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Abstract 

In this study, the influence of corrosion on the mechanical response and damage induced under 

Hertzian indentation is assessed for three cemented carbides with metallic binders of different 

chemical nature. Corrosion degradation is introduced in a controlled way, before subsequent 

spherical indentation testing, by immersing specimens in a stirred acidic medium. Results reveal 

quite strong corrosion effects on indentation stress-strain response and contact damage scenario. 

Such detrimental influence is found to be dependent on both the ratio between indentation depth and 

thickness of the corroded layer as well as chemical nature of the binder. In this regard, critical loads 

for emergence and evolution of specific damage events (i.e. ring and radial cracks, and even 

specimen failure) are proposed as figures of merit for material selection under the combined action 

of corrosion and contact loads. Within this context, the hardmetal grade with Co-base binder and 
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addition of Cr is found to be the best option, among the three cemented carbides studied in this 

investigation. It points out the consideration of the synergic interaction between corrosion resistance 

and hardness/toughness correlation for microstructural design optimization of hardmetals under 

service-like conditions. These statements are supported by the relevant corrosion-induced changes 

also observed, by means of advanced characterization techniques, in terms of deformation/failure 

micromechanisms at both surface and subsurface levels. 

Keywords: corrosion, Hertzian indentation technique, contact damage, load-bearing capability, 

cemented carbides 

1. Introduction 

Cemented carbides are a group of powder metallurgical liquid-phase sintered composite materials 

consisting of brittle refractory carbides of the transition metals (e.g. WC, TiC, TaC) embedded in a 

metallic matrix [1]. The intrinsic ceramic-metal composite nature of these materials, in practice 

commonly referred to as hardmetals, together with optimized microstructural assemblages yield 

outstanding combinations of high hardness and strength together with excellent wear resistance [2-4]. 

This makes cemented carbides forefront materials in several engineering and tooling applications, 

such as metal cutting and forming, mining bits, rock drilling, mechanical seals, structural 

components and wear parts [5]. 

Many of the above applications frequently expose cemented carbides to harsh working conditions 

that involve corrosive aqueous media together with contact loads, impacts and fatigue, abrasion 

and/or erosion, etc. [5]. In those cases, defects resulting from environmental-assisted degradation 

(e.g. leaching and removal of metallic binder, microcracks and/or loosening/dislodging of carbides, 
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among others) are often identified as main reasons for the shortened service life of hardmetal tools 

and components, e.g. Refs. [6-9]. 

The corrosion behavior of WC-base cemented carbides has been extensively investigated in recent 

decades, mainly focusing on the influence of several extrinsic and intrinsic factors, such as surface 

state, corrosive medium, microstructural assemblage and binder chemical nature (e.g. Refs. [10–24]). 

In these studies, several interesting findings have been documented. First, metallic binders are 

preferentially attacked in acidic and neutral environments, while ceramic phase is the one corroded 

in alkaline solution. Second, corrosion damage induced by acidic media is more pronounced than 

that resulting from exposure to neutral and basic ones. Third, larger dissolution of the binder phase in 

acid solution eventually results in the formation of a W-base oxide layer and a region depleted in Co, 

different from the scenario found when the cemented carbides are exposed to neutral and basic 

solutions. 

Regarding industrial applications involving both corrosion and contact loading of hardmetal tools, 

components and wear parts (e.g. oil and gas extraction industry as well as underground/surface 

mining and rock drilling), several works have attempted to replicate – at the laboratory level – 

similar service-like conditions. Among them, the detrimental corrosion-related effects on tribological 

response and effective wear resistance of cemented carbides have aroused the greatest concern, 

mainly addressing microstructure-performance correlation from macroscopic and microscopic 

perspectives, e.g. Refs. [25-30]. A quite interesting outcome from these studies is the detailed 

understanding acquired on the damage mechanisms at the micro- and nanometric dimensions: 

cracking, fragmentation and easy removal of WC grains under (sliding) contact, directly associated 

with the mechanically unsupported, contiguous and binderless/porous carbide network left after 
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exposure to corrosive media of the studied hardmetals. However, similar information linking 

corrosion-induced damage and contact mechanical response at relatively higher length scales is quite 

limited [31,32]. To fill this lack of knowledge, the present study aims to evaluate the influence of 

corrosion-induced changes on the contact damage response of cemented carbides, by implementing 

spherical indentation tests. 

