to stress concentration. Stress raiser such 
as a notch or hole significantly reduces fatigue strength. Stress concentration 
can also arise from surface roughness and metallurgical stress raisers: porosity; 
inclusions; local overheating during grinding; and decarburization. The effect of 
stress raisers on fatigue is generally studied by testing specimens containing a 
notch (usually a V-notch or U-notch, see Figs. 4 and 7) and comparing the S-N 
curves of notched and unnotched specimens, see Fig. 8 [11, 26]. 

Figure 8. Fatigue strengths of TiC-Fe/Ni cermet (grade T70/14) without and with 
notches [27] 
A useful concept in dealing with notch effect is the notch sensitivity, q. 

1
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t σ

σσ
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S
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The value of q between 0 and 1 is a measure of how severely a given member is 
affected by a notch. If q=1, then kf=kt , material is entirely sensitive to notch, 
and not sensitive to notch then kf=1 (q=0). Both factors kf and kt are dependent 
on notch and specimen geometry. For almost all cases 1≤kf≤kt. Most severe 
notch carries largest load (Bridgeman effect - local stress state limits shear 
stress, failure is due to cleavage, not slip) [26]. 
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Mean stress effect 
For design purposes, it is more useful to know how the mean stress affects the 
permissible alternating stress amplitude for a given number of cycles. This 
usually is accomplished by plotting the allowable stress amplitude for a specific 
number of cycles as a function of the associated mean stress – normalized 
amplitude-mean diagram, see Figs. 9-10 [11, 14, 28]. 

Figure 9. Effect of mean stress on the alter- Figure 10. Description through a Good- 
nating stress amplitude [11] man-like diagram of mean stress effect  

on the fatigue of the WC-10 wt % Co 
hardmetal [28]. 

Historically, the plot of mean stress has been the object of numerous empirical 
curve-fitting attempts. The most successful attempts have resulted in four 
different relationships, see Table 1 [14, 26]. 
Table 1. Mean stress diagrams curve-fitting equations 

Model author Equation Designations Nr. 

Goodman’s (linear) 1
U

m

e

a =+
SS
σσ  SU – is the materials ultimate tensile 

strength. (2) 

Gerber’s (parabolic) 1
2

U

m

e

a =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

SS
σσ   (3) 

Soderberg’s (linear) 1
Y

m

e

a =+
SS
σσ  SY – is the yield strength (4) 

Morrow 1
f

m

e

a =+
σ
σσ

S
 σf – is the true fracture strength (5) 

Combined effect of notches and mean stress for a brittle materials during cyclic 
loading (σm ≠ 0) can be estimated by the modified Goodman expression, Eq. 2, 
to obtain an equivalent completely reversed value for the stress σ at the notch 

U

mt

at
e

1
σ
Sk

SkS
−

= ,        (6) 

where ata Sk=σ  and mtm Sk=σ  - are the stresses at the notch. 
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Effect of small defects and nonmetallic inclusions 
Ceramics and metals in the form used for engineering applications are 
composed of crystalline grains that are separated by grain boundaries and binder 
phase. Even within grains the crystals are not perfect, with defects occurring, 
that have large effects on mechanical behaviour [5, 6, 26]. Besides, presence of 
the intrinsic structural defects, which act as stress concentrators and crack nuclei 
(see Fig. 11), are essential for powder metallurgy materials [29]. 

Summarising these facts the correct definition of a 
fatigue limit – is the threshold stress for crack 
propagation and not the critical stress for crack 
initiation. This definition and a novel quantitative 
method for inclusion rating and correlations with 
the fatigue limit were introduced by Yukitaka 
Murakami [10]. 

Figure 11. SEM micrograph of a subsurface pore discerned as the failure origin of a 
sample subjected to cyclic loading [28]. 
He assumed that fatigue strength could be assessed from an evaluation of the 
square root of the projected area of the largest defect - parameter designated 

maxarea , on a plane perpendicular to the maximum principal stress direction. 
This parameter, contained in a definite volume, can be evaluated using the 
statistics of extremes of the defects (inclusions) distribution. By applying the 
method, materials can be classified according to the expected maximum size of 
the defect (inclusion), namely maxarea  and accordingly, a prediction of the 
lower bound of fatigue limit, σw, can be made [10]: 

( )
( ) 6/1

max
w

120HV43.1

area

+
=σ .       (7) 

Prediction of the threshold stress intensity factor range, ∆Kth, can be made 
according to 

( )( ) 3/1
max21th HV areaCCK +=∆ ,      (8) 

where C1 – material independent constant, C1=3.3x10-3; 
 C2 – material independent constant, C2=120. 

Theoretically, in the case of 0max =area , then accordingly ∞=wσ . However, 
this never occurs because cracks nucleate along slip bands or grain boundaries 
as a result of reversed slip in grains, and the fatigue limit of the defect free 
specimens, wσ , is finite. Therefore, if the value of wσ  is known in advance, 
then the size of small defects (non-propagating cracks) can be determined using 
Eq. 8. Prediction equations 7 and 8 are applicable for defects smaller than 1000 
µm, and materials with Vickers hardness number lower than 400 approximately. 
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1.1.3 Correlation between fatigue properties and microstructure of 
cemented carbides  
The microstructure of hardmetal is commonly characterized by three 
parameters: the phase volume fraction of carbide matrix (VWC) and binder (VCo); 
the phase size (dWC and dCo, respectively) and the degree of contact of the 
individual carbide grains (contiguity, C). All three parameters can be 
interrelated by theoretical equation [7, 30] 

WC

Co
WCCo 1

1
V
Vd

C
d ⋅⋅

−
= .      (9) 

There is a thin layer of binder surrounding carbide grains and affecting such 
properties like, plasticity and ductility [6, 24]. If binder phase is brittle then a 
good possibility of continuous crack propagation exist [6]. Dependence of WC-
Co hardmetal mechanical properties (Vickers hardness - HV and fracture 
toughness - KIc) from cobalt binder content and tungsten carbide grain size are 
shown in Fig. 12 [9]. 

Figure 12. Hardness and fracture toughness as functions of cobalt content and WC 
grain sizes [9]. 
The hardness of hardmetals decreases with increase of cobalt binder content (wt 
%) and WC-grain size (dWC). The effect for fracture toughness is opposite. 
However, fatigue properties for WC-Co hardmetals with different Co-binder 
phase content are almost the same, Fig 13. There is an increase in inert strength 
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for 15 wt % Co, but further enlargement of binder content to 27 wt % Co causes 
drop of the inert strength. 
A decreasing width of the scatter band could be observed with increasing binder 
content as the overall nature of the compound becomes more metallic. Lower 

inert strength can be 
explained by the loss of 
rigidity of the material (27 wt 
% Co), as the hard phase 
contiguity is no longer given 
[31]. L. Llanes et al. come 
over same effect. With 
decrease of WC carbide 
grains contiguity C (increase 
of binder mean free path λCo) 
transition from ceramic-like 
to metallic-like FCG behave-
our occurs [31]. 

Figure 13. Wöhler plots for the WC-Co hardmetals [32]. 
Examples of typical dislocation configuration in WC grains of WC-Co are 
shown in Fig. 14. These observations contribute towards an explanation for the 
ability of WC-Co composite to sustain considerable plastic deformation [7]. 

 

Figure 14. Microcrack formation at slip 
band intersections in deformed WC-Co 
samples [7]. 

This evidence is in a good agreement with crack initiation 
model proposed by A. H. Cottrell in 1957, see Fig. 15. A 
crack nucleus is produced by meeting of dislocations in 
intersecting slip planes [8]. 
Figure 15. Selected schematic representation of the formation of 
crack nuclei [8]. 
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The influence of binder content on the fatigue behaviour of WC-Co hardmetals 
is negligible due to the localization of damage in shear bands in the binder pools 
and the facilitated crack propagation in the transformed h.c.p.-binder phase or 
along stacking faults [33]. 
Where is no yet complete understanding of the influence of the binder content 
and the grain size of the carbide phase on fatigue properties of TiC-based 
cermets. 

1.1.4 Fatigue properties of hardmetals and cermets 
For decades WC-based hardmetals were the ultimate and only well-known 
material from cemented carbides family. The main mechanical properties and 
fracture behavior for this group of material are studied by number of brilliant 
scientists. Their work gives us an opportunity to select hardmetal for needed 
application with desired properties from very wide range, starting with 
„classical“ WC-Co (H80T – H03T, from 72.0 up to 96.7 wt% WC), and ending 
with WC-TiC-TaC-Co (RP10 – RM20), WC-TiC-C-Co (S26T – U20T) and 
„exotic“ WC-Ni/Cr (TCR30 – TCR10), see Table 2. 
Cermets or TiC-based cemented carbides are developing less actively. Only few 
grades (TiC-Ni/Mo) are investigated enough to be published in engineers and 
designers handbooks, see Table 3. 
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Table 2. Fatigue properties and composition of WC-based cemented carbides 
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H4 96.0 WC 4 Co 1400 1050  
H6 94.0 WC 6 Co 1470 1160  
H8 92.0 WC 8 Co 1510 1210 

0.1 
 

[34] 

Hard 
metal A 

86.5 WC+2.5 TiC+5.0 
(Ta,Nb)C 6 Co 2498 960  

Hard 
metal B 

82.5 WC+2.0 TiC+3.5 
(Ta,Nb)C 12 Co 2734 900  

Hard 
metal C 

86.5 WC+2.5 TiC+5.0 
(Ta,Nb)C 4 Co+2 Ni 2547 615  

Cermet 
A 

19.0 WC+30.0 
Ti(C,N)+14.0 
(Ta,Nb)C+13.0 TiN 

10 Co+6 Ni+8 
Mo2C 1835 850 

-1.0 

 

[35] 

 93.0 WC 7.0 Co 2840 1200  
 85.0 WC 15.0 Co 3178 1300  
 73.0 WC 27.0 Co 2887 1170  
 93.0 WC 7.0 CoNiFe 2859 1480  
 85.0 WC 15.0 CoNiFe 3122 980  
 73.0 WC 27.0 CoNiFe 2529 770 

-1.0 

 

[32] 

1827 0.1 
1783 0.4 10M 90.0 WC 10.0 Co 2742 
2112 0.7 

10.4 [28] 

RB10 90.0 WC 10.0 Co 2952-
3255 

2214-
2441 

13.4-
14.7 

B50T 85.0 WC 15.0 Co 2476-
2730 

1857-
2047 

16.2-
17.9 

H70T 76.0 WC 24.0 Co 2761-
3045 

2071-
2283 

0.1 

19.1-
21.0 

[36] 

Grade 44 90.0 WC 10.0 Co 4100 1800  
Grade 54 90.0 WC 10.0 FeCo 1450 1000  
Grade 57 87.5 WC 12.5 FeCoNi 2800 1800  
Grade 61 90.0 WC 10.0 FeNi 2550 1800  
Grade 62 75.0 WC 25.0 Co 3200 900  
Grade 64 97.0 WC 3.0 Co 2300 1100 

-1.0 

 

[25] 
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Table 3. Fatigue properties and composition of TiC-based cemented carbides 

Composition 
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RP01 80 TiC 10 Ni+10 Mo 1142-1260 857-945 8.6-9.5 

P01/P10 80 TiC 8 Ni+12 Mo2C 1181-1302 1248-1376 
0.1 10.5-

11.6 
[36] 

T30 70 TiC 20 Ni+10 Mo 1600 510 0.1 9.5 [33] 
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1.2 Fracture mechanics of cemented carbides 
Fracture mechanics is a method for predicting failure of structure containing a 
crack or defect, which depends on experiments and observations to suggest 
useful representations of the forces that cause the development and extension of 
cracks from present defect [2, 37, 38]. Fracture mechanics analysis effectively 
correlates the macroscopic aspects of crack initiation and growth without 
developing microscopic models for the local fracture processes that depend on 
the nature of the materials microstructure and the local crack tip stress and 
deformation history [39]. 

Micro-fracture mecha-
nics requires a micro-
scopic model for a given 
fracture mode that de-
signates a local failure 
criterion and main 
microstructural charac-
terristics, like grain size, 
phase and defects 
distribution, binder free 
path (binder thickness) 
[31], carbide contiguity 
[30, 31, 40], etc. 

Figure 16. Fracture surface of Ferro-Titanit (grade WFN), soft annealed [39]. 
Microstructural failure modes for fatigue (ductile striations, ductile decohesion, 
brittle cleavage, microvoid and intergranular processses, mixed modes), see Fig. 
16, are generally described as microstructurally insensitive [28]. 

1.2.1 Fracture mechanics testing methods 
Fracture mechanics methods are used for crack propagation testing and 
determination of the crack propagation rates. Fracture toughness is the merit to 
specify preexisting crack growth resistance for materials. 
Similar to fatigue testing there are two main approaches: testing using notched 
specimens [3, 4, 41], and indentation fracture toughness techniques [42-44]. 
Various specimen geometries are used (shown in Fig. 17). Crack growth tests 
are most commonly conducted using zero-to-tension loading, R=0, or tension-
to-tension loading with a small R value, such as R=0.1 [3]. 
Chevron-notched specimens are the most advanced as they were originally used 
for determining the fracture toughness of brittle materials, materials unavailable 
in large scales and materials that are difficult to precrack [41]. 
Results of crack growth and crack propagation rates testing can be presented in 
a form of crack length a versus number of cycles N plot, or fatigue crack growth 
(FCG) rate da/dN against stress intensity range ∆K factor curve. 
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Figure 17. Methods used most often for testing the crack resistance of ceramics 
[45]. 

Before starting the test, a precracking 
must be made. The progress of the 
crack is recorded as the crack length 
extension during cyclic loading as 
shown in Fig. 18. 
 
Figure 18. Crack growth rates obtained 
from adjacent pairs of a versus N data 
points [4]. 

