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The correlation between the damage induced under cyclic contact fatigue and their electrochemical behavior
(anodic polarization curves) for different WC-Co-based cemented carbides grades was investigated at the macro-
metric and micrometric length scale. Under both, dry (i.e. air atmosphere) and wet (cutting lubricant fluid) con-
ditions, the crack path propagates near the carbide/metallic binder interface, resulting in tortuous cracks of sev-
eral micrometers. Despite the alkaline conditions imposed by the cutting fluid (pH 9.2), the cobalt binder is pref-
erentially dissolved, and the carbide-skeleton keeps stable. The presence of cutting fluid in the contact fatigue

zone changes the morphology of the cracks due to the partial dissolution of the binder phase. The addition of
chromium to the WC-Co composition enhances corrosion resistance of the metallic binder phase resulting in re-
duced damage of the cemented carbides in environmental assisted cyclic contact fatigue conditions.

1. Introduction

The most used material for cutting tools is cemented carbide [1],
which is a composite material with a heterogeneous structure where the
carbide particles (usually WC) provide the hardness and wear resistance
and the metallic binder (usually Co) contributes to the fracture tough-
ness. The addition of alloying elements such as TiC, TaC and NbC to the
WC-Co system, leads to the formation of a third phase (y phase) that
can further increase the mechanical strength of the cemented carbide
composite at higher temperatures. Addition of Cr produces a refinement
of the WC, but also enhances the chemical resistance and mechanical
strength of the metallic binder.

The evaluation of the damage induced under cyclic contact fatigue
has received increasing attention in the field of heterogeneous ceramic/
metallic composite materials and in particular to WC-Co as reported in
Refs. [2-5]. In this regard, a wide variety of different methods (e.g.
stress-life (S—N) curves, fatigue crack growth rate as a function of
cyclic stress intensity amplitude, da/dN vs. AK, etc.) have been used
to evaluate the contact fatigue trend and in particular to quantify the
number of cycles to failure for a certain cyclic stress. The most suit-
able methodology used along the years is the cyclic contact fatigue test,

which leads to determine the crack path induced under certain stress
level. This damage occurs during cyclic contact fatigue and results from
the cyclic Hertzian contact stress developed when two surfaces come in
contact. These fracture mechanisms may occur inclined by 45° to the
contact surface where the shear stress is maximum as well as parallel
and perpendicular to the contact surface as presented in Ref. [6]. One of
the main difficulties in understanding contact fatigue is the large num-
ber of variables affecting cyclic contact fatigue resistance (i.e. residual
stresses below surface, geometry, material properties, microstructure,
inclusion sizes, operating temperature, lubricant type, lubricant addi-
tives, lubricant properties, etc.). Within this context, it is necessary to
understand the damage scenario of a WC-Co composite throughout the
useful life of a component that experiences cyclic contact fatigue. The
modes of failure can lead to excessive noise and vibration or subsequent
total failure of the mechanical system.

In cutting inserts, the cemented carbides are coated by several wear
resistant layers in order to enhance their mechanical properties and keep
the tool life of the insert during working conditions.

It is well known that during interrupted cutting machining (e.g.
milling processes) WC-Co metals are subjected to thermo-mechanical
cyclic loads, leading to the formation of cracks, mainly perpendicular
to the cutting edge, known as comb cracks. In the presence of cooling

* Corresponding author at: CIEFMA-Department of Materials Science, Universitat Politécnica de Catalunya-BarcelonaTech, EEBE, Barcelona, Spain.

E-mail address: joan.josep.roa@upc.edu (J.J. Roa)

https://doi.org/10.1016/j.ijrmhm.2020.105279

Received 24 March 2020; Received in revised form 4 May 2020; Accepted 5 May 2020
Available online xxx

0263-4368/© 2020.



J.J. Roa et al.

media (also known as wet machining or cooling liquid lubrication)
WC-Co materials develop additional fatigue induced cracks parallel to
the cutting edge (lateral cracks) which lead to chipping and reduction
of tool life of the component [7]. The formation and propagation of
these damage events are accelerated by the chemical attack of the binder
phase [8,9].