Following the experimental methodology and analysis procedure introduced and extensively 

developed by Lawn‟s group for studying ceramic materials using spherical indentation (see. Ref. [33] 

for a detailed review), the use of testing protocols based on Hertzian theory has proven to be quite 

successful on the assessment of mechanical response and damage induced under contact loading in 

both nude and coated cemented carbides [34-44]. In these studies, indentation has been conducted 

using spheres with curvature radii in the millimeter length scale. Thus, concentrated stresses are 

delivered over a small area of specimen surface such that typical „„blunt” in-service conditions are 

simulated, indentation stress-strain curves may be attained, and damage evolution associated with 

increasing load can be examined. However, all the above studies have limited their scope to testing 

of pristine or virgin hardmetals. Hence, information on how the damage induced by corrosion may 

affect contact response for cemented carbides is completely lacking. Within the above framework, it 

is the aim of this investigation to determine and analyze the changes observed in the indentation 

stress-strain response as well as in surface/subsurface damage scenarios of hardmetals, after 

exposing them to an acidic media for different times. In doing so, addition of chromium and/or 

substitution of cobalt by nickel within the chemical nature of the metallic binder are invoked as 

experimental variables. Besides the mechanical study based on Hertzian indentation testing, the 

research is complemented with the combined use of advanced characterization techniques for 
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assessment of surface and subsurface features. 

2. Materials and experimental procedures 

Three different medium-grained (between 1.3 and 1.5 m in size) WC-base cemented carbides were 

investigated, and the corresponding microstructures are illustrated in Figure 1. They were a set of 

experimental hardmetal grades supplied by Hyperion Materials and Technologies. Main 

microstructural and basic mechanical parameters, including binder content (%wt.) and addition (or not) 

of Cr3C2, mean grain size (dWC), hardness (HV30) and Palmqvist indentation toughness (KIc) are 

detailed in Table 1. Mean size of WC grains was measured following the linear intercept method, 

using images acquired by means of Field Emission Scanning Electron Microscopy (FESEM). 

Hardness and indentation toughness were measured using a Vickers diamond pyramidal indentation 

and applying a load of 294 N. At least ten indentations were carried out for each grade, on diamond 

polished surfaces. Palmqvist indentation toughness (KIc) was evaluated using Shetty et al.‟s equation 

[45]. 

Different levels of corrosion damage were introduced in a controlled way through simple immersion 

of specimens in stirred 0.1M HCl solution at room temperature. In doing so, a constant volume of 

solution (250 ml) was employed for each condition, and stirring was conducted by using a magnetic 

rod with a rotation speed of 300 rpm. Samples exposed to acidic medium during 72, 168 and 264 

hours were used for determining the corrosion behavior of the investigated hardmetal grades. It was 

done by measuring the average corrosion front depth, out of cross-sectional views, using laser 

scanning confocal microscopy (LSCM). Furthermore, the interaction between corrosion damage and 

microstructure was inspected by means of Focused Ion Beam (FIB) and FESEM. 
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Figure 1. FESEM micrographs of investigated cemented carbide grades: 

(a) 6CoM, (b) 6CoCrM, and (c) 6NiCrM. 

Table 1. Microstructural and basic mechanical parameters for cemented carbides studied. 

Specimen 

code 

wt.% 

binder  

Addition 

of Cr3C2 

dWC 

(μm） 

HV30 

(GPa) 

KIc 

(MPa*m
1/2

) 

6CoM 6Co No 1.5 ± 0.2 16.0 ± 0.2 11.1 ± 0.2 

6CoCrM 6Co Yes* 1.4 ± 0.2 15.9 ± 0.1 11.0 ± 0.3 

6NiCrM 5.5Ni-0.5Co Yes* 1.3 ± 0.2 15.1 ± 0.1 10.0 ± 0.3 

* Samples 6CoCrM and 6NiCrM contain a similar small amount of Cr3C2 (i.e. < 0.5%wt.) 

Assessment of the mechanical contact response by means of spherical indentation, in uncorroded and 

corroded specimens, was the main experimental activity in this study. Hertzian tests were conducted 

in a servo-hydraulic testing machine by using hardmetal indenters with a curvature radius (R) of 2.5 

mm. Monotonic loading was conducted following a trapezoidal waveform, at a loading rate of 30 N 

s
-1

 and applying the full test force during 20 s. Applied loads ranged from 500 to 4000 N. At least 

three indentations were made at each load level. After mechanical testing, the contact radius (a) and 

residual indentation depth were measured, by means of LCSM, from the remnant impressions at each 

given load (P) after unloading. LSCM was also employed, under Nomarski illumination, for 

discerning surface damage produced by Hertzian contacts. Furthermore, critical loads for typical 

damage scenarios discerned in uncorroded and corroded specimen surfaces were determined in such 

inspection. Additionally, a high magnification inspection and analysis of damage features was carried 

out by means of FESEM. 