Fatigue crack growth rate plot of WC-10 wt % Co investigated by Y. Torres et 
al. is presented in Fig. 19. The corresponding stress intensity range values are 
calculated from the average crack length (aavg) during the interval of loading by 

avgj aSFK π∆⋅=∆        (10) 

where ∆S – is the stress range; 
 F – is the function that takes in account the geometry of specimen and 

notch. 
As it is already known for WC-Co hardmetals [44], there is a very large power-
law dependence of crack growth rates on ∆K (and Kmax). This dependence can 
be quantified by a modified Paris-Erdogan growth relationship of type 

( ) ( )nm KKC
dN
da

∆= max ,       (11) 

where C, m and n are constants. 
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More simple technique of Indentation 
Fracture Toughness (IFT) testing was 
developed for characterisation of 
brittle materials, such as glasses and 
ceramics, using Vickers, Knoop and 
Berkovich indenters. There is no need 
to use the specimens with special 
geometry. 
 
 

Figure 19. FCG rate as a function of ∆K [44]. 
Length of the cracks 
emanated from the corners 
of the imprint, as shown in 
Fig. 20, diagonals of the 
indentation mark, applied 
indentation load and main 
materials mechanical pro-
perties (hardness, Young’s 
modulus) must be known to 
calculate crack growth 
resistance of tested 
material. 

Figure 20. Optical micrographs of Vickers indentation and induced surface radial 
cracking in the WC-10 wt % Co [46]. 
On the basis of the Hill’s solution for the expanding spherical cavity problems 
and an equilibrium relation between the radius of the half-penny crack (c) and a 
residual crack-opening point force due to the indentation plastic zone the major 
relationship for estimating or measuring fracture toughness Kc from indentation 
crack-length data was proposed 

23

21

/

/

c c
P

H
EK ⎟
⎠
⎞

⎜
⎝
⎛= δ        (12) 

where E – is the Young’s modulus; 
 H – is the hardness; 
 P – is the indentation load; 
 δ - is the constant dependent only on the geometry of the indenter. 
The complexity of the stress field associated with such indentation has let to the 
emergence of the large number of equations for calculation of IFT of brittle 
solids [42, 43, Paper III]. It is very difficult to indicate the accuracy associated 
with the evaluation of IFT because of the existence of a large number of 
equations, the possibility of encountering different types of crack, and influence 
of material and testing procedures [44, 47]. 
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1.2.2 Linear-elastic fracture mechanics (LEFM) 
For a very sharp crack, presented in an infinitely wide plate that is externally 
loaded, Inglis [48] first showed that the load is locally amplified by the flaw and 
depends on the curvature radius of the crack tip, ρ. By approximating ρ to be of 
the order of the atomic radius, the remote stress at failure σf can be found as [3, 
4] 

a
E s

f 4
γσ = ,        (13) 

where E – is the Young’s modulus; 
 γs – is the surface energy; 
 a – is the half-crack length. 
Later Griffith (1920s) [38] proposed his famous energy approach to provide 
explanation for the fracture initiated by a crack. 
Energy balance approach 
Using a global energy balance that is based on the first law of thermodynamics, 
Griffith showed that fracture occurs spontaneously if the energy stored in the 
structure per unit area of crack advance dA (crack area is equal to A=2aB) 

exceeds the energy needed to create two new 
surfaces (the surface energy of the material); 
and Griffith derived the following expression 
for the fracture stress σf of a semi-infinite 
two-dimensional plate containing a single 
side crack perpendicular to the applied stress, 
see Fig. 21 

a
2E
π
γ

σ s
f = .            (14) 

The Griffith’s model is not sensitive to the 
crack tip curvature radius in an ideally brittle 
solid [49]. 

Figure 21. A through-thickness crack in an infinitely wide plate subjected to a remote 
tensile stress [4]. 
For solving engineering problems, Irwin [50] proposed the concept of the 
energy release rate G, which is a measure of the energy available for the 
extension of a unit area of the crack and is defined as the rate of change in 
elastic potential energy with crack area 

dA
dG Π

−= ,        (15) 

where Π - is the potential energy of the system, FU −=Π ; 
 U – is the strain energy stored in the elastic body; 
 F – is the work done by external forces. 
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For crack showed in Fig. 21, crack extension (fracture) occurs when G reaches a 
critical value Gc, then the energy release rate or crack driving force and fracture 
stress can be found as 

c

2

2 Gw
E

aG f ===
πσ  and 

a
EG

π
σ c

f = ,    (16) 

where wf – is the fracture energy, which could include plastic, viscoelastic, or 
viscoplastic effect, depending on the material. 

For ideally brittle material sfw γ=  [4]. 

Stress approach 
In parallel, Westergaard [51], Irwin, Sneddon [52] and Williams [53], derived 
closed-form expressions for the stresses (stress tensor - σij) in a linear elastic 

cracked body subjected to external forces (see 
Fig. 22): 

( )θσ ijij f
r

k
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ,            (17) 

where k – is the constant; 
 ( )θijf  - are the dimensionless angular 

functions that vary for the 
different loading modes; 

 ( )θ,r  - are polar coordinates. 

Figure 22. Edge crack in a plate subjected to a tensile stress [49]. 
The major simplification of Eq. 18 is the universal nature of asymptotic stress 
and displacement fields around the crack tip in linear elastic solid. The 
dependence in r-1/2 is schematically illustrated in Figure 23 for the σyy stress 
field component. 

The constant k can be replaced by stress intensity factor K ( π2kK = ). The 
stress intensity factor is usually given 
with subscript to denote the mode of 
loading, i.e., KI, KII, or KIII [4]. For any 
loading mode and cracked body 
geometry, K defines the crack tip stress 
intensity by relating the local 
component of the stress tensor to the 
applied stress and crack size as 

( )θ
π

σ ijij 2
f

r
K

= .  (18) 

Figure 23. Stress normal to the crack plane in Mode I [4]. 
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Stress intensity factor K depends linearly on the applied external load σ, on the 
length of the crack a, and on the geometry of the crack and of the component, 
and can be expressed by: 

( )WaYaK /⋅= πσ ,       (19) 
where Y – is a dimensionless constant of the relative crack length a/W (W 

being the distance from the load line to the back-side of the specimen) 
and depends on the geometry and mode of loading. 

The energy release rate and stress intensity factor can be related by combining 
Eq. 16 and Eq. 19, factor Y is omitted for clarity: 

E
KG
′

=
2
I ,        (20) 

where EE =′  for plane stress, and 21 ν−
=′

EE  for plane strain; 

 ν - is the Poisson’s ratio. 
As for G, there exists also a critical value of stress intensity factor, Kc, at which 
crack extension occurs, and can be calculated by 

EEGK ′=′= scc 2γ .       (21) 

At certain conditions both quantities are a measure of the material toughness, 
and are independent of specimen size and geometry. When B (Figs. 20 and 21) 
increases, the toughness decreases until it attains a plateau. In this case, plane 
strain dominates within the specimen, resulting in a high degree of triaxiality, 
and the toughness becomes a constant material parameter – the plane strain 
fracture toughness, KIc (or similary, GIc) [3, 4, 49]. 

1.2.3 Other approaches 
Fatigue damage model based on continuum damage mechanics (CDM) can 
describe the degradation of material response under cyclic loading and is 
simulated using equations, which couples damage accumulation and mechanical 
responses [54]. 
Another method called FFM method (finite fracture mechanics) [55] allows 
making predictions when LEFM equations are normally invalid: for short 
cracks and notches. 
Number of methods is directed to the assessment of crack propagation 
geometries. Crack growth trajectory, plastic zone shape and dimensions can be 
determined with modified W-criterion approach [56]. 
Most of resent developments are not yet applied to wide range of brittle 
materials that makes it difficult to validate predictions results with published 
data. 

 30



1.3 Correlation between fracture mechanics and microstructure 
In chapter 1.1.3 the correlation between fatigue properties of cemented carbides 
and their microstructure was discussed. As it was shown main mechanical 
properties are greatly affected by the grain size and distribution in the composite 
material. On the other hand, it is well known that the FCG behaviour of these 
materials is critically dependent on their microstructure also [57]. 
Fractographical investigations of WC-Co and TiC-WC-Ni-Co cermets by 
Ettmayer [58] and Schleinkoffer et al. [21, 59] revealed the microstructural 
mechanisms of subcritical crack growth during cyclic loading. Ductile binder 
ligaments are recognized behind the crack tip forming the multiligament zone. 
The ligaments connect two fracture surfaces behind the crack tip and experience 
a strong plastic deformation. This effect decreases the stress concentration 
experienced by the crack-tip and increases the crack resistance for propagation 
(crack tip shielding effect [60]). 
The differences between the critical and subcritical crack growth in the fracture 
surfaces can be observed more clearly for the composites with the higher binder 
content. 

1.4 Aims of the study 
Due to the shortage of tungsten and its high price, new ceramic and metal 
composite grades are to be developed to replace WC-based hardmetals. Many 
pretending tungsten-free carbides are availiable. This group of composites is 
called cermets. 
Among them, TiC-based materials are the most promising candidates. Such 
composites have higher mechanical properties than VC-, TaC- and NbC-
cermets, and it is possible to produce TiC-based alloys with smaller carbide 
grain sizes. 
Comparison of TiC-based cermets with WC-Co hardmetals shows their 
advantages and disadvantages. Titanium carbide based cermets have 1.5-2.0 
times lower coefficient of friction as compared to WC-based hardmetals, due to 
the spherical shape of TiC-grains. Their maximum service temperatures are 
much higher and their density is 2-3 times lower. However, thermal 
conductivity is lower and thermal expansion coefficient is ~2 times higher. In 
general, the transverse rupture strength, fracture toughness, plasticity, Young 
modulus, endurance limit, and thermal stability are lower. The reprocessing of 
titanium carbide based cermets is more sophisticated and their wetting during 
soldering is poor [61]. 
It seems that hardmetals are almost the most perfect materials for wear 
applications. Obviously, still, nothing can be perfect. Many investigations have 
been conducted to extend knowledge about the mechanical degradation of 
hardmetals. Structural defects are always present in these heterogeneous 
materials. However, novel technologies allow overcoming these problems. 
Significant gains in microstructure defects can be limited by the sinter/HIP 
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technology. Structure densification and reorientation allows obtaining more 
homogeneous, void free materials [62]. 
The sinter/HIP technology is obviously preferable over the HIP method, as the 
sintering process and pressing takes place in the same chamber and in the same 
atmosphere [29, 62]. In addition, there is no menace of material contamination 
with hydrogen or oxygen like it happens due to exposition to air in the HIP 
routine. 
The same technology was used to improve structure and mechanical properties 
of TiC-based cermets [63]. It is one of the objectives of the present research to 
define fracture behavior of the sinter/HIP-ed TiC-Fe/Ni cermet. 
The failures of cemented carbides are in most cases associated with cyclic 
loading. That is why cermets durability is mainly restricted by fatigue strength. 
Statistical analysis of the reliability of brittle materials is based on the “weakest-
link” concept of the Weibull distribution theory. The same strategy will be used 
to describe their fatigue characteristics under monotonic and constant amplitude 
cyclic loading. 
A simple statement of facts (fatigue properties, hardness, fracture toughness and 
etc.) is the easiest task for a researcher. My intention is to predict the reliability 
of cermets. The Murakami approach is intended to be firstly applied to 
determine the lower bound of fatigue limit of the studied cemented carbides. 
This approach will also be used to predict surface fatigue for TiC-cermets. A 
new model for the evaluation of surface fatigue life is proposed and verified 
experimentally. These results are of great importance for practical application of 
materials under investigation. 
A functional testing imitating service condition is planned to be employed to 
specify the best cermet for blanking operation of sheet metal. Results will be 
compared with reference hardmetal performance. 
A number of additional investigations, like elastic modulus (E) and fracture 
toughness (IFT), were conducted to fulfil the gaps in the properties for the 
presented materials. 
The fractographic and XRD investigations will be carried out in order to assess 
the microscale mechanical degradation of a WC-hardmetal and TiC-cermet 
during monotonic and cyclic loading. 
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2 EXPERIMENTAL PROGRAM 

The importance of fatigue testing and fatigue behaviour prediction for 
engineering materials is obvious. Tungsten-free cemented carbides are under 
special attention due to their rare combination of mechanical properties and 
obvious necessity to enlarge the knowledge about this type of composites. 
The main problem concerning testing of cemented carbides is that only few 
methods are standardized, such as transverse rupture strength evaluation for 
hardmetals (ISO 3327), determination of flexural strength for advanced 
technical ceramics (EVS-EN 658-3:2002 and EVS-EN 843-1:2007) and Vickers 
hardness testing procedures (EVS-EN 23878:2000 - hardmetals and EVS-EN 
843-4:2005 – advanced technical ceramics). Fatigue properties at constant 
amplitude of advanced ceramics (EVS-EN 15156:2006) are specified in 
uniaxial tension/tension or tension/compression regime. In present investigation 
the three-point bending scheme was used. Motivation for that will be given 
later. 
Main mechanical properties of tested materials were determined for every batch 
of specimens to avoid variations in their values. A large enough number of 
testpieces was tested, according to Weibull statistical analysis requirements: not 
less than 10 for monotonically increasing loads and more than 35 for cyclic 
loads for each grade. 
Experimental investigations are supported by microscopic and fractographic 
observations performed on optical and scanning electron microscopes (SEM). 
Used optical equipment is Zeiss AXIOVERT 25, and SEMs are JEOL JSM840a 
and HITACHI TM-1000. 
Additional X-ray diffraction (XRD) analysis was carried out by the X-ray 
diffractometer Brooks D5005. 

