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Abstract: The fatigue mechanics and mechanisms of cemented carbides (composites usually referred
to as hardmetals) are reviewed. The influence of microstructure on strength lessening and subcritical
crack growth for these ceramic-metal materials when subjected to cyclic loads are highlighted.
The simultaneous role of the ductile metallic binder as a toughening and fatigue-susceptible agent
for hardmetals results in a tradeoff between properties measured under monotonic and cyclic
loading: fracture strength and toughness on one hand, as compared to fatigue strength and crack
growth resistance on the other one. Toughness/fatigue–microstructure correlations are analyzed and
rationalized on the basis of specific crack–microstructure interactions, documented by the effective
implementation of advanced characterization techniques. As a result, it is concluded that the fatigue
sensitivity of cemented carbides may be reduced if either toughening mechanisms beyond ductile
ligament bridging, such as crack deflection, are operative, or strain localization within the binder is
suppressed. In this regard, grades exhibiting metallic binders of a complex chemical nature and/or
distinct microstructural assemblages are proposed as options for effective microstructural tailoring of
these materials.
Keywords: cemented carbides; fatigue strength; fatigue crack growth; fatigue sensitivity;
fatigue micromechanisms

1. Introduction
Fatigue is a relevant service degradation phenomenon in cemented carbides (materials also referred
to as hardmetals). It is associated with premature and unexpected failure during their application as
structural components, e.g., cutting or forming tools. However, different from the case of hardness,
strength, toughness, and wear resistance, parameters for which there exist comprehensive literature
surveys about the influence of microstructure, similar information on the fatigue behavior for these
materials is significantly less extensive (e.g., Sarin et al. [1]).
Although the earliest information on fatigue of cemented carbides dates from more than 70 years
ago [2], the more relevant scientific and technical advances on this field have been reported in the
last three decades. Among them, the findings reported by Sockel’s [3–6] and Llanes’s [7,8] groups
are noteworthy. Regarding the former, based on the applied stress–fatigue life (S–N curves) data,
Schleinkofer and co-workers documented a relevant fatigue strength-lessening associated with damage
localization within the ductile binder phase [3,4]. It was directly linked to subcritical crack growth
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of pre-existing flaws, pointing out this stage as the controlling one for failure under cyclic loading in
hardmetals [3–5]. Concerning the later, Torres and co-workers postulated and validated the fatigue
crack growth (FCG) threshold as the effective toughness under cyclic loading [7]. An extensive
and systematic analysis of the FCG data gathered for a wide range of microstructurally different
cemented carbides indicated the relevant influence of binder mean free path on the fatigue sensitivity
of these materials [8]. As most of the experimental work done on cemented carbides has been
conducted in tungsten carbide (WC)-Co systems, fatigue susceptibility of the metallic binder has
been rationalized on the basis of phase transformation (fcc to hcp) induced by cyclic strain within
the Co binder [3,4]. Therefore, the potential substitution of cobalt by alternative binders, based on
either Ni or Fe, has repeatedly emerged as an option for enhancing the fatigue resistance of hardmetals.
Furthermore, literature data combining fracture and fatigue characteristics for cemented carbides
are mainly concentrated on relatively finer-grained grades (e.g., References [3–9]). Considering that
many fatigue-related applications (e.g., mining) involve tougher grades characterized by coarser
microstructures, lack of this information is relevant for both design and optimal material selection.
Following the above ideas, an updated version of the review published by the author’s team about
five years ago [9] is presented. It includes and emphasizes research recently conducted with the main
objectives of evaluating the influence of the binder chemical nature and content, as well as that of
microstructural coarsening on the FCG behavior of the referred materials. It has been done by assessing
fatigue response and mechanisms, the latter through implementation of advanced characterization
techniques such as focused ion beam (FIB) combined with scanning electron microscopy (SEM).