These systems are normally exposed to chemically aggressive media
including a large variety of corrosive environments, such as lubricants,
chemical and petrochemical products as well as mine- and sea-water
as extensively reported in Refs. [10-13]. In this sense, in order to in-
crease the service life and prevent the premature failure is extremely
crucial to improve the corrosion resistance. During the last years, plenty
of works have been published trying to understand the corrosion process
under different media, since many applications of WC-Co tools involve
complex service conditions, i.e. acid, caustic and neutral solutions as re-
ported in Refs. [14-19]. However, these components usually work un-
der cutting fluid and scarce information in this medium is available in
the literature.

When considering the simultaneous action of mechanical stresses
and corrosive medium, the information is scarce. Pugsley et al. [11,12]
studied the effect of constant and cyclic loads on the cemented carbide
in acid media and in de-ionized water and proposed that in the pres-
ence of a corrosive media the mechanical resistance is lower than in air.
Gant et al. [20] also study the environmental assisted degradation of ce-
mented carbides in tribo-corrosion conditions in solutions with different
pHs (1.1, 2.6, 6.3 and 13), indicating that the degradation decreases by
increasing the pH of the solution. More recently, by means of Focused
Ion Beam (FIB) they revealed the subsurface cobalt dissolution in 1 M
HCI solution [21].

Cemented carbides used in cutting tools for machining usually work
under mechanical and thermal cycling loads in the presence of cut-
ting fluid, indicating the need to develop tests for environmental as-
sisted degradation in different media. To address this issue, we have ex-
panded the conventional contact fatigue load experimental set-up, by

(a)
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immersing the cemented carbide/loading head in industrial cutting fluid
media. The number of cycles in the test aim at corresponding to the me-
chanical cycling load that cemented carbides withstand during the tool
life in a milling operation. Using this approach, the present work aims
to investigate and understand the effect of microstructure and chemi-
cal composition on the deformation and damage resistance of selected
industrial cemented carbides by applying a cyclic load under air condi-
tion and in the presence of a cutting lubricant as chemical media. The
research was performed at macrometric length scale by using the cyclic
fatigue test on several WC-Co cemented carbides with different chemical
nature, either binder or/and ceramic carbide.

2. Experimental procedure
2.1. Specimens

WC-Co cemented carbides supplied by AB Sandvik Coromant (Stock-
holm, Sweden) were used in this study. Prior to the microstructural,
mechanical and electrochemical investigation of the WC-Co specimens,
the surface of interest was polished with silicon carbide and then with
diamond suspension of 30, 6 and 3 pm. Finally, a neutral suspension
of 20 nm alumina particles was used in order to remove possible work
hardening introduced in the metallic binder during surface preparation.

Microstructural characterization was performed with confocal laser
scanning microscope (CLSM, LEXT OL3100) and more in detail with
a field emission scanning electron microscopy (FESEM). Micrographs
of the WC-Co grades investigated are shown in Fig. 1. The main mi-
crostructural features were determined (i.e. binder mean free path ac-
cording to empirical relations from Refs. [22,23] and the grain size for
the WC phase by using the linear intercept method [24,25]). The mi-
crostructural parameters, chemical elements as well as the phases pre-
sent for the cemented carbides investigated are summarized in Table 1.

Fig. 1. CLSM and FESEM (inset) micrographs of the different WC-Co grades investigated here. (a) A, (b) B and (c) C. More information about the microstructural parameters for the

different WC-Co are available in Table 1.

Table 1

Summary of the main microstructural parameters (nominal weight fraction of binder, % wt.; mean grain size of WC, dy; mean free path for the metallic binder and 2), chemical elements
as well as the Vickers hardness in the composite materials for the different cemented carbides investigated here.