2.1 Materials and testing procedures 
Two TiC-based cermets with Fe/Ni binder are under investigation and 
compared with two WC-Co hardmetals used as reference materials. Main 
mechanical properties and composition are presented in Table 4. 
All hardmetals (grades S13 and H15) and cermet (grade T70/14) testpieces were 
produced through conventional press and sinter powder metallurgy according to 
ASTM B406 at the Powder Metallurgy Laboratory of the Tallinn University of 
Technology. Second cermet (grade ST75/14) specimens were fabricated with 
use of sinter/HIP technology in the same laboratory. 
The specimens were prepared to the following dimensions (width × height × 
length): for monotonic (RTZ) and cyclic loading – (5.0±0.3) × (5.0±0.3) × 17 
mm; for XRD-study - (5.0±0.3) × (5.0±0.3) × 35 mm and for surface fatigue 
testing - (5.0±0.3) × (13.5±1.3) × 22 mm. 
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Specimens were ground to a surface finish of about Ra=1.5 µm for WC-based 
hardmetals and Ra=2.5 µm for TiC-based cermets on four sides (for more details 
see Paper III). 
Table 4. Composition, structural characteristics and main mechanical properties of 
carbide composites 

Grade H15 S13 T70/14 ST75/14 

Composition and microstructure 

WC content, wt% 85 87 - - 

TiC content, wt% - - 70 75 

Binder composition and 
content, wt% 

15 wt % 
Co 

13 wt % 
Co 

Fe/14 wt % 
Ni 

Fe/14 wt % 
Ni 

Average carbide grain size dg, 
µm 2.0 1.5 2.2 2.2 

Mechanical properties 

Transverse rupture strength 
RTZ, GPa 2900 2810 2110 2420 

Vickers hardness HV 1170 1340 1270 1400 

Young’s modulus E, GPa 560 590 410 420 

Poisson ratio 0.23 0.23 0.23 0.23 

Additional properties 

Density ρ, g/cm3 13.90 13.70 5.65 5.46 

*Binder microhardness HV 325 325 410 410 

**Fracture toughness KIc, 
MPa·m1/2 17.0 14.0 18.0 16.0 

Porosity, vol% <0.2 <0.2 <0.2 <0.2 

* - used for prediction of fatigue limit by Murakami approach 
** - measured by conventional technique [64, 65], with exception for T75/14 

grade (IFT) 
The elasticity modulus (E) of ST75/14 cermet was calculated according to the 
ISO 14577-1:2002 standard (Metallic materials – Instrumented indentation test 
for hardness and materials parameters) using universal hardness (UH) tester 
Zwick Z2.5 apparatus. 
The microstructures of tested materials are shown in Fig. 24. The WC-grains are 
lighter and Co-binder is darker. For cermets in opposite, the TiC-grains are 
darker and Fe/Ni-binder is lighter. The shape of carbides is different also. 
Tungsten carbide grains are angular, and titanium carbide grains are rounded, 
with no sharp corners. 
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Figure 24. Microstructures of tested hardmetals and cermets: (a) H15 hardmetal; (b) 
S13 hardmetal; (c) T70/14 cermet and (d) ST75/14 cermet 

2.2 Fatigue testing 
Two types of fatigue tests were conducted. Conventional fatigue testing of 
prismatic specimens was carried out on fatigue testing centre with incorporation 
of three-point bending scheme (3 PB). 
Surface fatigue tests are made with use of rotary bending equipment. 

All fatigue tests were conducted at room temperature (approx. 21±2 °C) in air 
and humidity of 40±5% RH. 
2.2.1 Conventional testing (3 PB) 
The three-point bending scheme was used in present work because it was my 
intention to: save material (smaller specimens are tested); present comparison of 
fatigue data from previous studies [33, 66] where tests were carried out on the 
same device (3PB); follow the advices of B. Roebuck for testing of hardmetals 
and cermets [17]. 
Fatigue strengths were obtained at a specified life of the 107 loading cycles. The 
loading amplitude was constant for every test. 
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Three-point bending device (3PB) used in experiments, with span between 
supports equal to 14.5 mm and supports diameters of 5 mm (10 mm for upper 
part), is shown in Fig. 25. Ball or bearing support is used to exclude specimen’s 
installation mismatches. Applied load is always normal to the specimen. 
Fracture occurs in the medium third between the supports of the device. 

Figure 25. Three-point bending device: (a) with protective cartridge and (b) without 
protective cartridge. 

Fatigue testing with three-point bending (3 PB) was carried out on dynamic 
testing system INSTRON 8516. Main controlled parameters are: loading 
scheme (amplitude, stress ratio); loading frequency; specimen deflection. The 
stress ratio was the same in all-testing sequences, R=0.1. The loading frequency 
varied from 1 up to 35 Hz. The rate of applied force did not exceed 1 kNs-1. 
Used fatigue testing scheme and specimen dimensions are not standardized yet. 
2.2.2 Surface fatigue testing 
Surface fatigue was studied with incorporation of the modified classical rotation 
bending equipment (single-end rotating cantilever testing machine), see Fig. 26. 
The frequency of loading cycles was equal to 25 Hz (driven by electromotor 
with 1500 rpm). The number of loading cycles was controlled automatically. 

The used ball indenters were 
made of WC-6 wt% Co (H6) 
hardmetal, with diameters 
ranging from 11.5 up to 12.4 
mm. The deformation of the 
indenters is not the object of 
the study of this work. 
Figure 26. Scheme for surface 
fatigue testing: 1 – testpiece; 2 – 
indenter (ball); 3 – weight; 4 – 
eccentricity device; 5 – bearings; 
6 – driving belt; 7 – electric 
motor. 
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Load was applied along vertical axis of testing apparatus, by axis normal to 
specimen, and was equal to 20 N for every studied material. Surface fatigue life 
is limited to the maximum of 2·106 cycles. 
The micrographical investigation is performed to recognize the surafce fracture 
behaviour of studied materials. 
This rig is engineered in TUT. The theoretical background for that method is 
described in Paper IV. At the present moment limited number of test data does 
not allow making major conclusions for all studied materials described in this 
thesis, but some conclusions are given in results and discussion section for H15 
and ST75/14 grades. 

2.3 Durability testing in blanking 
Functional tests, or durability testing in blanking, were performed with use of a 
3-position die mounted on an automatic press for the blanking of grooves in the 
0.5 mm thick electro-technical sheet steel (HV=150), see Fig. 27. Lower dies 

inserts (blanking dies) and upper dies 
(blanking punches) were produced from 
studied materials. 
The wear of blanking tool (dies and 
punches) was evaluated by the measure-
ment of side wear ∆D (increase in 
diameter of die cutting edge contour) after 
intermediate service time of 0.5·106 
strokes. 

Figure 27. Durability testing of carbides composites: 1 – blanking die; 2 – the 
mechanical press body and 3 – the sheet steel [23]. 

Experimental results are complement to those performed and published 
previously [23, Paper I]. 

2.4 Adhesive wear testing 
A special method was used for adhesive wear tests, see Fig. 28. Turning of mild 

steel, with Vickers hardness of 
160 HV, at low speed 
(νaverage≈15.46 m·min-1). This 
method is found to be most 
appropriate to describe the 
contact behaviour of carbide 
composites during sliding, 
very similar to that of blanking 
conditions [23, 67, 68]. 
Figure 28. The adhesive-wear 
testing conditions and the 
geometry of specimens: 1 – blank 
or billet; 2 – specimen [23]. 
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The adhesive wear resistance L1 was evaluated as the distance of cutting path 
when the height h of wear land at tool (specimen) cutting edge (nose) exceeds 1 
mm in length. 
A fair correlation between blanking performance and adhesive wear resistance 
of hardmetals and cermets is observed [67, 69]. 

2.5 Instrumented indentation testing 
The instrumented indentation testing technique was used for determination 
fracture toughness of tested cemented carbides. The typical imprint produced by 

indentation of Vickers pyramid is 
presented in Fig. 29. 
A comparative investigation for 
determination of indentation 
fracture toughness (IFT) was 
carried out to define emanating 
crack type and to find a reliable 
calculation technique for studied 
materials (see Paper III) 
An attempt to develop universal 
equation for cemented carbide is 
made also. 

Figure 29. The photograph of indentation imprint for cermet grade ST75/14 
(magnification x50). 

The results of instrumented indentation (and depth sensing) tests are found to be 
in good correlation if compared with those determined by conventional testing 
methods (see Table 7). 

2.6 Structural-fractographical investigations 
Resistance of cemented carbides to fatigue damage is related to their ability to 
absorb fracture energy (elastic strain energy storing at crack tips during repeated 
loading) by means of plastic straining. As we know, the fracture (plastic 
deformation) starts in the ductile binder phase, but a lot of fractured carbide 
grains, with signs of fatigue striations, pointing on the fact of possible plasticity 
of even very hard TiC-grains. 
It means that fracture resistance of cemented carbides depends on the plasticity 
of both binder and carbide phases. 
Fractographical investigations allow to trace crack propagation paths and to 
define fracture mechanisms. The XRD analysis is used for qualifying changes in 
fine structure – increase in density of dislocation network and dispersity of 
micrograins – as a result of local plastic strain. Changes in both carbide phases 
of WC [001] and TiC [200] were determined. 
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3 RESULTS AND DISCUSSION 

3.1 Strength and fatigue properties 
Large scatter of test data is typical for cemented carbides. This is why 
transverse rupture strength and durability of tested materials are analysed and 
assessed statistically, using standard methods. 
Prediction of the lower bound of fatigue strength is also made using Murakami 
method and statistics of extremes. 
3.1.1 Weibull analysis 
Statistical nature of material strength derives from the fact that the strength is 
limited by the distribution of the most severe defects i.e., the strength-
determining flaws. The initial strength can be described only by statistical 
distribution because flaws are generated both by processing and by in-service 
use (handling). 
Weibull statistics has been commonly used to characterize the statistical 
variation in the fracture strength of brittle materials such as ceramics, and 
composites [70, 71]. The evaluation of the Weibull parameters σ0 
(corresponding to the fracture stress with a failure probability of 63.2 %), mi 
(shape parameter for monotonic loads), Nf,0 (scale parameter for cyclic loads, 
corresponding to the mean cycle number to failure), mc (for cyclic loads) are 
usually evaluated using maximum likelihood (ML) method (ENV 843-5:1996 
or EVS-EN 843-5:2007). It is recommended to use ML method as it leads to the 
highest estimation precision of the parameters. However, the LR method was 
used due to its simplicity. Although, the ML method results are more often in an 
overestimation of the Weibull parameters than underestimation, and hence 
results are in a lower safety than the LR method in reliability prediction [70-74]. 
Results of statistical analysis for studied materials are shown in Figs. 30-32. 

Figure 30. Weibull plot for the inert strength σ0 of hardmetals and cermets submitted to 
monotonic loads. 
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Figure 31.  to cyclic 
loads. 

Figure 32.  to cyclic 
loads. 

sented in Table 5. 

ads Cyclic loads 

 Weibull plot for the inert strength σ0 of hardmetals after submitting

 Weibull plot for the inert strength σ0 of cermets after submitting

Calculated Weibull parameters for monotonously increasing and cyclic loads 
are pre
Table 5. Weibull parameters obtained for studied hardmetals and cermets. 

Monotonic lo
Grade 

mi σ0 mi σ0 mc σf Nf,0

H 7.96 2049 77 ~1757000 15 10.45 2952 0.83 16

S13 1 2  7  1  0  1  ~ 00 4.55 908 .28 917 .81 510 4450

T70/14 12.05 2205 10.96 1561 0.92 1428 ~648000 

ST75/14 ~11.87 2527 6.69 2105 0.51 1675 1284000 

Weibull analy ults mp  of k e 5]
e and er o  by ink ock up 4, 

sis res
 numb

 are co
f work

ared with
 Schle

 those
ofer-S

Losha
el gro

t al. [1
 [21, 2

, Kursawe 
35, 74]. t al. [32] 
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Parameters mi, σ0 and mc received in present experiments are in good agreement 
with those obtained by 3PB tests and evaluated using ML method [15, Papers 

 
ith indication of inert strengths (transverse rupture 

udes 
σma or 

F
he lower bounds are ~1370 and ~1230 MPa respectively. For 

 was 

 lower bounds are ~1170 and ~1455 MPa respectively. 
Fatigue sensitivity decreases comply with higher binder content for T70/14 over 
ST75/14, as it was seen for hardmetals also. 

XIV-XVI]. Other reference investigators have used a reversed cantilever 
bending scheme with stress ratio of -1, but the same tendencies of decrease for 
mi and mc with increase of binder content are clearly visible. Strength 
parameters values tend to be greater for hardmetals with higher binder content. 
3.1.2 Statistical analysis 
Fatigue testing results for hardmetals and cermets are presented in form of S-N
curves (Wöhler plots) w
strengths) obtained by monotonic loading and standard deviation bounds 
received with use of linear regression (LR) analysis, see Figs. 33 and 34 
correspondingly. 

Figure 33. Wöhler plot of the cycles to failure N for different cyclic stress amplit
x for hardmetals S13 and H15. Inert strengths σ0 of materials are given f

comparison. 
atigue strength average values for H15 is ~1750 MPa and for S13 - ~1600 

MPa, and t
additional fatigue data for hardmetals and cermets see Papers IX and XVI. 
Clear tendency of the fatigue sensitivity decrease (decrease of the fatigue curve 
slope) for hardmetals with higher binder content can be observed, as it
noted by previous investigators [31, 32, 35]. The scatter of data does not vary 
significantly as the composition and mechanical properties of tested hardmetals 
are almost the same. 
Fatigue strength average values for T70/14 is ~1380 MPa and for ST75/14 - 
~1715 MPa, and the
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Figure 34. Wöhler plot of the cycles to failure N for different cyclic stress amplit
 for cermets T70/14 and ST75/14. Inert strengths σ0 of materials are give
parison. 

udes 
σmax n for 
com

ch narrower than that of hardmetals 
or becomes more metallic [30, 33]. 

ami approach explains the phenomenon of non-propagating 

ter in defect size 

Figure 35. Prediction of the maximum pores size from the statistics of extremes graphs 
for S13 (left) and ST75/14 (right). 