Subsurface evolution of the indentation damage, with increasing corrosion time and applied load, 
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was examined by conducting specific tests on “clamped-interface” specimens. The procedure 

followed for this examination is schematically outlined in Figure 2. It includes five sequential stages 

[33,37,40,42,46-50]. First, pristine and corroded specimens were transversally cut to obtain different 

halves corresponding to each specific condition. Second, these two half-surfaces were set up together 

(into a mold of bakelite with the original top surfaces facing each other), and then ground and 

polished. Third, this mold was mechanically broken and the two halves were clamped again (this 

time into another mold of bakelite with the newly polished surfaces set up face-to-face). Fourth, 

uncorroded and corroded specimens were indented symmetrically across the surface trace on the 

interface. Fifth, once more time the two parts were mechanically separated, and polished 

cross-sections of corresponding half-surfaces were finally examined using LSCM and FESEM. 

Figure 2. Schematic representation of the bonding interface technique (BIT) procedure followed for 

sample preparation, in order to inspect and analyze the subsurface (cross-section) damage induced 

under Hertzian contact stresses. 

3. Results and discussion 

3.1 Influence of microstructural phase assemblage on corrosion resistance 

Figure 3 shows cross-sectional micrographs for the three hardmetal grades studied, after exposure to 

the acidic solution during 72, 168 and 264 hours, respectively. They reveal significant 

microstructural changes uniformly distributed at the surface and subsurface regions. As expected, 

longer immersion times yield more relevant changes as well as deeper corrosion fronts. Figure 4 

shows the measured values for the thickness of the degraded layer as a function of corrosion time. A 

linear relationship between corrosion front depth and time is discerned for the three cemented 
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carbides studied. From the experimental data gathered, it is clear that Cr-containing grades (6CoCrM 

and 6NiCrM) are more resistant to the acidic medium than the Cr-free grade (6CoM). The corrosion 

rate of the latter (≈ 1.7 μm/h) is about four times higher than those exhibited by the other two 

cemented carbides (≈ 0.4 μm/h). Such a finding is in complete agreement with previous works by 

different research groups [11,13,14,16,17,21,23,32,51]. On the other hand, replacing most of the Co 

with Ni within the binder does not seem to improve corrosion resistance. This finding may be 

described as somehow unexpected, because it has been systematically reported that higher nickel 

content in the metallic binder yields superior performance, in terms of electrochemical figures of 

merit as well as less degradation depth under similar testing conditions (e.g. Refs. [10,12,13,18]). 

Possible reasons for the results here attained could be ascribed to the relatively low binder content of 

the hardmetal grades and/or the relatively long corrosion times under consideration. However, 

evaluation and analysis of these single-side corrosion issues are beyond the scope of this study. 

Figure 3. Microstructural changes and induced degradation, after immersion in 0.1 M HCl solution 

(for 72, 168 and 264 hours), discerned in cross-section images of (a) 6CoM, (b) 6CoCrM, and (c) 

6NiCrM samples. 

Figure 4. Corrosion front depth as a function of exposure time, and corresponding degradation rates 

(slope) for the investigated hardmetal grades. 

Detailed FIB/FESEM inspection of the cross-sections points out that discerned changes are mainly 

the result of a preferential attack of the metallic binder phases, which leads to porous/binderless WC 

skeletons throughout the affected layer. Very interesting, in the case of the Cr-containing hardmetal 

grades, part of the binder phase still remained undissolved near the surface of the specimen even 

after long exposure to 0.1M HCl solution (264 h), as shown in Figures 5b and 5c. Meanwhile, 
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binder phase in the Cr-free grade is totally dissolved under similar testing conditions, leading to a 

completely binderless carbide skeleton (Figure 5a). It may be rationalized by the fact that during 

sintering process of 6CoCrM and 6NiCrM hardmetal grades, chromium dissolves into the binder, 

leading to formation of a passivating binder-based chromium oxide layer which strongly inhibits the 

dissolution of the binder in acidic media [17,52]. 

Figure 5. FIB micrographs showing corrosion damage-microstructure interactions for (a) 6CoM, (b) 

6CoCrM and (c) 6NiCrM samples immersed in 0.1M HCl solution for 264 hours. 