2. Fatigue Mechanics
Based on the fact that subcritical growth of either processing or service-induced flaws is the
controlling stage for fatigue failure in cemented carbides, research conducted by Llanes and co-workers
since the early 2000s has aimed to extend fracture mechanics concepts to studies of fatigue. However,
it has not be done following the traditional damage tolerance methodology (i.e., one based on a direct
FCG–fatigue life relationships) because of the extremely large power-law dependence of FCG rates on
∆K (or Kmax ) exhibited by hardmetals [7,8,10,11]. Instead, a more practical approach has been proposed
and validated by defining the FCG threshold (Kth ) as the effective toughness under fatigue for a given
critical flaw size. Under these conditions, the fatigue limit (σf )—corresponding to an infinite fatigue
life—could be estimated from the expression σf = Y−1 (Kth /acr 1/2 ). In this equation, Kth represents the
stress intensity factor threshold of a small non-propagating crack emanating from a defect of critical
size, 2acr , and Y is a dimensionless factor that depends on the crack length, component geometry, and
loading state. It should be noted that, within the referred equation, Kth and σf are given in terms of
applied Kmax and σmax respectively. The reason behind is that it is now well-established that Kmax
prevails over ∆K as the controlling fracture mechanics parameter for describing FCG kinetics of
hardmetals using a modified Paris–Erdogan relationship, as it will be further discussed later [8,10,11].
The above approach required that the fundamental linear elastic fracture mechanics (LEFM)
correlation—involving strength, stress intensity factor, and defect size—holds valid for processing
defects in the materials under consideration. Such an assumption is completely supported by several
experimental facts. First, critical natural flaws are larger in size than the microstructural unit. Second,
plasticity is confined to the process zone ahead of the crack tip. And third, fracture is controlled by
a multiligament zone behind the crack tip that just extends about five ligaments (i.e., a relatively
short distance) [12–14]. Within this context, it may be assumed that strength-controlling defects are
independent of the loading mode, and thus, fatigue limit (σf ) values can be estimated from the relation
σf = σr (Kth /KIc ), where σr represents the strength measured under monotonic loading.
For some specific grades attempting to validate the estimated fatigue limit, experimental studies
have been conducted using a large enough number of samples and following an up-and-down load
(stair-case) fatigue test.
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3. Fatigue Sensitivity
Concerning FCG behavior, as referred to above, the existence of a strong dependence of FCG
rates on fracture mechanics parameters is well-established. In this regard, a modified Paris–Erdogan
relationship of type da/dN = CKmax m ∆Kn , may be used for describing FCG kinetics of cemented
carbides. It has been proven to apply for other brittle-like materials such as structural ceramics
(e.g., References [24,25]). The implementation of such an analysis approach has allowed Llanes et al. [8]
to discern an inverse correlation between the mean binder free path and the prevalence of Kmax over
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3. Representative
crack–microstructure interaction under (a) monotonic and (b) cyclic

loading in cemented carbides.

Different from the crack–microstructure interaction discerned under monotonic loading, fatigue
micromechanisms in cemented carbides are less understood. Taking this into consideration, a 3D-like
perspective attained using sequential “slice and view” FIB/SEM inspection has emerged as an ideal
advanced characterization technique for identifying failure micromechanisms. In general, subcritical
fatigue crack growth is more predominantly located in the ductile binder phase than under monotonic
loading, where fatigue crack extension follows crystallographic-like paths (Figure 3b), and the
fracture surface is characterized by sharp angular facets localized within broken binder regions
(Figure 4b) [13,15,16,26]. Within this context, several interesting observations may be underlined. First,
the fact that a faceted, crystallographic fracture mode had been mainly documented in fatigued WC-Co
hardmetals [8,13,26,29] has backed the idea of linking these micromechanisms to the fcc-to-hcp phase
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transformation of the Co-base binder. However, based on crystallographic analysis, the intrinsic origin
of these steps is unclear, as they could be also related to slip-related shear bands or stacking faults.