The scatter of fatigue data for cermets is mu
as the overall nature of the compound behavi
3.1.3 Fatigue strength prediction using Murakami method 
The Murak
behaviour of fatigue cracks (including short cracks) and gives a quantitative 
measure for assessment of their maximum size. Results of fatigue tests show 

ze) is equal to that the critical maximum defect size (or non-propagating crack si
the size of carbide grain (Fig. 35), though there is some scat
(see Paper IX for materials H15, T70/14 and T60/8). 
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The Fj is the cumulative distribution function (%) and

 43

 yi is the reduced variates - 

.8 µm for S13 and ~3.9 µm for ST75/14 and 

Figure 36. Clusters of small pores (left) and binder pools (right) could be found in S13 
hardmetal. 

Figure 37. Clusters of small pores (left) and binder pools (right) could be found in 
ST75/14 cermet (x50). 

Major constraint of this approach is that for m

curate in this case. Since it is well established that 

are the parameters of statistics of extreme used for inclusion rating method. 
Pores with minimum size of ~1
larger are the main fatigue life limitation factors. To increase fatigue 
performance of cemented carbides we need to get rid of pores larger than that 
critical values and exclude possibility of small pore clusters formation, see Figs 
36-37. 

aterials with HV≥400 there is no 
linear correlation between fatigue limit and Vickers hardness. This means that 
prediction is not ac
mechanical degradation under cyclic loading in WC-Co hardmetals starts in the 
cobalt binder phase [50], and taking into account the fractographical 
examinations of the previously studied materials [33, 49], also currently studied 



materials approve this fact, I have used microhardness of binder phase for 
prediction of fatigue strength (see Paper II). 
An important conclusion can be made. Fatigue strength prediction does not 
depend on microstructure of binder phase (martensite, bainite or austenite for 
Fe/Ni binder), or heat treatment. 
Results of defects inspection and calculation of the lower bound of scatter of 
fatigue strength are shown in Table 6. 
Table 6. Defects inspection items for S13 hardmetal and ST75/14 cermet with predicted 
lower bound of fatigue strength (S – is the area of prediction, T – return period) 

Prediction of 
maxarea  

the fatigue strength σ
Prediction of lower bound of the scatter of 

W, MPa 
Grade 

2 T maxarea , 
µm 

for surface 
defects just below 

surface 

for interior 
defects 

for defects S, 
mm

S13 

100 

140.1 

1401.4 

14014.4 

29.1 1 

10 42.1 

55.0 

1150 

1080 

1030 

1130 

1060 

1020 

1250 

1180 

1130 

ST75/14 

1 

10 

100 697.8 

6.9 

69. 8 

10.1 

17.6 

24.9 

1630 

1480 

1400 

1610 

1460 

1380 

1780 

1620 

1530 

C on experim l fa strength values and predicted ones using 
Murakami a ach h wn they are in good agreement with fatigue 
strength received by conventional fatigue testing of specimens with square 

 site during surface fatigue testing 
8): A – central round zone of 

 binder extrusion, and finally C – slightly 

s. 

s are exposed and packed with binder 

omparis of enta tigue 
ppro as sho  that 

section of 5×5 mm2 (S=25 mm2): for S13 lowest fatigue strength value is equal 
to 1155 MPa and for ST75/14 - 1430 MPa. 
3.1.4 Surface fatigue life prediction 
The formation of characteristic deformation
was revealed. Three zones can be identified (Fig. 3
severe deformation; B – collar zone of
deformed transition collar zone. 
In zone A the binder is almost totally absent as it was squeezed out during 
deformation. Carbide grains are in contact with each other and some binder can 
be found only between large grain
The traces of binder extrusion are visible in zone B. Binder then transmitted to 
the ball, and as it rotates during loading, then is carried away from testpiece. 
Large surface and subsurface pore
particles. 
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The deformation in zone C is very small due to the change of load magnitude 
with the increase of indenter penetration depth (and deformation site diameter 
enlargement). 

Figure 38. The deformation of H15 hardmetal produced by surface fatigue testing. 
The affected zone depth is found to be of about 60 µm in the centre of 
indentation crater. 
Surface fatigue testing results for H15 hardmetal and ST75/14 cermet are 
presented in form of S-N curves, where maximum applied stress is derived from 
applied load to area of indent ratio, see Fig. 39. 
Results are in good agreement with that of 3 PB fatigue testing. 
We can see the same trends here also. The slope of S-N curve of TiC-based 
cermet is lower and data scatter is narrower if compared to WC-Co hardmetal. 
Surface fatigue strength at 2·106 cycles for both materials is almost the same. 
Maximum applied stress is equal to 1440 MPa and 1120 MPa for H15 and 
ST75/14 correspondently. Although, the compression strength of H15 is about 
4000 MPa and for ST75/14 is 3500 MPa, these values are sufficient to deform 
composites surfaces plastically. On the graph test data is brought to correlation 
with bending fatigue testing data. 
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Figure 39. The Wöhler plot for surface fatigue of H15 and T70/14 composites. 
The inert strength values indicated on the graph are calculated from applied load 
to area of indent ratio and brought to correlation with bending fatigue testing 
data. For used ball indenter radiuses the real inert strength in surface fatigue 
testing is equal to ~1400 MPa and 1190 MPa for H15 and ST75/14 respectively. 

3.2 Performance of carbide composites in sheet metal blanking 
A comparison of wear contours of cutting edges (and side wear ∆D) of tools 

(blanking dies) from carbide 
composites is presented in Fig. 
40. Superiority of the TiC-based 
cermets with Fe/Ni binders over 
an ordinary WC-Co hardmetals 
(grades S13 and H15) refer to 
better adhesive wear resistances 
of these materials (see Paper I, 
for comparison to T60/8 grade). 
Blanking performance was 
evaluated as a number of strokes 
(N) divided by side wear (∆D) of 
a blanking die tools. 
Figure 40. Wear contours of 
cutting edges of dies from different 
cemented carbides. 

There exists a correlation between blanking performance, adhesive wear 
resistance as it was proved earlier [23, 68, 69] and fatigue sensitivity as shown 
in Fig. 41. This correlation may also be referred to Vickers hardness of studied 
materials. 
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Fatigue sensitivity ∆Sf was used as a merit of the material degradation during 
cyclic loading. It can be characterized by the decrease of fatigue strength with 
increase of loading cycles (the slope of S-N curve on the Wöhler plot). Here 
fatigue sensitivity was evaluated as difference of fatigue strengths Sf at 103 (Sf3) 
and 107 cycles (Sf7) by equation 3f7ff SSS −=∆ . Cermets with lower fatigue 
sensitivity show higher performance in blanking.  

Figure 41. Blanking performance, adhesive wear resistance and fatigue sensitivity 
correlation graph. 

The explanation for that phenomenon is fully dependent on composition and 
microstructure. As it was stated previously [Papers VI, 75] the improvement of 
cyclic loading degradation resistance of cemented carbides can be achieved by 
increase of the energy absorbing ability of binder and/or carbide phases. 
Based on the results of XRD analysis it can be concluded that the fracture of 
carbide composites during cyclic loading propagates in their carbide phase and 
is preceded by local plastic strain. This means that the ability of carbide 
composite to undergo plastic strain, that is, its ability to absorb fracture energy 
by local plasticity, depends on the plasticity of both ductile binder and the 
carbide phases. The superiority of TiC-based cermets in relation to WC-
hardmetals appears to be a result of their higher resistance to adhesive wear and 
fatigue damage (see Paper I). 

3.3 Indentation fracture toughness of carbide composites 
The sizes of cracks emanated from corners of indentation imprint are measured 
from photographs. From graph of diagonal crack length versus applied load the 
slope of c-P curve is found to be 2/5 for studied materials. Then the coefficient 
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δ can be obtained from medial line equation (see Paper V). This method is 
universal, but sufficient number of tests must be performed (at least 5 for 3 
different loads), and cracks are to be recognized. 
Using Eqs. 10 and 12, with substitution of coefficient δ, the KIcIFT and stress 
intensity range ∆K can be defined for tested materials. Results of calculations 
are presented in Table 7. 
Table 7. Fatigue crack growth parameters for tested materials 

Grade Constant δ KIcIFT, 
MPa·m1/2 ∆K, MPa·m1/2 da/dN, 

mm/cycle 
H15 0.025 18.2 6.7 8.4·10-7

S13 0.024 14.4 6.0 1.4·10-6

T70/14 0.030 17.6 6.2 1.3·10-6

ST75/14 0.046 16.8 5.1 8.1·10-7

The results are in good agreement with previously published data [44]. 

The fatigue crack growth rates are obtained from fractographical investigations. 
Distance between striations which can be found from fractured carbide grains is 
measured and then crack growth rates are calculated [76]. 

3.4 Microstructural aspects of failure of carbide composites 
Fatigue fracture of cemented carbides is well investigated and documented [7, 
28, 32, 35, 60]. Main fracture mechanisms are revealed in numerous studies [31, 
34, 59,]. Fracture predominantly starts in the binder phase, proceeded with 
cobalt binder transformation and followed with trans- and intergranular carbide 
grains fractures. The same behaviour is observed in TiC-Fe/Ni cermets [33], 
with the exception of binder phase transformation. 
Sinter/HIP technology did affect the ST75/14 cermet as it was expected. The 
statistical analysis of defects distribution (see Fig. 35) shows much smaller 
values if compared with T70/14 (Paper IX). However, the critical defect size is 
still equal to average grain size. The fracture behaviour is similar to that of 
T7014 cermet. 
3.4.1 Surface fatigue fractography 
The fractographical investigation of deformed surface in perpendicular plane to 
loading direction exposed a number of transgranular (cleavage, Wallner lines) 
and intergranular fractures of carbide grains or traces of brittle and evidences of 
fatigue fractures (striations), see Figs. 42 and 43. 
Large WC-grains are crushed to the smaller pieces, and then smaller grains 
extrude binder from the deformation site. Sufficient contact forces enable elastic 
fracture of grains and in time process advances into the depth of the material 
(Fig. 42). Unfractured large grains are pushed together and form carbide 
skeleton. During loading they oscillate provoking fatigue fracture to occur. 
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Figure 42. The subsurface degradation of hardmetal H15 microstructure. 

Figure 43. SEM micrograph of H15 subsurface with fatigue striations observed in WC 
phase (marked with arrows). 
Delamination is clearly visible (Fig. 43). In the affected zone the grains are 
separated from lower layers. Obtained debris can be easily removed from 
testpiece surface. And still it is not clear what kind of failure criterion can be 
specified for surface fatigue because the number of small cracks is large and 
final fracture can occur at any time. 
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3.4.2 Fractographical peculiarities of fatigue failure in blanking 
The XRD study revealed the ability of “brittle” carbide phase to absorb fracture 
energy by local plastic strain (Paper I). 
XRD-trials performed in present study (on composites tested in monotonic and 
cyclic loadings in fatigue testing) revealed alterations in their diffractograms 
(decrease in intensities and in broadness of lines of X-ray reflections from 
carbides) referring to changes in fine structure resulted from local plastic strain 
(Figs. 44 and 45). 

Figure 44. XRD patterns (difractograms) of carbide phase of WC-hardmetal: 1 – before 
testing (etalon); 2 – fractured hardmetal during cyclic loading; 3 – fractured hardmetal 
during monotonic loading. 

Decrease of intensities is the merit of static distortions (atoms distortions, 
movements of dislocations) of the carbide grains. In our case the drop of 
intensity is bigger for WC-phase (from initial state of 50 cps till 20 cps for 
cyclic loading, and till 7 cps for monotonic), resulting in higher fatigue 
sensitivity. 
For the TiC-phase the change of intensities is much smaller. The cyclic loading 
defined with drop from initial 80 cps till 60, and till 40 for monotonic loading 
correspondingly, see Fig. 45. 
Greater broadness of lines allows presuming presence of microstresses aimed to 
the direction of plastic stress. In TiC grains it is more uniform and slightly 
larger. Broadness is oriented to the direction of main stress (resulted in plastic 
straining). 
The intensity in embrittlement (decrease in plasticity) is more expressed in WC 
phase than in TiC grains. The higher resistance of a composite to embrittlement 
during cyclic loading result in its lower fatigue sensitivity (higher resistance to 
fatigue damage). 
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Figure 45. XRD patterns (difractograms) of carbide phase of TiC-cermet: 1 – before 
testing (etalon); 2 – fractured hardmetal during cyclic loading; 3 – fractured hardmetal 
during monotonic loading. 
Higher rate of decrease in plasticity during cyclic loading of tungsten carbide 
exceeds that of titanium carbide and increases the fatigue sensitivity of the WC-
based composite. 
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CONCLUSIONS 

 the present thesis are as follows: 
ide composites under 

rd ceramic particles and ductile 

3. 
d usually refers to statistical methods. The “weakest-link” 