3.2 Corrosion effects on the mechanical response under contact loading 

Figure 6 shows the residual indentation depth as a function of applied load for all the conditions 

studied. As expected, independent of hardmetal grade as well as pristine/corroded condition, the 

irreversible deformation gets more pronounced as indentation load increases. On the other hand, 

clear corrosion effects are discerned in terms of larger residual indentation depths of the materials 

previously exposed to the acidic medium. 

Figure 6. Residual depth as a function of applied indentation load for uncorroded and corroded 

specimens for the three hardmetal grades studied: (a) 6CoM, (b) 6CoCrM, and (c) 6NiCrM. 

Regarding experimental data analysis, it should be pointed out that data from Hertzian tests are 

usually presented in terms of contact pressure or indentation stress (p0) as well as the resulting 

indentation strain (ε), e.g. Refs. [33,53]. Such approach was also implemented in this study. In doing 

so, p0 and ε were calculated as P/πa
2
 and a/R, respectively. Figure 7 shows the corresponding 

indentation stress-strain (p0-ε) curves measured for uncorroded and corroded specimens. 

Experimental data shown in Figures 6 and 7 are limited to contact strains higher than 10%, as 
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circumferential edges surrounding impressions were hard to define accurately for applied indentation 

loads below 1500 N. Within such stress-strain range, the mechanical response assessed for the 

hardmetals studied is similar to those reported in previous studies, and must be linked to quasi-plastic 

deformation phenomena [35-37,40]. An “apparent strain hardening” behavior is discerned in all the 

curves. Furthermore, a detrimental effect of corrosion on the load bearing capability of the three 

cemented carbides is evidenced, and it becomes more pronounced as exposure time is longer. 

However, such lessening effect – as given by lower relative differences between curves of 

uncorroded and corroded conditions – is less pronounced for 6CoCrM and 6NiCrM hardmetals, as it 

could be expected from their higher corrosion resistance as compared to the one exhibited by the 

Cr-free grade (6CoM). 

Figure 7. Hertzian indentation stress-strain curves of (a) 6CoM, (b) 6CoCrM and (c) 6NiCrM 

hardmetal grades, as a function of corrosion time. 

Indentation stress-strain response seems to significantly depend on the depth of the corrosion 

affected zone. From a physical viewpoint, the degraded load-bearing capability evidenced must be 

attributed to the generation of porous/binderless corroded layers after corrosive exposure [28-31], as 

shown in Figure 5. In this regard, based on recent findings reported by the authors for sharp 

indentation and scratch testing of corroded hardmetals [31], the degraded layer is not expected to 

play a significant role in the plastic yielding onset until its thickness reaches a certain value. Within 

this context, considering the overlapping of indentation stress-strain curves in Figures 7b and 7c, it 

may be stated that corroded layers resulting from exposure to 72 hours for 6NiCrM and 6CoCrM 

grades are thin enough, such that whole quasi-plastic deformation is still controlled by the 

uncorroded substrate. Such experimental finding is sustained by the very low ratio between layer 
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thickness (about 25 μm) and indenter radius (2.5 mm), which would lead to maximum shear stresses 

placed within the base material [54,55]. On the other hand, as the thickness of the corrosion layer 

increases (from tens to hundreds of microns), the quasi-plastic deformation tends to be confined 

within the corroded layer. This is pointed out as the main reason for rationalizing the higher relative 

discrepancies among indentation stress-strain curves of pristine and corroded specimens, as corrosion 

time gets longer. For the extreme degradation condition (i.e. after exposure to acidic media for 264 

hours), indentation stress decay – measured on the basis of plateau values reached in the curves - is 

maximum for 6CoM (about 23%), intermediate for 6NiCrM (20%), and minimum for 6CoCrM 

(13%). 

3.3 Corrosion effects on the evolution of surface damage induced by spherical indentation 

The evolution of surface damage, from inelastic deformation to fracture, was assessed by means of 

an extensive and detailed visual inspection using LSCM. In agreement with previous studies 

[34-36,39,40], contact damage in pristine hardmetals was found to evolve, once residual imprints 

were already evidenced, from an initial partial ring crack which developed into a full ring crack as 

the indentation load increases (Figure 8). Within this context, at load levels (higher than 2250 N) 

well-above the plastic yielding onset of the investigated hardmetal grades, the residual tensile radial 

stresses and strains at the regions close to the impression contour become large enough for inducing 

circumferential cracks at the surface of the tested specimens. Theoretical analysis of the residual 

surface stress distribution produced in a flat surface by a spherical indenter [56] points out that these 

residual stresses develop as the result of the superposition of elastic unloading stresses onto the stress 

at maximum load when the specimen has deformed plastically. Furthermore, it is stated that they 
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move beyond the contact radius, so cracks would be expected to appear at a/R > 1. However, this was 

not discerned in this study, as ring cracks were found to nucleate just at the contour of the indentation 

imprint. Although reason for such discrepancy is unclear, it may be related to the undefined 

elastic-to-plastic transition within the mechanical response exhibited by cemented carbides 