Microstructural Mechanical
Sample Chemical composition (wt%) parameters properties
Vickers
dwe Aco Binder  hardness,
Co Cr TaC NbC WC (um)  (pm)  (vol%) HV3
A 6.0 - - - Bal. 0.74 0.25 10.5 1650
B 76 - 1.15 0.27 0.82 0.28 13.0 1525
C 9.0 09 - - 0.44 0.18 17.5 1750
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2.2. Mechanical response under contact loading

Monotonic and cyclic indentation tests at the macrometric length
scale were assessed by means of spherical indentation (Hertzian tests) to
identify and document damage emergence at the surface and subsurface
of different WC-Co cemented carbides (e.g. circumferential cracks, co-
hesive spalling and/or adhesive failure). Experiments were done under
contact load in both, dry and wet conditions (see Fig. 2). The cutting
fluid was prepared by diluting 8 vol% stock solution in tap water (see
Table 2). The pH was 9.2.

Tests were conducted in a servo hydraulic testing machine (Instron
8511) using hard metal indenters of 2.5 mm of curvature radii [26-28].
For the monotonic indentation test, the indentation force (F) gradually
increased at a rate of dF/dt ~ 30 N/s up to the maximum indentation
force (Fpq = 1000 N) and gradually decreased with the same dF/dt to
zero. For the cyclic indentation test, a sinusoidal wave with a 7 Hz fre-
quency was applied to the specimen until reaching a total number of
cycles (V) of 10 [5]. The force range (AF) was constant with an inden-
tation force ratio of 0.2 (AF = minimum force/maximum force). Such AF
makes the indenter remained in contact with the material surface during
the entire experiment.

Numerous studies [29-32] have reported on the use of Vickers in-
dentation to address the fracture toughness of ceramics and cemented
carbides. The use of a spherical indenter -as employed in this work —
presents a different fracture mechanics crack mechanism associated to
the form of the indenter (no sharp corners) and the induced stress (no
triaxial stress), which makes the observed crack path less comparable.

Furthermore, the experimental set-up in this work does not allow
to determine crack propagation velocity in Hertzian fracture; hence the

Load

Cutting fluid

Sample

WC indenter

Fig. 2. Experimental set-up for the contact fatigue tests, showing the cemented carbide/
loading head immersed in industrial cutting fluid media.

Table 2
Chemical composition of stock solution employed to prepare the corrosive media for the
cyclic indentation tests to simulate the real working conditions.

Percentage
CAS-nr. Name (%)
68608-26-4 Sulfonic acids, petroleum, sodium salts <6
122-99-6 Phenoxyethanol <6
6132-46-7 Fatty acids, tall-oil, compounds with <2
triethanolamine
8012-95-1 Highly refined mineral oil Rest.
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question if it is slow enough to allow for static contact fatigue effects
[33-37],remains a topic for future investigations.

2.3. Damage and fracture assessment

Damage evaluation related to the applied load in the monotonic and
cyclic Hertz tests under dry and wet conditions was assessed by inspect-
ing contact surfaces through CLSM.

Subsurface damage was inspected by means of focused ion beam
(FIB). Cross-sectioning and microscopy were conducted using a dual
beam Workstation (Zeiss Neon 40) with an ion beam current of 500 pA.

2.4. Electrochemical tests: polarization experiments

Corrosion tests were performed on the polished surface for all the
different investigated specimens (Table 1). Prior to the experiments,
samples were polished in order to eliminate air formed oxides and sub-
sequently washed with ethanol. Electrochemical experiments were con-
ducted at room temperature under atmospheric pressure in a three-elec-
trode electrochemical cell placed inside a Faraday cage. A saturated
calomel electrode (SCE) was used as the reference electrode and a plat-
inum foil as the counter electrode. In order to avoid altering ground sur-
face, the samples were pressed against the bottom of the cell and sealed
using an O-ring. The resulting exposed area was near 28.3 mm?2. The
cutting fluid was used as electrolyte. Prior the corrosion tests, the set-up
was stabilized for one hour at open circuit potential (OCP). The poten-
tial waslvaried from OCP up to 1000 mV with a constant sweep rate of
1mVs™.