4. 
ared with S13 hardmetal and T70/14 cermet. The scatter of 

5. 
of TiC-Fe/Ni cermets as 

6. 
ntional WC-based 

7. 
cermets. Calculation results are 

The main conclusions of
1. The fatigue behaviour of WC- and TiC-based carb

various loading conditions was studied; 
2. It was proven that the fatigue phenomenon of heterogeneous materials is 

based on the fact that both phases (ha
binder) are involved in the fracture process, although failure starts mainly 
in the binder; 
Strength and reliability assessment of hardmetals and cermets is 
complicated an
concept (Weibull distribution theory) is the most effective method for 
brittle materials. Weibull analysis displays a drastic dependence of the 
composites properties (RTZ, σf, Nf,0) on the binder phase content and 
composition; 
The grades H15 hardmetal and ST75/14 cermet have the higher fatigue 
limits as comp
fatigue data is wider for materials with lower binder content. Composites 
with higher binder content behave as ductile “metallic” materials and 
lower binder content leads to brittle fracture; 
The functional testing conducted in blanking of sheet metal provided 
evidence of relatively better performance 
compared to WC-Co hardmetal. The results are related to microstructure, 
adhesive wear resistance and fatigue performance. The blanking 
performance of the carbide composite is controlled by its adhesive wear 
resistance and fatigue sensitivity (slope of S-N curve); 
The results of adhesion wear resistance testing also demonstrated better 
resistance of TiC-based cermets as compared to conve
hardmetal at the same level of hardness. The more spherical shape of TiC 
carbide grains may be the reason for that; 
Predictions of the lower bound of fatigue limits are made. The Murakami 
approach was firstly applied to TiC-Fe/Ni 
in good agreement with fatigue testing results. The critical size maxarea  
of microstructural defect (pore, non-metallic inclusion, inhomogeneity) 
can also be determined by this technique, being equal to average  
grain sizes for the studied materials; 
A technique for surface fatigue testing was elaborated and presented in a 
recent study. The method is proved

 carbide

8. 
 experimentally to be efficient for 

surface fatigue life (Nf) prediction. Severe subsurface microstructural 
degradations (grains cleavage, striations, binder extrusion) were observed 
by the fractographic examination. For the studied H15 and ST75/14 
grades the surface fatigue testing results showed excellent convergence 
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with experimental data received from standard fatigue tests. Surface 
fatigue and standard fatigue curves displayed the same slopes for the 
corresponding material (fatigue sensitivities). Further testing should be 
done to make it possible to draw major conclusions on that matter; 
In cyclic loading the plasticity of composite phases (in particular carbide 
phase) decreases. Rate of decrease in plasticity (embrittlement) 

9. 
during 

 

 

cyclic loading of tungsten carbide exceeds that of titanium carbide. The 
lesser decrease in plasticity reduces the fatigue sensitivity of the carbide 
composite. 
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ABSTRACT 

Hardmetals and cermets are widely used as tool materials in machining and 
forming applications as well as materials for wear components because of their 
excellent combination of mechanical properties. Time-dependent mechanical 
degradation of these heterogeneous materials containing natural microstructural 
defects (pores, non-metallic inclusions or inhomogeneities and etc.) occurs at 
complex service conditions. 
The aims of the present work are to conduct fatigue strength predictions from 
limited data and to study novel TiC-based cermets (prospective for metal 
forming) to substitute conventional tungsten based hardmetals. The Murakami 
prediction approach applied is based on the correlation of various material 
parameters, such as yield stress (σY), hardness (HV, HRA or HB) with fatigue 
limit (σf) and preexisting crack growth resistance (KIc). 
The theoretical model of surface fatigue prediction is proposed and it is proved 
experimentally. Fractographical investigations revealed traces of deformation 
and the size of affected subsurface zone. 
Prediction results are in good agreement with fatigue properties received by 
conventional testing. The performance of some TiC-Fe/Ni cermets in cyclic 
loading conditions – fatigue, blanking of sheet metal – was analyzed and 
compared with that of a conventional WC-hardmetal applicable in metal 
forming. The results of microstructure investigation of cemented carbides are 
also presented. 

Keywords: hardmetals, cermets, fatigue properties, surface fatigue, mechanical 
reliability, blanking performance. 
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KOKKUVÕTE 

Pulbermetallurgia teel valmistatud kõvasulamid ja kermised on tuntud oma 
omaduste kõvaduse-sitkuse hea kombinatsiooniga. Neist valmistatakse lõike-, 
surve- ja stantsimistöötlemise tööriistamaterjale. Kallite WC-Co kõvasulamite 
kasutamine on põhjendatud kümneid kordi pikema püsivusaja tõttu. Keerulised 
tsüklilised koormamisskeemid tingivad selliste heterogeensete materjalide 
mehaanilist degradeerimist. 
Kõvasulamite ja kermiste väsimusomaduste prognoosimine (ettearvutamine) on 
raskendatud neis mikrostruktuursete defektide (poorid, võõrad lisandid, 
mittemetalsed ühendid jne.) olemasolu tõttu. Kaasaaegsed tehnoloogiad ei 
võimalda valmistada defektita pulbermaterjale, kuid paagutus samaaegse 
isostaatilise kuumpressimisega (sinter/HIP) vähendab kõvasulamite ja kermiste 
poorsust ja tõstab nende töökindluskarakteristikuid. 
Käesoleva töö eesmärgid: 

1. Uurida TiC-baasil kermiste mehaanilisi omadusi, eelkõige 
väsimustugevust ning funktsionaalsedid omadusi lehtmetalli 
stantsimisel. 

2. Kohandada kõvasulamite ja kermiste väsimusomaduste prognoosimise 
metoodikat kasutades selleks teraste jaoks väljatöötatud metoodikat nn. 
Murakami meetodit. 

3. Uurida võimalusi pindväsimuse prognoosimiseks (ettearvutamiseks). 
Pindväsimus on oluline eelkõige stantsimise tööriistamaterjalide 
püsivuse suurendamiseks. 

4. Viia läbi karbiidkomposiitide mikrostruktuurseid uuringud leidmaks 
seoseid mikrostruktuursete defektide ja väsimusomaduste vahel. Uurida 
purunemismehhanismi tsüklilise (väsimus, stantsimine) koormamise 
tingimustes ja sinter/HIP tehnoloogia mõju sellele. 

Töö eksperimentaalses osas uuriti WC- ja TiC-baasil karbiidkomposiitide 
väsimust ning pindväsimust. Väsimuskatsetes rakendati kolmepunktilist 
paindeskeemi. Määrati WC-Co ja TiC-Fe/Ni komposiitide paindetugevused ja 
hinnati Weibulli statistika abil. 
Purunenud katsekehi uuriti SEM-ga, et selgitada välja mikrostruktuursete 
defektide jaotused ja suurused. Statistiliselt analüüsitud andmeid kasutati 
Murakami metoodikas (mikrostruktuursete defektide kriitiliste suuruste 
leidmine). 
Pindväsimuse prognoosimise teoreetiline metoodika baseerub purunemis- ja 
kontaktmehaanika arvutusmeetoditel. Katsemasin on konstrueeritud ja 
valmistatud TTÜ-s. Katsete tulemused kinnitavad teooria õigsust. 
Teostati funktsionaalsed katsed stantsimissoorituse ja adhesioonkulumis-
kindluse määramiseks. Katsete tulemused on heas korrelatsioonis 
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väsimuskatsetuste tulemustedega. Teostati röntgenstruktuursed (XRD) uuringud 
seose leidmiseks kõvasulamite ja kermiste töövõime ja struktuuri vahel. 
Selgitati välja materjalide purunemismehhanismi erisused ja iseloom tsüklilisel 
ja monotoonsel koormamisel. 
Peamised järeldused on alljärgnevad: 

1. Staatiliste testimise tulemustest on näha, et kõvasulamites ja kermistes 
sideaine sisaldus määrab paindetugevuse ja purunemise iseloomu. Üks 
trend kehtib mõlema materjali jaoks – mida suurem on sideaine 
sisaldus, seda metalsem on komposiidi käitumine purunemisel. Sideaine 
mahulised sisaldused on kõvasulamites S13 ja H15 umbes samad kui 
kermistes T70/14 ja ST75/14 vastavalt; 

2. Sideaine sisaldus avaldab mõju väsimusomadustele. Ta määrab nii 
väsimustugevuse kui ka väsimuskõvera kalde. Suurema sideaine 
sisalduse juures on väsimustugevus suurem, kalle ja sellest tulenevalt ka 
väsimustundlikus ja tulemuste hajuvused on väiksemad. Niisugune 
käitumine on iseloomulik nii kõvasulamitele kui ka kermistele. Siin 
tuleb arvestada sellega et ST75/14 on valmistatud sinter/HIP 
tehnoloogia abil; 

3. Esmakordselt on TiC-basil kermiste jaoks väsimustugevuse alampiiri 
ettearvutamisel on kasutatud Murakami meetodit. Tulemused on 
kooskõlas kolmepunktiliste väsimuskatsete tulemustega; 

4. Pindväsimusel materjalide käitumise suundumused on samad kui 
väsimusel kolmepunktilise paindega. Sideaine sisaldus määrab 
kõvasulamite ja kermiste pindväsimuse omadused; 

5. Funktsionaalsete testide tulemused lihtsustamisel on võimalik seostada 
materjali käitumisega väsimuse ja adhesioonkulumise tingimustes. 
Suurema töövõimega kermetit (ST75/14) iseloomustab kõrgem 
vastupanu adhesioonkulumisele ja väiksem väsimustundlikus; 

6. Tsüklilistel koormustel karbiidkomposiitide faaside (sh karbiidne faas) 
plastsus väheneb. Plastsuse vähenemine (hapruse suurenemine) 
tsüklilistel koormustel monotoonse koormamisega värreldes on 
iseloomulikum volframkarbiidkõvasulamitele titaankarbiidkermistega 
võrreldes. 

Märksõnad: kõvasulamid; kermised; väsimus omadused; pindväsimus; 
mehaaniline usaldusväärsus; stantsimissooritus. 
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Abstract. The present study describes the wear and mechanical behaviour of some carbide 

composites (TiC-base cermets and WC-base hardmetals) in cyclic loading applications (blanking of 

sheet metal). Adhesive wear as well as fatigue endurance were tested, followed by XRD 

measurements. The results show that the blanking performance of a carbide composite is dependent 

on its level of resistance to adhesion wear and fatigue sensitivity. XRD measurement revealed that 

fatigue damage is preceded by plastic strain in both the ductile binder and the brittle carbide phase. 

  

Introduction 

  

Tungsten-base hardmetals are the most widely used wear resistant composites because of their 

excellent combination of wear resistance and strength [1]. TiC-base cermets (tungsten-free 

hardmetals) have proved to be very useful in certain applications because of their fair specific 

strength and meritous physical properties [2, 3]. 

This paper focuses on the mechanical and tribological behavior of some advanced TiC-base cermets 

in terms of their performance as tool materials for cyclic loading (blanking) applications.Another 

important aim is to identify any correlation that might exist between blanking performance on the 

one hand and fatigue endurance and adhesive wear resistance on the other hand. 

  

 

Experimental Procedure 

  

Table 1 shows the advanced TiC-base cermets, the performance of which was tested in complicated 

wear conditions (in relation to ordinary WC-hardmetal H15). 

  

Table 1. Structural characteristics, hardness HV and transverse rupture strength RTZ of composites 

  

No 

  

Grade Carbide 

[[[[wt%]]]] 

Binder composition, 

structure 

HV 

[[[[GPa]]]] 

RTZ 

[[[[GPa]]]] 

1 

2 

3 

H15 

T70/14 

T60/8 

85 

70 

60 

Co(W) 

Fe+14Ni steel, austenite 

Fe+8Ni steel, martensite-bainite 

1.15 

1.25 

1.20 

2.9 

2.2 

2.3 

  

 The durability test procedure was similar to that of in service functional procedures − blanking 

of grooves into electrotechnical sheet steel (thickness  t = 0.5 mm, proof stress Rco.2 = 1600 N/mm
2
) 

in a 3-position (reinforced with alloys – in Table 1) die. Durability was evaluated by the side wear ∆ 

of the dies after the intermediate service time of 0.5 x 10
6 
strokes [4]. Fatigue tests resembled those 

for the bending fatigue − fatigue of specimens 5x5x15 mm under repeated (frequency 35 Hz) 

transverse bending load [5]. The wear performance of alloys was studied in the cutting adhesive 
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wear conditions [3], where the wear resistance L1 was determined as the length of the cutting path 

(by turning mild steel at low speed) when wear track at the tool (specimen) nose reaches h = 1mm. 

After the above tests were completed, XRD studies were performed on the diffractometer 

Bruker D5005. A decrease in the intensity ∆I of the X-ray reflection lines from carbides (as a 

measure of local plastic strain) was determined. 

  

Results and Discussion 

  

In the case of the functional tests, the wear contours of cutting edges (and side wear ∆) of carbide 

tools refer to an obvious superiority of the TiC-cermet with Ni-steel binders (grade T70/14) over an 

ordinary WC-base hardmetal (grade H15) (Fig.1) and TiC-cermet (grade T60/8). 

  

 

  

 

 

 

 

 

 

Fig.1.Wear contours of cutting edge of 

dies from different cemented carbides  

 

  

 

 

 

 

 

 

 

The results of adhesive wear trials (wear curves h – L, Fig.2) confirms the superiority of grade 

T70/14 over H15 and T60/8. 

From the results of the fatigue tests (Wöhler curves), we can make an unusual observation in 

connection with H15 in the behavior of grade T70/14 characterized by lower fatigue sensitivity 

(Fig. 3). The fatigue sensitivity of an alloy is indicated by the decrease in the intensity in the fatigue 

strength, ∆Sm, with increasing loading cycles, N (the slope of its Wöhler curve).  

The results of the present study (Figs.1–3 and Table 2) show that there exist a positive 

correlation between cemented carbide blanking performance and its fatigue sensitivity (factor ∆S = 

Sm7 – Sm3) and adhesive wear resistance L1.  

In addition, SEM results show that the plastic strain (onset of failure) of cemented carbides in the 

case of static and cyclic loading starts and that it takes place mainly in the ductile binder [6, 7]. 

Based on the  results of XRD studies (Table 3) it can be concluded that the fracture of carbide 

composites during cyclic loading propagates in their carbide phase and is preceded by local plastic 

strain. This means that the ability of a carbide composite to undergo plastic strain, that is, its ability 

to absorb fracture energy by local plastic strain, depends on the plasticity of both the ductile binder 

and the “brittle” carbide-phase. The results in Table 3 show that the ability of the carbide phase to 

undergo local plastic strain depends on the loading mode. Cyclic loading results in a decrease of 

carbide ability to strain plastically in relation to monotonic loading (measures c = Io/Ic and m = 

Io/Im). 
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Fig.2.Wear kinetics (curves) of 

carbide composites 

 

 

 

 

 

 

 

 

 

  

 

  

 

 

 

Fig.3.  Wöhler curves of carbide 

composites 

  

 

 

 

 

 

   

Table 2. Performance characteristics of carbide composites: N/∆ -blanking  performance, ∆S – 

fatigue sensitivity (∆S=Sm7 – Sm3, where Sm7 and Sm3 – fatigue strength at 10
7
 and 10

3
 loading 

cycles, respectively), L1 – adhesive wear resistance, RTZ – transverse rupture strength, HV – 

hardness. 