[34-37,39], which could finally affect the effective residual stress state existing in the vicinity of the 

residual imprints. As it is extensively reported in the literature, irreversible deformation induced 

under contact loading in these materials – as well as in other “tough” ceramics - is not driven by 

conventional plastic deformation mechanisms, i.e. slip by dislocation movement. Instead, in those 

materials such transition is associated with quasi-plasticity phenomena, where internal shear-driven 

defects or faults with friction at sliding interfaces (e.g. microcracks) are commonly recalled for 

rationalizing it [35,36,39,40]. The fact that such discrepancy between theoretical analysis and 

experimental evidence is even more noticeable for corroded specimens (as it may be seen in Figure 

9) will support such hypothesis. In these degraded samples, binder is leached out at both surface and 

subsurface levels, yielding an effectively porous layer which enhances then the “quasi-plasticity” 

component in the contact damage response of the material under consideration [50]. Finally, and still 

analyzing the behavior of uncorroded specimens, it must be highlighted that under the experimental 

load conditions investigated (up to 4000 N) radial cracks outside the imprint, as an additional 

damage characteristic, were not observed in any of the hardmetal grades tested. 

For the corroded cemented carbides, besides the similar evolution discerned in terms of ring cracks, 

radial fissures and even specimen breakage were evidenced as additional damage features/scenarios 

under loading conditions evaluated in this study. Furthermore, critical loads for producing 

(partial/full) ring and radial cracks decrease as the corrosion time gets longer (Figure 9). As reported 
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in the literature [57], the critical load for emergence of ring cracks and the fracture toughness of the 

material are quadratically related. For cemented carbides, this means that such critical load level 

should be closely linked to microstructural parameters defining their toughening capability, i.e. 

volume fraction of the binder phase and/or carbide grain size. After exposure to acidic media, 

microstructural assemblage is degraded. Effective removal of the ductile metallic phase yields a 

loose and porous WC skeleton. Hence, the well-established toughening mechanism, based on 

ligament reinforcement mechanism [58-61], is no longer operative at the surface (and subsurface) 

level for corroded cemented carbides. Accordingly, the energy required for crack emergence and 

extension is lowered. On the other hand, as it was discussed above, the load-bearing capability of the 

studied hardmetal grades significantly depends on the thickness of the corroded layer. For relatively 

short exposure times (e.g. 72 hours), corroded layers are rather thin, and the whole plastic 

deformation is mainly linked to the uncorroded hardmetal beneath it, which then effectively acts as a 

supporting substrate. As immersion time rises, the imposed deformation is shared by a thicker 

degraded layer and the uncorroded substrate. Finally, after 264-hour immersion, deformation gets 

finally confined in the corroded layer; and thus, deformation and damage scenarios observed are 

those intrinsically related to the mechanical response of the binderless WC skeletons. Considering 

the loose and porous WC networks left after the binder is leached away, the shear stress during the 

unloading may be more likely to cause the initiation of radial cracks in the edge of the plastic zone. 

In this regard, residual porosity - after binder has been removed - acts not only as an assemblage of 

many small stress concentrators but also as crack precursors [62]. Indeed, such porous-like nature of 

the degraded layer must also be responsible for the interesting observation that initiation of these 

radial cracks is found to be located within the contact zone (Figure 9), instead of outside it – as a 
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simple extension outwards of the previously developed ring cracks, as it could be expected. Within 

this context, porosity is speculated to play a critical role not only by affecting the effective 

redistribution of the resulting residual stresses and strains after unloading (as recalled above), but 

also by introducing changes in the quasi-plastic damage scenario, i.e. local compaction and structural 

breakdown, followed by possible intrusion of material into the binderless cavities or growth and 

coalescence of interpore cracks [50]. In general, for ceramic materials, the formation of radial cracks 

heralds the end of the service life of engineering components [36]. Thus, it may be stated that 

premature failure will appear during the service of hardmetal tools and components involving 

corrosion and impact loading conditions simultaneously. 

Figure 8. Pristine (uncorroded) cemented carbides: damage features induced by spherical indentation 

under different applied loads (2500, 3000 and 4000 N). 

The information experimentally gathered and discussed above is summarized in Figure 10. 