Furthermore, recent studies by Tarragó et al. [15,16] showing step-like markings on fatigue-fracture
surfaces of nickel- and cobalt/nickel-base grades point out that fatigue susceptibility of cemented
carbides goes beyond changes in the deformation mode induced by the referred phase transformation
in Co-base binders. Second, similar crystallographic stable crack growth paths have also been
reported in Co- and Ni-base alloys in the near-threshold FCG regime [30–32]. Considering that for
Ni-base alloys and the WC-Ni hardmetal grade phase transformation mechanisms cannot be invoked,
such fractographic morphology should instead be rationalized as a microstructure size scale effect.
This statement is sustained by the similar dimensions of the representative microstructural scale
(here approximately given by the binder mean free path) on one hand, and the size of the cyclic plastic
zone (rc ≈ (1/π)(∆KI /2σy )2 , where ∆KI is the applied stress intensity factor range and σy is the yield
strength of the material) on the other. Such a condition is referred to as “typical” for defining the
FCG threshold, as it is commonly found when the transition from the near-threshold regime to the
intermediate stage is observed [33]. Inserting relatively high effective yield stress values (between
1 and 4 GPa [34–38]) in the above rc equation, together with those measured for ∆KI (between 4
and 15 MPa·m1/2 ), a sub-micrometric size for the plastic region ahead of the crack tip, i.e., close to
length scale of the binder mean free path of the studied cemented carbides, is attained. Third, both
surface and subsurface inspection clearly highlights that, different from other extrinsically-toughened
brittle materials, the strength lessening under cyclic loads of cemented carbides must be rationalized
via the suppression of toughening mechanisms (developed under monotonic loading) rather than
the degradation of them. It means that, under cyclic loading, bridging ligaments are never formed
rather than being broken once they have been developed. Within this context, the fatigue strength
enhancement of cemented carbides should be approached in terms of direct improvement of the
intrinsic fatigue resistance of the metallic binder. This will require either increasing the cyclic yield
strength or decreasing the strain localization phenomena. It could be attempted through precipitation
or two-phase hardening regarding the former, or by optimizing chemical nature aiming to control
operative deformation mechanisms (i.e., slip bands, stacking faults, deformation or stress-induced
twins, etc.) and/or slip mode (i.e., planar or wavy) concerning the latter. As relevant research efforts are
nowadays dedicated to assessing alternative binders for developing new cemented carbides, the above
ideas should also be considered if fatigue resistance, as a key structural design parameter, needs to
be
enhanced.
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Different from the crack–microstructure interaction discerned under monotonic loading,
fatigue micromechanisms in cemented carbides are less understood. Taking this into consideration,
a 3D-like perspective attained using sequential “slice and view” FIB/SEM inspection has emerged
as an ideal advanced characterization technique for identifying failure micromechanisms. In
general, subcritical fatigue crack growth is more predominantly located in the ductile binder phase
than under monotonic loading, where fatigue crack extension follows crystallographic-like paths
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5. Summary
The range of both “emerging” and/or “to be consolidated” applications for cemented carbides
is continuously increasing. In most of them, besides hardness, the consideration of toughness and
fatigue resistance as critical design parameters is becoming mandatory. This is particularly true in the
application of hardmetals as either forming tools or structural components. Here, reliability may be
strongly enhanced by improving toughness and fatigue strength because it means a lower probability
of premature and unexpected failures.
The main objective of this contribution has been to review the fatigue behavior of cemented
carbides. Emphasis has been placed on describing and analyzing the influence of microstructure on
fatigue strength and FCG for these materials. From the findings presented, it is clear that consideration
of the two-phase microstructural assemblage, in terms of individual and combined effects of changing
either the binder content and/or carbide grain size, is critical for understanding the trade-off existing
between monotonic and cyclic properties. In this regard, two specific guidelines are pointed out for
optimizing the microstructural design of cemented carbides against fatigue: (1) to enhance intrinsic
resistance against strain localization under cyclic loading of the metallic binder; and (2) to introduce
microstructure coarsening, either homogeneously or heterogeneously, as a key strategy to reduce
fatigue sensitivity. Hence, deformation, fracture, and fatigue of grades with multi-alloyed metallic
binders and/or exhibiting distinct microstructural assemblages (e.g., bimodal or gradient) are proposed
as interesting topics for future research.
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