  

Grade 

  

HV 

[[[[GPa]]]] 

RTZ 

[[[[GPa]]]] 

N/∆∆∆∆⋅⋅⋅⋅10
6 

[[[[strokes/mm]]]] 

∆∆∆∆S 

[[[[GPa]]]] 

L1 

[m/mm] 

T70/14 

H15 

1.25 

1.15 

2.2 

2.9 

180 

120 

0.35 

0.55 

590 

430 

 

The extent of embrittlement is distinct for both carbides − WC and TiC. It can be seen that the 

plasticity of TiC in monotonic loading is less than that of WC (mTiC<mWC).However, in the cyclic 

loading conditions, TiC in cermet shows similar level of plasticity with that of WC. It means that  
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rate of decrease in plasticity (embrittlement) during the cycling loading of tungsten carbide 

(measure m/c) exceeds that of titanium carbide (4.0 versus 1.5 as shown in Table 3). 

A higher resistance of composite phases (binder and carbide) due to decrease in plasticity in 

the cyclic loading conditions appears to result in a higher resistance of the composite to fatigue 

damage (lower fatigue sensitivity, lower slope of Wöhler curve). The superiority (higher blanking 

performance) of the advanced TiC-base cermet T70/14 in relation to the ordinary WC-hardmetal 

appears to be a result of its higher resistances to adhesive wear and fatigue damage.    

  

 

Table 3. Decrease in the intensity of lines of X-ray reflections from the carbide phase of cemented 

carbides tested: Io, Im, Ic – intensities before and after monotonic (m) and cyclic (c) loadings, 

respectively  

  

Intensity, Lin [[[[Cps]]]] Decrease in 

intensity  

Grade 

  
Carbide, 

line 

Io Im Ic 

m

o

I

I
m =  

c

o

I

I
c =  

Embrittlement 

m/c  

H15 

T70/14 
WC, [001] 

TiC, [200] 

51  

78 

8 

37 

32 

57 

6.4 

2.1 

1.6 

1.4 

4.0 

1.5 

  

  

Conclusions 

 

Based on the results of our experiments, the following conclusions could be drawn.  

• The blanking performance of a carbide composite is controlled by its adhesive wear resistance 

and fatigue sensitivity (slope of Wöhler curve). 

• Surface failures of a carbide composite in the cyclic loading wear conditions (blanking and 

fatigue) start in the binder and propagate in the carbide phase, and are preceded by local plastic 

strain that can be observed in both the ductile binder and the brittle carbide. 

• In cyclic loading, the plasticity of composites phases (in particular carbide phase) decreases. 

• The lesser decrease in plasticity that occur in the carbide composite phases reduces the fatigue 

sensitivity of the composite. 
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Abstract: A lot of investigations have been conducted to clarify fatigue mechanisms and to 
identify the crucial controlling factors of this process. High structure sensitivity of fatigue, 
relevance of binder strength (its structure and composition) on fatigue properties of PM 
materials is widely known. Appearance of structural defects and inhomogeneities, such as 
pores, non-metallic inclusions and etc. is marginal for material selection. The new technique 
developed by Y. Murakami for the prediction of lower bound of the fatigue limit of materials 
was firstly applied for WC-Co hardmetal (H15) and TiC-based cermets (T60/8 and T70/14). 
The fatigue properties were correctly predicted by considering the maximum occurring pore 
size using the statistics of extremes. The Vicker's hardness of binders (as main responsible for 
the fracture mechanism) and geometrical parameter of maximum area of structural defect 
were assumed to be the basis of such calculations. The results of this procedure showed 
excellent convergence with experimental data received from previous testing procedures of 
fatigue tests. 

 
Keywords: hardmetals; cermets; fatigue limit; Murakami model (extreme value statistics); 
microstructure; Vicker's hardness. 
 
1. INTRODUCTION 

Prediction of the materials fatigue limit from limited information is the main aim for many 
researchers. Various material parameters such as yield stress (σY), ultimate tensile stress (σU), 
and hardness (HV, HRA or HB), may be correlated with fatigue limit (σf) or threshold stress 
intensity factor range (∆Kth) [1-5]. These investigations avouch high structure sensitivity of 
fatigue of cemented carbides (“structurally brittle” materials). Irreversible microscopic 
changes (micro-crack formation, phase transformation, phase boundary sliding and pore 
nucleation during manufacturing and fatigue processes) occur, analogous to the irreversible 
sliding processes during the fatigue of ductile materials. In addition different processes, 
caused by crack closure, crack bridging, and friction of opposite crack surfaces, have an 
influence on the fatigue crack growth. 

The main goal of present study is to find coalescence between fatigue properties and 
structure of materials, because structural defects are essential for PM materials. Structural 
defects and inhomogeneities can appear in shape of pore, non-metallic inclusion, chemical 
composition, surface and natural defects, and etc. It is most difficult to define defects number 
or size due to their variety. Traditional theories of defects effect evaluation are based on stress 
concentration factors and are applicable to defects larger than ~1 mm. However, as defect size 
decreases, these theories become invalid [6-8]. 

In present work Murakami method was applied for the first time for hardmetals and 
cermets to evaluate quantitatively the effects of defects on the fatigue strength and threshold 
stress intensity factor. The estimate of this prediction has been done by analyzing the pore 
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sizes using the statistics of extremes. The results of equating the lower band of scatter of 
endurance limit (σfl) and threshold stress intensity factor range (∆Kth) on the basis of binder 
Vicker’s hardness (HV) and geometric parameter maxarea  showed its excellent convergence 
with experimental data received from both testing procedures standard fatigue tests and 
accelerated fatigue ones [1, 9, 10]. 

2. MATERIALS AND DEFECTS RATING PROCEDURE 

The Murakami method (1983) was applied to make prediction of maximum inclusion size 
and lower limit (σfl) of the fatigue strength and threshold stress intensity factor range (∆Kth) 
for WC-Co hardmetal (H15) and TiC-based cermets with Fe/Ni steel binder (T60/8 and 
T70/14). Mechanical properties and composition of tested cemented carbides (at ambient 
temperature) are given in Table 1. 

Material H15 T70/14 T60/8 

WC content, wt% 85 - - 
TiC content, wt% - 70 60 

Binder composition and structure Co Fe/14wt% Ni 
austenite 

Fe/8wt% Ni 
martensite 

Carbide average grain size, µm 2,1 2,0-2,4 2,2 
Hardness, HRA 87,5 88,5 87,5 
Transverse rapture strength, RTZ (GPa) 2,7 2,4 2,2 
Young's modulus, E (GPa) 600 410 - 
Hardness of binder, HV 175 366,5 293 
Table 1. General data and mechanical properties of tested materials [9-13] 

Specimens were produced through conventional 
press and sinter powder metallurgy by Laboratory of 
Powder Metallurgy of Tallinn University of 
Technology (according to ASTM B406). After 
standard and accelerated fatigue tests (3PB – three 
point bending schema, R3a) were performed a 
section perpendicular to the maximum normal stress 
was cut from the specimen and examined with 
scanning electron microscope (SEM). 

SEM pictures of the inspection areas were made 
on JEOL JSM840a apparatus, see Fig. 1. 

Fig. 1. Sample of SEM images of the inspection area for hardmetal H15 

Defects areas were measured by means of transporting the SEM images of samples into 
AutoCAD interface (see Figs. 2), and resulted in the calculation and rating of the size of the 
defect areas. 

Prediction of the lower 
bound of fatigue limit and 
evaluation of threshold 
stress intensity factor range 
were conducted with 
acceptation that hardness 
(Vicker’s hardness - HV) 
of binder is main 
responsible fracture 
characteristic  

Fig. 2. Images of area of defects imported to AutiCAD for the defect area calculation (X1000) 
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Vicker's hardness of binder was measured on Bühler Micromet 2001 apparatus. 
Finally, results of lower limit of fatigue strength prediction were compared with previous 

experimental data received from both testing procedure of standard fatigue tests and 
accelerated fatigue ones. 

Calculations of threshold stress intensity factor range were collated with computations of 
∆Kth according to model proposed by Torres, Anglada and Llanes [2, 5]. 

3. RESULTS AND DISCUSSIONS 

3.1 Prediction of the lower limit of the fatigue strength 

Arrangement of defects regarding free surface is: on the surface, just below surface and 
interior (invisible). Equations proposed by Murakami are [1]: 
for surface defect 

                                       6/1
max )/()120(43,1 areaHVw +=σ ,    (1) 

for defect just below surface 
                                       6/1

max )/()120(41,1 areaHVw +=σ ,    (2) 
for interior defect 

                                       6/1
max )/()120(56,1 areaHVw +=σ ,    (3) 

where HV – Vicker’s hardness, kgf/mm2; 
 maxarea  - square root of the maximum size defect area, µm. 

Defects inspection items are shown in Tables 2-4 for hardmetal H15, cermets T60/8 and 
T70/14 correspondingly. 

 
Maximum defects distribution 

665,55006,33max +=+⋅= ybyaarea  
Prediction of maxarea  

*S (mm2) T maxarea  (µm) 
1 

10 
100 

7,44 
74,41 
744,01 

119,552 
197,682 
273,883 

Prediction of lower bound of the scatter of the fatigue strength 

for surface defects, MPa for defects just below 
surface, MPa for interior defects, MPa 

σf1=598 
σf10=550 
σf100=521 

σf1=590 
σf10=542 
σf100=513 

σf1=652 
σf10=600 
σf100=568 

* - the area of prediction 

Table 2. Defects inspection items for H15 hardmetal 
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Maximum defects distribution 

392,9232,35max +=+⋅= ybyaarea  
Prediction of maxarea  

*S (mm2) T maxarea  (µm) 
1 

10 
100 

1542,44 
15424,44 
154244,47 

268,023 
349,158 
430,283 

Prediction of lower bound of the scatter of the fatigue strength 

for surface defects, MPa for defects just below 
surface, MPa for interior defects, MPa 

σf1=735 
σf10=703 
σf100=679 

σf1=725 
σf10=693 
σf100=670 

σf1=802 
σf10=767 
σf100=741 

* - the area of prediction 

Table 3. Defects inspection items for T60/8 cermet 

 

Maximum defects distribution 
765,5516,74max −=+⋅= ybyaarea  

Prediction of maxarea  
*S (mm2) T maxarea  (µm) 

1 
10 
100 

1542,44 
15424,44 
154244,47 

541,244 
712,846 
884,428 

Prediction of lower bound of the scatter of the fatigue strength 

for surface defects, MPa for defects just below 
surface, MPa for interior defects, MPa 

σf1=771 
σf10=736 
σf100=710 

σf1=760 
σf10=726 
σf100=700 

σf1=841 
σf10=803 
σf100=775 

* - the area of prediction 

Table 4. Defects inspection items for T70/14 cermet 

The results of equating the lower bound of scatter of fatigue strength (H15 - σw1≈590 MPa; 
T60/8 - σw1≈725 MPa; T70/14 - σw1≈760 MPa) showed its excellent convergence with 
experimental data received from both the standard (H15 - σf,min≈720 MPa; T60/8 - σf,min ≈815 
MPa; T70/14 - σf,min ≈900 MPa) and accelerated (H15 - σf ≈500 MPa; T60/8 - σf ≈620 MPa; 
T70/14 - σf ≈550 MPa) testing procedures [9, 10, 12-14]. 

3.2 Evaluation of threshold stress intensity factor range 

Materials having higher Vicker’s hardness show higher values of threshold stress intensity 
factor ∆Kth. However, the trends cannot be expressed in a simple form, such as HVKth ∝∆ . 
Murakami proposed following equation [1]: 

                                           3/1
max21 ))(( areaCHVCKth +=∆ ,    (4) 

where C1 – material independent constant, C1=3,3x10-3; 
 C2 – material independent constant, C2=120; 

Results of calculations are compared with threshold characteristics (Kth) quantified by 
equation proposed by Y. Torres, M. Anglada and L. Llanes, 2001, are given in table 5. 
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Tested gardes Fracture toughness, K1C 
(MPa·m-1/2) 

Threshold stress 
intensity factor, Kth 

(MPa·m-1/2) 

Threshold stress 
intensity factor range, 
∆Kth (MPa·m-1/2) 

H15 17,0 9,6 7,5 
T60/8 14,1 7,9 9,9 
T70/14 17,5 11,9 14,8 

Table 5. Threshold characteristics of examined materials [2, 11, 14] 

 

4. CONCLUSIONS 

1. The new technique developed by Murakami (1983) for the prediction of the lower bound 
of endurance limit of WC-based hardmetal (H15 - 85wt% WC and 15wt %Co) and TiC-
based cermet (T60/8 – 60wt %TiC and Fe/8wt% Ni and T70/14 – 70wt %TiC and 
Fe/14wt% Ni) was applied. 

2. The results of inclusion rating and correlations with the fatigue limit procedures showed 
excellent convergence with experimental data received from both testing procedure of 
standard fatigue tests and accelerated fatigue ones. 

3. Threshold stress intensity factor range (∆Kth) values calculated by equations proposed by 
Murakami are in agreement with results received from previous works. 