Representative images of identified damage events (symbols) in uncorroded and corroded specimens 

are also included in such a figure. For all the uncorroded specimens damage evolution is quite similar. 

As applied load is increased within the range of 2000-4000 N, incipient cracks emerge, propagate 

and coalesce, yielding full ring fissures at a load level of 3500 N in the three cases. Minor differences 

are observed in terms of resistance to generation of the incipient cracks. In this regard, Co-base 

grades show a slightly better behavior, possibly affiliated to their higher hardness-toughness (Table 1) 

correlation, as compared to the one exhibited by the 6NiCrM grade. Nevertheless, it is worth noting 

that partial/full ring cracks in 6CoM and 6NiCrM grades are somehow more visible than those 

observed in 6CoCrM, under the same loading condition (Figure 8). Concerning the specimens 

previously exposed to acidic media and then tested, Figure 10 clearly points out the lessening effects 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



of corrosion on the resistance to nucleation and development of contact damage. This is quite clear in 

terms of both lower critical loads for the emergence of incipient cracks, and more severe damage 

evolution scenarios, in agreement with works published recently [31,32]. Regarding the former, it 

can be directly attributed to binder removal and the consequent loss of the main (intrinsic) 

toughening mechanism in the materials under consideration, as discussed above. The latter is 

supported by the observation of radial cracking and even specimen breakage as the applied load rises 

(Figure 9), phenomena only discerned in pristine cemented carbides under much higher load levels 

(＞ 20000 N, using a rigid indenter of 5.08 mm in radius) [36]. 

Figure 9. Corroded (after 168-hour immersion) cemented carbides: damage features induced by 

spherical indentation under different applied loads (3000, 3500 and 4000 N). 

Following the above ideas, the load levels required for discerning the distinct damage events 

previously documented and discussed (i.e. incipient ring crack, full ring crack, radial crack, specimen 

breakage) are here proposed as merit figures for material selection under service-like conditions 

involving both corrosion and contact loads. Within this context, the results of this work indicate the 

6CoCrM hardmetal grade as the best option among the three cemented carbides studied. Direct 

comparison with 6CoM points out that addition of chromium is a key factor, as it not only is helpful 

in refining the microstructure but also in improving the corrosion resistance (Table 1 and Figure 4). 

On the other hand, analysis of the responses exhibited by 6CoCrM and 6NiCrM grades allows to 

assess the relevant and compromising influence of chemical nature of the binder. In this regard, even 

though replacement of Co with Ni seems to yield a less pronounced microstructural degradation, at 

least at the microstructural length scale (Figure 5), due to exposure to acidic medium, it is clear that 

contact mechanical response of corroded 6NiCrM specimens is lower than the one exhibited by 
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similarly degraded 6CoCrM specimens (Figures 9 and 10). This is particularly true when referring to 

damage events taken place at relatively higher load levels, such as emergence of radial fissures and 

specimen breakage. These relative differences in contact damage response should also be 

intrinsically related to higher hardness-toughness correlations exhibited by WC-Co systems, as 

compared to WC-Ni ones, as commented before. 

Figure 10. Damage evolution diagram for (a) 6CoM, (b) 6CoCrM, and (c) 6NiCrM samples as a 

function of indentation load and corrosion time. Main damage features ascribed to each symbol (no 

cracks, partial ring crack, full ring crack, radial crack, and specimen breakage) are shown within the 

legend, including images of representative events. 

In order to further understand corrosion effects on surface deformation and damage mechanisms for 

the hardmetal grades studied, a detailed inspection at heavily deformed zones was carried out by 

means of FESEM. Figure 11 shows images corresponding to residual imprints after indenting 

uncorroded and corroded 6NiCrM specimens to a load level of 3500 N. Concerning the uncorroded 

condition, a well-developed full ring crack is discerned, due to tensile radial stresses and strains 

existing in the vicinity of the residual imprints [63]. Figure 11a-1 shows that the crack path mainly 

transverses the two-phase microstructure, following binder regions – close to binder/carbide 

interfaces – and/or WC grain boundaries. The indented zone shows a slightly damaged scenario 

involving several plastically deformed WC grains marked by blue arrows (evidenced by the slip lines 

on their surfaces) and some edge broken particles marked by red arrows (Figure 11a-2). Under 

effective compression loading, plastic deformation occurs preferentially in the binder phase. 