3. Results and discussion
3.1. Polarization tests

Results of the polarization tests are summarized in Fig. 3. The sam-
ples present a broad range of corrosion potentials. Sample A is the most
active, while samples B and C are +250 mV nobler. Regarding the disso-
lution currents, specimen C exhibited the best corrosion resistance com-
pared to the other samples investigated here. This behavior may be re-
lated to the presence of Cr in the metallic binder which increases corro-
sion resistance. This observation is in fair agreement with those results
reported by Sutthiruangwong et al. in 1 N sulfuric acid [38].

Fig. 4 depicts the FESEM micrographs showing the surface of sam-
ples with differences in chemical composition before (labelled as
non-corroded) and after the polarization experiments (labelled as cor-
roded).
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Fig. 3. Polarization curves. A to C labels in the graphs shows the different specimens in-
vestigated here. The inset summarizes the open circuit potential values “OCP” in mV vs.
SCE for each specimen.
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Non-corroded
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Corroded

Fig. 4. SEM images and EDS spectra for non-corroded and corroded surfaces of samples A, B and C.

The FESEM micrographs for the non-corroded specimens exhibit a typi-
cal WC-Co microstructure while the corroded specimens show the effect
of the cutting fluid on the metallic binder. It is clear that this fluid does
not corrode the WC particles whereas the metallic binder is partially dis-
solved from the original microstructure. In order to get more informa-
tion about the corrosion products, chemical analysis was conducted for
both types of specimens. EDS spectra for each specimen are also shown
on the right-hand side of each picture and a summary of their compo-
sitions (in at. %) are reported in Table 3. Data reflected a significant
increase in the quantity of O that could be detected after the polariza-
tion process while the Co content also decreased demonstrating that the
cobalt phase dissolved (as previously observed in FESEM micrographs)
and oxides formed. It is worth noting that Cr values remained constant.

3.2. Surface and subsurface damage generated under monotonic and cyclic
contact spherical indentation

The evolution of Hertzian damage at the same maximum applied
load under monotonic (dry conditions) and/or cyclic contact fatigue
at 1000 N performed under dry and fluid conditions was inspected by
means of CLSM, showing two different trends with qualitatively similar
superficial behavior as it is depicted in Fig. 5.

Post-analysis of the monotonically contact tested under dry condi-
tions observed by CLSM displayed some interesting features depending
on the content of metallic binder. The sample A with a metallic binder
content of around 10.5 vol% exhibited more circumferential fissures
compared to samples B and C. This phenomenon may be related to two

Table 3
Elementary composition (at. %) determined by the EDS spectra for the non-corroded and
corroded specimens.

Non-corroded specimens Corroded specimens

Elements A B C A B C

w 29.8 27.1 30.8 24.3 24.0 31.0
Co 4.70 9.90 7.50 1.60 3.60 1.60
o 1.90 2.90 1.60 38.0 50.1 21.7
Cr - - 0.80 - - 0.80

different factors: (i) both samples have a higher vol. fraction of metal-
lic binder as reported in Table 1 (13.0 and 17.5 wt%, respectively) and
(ii) also only for specimen C the finest WC particle size compared to the
other two investigated specimens. Prior to the generation of circumfer-
ential cracks the surrounding region near the spherical imprint is plas-
tically deformed, which is in fair agreement with those observations re-
ported by Géez and co-workers [39]. Furthermore, both specimens ex-
hibited a hardness-toughness combined response such that (permanent)
deformation induced is small and the corresponding superficial dam-
age was absorbed through quasi-plastic mechanisms as reported in Refs.
[27,39-42]. Furthermore, the damage phenomena induced during the
monotonic tests is produced when the contact level generated reaches
values well-above the plastic yielding onset. The tensile radial stresses
and strains induce circumferential cracks in the vicinity of the resid-
ual imprints with fair agreement with the information reported in Refs
[43,44]. In this sense, the specimens with higher amount of binder (B
and C) are generally able to accommodate the residual deformation be-
ing a little more ductile.