4. A good correlation between the proposed geometrical parameter maxarea  and lower limit 
of the fatigue strength and threshold stress intensity factor range of hardmetals and 
cermets has been demonstrated. Applied method is suggested as a reliable measure of the 
resistance of hardmetals to fracture, for material selection as well as for quality assurance. 
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Abstract. Majority of the fracture toughness studies of metallic materials typically use the Chevron 
notch technique, compact specimens and round notched tensile specimens. These methods require 
considerable time for sample preparation and for the notch geometry control. Only a few of them 
can be applied for cemented carbides due to the very high brittleness of the hard phase. This is why 
various indentation fracture toughness (IFT) techniques have been developed [1,2], which are more 
rapid and simple. Indentation toughness measurements results depend critically on the assumption 
about the crack type (Palmqvist or median/radial cracks), on the equations used for the calculation 
of fracture toughness and on the material-dependent and material-independent constants [3]. In the 
present work a comparative study of IFT calculation methods was carried out to find a reliable 
technique for studied materials (WC-Co, TiC-Fe/Ni). Several IFT equations for ceramic materials, 
recommended by standards and publications, were used for the evaluation of the fracture toughness 
and compared with published conventional fracture toughness data [4,5]. Only few of the equations 
give reliable estimation of the fracture toughness of cemented carbides. 
 
Key words: cermets, hardmetals, fracture toughness, indentation, Palmqvist crack, Vickers hard-
ness. 

 
 

1. INTRODUCTION 
 
In discussions on the hardness and toughness of hardmetals (WC-based) and 

cermets (TiC-based), it is always assumed that the higher the hardness of the 
composite material, the lower the fracture toughness, and vice versa. Although 
this principle is valid in general, a lot of specific aspects must be considered. 

The measurements of fracture toughness of cemented carbide are complicated 
because of very high brittleness of these materials. Sample preparation is time-
consuming and expensive. Methods, based on single edge notched beam (SENB, 
ASTM STP 1419), single edge precracked beam (SEPB, ISO 15732), the single 
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edge V-notched beam (SEVNB, CEN/TS 14425-5:2004), Chevron notched 
beam, surface crack in flexure (CNB and SCF, ASTM C1421-01b) and other 
conventional techniques require very precise notch geometry control. Results 
crucially depend on the surface preparation and on the state of residual stresses. 

On the other hand, the indentation fracture toughness technique is much easier 
to conduct. There is no need for the preparation of the specimens with special 
geometry and complex notches. Method involves measurements of the lengths of 
the cracks, which emanate from the corners of Vickers indentation diagonals, of 
the applied indentation load and of a few material properties such as elasticity 
modulus and Poisson’s ratio. This method is basically used for the measurement 
of mechanical properties of glasses and ceramics. 

The main restrictive factor of the adaptation of IFT for cemented carbides is 
very high hardness of WC-Co and TiC-Fe/Ni cermets. These materials tend to 
crack only at elevated loads. This complicates cracks length measurements and 
makes hardly possible to define the crack formation model [6,7] (Fig. 1). These 
difficulties led to deviations in the calculation results. 

In this paper we compare different IFT measurement methods for cemented 
carbides. 

 
 

2. EXPERIMENTAL  PROCEDURE 
 
Mechanical properties and composition of the studied materials are listed in 

Table 1. All cemented carbides were produced with conventional press and sinter 
powder metallurgy according to ASTM B406 at the Powder Metallurgy 
Laboratory of the Tallinn University of Technology. The cemented carbide 
specimens were prepared to the following dimensions (width × height × length): 
WC-Co grade – (5.0 ± 0.3) × (5.0 ± 0.3) × 19 and TiC-based ones – (5.0 ± 0.3) × 
(5.0 ± 0.3) × 16, mm3. Specimens were ground to a surface finish of about 1.5 µm 
for WC-Co hardmetals and 2.5 µm for TiC-base cermets on four sides (measured 
along 8 mm of the specimen by the Surtronic 3+ apparatus, using CR filter). 
Opposite ground faces were parallel within 0.03 mm. 

 
 

 
 

Fig. 1. Principal scheme of the indentation crack geometry. 
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Table 1. Mechanical properties of the tested materials 
 

Grade Carbide, 
wt% 

Binder composition, structure Poisson’s 
ratio 

Vickers 
hardness, 

HV 

Elasticity 
modulus E, 

GPa 

WC10 90 Co(W) 0.23* 1310 551 
WC15 85 Co(W) 0.23* 1126 508 
TiC70/14 70 Fe + 14Ni steel, austenite 0.23* 1268 398 
TiC60/8 60 Fe + 8Ni steel, martensite-bainite 0.22* 1122 423 

———————— 
Values marked * are estimates. Source: CES 2005 Edupack. 
 
 

Hardness and IFT tests were carried out on the INDENTEC 5030 SKV at 5 
different loads P between 2.5 and 50 kgf at an indentation duration 10 s. 
Additional universal hardness tests were produced on the Zwick Z2.5 apparatus 
at loads of 10, 30 and 50 kgf for the evaluation of the elasticity modulus E. 
Elasticity modulus was calculated according to the ISO 14577-1:2002 standard 
(Metallic materials – Instrumented indentation test for hardness and materials 
parameters). 

The values of average indentation diagonals (Fig. 2) were obtained from at 
least six readings at each load level. The lengthening of cracks was observed with 
the increase of the applied indentation load (Fig. 3). Estimates of fracture 
toughness values were made at two different load P levels of 30 and 50 kgf for 
WC10, WC15 and T60/8 cemented carbides, and at 5 load levels 2.5, 5.0, 10.0, 
30.0 and 50.0 kgf for the T70/14 cermet. Optical investigation has shown that 
maximum available magnitude of the microscope (× 100) was not sufficient for 
crack length measurement in hardmetals WC10 and WC15 at loads lower than 
30.0 kgf. Some expressions for the determination of fracture toughness have 
limited applicability. 
 
 

 
(a)     (b) 

 

Fig. 2. Photographs of Vickers indentations of the T70/14-70 wt% TiC (a) and Fe-14 wt% Ni cermets. 

200 µm 80 µm 
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Indentation load, kgf 

 

Fig. 3. Dependence of the crack diagonal length on the indentation load. 
 
 

3. RESULTS  AND  DISCUSSION 
 
For IFT calculations it is recommended to take into account the true (load-

independent) hardness of the material [1,8]. It is well known that the apparent 
hardness decreases with the increase of the indentation load and approaches a 
constant value at a relatively high load level (Fig. 4). Measured Vickers hardness  

 
 

 
 

Fig. 4. Dependence of the Vickers hardness on the indentation load for tested cermets. 
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HV was used in calculations. Equations for fracture toughness calculation were 
obtained in three different ways. The first way considers Palmqvist cracks as 
semi-elliptical cracks or uses the two-dimensional through-crack model 
(Table 2). The second way considers median cracks, based on the half-penny-
shaped-crack model. The third way is based on curve-fitting technique. 
 
 
Table 2. Equations for calculation of fracture toughness (KIc) values from Vickers indentation 
crack systems 
 

Eq. 
No. 

Equation Ref. 

Palmqvist crack system 

  1 
3 / 2

0.0515
C

P
K

c
=  [9] 

  2 
3 / 2

4.50.079 log
C

a

c

P
K

a

 
 
 

=  [10] 

  3 

2 / 51/ 2 1/ 2

0.035 V V

C

H H al
K

a E

−−

=
Φ Φ

   
    

     
 [11] 

  4 

2 / 51/ 2 1/ 2

0.048 V V

C

H H al
K

a E

−−

=
Φ Φ

   
    

     
 [12] 

Median crack system 

  5 
3 / 2

0.0726
C

P
K

c
=  [9] 

  6 
3 / 2

0.0752
C

P
K

c
=  [13] 

  7 

2 / 53 / 2 1/ 2

0.129 V V

C

H H ac
K

a E

−−

=
Φ Φ

   
    

     
 [11] 

  8 

1/ 2

3 / 2
0.014

C

V

E P
K

H c
=

   
   

  
 [14] 

  9 

1/ 2

3 / 2
0.016

C

V

E P
K

H c
=

   
   

  
 [15] 

10 
3/ 2

0.0725
C

P
K

c
=  
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Table 2. Continued 
 

Eq. 
No. 

Equation Ref. 

 Curve fitting technique  

11 

2 / 5 1/ 2

0.055 log 8.4 V V

C

H H aa
K

c E

−

=
Φ Φ

   
   

    
 [17] 

12 

2 / 5

1/ 2

2 3 4 5

( ) 10 ,

1.59 0.34 2.02 11.23 24.97 15.32 , log

y

C V

V

E
K H a

H

c
y x x x x x x

a

=

= − − − + − + =

 
 
 

 
 
 

 [18] 

13 

2 / 5 1.561/ 2

0.142 V V

C

H H a c
K

E a

− −

=
Φ Φ

    
   

    
 [19] 

14 

2 / 5

1/ 2
0.0089

C

V

E P
K

H a c
=

⋅

   
   

  
 [11] 

15 

1/ 2

4

1

0.0889 V

C

i
i

H P
K

c
=

⋅
=

∑

 
 
 
 
 

 [20] 

16 

2 / 5

3 / 2

2 3 4 5

0.4636 10 ,

1.59 0.34 2.02 11.23 24.97 16.32 ,

log

F

C

V

P E
K

Ha

F B B B B B

c
B

a

=

= − − − + − +

=

 
 
 

 
 
 

 [18] 

17 

1/ 2

3 / 2
0.018

C

V

E P
K

H c
=

   
   

  
 [21] 

———————— 
Φ  is a constant, 3.Φ ≅  

 
 
Comparison of IFT values for WC10 hardmetal (at loads of 30 and 50 kgf) 

and for TiC70/14 cermet (at loads from 2.5 to 50 kgf), calculated using Eqs. (1)–
(17) are shown in Figs. 5 and 6, respectively. Fracture toughness KIc varies from 
10.247 to 30.394 MPa·m1/2 for WC10 and from 5.387 to 31.44 MPa·m1/2 for 
TiC70/14. From these results it is obvious that IFT depends on the indentation 
load (Figs. 7 and 8). 
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A comparison of the obtained data with the published one is shown in 
Table 3. Results of the indentation fracture toughness measurement and 
calculation for WC15 hardmetal and TiC60/8 cermet are very similar to those of 
WC10 and TiC70/14 grades. Their behaviour is similar to the investigated 
materials. Hardmetal WC10 was chosen as a reference material because it is well 
studied and there is a lot of information available about it. 

 
 

            
 

Fig. 5. Comparison of IFT values of the WC10 hardmetal, measured at 30 and 50 kgf and 
calculated using Eqs. (1)–(17). 

 
 

         
 

Fig. 6. Comparison of IFT values of the TiC70/14 cermet, measured at 2.5–50 kgf and calculated 
using Eqs. (1)–(17). 
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Fig. 7. Dependence of the calculated IFT values on the indentation load for WC10 hardmetal. 
 
 
 

 
 

Fig. 8. Dependence of the calculated IFT values on the indentation load for TiC70/14 cermet. 
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Table 3. Comparison of fracture toughness KIc (MPa·m1/2) values for WC10 
 

Schubert 
et al. [5] 

Rosa 
et al. [22] 

Torres 
et al. [4] 

Scieszka [23] Current 
study 

Testing method 

min max min max min max min max min max 

SENB 
   (single edge notched 
   beam) 

– – – –   8.6 10.5 – – 13.4* 14.7* 

SEVNB 
   (single edge  
   V-notched beam) 

– – – – 15.2 28.3 – – – – 

SCF 
   (surface crack in 
   flexure) 

– – – –   7.8 11.1 – – – – 

CNB 
(Chevron notched beam) 

– – – – – –  11.61   13.78 – – 

IFT 
   (indentation fracture 
   toughness) 

9.8 14.0 12.3 14.2 10.5 19.5  10.5 16.1 10.3 30.4 

———————— 
Values marked * are estimates. Source: CES 2005 Edupack. 

 
 

4. CONCLUSIONS 
 
Most of the IFT equations, used in the present work, can be used by elaborat-

ing fracture toughness measurement data for WC- and TIC-based cemented 
carbides, with the exception of “extreme” equations (Eqs. (1), (5), (8), (14), (15), 
(16) and (17)). The equations, which are in a good agreement with fracture 
toughness data, received using the conventional testing methods (Chevron 
notched beam, SEVNB etc.) are: Eqs. (2), (6) and (12) by Evans, Charles and 
Wilshaw, Eqs. (3), (4) and (7) by Niihara, Eq. (9) by Anstis, Eq. (10) by Tanaka, 
Eq. (11) by Blendell and Eq. (13) by Lankford. Equation (17) by Japanese 
Standards Association can be used for TiC-based cermets only. Instrumented 
indentation testing is a sterling technique for the determination of mechanical 
characteristics of hardmetals (hardness, elastic modulus, yield stress etc.). TiC-
based cermets are promising materials with reference to the fracture toughness 
compared with WC-based hardmetals; they tend to behave more plastically in 
spite of higher brittleness of the titanium carbide and increase of KIc with the rise 
of the indentation load. 
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Kermiste  purunemissitkuse  määramise  
indenteerimismeetodite  võrdlev  analüüs 

 
Fjodor Sergejev ja Maksim Antonov 

 
Metallmaterjalide purunemissitkuse (KIc) määramiseks kasutatakse valdavalt 

nn Chevroni sälguga ja kompaktseid katsekehi, ümarsälguga tõmbeteimikuid jne. 
Kõik need meetodid on töömahukad katsekehade keeruka geomeetria ja kõrgete 
täpsusnõuete tõttu pingekontsentraatorile. Karbiidse faasi äärmise hapruse tõttu 
on ainult mõnda neist meetoditest võimalik kermiste puhul rakendada. Seetõttu 
on välja töötatud mitmeid indenteerimise purunemissitkuse (IPS) määramise 
meetodeid [1,2]. IPS seisneb teemantindentori surumises materjali pinda ja tekki-
nud pragude pikkuse ja geomeetria põhjal materjali KIc väärtuse määramises. 
Eeliseks on meetodi lihtsus ja katse teostamise kiirus. Sel meetodil saadud tule-
mused sõltuvad oluliselt indenteerimise käigus tekkivate pragude eeldatavast tüü-
bist (nn Palmqvisti või mediaan- ja radiaalpraod), arvutustes kasutatud valemitest 
ja veel mitmest tegurist [3]. Artiklis on standardites ning varasemates uurimustes 
olevaid IPS-arvutusvalemeid kasutatud kermiste WC-Co ja TiC-Fe/Ni puru-
nemissitkuse määramiseks ja saadud tulemusi on võrreldud teiste meetodite abil 
määratud KIc väärtustega. On näidatud, et kermiste puhul saadakse vaid mõnede 
IPS arvutusteks soovitatud valemite abil usaldusväärseid tulemusi. 
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bstract

The main aim of the present theoretical work is to determine numerical dependence between the geometrical parameter of maximum area of
tructural defect

√
areamax (proposed by Y. Murakami, 1983) and surface fatigue of cemented carbides. The proposed relations allow making pre-

ictions of surface fatigue properties of cemented carbides (WC-Co hardmetals—with 10 wt% Co and 15 wt% Co binder; TiC-based cermets—with
2 wt% Fe/8 wt% Ni and 16 wt% Fe/14 wt% Ni binder) in conditions of sliding, rolling contact and impact cycling loading.