Meanwhile, the WC carbide starts to deform when the motion of dislocations in the binder phase is 

hindered due to work hardening [64–67]. For the corroded specimen, under similar loading 
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conditions (Figure 11b-1), in the vicinity of the residual impression a radial crack (yellow arrows) 

intersects a ring crack (light blue arrows). Meanwhile, due to the dissolution of the binder phase, 

radial crack appears as well-developed, accompanied by significant WC grain removal in the crack 

propagation path (Figure 11b-2). In this regard, radial cracks seem to initiate within the contact zone, 

and then spread out from underneath the residual impression and propagate outwards, away from the 

impression contour. This observation is consistent with previous studies regarding spherical 

indentation test performed on pristine hardmetal at a quite high load level [36]. On the other hand, 

the damage scenario near the residual impression center is significantly different from the one 

evidenced in the uncorroded specimen. As it may be seen in Figure 11b-3, besides plastic 

deformation many WC particles exhibit cracks and are even fragmented. Moreover, micrometric 

cavities are often evidenced, as a result of carbides dislodged during the contact load test. Hence, 

required accommodation of the imposed irreversible deformation results in deformation of single 

WC grains, particle cracking and fragmentation, as well as small-scale local collapse of the 

unsupported (binderless and porous) carbide network [30]. 

Figure 11. FESEM images of indented area (residual imprints) for 6NiCrM specimens under applied 

load of 3500 N: (a) uncorroded and (b) corroded (72-hour). 

3.4 Subsurface damage scenario: inspection of indented “clamped-interface” specimens 

Microstructural changes induced at the subsurface level were assessed by preparing and indenting 

“clamped-interface” specimens. Figure 12 shows FESEM images of indentation damage scenarios at 

a low load level (750 N), for both non-corroded and corroded conditions. For the pristine hardmetal, 

a conventional crack-microstructure interaction, involving fissures extending throughout metallic 
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binder regions is evidenced (Figure 12a) [58-60]. On the other hand, for the corroded specimens, the 

damage scenario is dominated by carbides overlapping over each other, as well as grains pulled-out 

in the heavily damaged zone (Figure 12b). This is directly related to the poor subsurface integrity 

associated with the porous-like and binderless corroded layer, which is not able to provide sufficient 

load-bearing capability. Furthermore, angles of cone-like cracks are less acute and defined in the 

deformed zone of the corroded condition. In ceramic materials, such a trend has been found as 

R-curve (crack growth resistance) behavior gets less pronounced [68]. Hence, considering that 

R-curve behavior is directly related to ductile ligament reinforcement behind the crack tip in pristine 

hardmetals (e.g. Refs. [60,61]), above experimental findings should be attributed to the absence of 

toughening mechanisms related to the binder in the degraded layer [68]. 

Figure 12. Hertzian indentation damage discerned on the side view of indentation of one of the two 

halves of the bonded specimens in: (a) non-corroded 6NiCrM at load of 750 N, and (b) corroded 

6CoCrM (72 hours of corrosion) at load of 500 N. 

Figure 13 shows images corresponding to the subsurface damage scenario at a relatively high load 

level (1500 N) for both non-corroded and corroded conditions. For the pristine specimen, the 

deformed zone is mainly composed of WC grains with a large density of slip bands (Figure 13a-1). 

Although it cannot be ascertained from the shown micrograph, it may be speculated that plastic 

deformation of binder phase also plays a key role in this process [36,39,67]. Concerning the corroded 

specimen, the damage scenario is dominated by microcracks in the degraded layer, i.e. quite different 

from that found in the virgin material (Figure 13b-1). In this regard, due to the removal of the 

ductile metallic phase, microcracks are more likely to initiate and propagate. It may be rationalized 

by considering the direct consequences of the binder being leached out. On one hand, leached binder 
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leaves effective pores which may act as stress concentrators and crack precursors within binderless 

WC skeleton. On the other one, lack of binder implies that toughening mechanisms associated with 

ductile ligament reinforcement are now completely absent; and thus, energy required for subcritical 

crack propagation is effectively much lower than for the pristine condition [30-32]. Hence, induced 

microcracks may lead to catastrophic failure of the specimen as they propagate, interact and finally 

coalesce to form long cracks [31-33,50,52,69,70]. However, it is interesting to highlight that there is 

not any cracking feature in the region below the interface between the uncorroded and corroded zone 

(Figure 13b-2). It indirectly sustains the large load-bearing and toughening capability of the 

cemented carbides (pristine condition) investigated, through energy absorption by quite effective 

deformation mechanisms of their two constitutive phases: the binder metallic phase and the ceramic 

WC grains. 