On the other hand, well developed circumferential cracks were ob-
served in all the samples for the cyclic test under dry conditions (Fig.
5). From a direct measurement from the cross profile (right hand side
Fig. 6) a pile-up at the vicinity of the imprint is quite evident. Further-
more, in the first contact cycle, the system with a low content of metallic
binder and high contiguity deforms less and exhibits a greater resistance
against deformation than the system with a higher volume fraction of
cobalt as depicted for the investigated specimens in Fig. 6. The systems
with higher volume fraction of binder (7.6 and 9 wt%) deform more as
shown in the cross-profile presented for specimens B and C (3.04 and
1.74 pm, respectively). Furthermore, for the specimen C with the high-
est content of metallic binder, the penetration depth induced during the
cyclic indentation test is smaller than that for the specimen B. Then,
the low penetration depth observed for this specimen with high metallic
binder content may be related to a finer WC-skeleton with enhanced de-
formation strength under monoaxial load (Table 1).

Specimens (A and B) cyclically tested under wet conditions present
another failure mechanism at the region near the edge of the spher-
ical imprint known as area of delamination induced by the corrosion
process (detailed inspection of this zone can be clearly observed in Figs.
7 and 8, labelled as *). Similar feature was reported by Stewart et
al. [45]. Specimen C shows a different behavior because the amount
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Fig. 5. Residual monotonic and cyclic contact fatigue imprints (under dry and fluid conditions) observed by CLSM microscope for the different cemented carbides investigated in this

work.

of damage remains practically constant both in tests under monotonic
and cyclic contact fatigue performed at the same load.

The CLSM images for specimens A and B (Fig. 5) show the two dif-
ferent damage mechanisms, circumferential cracks and a well delimited
area of delamination of around 50 pm. This zone was examined in detail
for specimen B (Fig. 7c). As it is depicted inside the area of delamina-
tion, some small features are induced during the cyclic fatigue tests, i.e.
surface stress, which is identified by a high frequency of small craters
as consequence of asperity contact. This damage mechanism is mainly
induced due to the interaction of the spherical tip indenter and fluid
against the tested material, because a wear mechanism between both
bodies takes places. These evidences are in fair agreement with those
reported in Ref. [45]. For specimen C no severe damage was evident
and only a circumferential crack could be appreciated, highlighting the
strong contribution of Cr to prevent chemical attack of the binder and
hence to improve the damage under fatigue when the test is conducted
under fluid.

Under dry cyclic fatigue no new cracks can be observed but the prop-
agation is indicated by the length and the thickness of the circumfer-
ential cracks. As shown in Fig. 5 and in Fig. 7c, a completely differ-
ent behavior was observed when cyclic indentation tests were carried
out in contact with fluid. The common behavior is shown in detail in
Fig. 8, where three different regions are visible. A non-corroded zone
appears inside the spherical imprint (labelled as (1)) where the fluid in-
duces a hydrostatic pressure between the indenter and the material be-
ing responsible of the plastic deformation. A second zone, known as a
delamination area (labelled as (2)) can be seen, characterized by a loss
of material in an area corresponding to a ring where the carbides are

detached. As it is evident, the metallic binder suffers an anodic oxida-
tion reaction and it is dissolved in the cutting fluid as previously re-
ported for acid media [14,15,17]. This trend means that the effective
leaching of the metallic phase takes place and thus, the onset of micro-
crack-like voids, in concordance with the work reported by Tarragé et
al. [8]. The corroded region highlights the superficial state after cyclic
contact fatigue in wet condition and the reduction of mechanical WC-Co
integrity due to the interaction of the dynamic stress state and the cut-
ting fluid against the WC-Co surface. The central part, where the inden-
ter is permanently in mechanical contact, and the exterior of the imprint
are zones free of corrosion. In the case of the central part, there is no
fluid while outside the imprint (see label (3) in Fig. 8) there are no ap-
plied stresses, which is an indication of the presence of a corrosion-fa-
tigue mechanism.

The specimen C containing high Co content as well as Cr dissolved
in the metallic binder showed only circumferential cracks at the contact
point, that is a low damage scenario compared to the other specimens
under cycling contact load and cutting fluid. This observation can be re-
lated to two different factors: i) the presence of Cr dissolved as a solid
solution in the metallic Co binder and ii) the existence of an ultrafine
microstructure with a dy of near 0.44 um as previously discussed in re-
lation to the cross-section profiles presented in Fig. 6. Thus, the addi-
tion of alloying elements, i.e. Cr, in the metallic binder leads to an im-
provement of the contact fatigue resistance.