Pores are considered being equivalent to small defects. Three comparative defects conditions are distinguished: surface pores, pores just below
ree surface and interior pores. The Vickers hardness of the binder (as mainly responsible for the fracture mechanism of hardmetals and cermets,

ue to porosity) is presumed to be the basis of such an assumption.

The estimate of this prediction has been done by analyzing the pore sizes using the statistics of extremes. The lower limit of fatigue strength and
urface fatigue life can be correctly predicted by estimating the maximum occurring pore size in a critical material volume.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Surface cracks and defects, which are most likely to be found
n many structures in service such as pressure vessels, pipeline
ystems, off-shore structures and aircraft components, have been
ecognized as a major origin of potential failure for such compo-
ents. The study of fatigue crack propagation from such defects
as been an important subject during recent decades.

Powder metallurgy materials such as hardmetals and cermets
Please cite this article in press as: F. Sergejev et al., Correlation between su
(2007), doi:10.1016/j.wear.2007.02.024

re most widely used as tool materials in machining and forming
pplications. These materials are best known for their excellent
trength-wear resistance combination. Wear resistant cemented
arbides tend to contain inward and superficial natural structural
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043-1648/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.wear.2007.02.024
efects, pores, non-metallic inclusions or inhomogenities, etc.
heir existence is crucial for most mechanical properties and
aterial selection, and unfortunately cannot be totally excluded

y current technologies.
Based on the experimental fact that the crack shape of propa-

ating surface cracks in a plate under cyclic tension, bending or
ombined loading is approximately semi-elliptical, a theoretical
odel with two degrees of freedom is proposed for prediction of

he fatigue crack growth [1,2]. This model permits to conjecture
he size and location of the surface and subsurface cracks that
ccur during cyclic loading.

Present work is based on these assumptions and aimed at
inking the geometrical parameter of maximum area of struc-
ural defect

√
areamax (proposed by Y. Murakami, 1983) [3],

nd surface fatigue parameters for cemented carbides. Hertzian
ontact theory and Palmqvist model for indentation surface
racks were applied for numerical evaluation of subsurface
rack location (depth) and number of impact cycles to failure
rface fatigue and microstructural defects of cemented carbides, Wear

Nf, fatigue life).
The proposed equations are hypothetical and have not been

roved experimentally so far, but are based on the previously
ublished studies on steels, ceramic materials and glasses [4–7].

dx.doi.org/10.1016/j.wear.2007.02.024
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. Theoretical backgrounds

Contact between two solid bodies under cyclic stressing and
olling with impacts is described with Hertzian theory of fracture
echanics. This method can be used for evaluations of sur-

ace residual stress levels in brittle materials like WC-Co and
iC-Fe/Ni also. This gave an idea to combine Hertzian contact
pproach with the Palmqvist indentation theory. As a result we
btained a computational technique for surface crack geometry
valuation and surface fatigue life prediction for heterogeneous
aterials, containing hard phases (WC, TiC).
The Murakami approach for microstructure analysis with a

roposed geometrical parameter of maximum area of structural
efect

√
areamax and extreme value statistics were incorporated

o make the prediction more precise and correct. This method can
e used for prediction of fracture toughness also. No additional
atigue or other tests are required.

.1. Fracture by Hertzian contact (indentation)

The problems of contact between two non-conforming bodies
ith circular shape (rolling bearings, gears, wheel-on-rail, etc.)
ere first solved by Hertz and generally referred to as Hertzian

ontacts [8]. One of the uses of Hertzian indentation is to deter-
ine number and sizes of surface flaws. Here we consider the

urface with large number of small cracks then the stress field
round contact area (in our case indentation) will encompass a
arge number of ring cracks, outside the contact path, of radius
,see Fig. 1. Then d can be found as [5]

=
(

3PR

4E∗

)1/3

, (1)

here P is the load on the indenter, R the indenter radius and E*

s the equivalent Young’s modulus.
As we know ν1, ν2 and E1, E2 are the Poisson’s and Young’s

oduli for the indenter and substrate, respectively, then E* can
Please cite this article in press as: F. Sergejev et al., Correlation between su
(2007), doi:10.1016/j.wear.2007.02.024

e determine from

1

E∗ = 1 − ν2
1

E1
+ 1 − ν2

2

E2
. (2)

Fig. 1. EHD contact pressure distribution [9,10].
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hen the maximum pressure under the contact pmax is [5]

max = 3P

2πd2 =
(

3

2π

)
(P)1/3

(
4E∗

3R

)2/3

. (3)

n the other hand, the mean contact pressure pmean during the
mpact of an indenter in the Hertzian region [8] is equal to

mean = FN

πc2 , (4)

here FN is the maximum normal force and c is the maxi-
al scar that corresponds to the elastic and plastic deformation

c = cel + cpl) [6].
This is the normal condition for mechanical elements (gears,

earings) when the contacting surfaces are separated by a thin
ubricant film (Elastohydrodynamic lubrication:EHD or EHL).

.2. Fatigue life prediction

Fatigue limit was defined by Murakami as the threshold stress
or crack propagation and not the critical stress for crack initia-
ion [3].

This leads to the fact that cracks/defects are present in the
icrostructure of the hardmetals or cermets. Several relation-

hips are available for prediction of the lower bound of scatter
f fatigue limit (σf) and fracture toughness (KIc) which are based
n the Vickers hardness (HV) and maximum inclusion area
geometrical parameter of maximum area of structural defect

areamax) and uniform tensile/compressive stress (σ0) values:

σf=1.43
HV+120(√

area
)1/6 , ΔKth=1.43(HV+120)

(√
area

)1/3
,

KIc = 0.5σ0

√
π
√

area. (5)

hese equations are proposed for surface defects. For other
efects, just below surface and interior defect, the coefficient
.43 must be replaced by 1.41 and 1.56 correspondently [3].

Then for surface defects with previously evaluated Murakami
arameter

√
areamax (defect size) [3] and fatigue limit lower

ound (σf) values [11,12]. It is possible to find the total accu-
ulated energy Ei in the material as a function of the number of

mpact cycles, calculated from

i=3σfπR3

[
2

3
−

( c

R

)2
√

1 −
( c

R

)2+2

3

(
1− c

R

)2
]

, (6)

he strain energy release rate (G) for the propagation of the
rack with given parameters to the controlled dimensions can
e found from

Ic =
√

E × G

2 . (7)
rface fatigue and microstructural defects of cemented carbides, Wear

1 − ν

inally, the surface fatigue life Nfs (number of impact cycles to
ailure) can be predicted by extracting the strain energy release
ate G from the total accumulated energy Ei, while the fracture

dx.doi.org/10.1016/j.wear.2007.02.024
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Fig. 2. Geometry for elliptic-crack models [13].

f surface is in the elasto-plastic deformation regime

fs = Ei

G
. (8)

rediction of number of cycles to failure in the cyclic impact
egime gives us the practical knowledge (critical in material
election in conditions of rolling contact and impact cyclic load-
ng) about material surface behavior at prescribed conditions.

.3. Indentation crack geometry

Fracture toughness analyses for brittle materials generally
ssume that indentation precracks have the classic half-penny
nd radial/median geometries. However, there is no compelling
vidence that this is universal. Serial sectioning of indentation
racks often reveals a surface-localized, Palmqvist crack geom-
try [7,13].

Fig. 2 shows a schematic of the radial/median and Palmqvist
rack limiting geometries, which were produced by Vickers
ndentation.
Please cite this article in press as: F. Sergejev et al., Correlation between su
(2007), doi:10.1016/j.wear.2007.02.024

The subsurface lateral cracks are orthogonal to the radial and
almqvist cracks and can intersect them. Usually two lateral
racks can be observed—primary and secondary (in the case of
lasses and ceramics, see Fig. 3) [13].

w
t
a

ig. 3. The schematic representation of the shapes for subsurface indentation cracks
ig. 4. Schematical drawing showing the evaluation of surface and subsurface
rack configuration development with time [7].

Secondary lateral cracks cannot be taken into consideration.
he primary lateral cracks are the only ones that can cause crit-

cal damage of the surface. Their propagation gives way for
urface fatigue debris formation. The mechanism of such fail-
re is schematically shown in Fig. 4. This situation is general
or rolling contacts. Crack openings at early (D1) and later (D2)
tages of crack propagation are indicated.

The increase of number of fatigue cycles as compared to crack
rowth depths has shown that indentation cracks not only change
heir geometries (preserving their elliptical behavior), but also
end to grow into the substrate material, increasing radically
14].

In the further investigation we assume that cracks propagate
rom surface and subsurface defects, and are elliptical.

. Results and discussion

Specimens used for application of Murakami approach
rface fatigue and microstructural defects of cemented carbides, Wear

ere produced through conventional press and sinter powder
echnology, according to ASTM B406. The main structural char-
cteristics and mechanical properties are given in Table 1.

for different indentation loads (1, 2, 3, 4,. . ., n, are the test number) [13].

dx.doi.org/10.1016/j.wear.2007.02.024
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Table 1
Chemical composition and mechanical properties (Vickers hardness HV, transverse rupture strength RTZ, Young’s modulus E, Poisson’s ratio ν) of cemented carbides

No. Grade Carbide (wt%) Binder (wt%) Binder composition structure HV (GPa) RTZ (GPa) E (GPa) ν

1 H10 90 10 Co (W) 1.31 2.2 540 0.23
2 H15 85 15 Co (W) 1.13 2.9 600 0.23
3 T70/14 70 30 Fe + 14Ni austenite 1.27 2.4 410 0.23
4 T60/8 60 40 Fe + 8Ni martensite-bainite 1.11 2.3 395 0.22

Table 2
Calculated surface fatigue life results and employed parameters of cemented carbides

No Grade Total accumulated energy, Ei (J) Surface fatigue life, Nfs cycles Maximum pressure pmax (N/mm2) Mean pressure pmean (N/mm2)

1 H10 27,093 1.069 × 107 26.79 11.94
2 H15 35,636 1.291 × 107 21.92 12.05
3 26.00 11.07
4 22.33 10.04
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T70/14 27,085 7.063 × 106

T60/8 28,269 8.089 × 106

All materials were produced at the Powder Metallurgy Lab-
ratory of Tallinn University of Technology.

.1. Computation of surface fatigue life

According to the evaluation method described in Section 2.2
nd taking into consideration results of the Murakami model
pplication for the same materials for prediction of the lower
imit of the fatigue strength it can be proposed that the surface
atigue life of WC-hardmetals and TiC-Fe/Ni cermets can be
quated as

fs = EEi

0.25(1 − ν2)σ2
0

√
π
√

area
. (9)

alculated results for the studied materials are given in Table 2.
he radius of indenter R is equal to 10 mm, and indentation load
is 10 N for every material. The surface fatigue life means that

t the given loads, with an indenter of given radius, crack prop-
gation up to the maximum size (critical size) for wear debris
ormation will be achieved after the predicted number of cycles.

The combination of knowledge about surface fatigue crack
rowth and debris formation will allow prediction of the service
ife of hardmetals and cermets in conditions of cyclic loading and
olling contact, like in metal forming and blanking applications.

.2. Surface fatigue crack geometry

The predicted crack profile almost perfectly overlaps with a
emi-ellipse crack shape (see Fig. 5), as it was shown by Lin
nd Smith [1,2,14]. For all four materials we got very similar
urface crack depths and geometries (c = 0.199–0.212 mm) for
onditions described above.

That is why we assume that the primary lateral crack will be
ocated at almost the same depth, around 0.125–0.128 mm from
Please cite this article in press as: F. Sergejev et al., Correlation between su
(2007), doi:10.1016/j.wear.2007.02.024

he contact surface. This prediction cannot be accurate if other
ubsurface defects are present that are closer to the contact area.
n case of “pure” conditions the depth of the crack has to be
ithin the prediction limits.
ig. 5. Comparison of typical semi-ellipse crack with predicted crack shape
H10).

As mentioned above, several lateral cracks can appear under
yclic loading. This condition gives a reason to predict more
han two lateral cracks, but in this case the number of cracks
ill be dependent on the loading force.

. Conclusions

. A new numerical technique is developed for the prediction
of surface fatigue properties of cemented carbides. The pro-
posed equation for evaluation of the surface fatigue life Nf
which correlates with geometrical parameter of maximum
area of structural defect

√
area, is in the agreement with

previously reported results.
. This numerical technique can be used for cemented carbides

for prediction of the surface fatigue life and crack geometry.
. The proposed method does not need additional fatigue tests.

Only few mechanical properties and structure parameters
must be known.

. To obtain correct and reliable results: loading force (F),
indenter radius (R), mechanical properties (E, ν, HV), geom-
etry of contacting parts and the size of structural defects
(pores) must be taken into consideration.

. Unfortunately, this method is not yet proved by experiments,
rface fatigue and microstructural defects of cemented carbides, Wear

but is based on surface fatigue observations and studies of
WC-Co, ceramic and glass, described in literature. These
materials behave very similar to cermets, as they are very
brittle.

dx.doi.org/10.1016/j.wear.2007.02.024
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