Finally, when comparing the deformation and fracture scenarios obtained from BIT technology 

(Figures 12 and 13) with that from the integral (bulk) specimen discussed above, it is clear that the 

former is more severe than the latter regarding emergence of microcracks at each specific loading 

condition. This is consistent with previous studies reported in the literature [42,48]. In the clamped 

specimens, the centerline of the indentation is at the artificial interface between the two halves, 

which cannot support the indenter as effectively as in a real bulk material. Thus, the interface edges 

are more prone to collapse, leading to a corresponding shift of the maximum stress field away from 

the bonded-interface. In this sense, since the interface edge is unsupported by the gap over its whole 

length, the weaker grain boundaries and friction would have a more pronounced effect than within 

the bulk of the material [42,48]. 
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Figure 13. 6NiCrM “clamped-interface” specimens indented at a load level of 1500 N: micrographs 

of subsurface damage for (a) uncorroded, and (b) corroded (168 h) conditions. The FESEM images 

are the enlarged views of the corresponding square areas, where black, green, light blue, and purple 

represent the damage scenario in the severely deformed area of the uncorroded sample, the corroded 

area, the area near the corrosion front, and the uncorroded area below the corrosion front, 

respectively. 

4. Conclusions 

The influence of corrosion on mechanical response and damage scenario under Hertzian indentation 

for cemented carbides with binders of different chemical nature has been investigated. From the 

experimental findings and corresponding analysis, the following conclusions may be drawn: 

(1) Corroded cemented carbides exhibit a lower load-bearing capability than pristine ones. This is 

reflected by an increased indentation depth at a given applied load, i.e. a lower stress-strain response. 

In general, corrosion-induced lessening effects are found to depend on the ratio between indentation 

depth and thickness of the corroded layer; and thus, on the effective substrate-like role played by the 

underneath non-corroded hardmetal. In this regard, as exposure time to acid medium gets longer, the 

resulting and continuously thicker corroded layer gradually substitutes the uncorroded substrate as 

main responsible for controlling the quasi-plastic deformation induced by the indentation. As a 

consequence of the higher intrinsic corrosion resistance of hardmetal grades containing Cr (6CoCrM 

and 6NiCrM), as compared to the the Cr-free grade (6CoM), such detrimental effects are more 

pronounced in the latter than in the former. 

(2) The detrimental influence of corrosion is particularly evidenced in terms of contact damage: 
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lower critical loads for the emergence of incipient cracks, and more severe evolution scenarios at the 

surface level. Considering these parameters as figures of merit for material selection, the hardmetal 

grade 6CoCrM is then proposed as the best option, as compared to the other two cemented carbides 

studied, for applications involving corrosion and contact loads. Such a finding points out the synergic 

and compromising effect of corrosion resistance linked to Cr addition and higher hardness-toughness 

correlation affiliated to Co (within the context of WC-Co systems, as compared to WC-Ni ones) for 

achieving an optimized performance under service-like conditions. 

(3) Significant corrosion effects on contact response are also evidenced at the subsurface level, in 

terms of deformation/damage micromechanisms. In this regard, the deformation-shared scenario 

commonly evidenced in pristine hardmetals is found to change into one dominated by microcracks, 

emerging and evolving from cavities within the porous/binderless WC skeletons left after corrosion. 

At relatively high loads and independent of chemical nature of the binder, it finally yields radial 

fissures and even specimen failure under spherical indentation testing. 
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Table 1. Microstructural and basic mechanical parameters for cemented carbides studied. 

Specimen 

code 

wt.% 

binder  

Addition of 

Cr3C2 

dWC 

(μm） 

HV30 

(GPa) 

KIc 

(MPa*m
1/2

) 

6CoM 6Co No 1.5 ± 0.2 16.0 ± 0.2 11.1 ± 0.2 

6CoCrM 6Co Yes* 1.4 ± 0.2 15.9 ± 0.1 11.0 ± 0.3 

6NiCrM 5.5Ni-0.5Co Yes* 1.3 ± 0.2 15.1 ± 0.1 10.0 ± 0.3 

* Samples 6CoCrM and 6NiCrM contain a similar small amount of Cr3C2 (i.e. < 0.5%wt.) 

Graphical abstract 

Highlights 

 Significant corrosion effects on indentation stress-strain response and contact damage 

scenario for WC-base cemented carbides are discerned. 

 Lessening of contact damage response of hardmetals is dependent on both thickness of the 

corroded layer and chemical nature of the binder. 

 Under the combined action of corrosion and contact loads, Cr-containing Co-base hardmetal grade 

performs better than the others studied. 
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 Consideration of the synergic interaction between corrosion resistance and hardness/toughness 

correlation is key for material selection regarding contact- and corrosion-related 

applications. 
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