From literature, it is clear that the corrosion process of cemented
carbides is dependent of the nature of the corrosive media (either acid,
basic or neutral pH solutions) since the two phases are affected in
different ways. Furthermore, when the cemented carbide works under
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Topography
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Fig. 7. Micrograph of circumferential cracks in the contact edge for the B grade observed
by CLSM (a) monotonic indentation test at 1000 N, (b) Dry cyclic contact fatigue (c) cyclic
contact fatigue imprint with cutting fluid.

acid condition, the corrosion phenomena is governed by a galvanic cou-
ple where the metallic binder is selectively attacked due to its anodic
role, while the reinforcement ceramic particles are cathodically pro-
tected as presented in Ref. [17]. On the other hand, under basic so-
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lution, the ceramic particles dissolve while the metallic binder passi-
vates as reported by Engqvist et al. [46] and Kellner et al. [47]. Under
our experimental conditions (cyclic stress and cutting fluid of pH 9,5) it
was found that the binder is the phase that is dissolved (except for sam-
ple C). The EDS-Co mapping of the affected area for sample B demon-
strates that the metallic binder phase in Fig. 9 (central hand side)
mainly controls the corrosion behavior of the WC-(Ta,Nb)C-Co composi-
tions, whereas the carbides of W, Ta and Nb do not strongly react with
the cutting fluid and remain chemically stable (see the right hand side
map). The results of the polarization curves without applied stress show
some differences among the samples that do not agree with the wet fa-
tigue tests, except, again for sample C.

In order to understand the difference among the anodic curves of
the cemented carbides (Fig. 3) and the degree of damage found in con-
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Fig. 8. Surface characterization of a non-corroded, label (1); corroded, label (2) and the
non-deformed region, label (3) area for sample A (same trend has been observed for the
other specimens, not shown here).

tact fatigue tests, a set of new samples was prepared. The idea was to
characterize the anodic behavior of pure Co, WC and Ta(71%)Nb(22%)C
in the same corrosion medium in order to determine the possible ex-
istence of a galvanic effect in real conditions. The results are depicted
in Fig. 10. It can be seen that carbides are nobler than cobalt but
also that the kinetics of dissolution between carbides is contrasting: (Ta,
Nb)C presents a pseudopassive behavior while WC dissolves actively. Co
shows a passive performance and a rupture potential at 240 mV.

From the results it can be proposed that, at the corresponding open
circuit potential for the cemented carbides (Fig. 3), the binder is po-
larized anodically in the passive range. During contact fatigue test this
passive film can be broken and reformed in every load cycle, leading to
higher net dissolution of the binder and faster crack propagation. The
presence of a more stable phase like (Ta, Nb)C could contribute nega-
tively in the case of sample B.

Attempting to get a more detailed information of the referred dam-
age scenario in the case of fatigue tests, FIB-cross sections were con-
ducted for the different samples investigated at 1000 N in specific
cracked locations, partially circumventing the residual imprints. As it is
indicated in Fig. 11, it focused in the contact point where a circumfer-
ential crack was evident as presented in Fig. 5.

A detailed inspection by FESEM at low magnification (Fig. 11)
showed the same damage scenario for the tests performed under dry (air
atmosphere) and cutting fluid conditions. The main difference between
the dry and wet conditions is the width and degree of branching of
the induced cracks, which were thinner and branched for the specimens
tested under wet conditions. The cyclic indentation tests showed that
damage is propagated near the ceramic/metallic interface, but mainly
located in the metallic binder, which is directly related to the hetero-
geneous microstructure present in the cemented carbides. The strain
induced by cyclic indentation tests is accommodated by a combina-
tion of plastic deformation mechanisms located at the metallic binder

International Journal of Refractory Metals and Hard Materials xxx (XxxX) XXX-XXX

(e.g. dislocation motion, deformation twinning, limited planar slip, etc.)
[48-52], and a different fracture mechanism mainly located at the WC
(e.g. carbide fracture, shearing, decohesion, etc.) in the brittle ceramic
particles. These mechanisms are in concordance with those observed by
Tarragé et al. [53] and Sandoval et al. [54] of WC-Co specimens plasti-
cally deformed under micropillar compression.

Examples of induced sub-superficial damage are shown at higher
magnification in Fig. 12 for the different cemented carbide samples un-
der dry and wet conditions. Close inspection of the damage induced dur-
ing the contact cyclic fatigue highlights that the damage scenario for the
specimens tested under cutting fluid conditions presented a higher crack
density compared to the test performed under dry conditions. Further-
more, these images led to better understanding of the deformation/fail-
ure mechanisms under cyclic compression tests. Fig. 12 shows micro-
graphs corresponding to the interior of the damage induced at the con-
tact point. For all samples a microcrack running parallel to the carbide/
binder interface (but still within the binder phase) was clearly evident.
This microcrack probably stems from the propagation of the carbide/
carbide interface microcrack by two mechanisms:

e binder regions near to carbide corners combined large concentrations
of strains and/or stress triaxiality, indicating the presence of favor-
able zones for early flow and/or crack propagation as reported by Fis-
chmeister et al. [55]

e carbide-carbide interfaces with reduced strength under compression
loading, characterized as weak links in these heterogeneous ceramic/
metal composite materials [34].

It is worth noting that only in the case of the more corrosion resis-
tant binder (sample C with a Cr containing binder) the morphology of
the cracks is not influenced by the cutting fluid.

4. Conclusions

In this study the influence of microstructure on environmental as-
sisted degradation during cyclic contact fatigue for different WC-Co ce-
mented carbides has been investigated. Contact fatigue tests were per-
formed under dry and wet conditions by performing the tests in air and
in cutting lubricant fluid, respectively. The investigation also included
an electrochemical study as well as a detailed microstructure damage in-
vestigation using FIB/FESEM technique. Based on the obtained results,
the following conclusions can be drawn:

(1) Contact fatigue tests show plastic and quasi-plastic deformation of
the cemented carbides near the spherical imprint and the generation
of circumferential cracks.

(2) Samples tested under cycling contact loads in dry conditions present
well developed circumferential cracks and in the case of wet condi-
tions also delamination in the region near the edge of the spherical
imprint was observed.

(3) FE-SEM images of the plastic deformed regions show that the strain
induced by cyclic indentation tests is accommodated by a combina-
tion of plastic deformation mechanisms at the metallic binder and a
different fracture mechanism mainly located at the WC in the more
brittle carbide particles.

Fig. 9. Element map for Co and WC using EDS on FESEM for the cross section performed on sample B. The * denotes a region free of metallic binder.
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Fig. 11. Cross-section micrographs (general view) view of Hertzian contact performed at
the contact edge between the indenter ball and the material under dry and cutting fluid
(fluid) conditions for the different cemented carbide grades investigated here at the maxi-
mum applied load, 1000 N.
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(4) The contact fatigue tests in wet conditions showed that the cutting
fluid changes the morphology of the cracks, mainly due to the at-
tack and interaction with the metallic binder.

(5) The addition of Cr to the WC-Co composition enhances the chemi-
cal-attack resistance of the metallic binder, which reduces the for-
mation of fatigue induced cracks in the case of wet machining under
contact fatigue. The beneficial effect of Cr is related to thinner and
more compact oxide layers as was observed from EDS results.

(6) Despite of the alkaline conditions imposed by the cutting fluid
(pH 9.2) the binder, when not alloyed with Cr, is preferentially dis-
solved and the carbides skeleton keeps stable.

(7) The load-free potential curves are not directly comparable with the
real behavior at free potential and applied cyclic loads. Sample C
containing Cr presents the best behavior in both the polarization
curves as well as in the mechanical response.
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Fig. 12. Cross-section micrographs (magnification view) of Hertzian contact showing the main crack path generated during the cyclic indentation process under dry and wet (cutting fluid)
conditions for the different WC-Co cemented carbides investigated here.
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