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Abstract 

 

In this work, corrosion effects on the indentation and scratch response of a WC-6%Co hardmetal are 

investigated. Experimental variables include relative long corrosion times as well as indentation and 

scratch testing conditions yielding damage scenarios whose depths are similar to length scale of the 

degraded surface layers. It is found that load-bearing capability and crack extension resistance of the 

cemented carbide grade studied are significantly reduced after exposure to corrosive media. This is 

related to relevant changes within the microstructural assemblage of the material, from an effective 

bulk ceramic-metal composite into a porous layer consisting of a binderless carbide network on top 

of a pristine-like hardmetal substrate. However, such lessening effects are found to be dependent on 

the ratio between indentation and/or scratch depth and thickness of the corroded layer. Hence, 

relative changes decrease as corrosion time increases, and no differences are discerned after seven 

days of immersion. Similar pronounced corrosion influence is evidenced in surface and subsurface 

damage scenario resulting after indentation and scratch tests. In this regard, a transition from well-

defined cracking systems into a scenario consisting of multiple, branched and less shallow fissures is 

evidenced when comparing pristine and corroded specimens respectively. The experimental fact that 

referred cracking features for corroded specimens are confined within the porous-like degraded 

layers points out that it is the result of small length-scale interaction between cracks and the cavities 

within the binderless WC skeleton, left after the metallic binder has been leached away. 

 

Keywords: corrosion, load-bearing capability, damage, indentation, scratch, cemented carbide 
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1. Introduction 

 

WC-Co cemented carbides, usually referred to as hardmetals, consist of two interpenetrating 

networks of their metallic and ceramic constitutive phases [1]. The intrinsic composite nature of 

these materials permits to tailor unique combinations of mechanical properties by proper selection of 

carbide grain size and metallic binder content [2,3]. As a result, they have consolidated as first 

choice materials for tools and components to be used in highly demanding applications, e.g. cutting 

or forming of metallic alloys, as well as mining operations [4].   

 

Several of the above applications also include exposure to chemically aggressive media, such as 

lubricants, chemical products, petrochemical and mine slurries, and seawater [5-8]. Under these 

conditions, it has been shown that failure induced under applied load is accelerated, and 

corresponding service life may be significantly shortened. In this regard, extensive research has 

proven that corrosion significantly affects microstructural and mechanical/tribological characteristics 

of cemented carbides. Regarding the former, it is well-known that the original microstructural 

scenario is changed, through dissolution of different individual phases depending on acidic or basic 

nature of the media [9-14]. Concerning the latter, it is established that rupture, wear and fatigue 

resistance of corroded hardmetals decrease [5,10,15-21]. One reason behind it is the pronounced 

stress rising effect of corrosion pits. Another one is a lower load-bearing capability linked to an 

unsupported carbide skeleton resulting from removal of the binder phase.  

 

Critical review of most of the above works points out that observed detrimental corrosion-related 

effects are usually discussed on the basis of the direct correlation existing between microstructure 

and macroscopic property/response exclusively. Although this knowledge is interesting and useful 

from a material selection viewpoint, additional information is required if microstructural design 
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against corrosion is aimed. This is particularly true concerning the changes that may be induced by 

corrosion on damage scenario and/or active micromechanisms, at both surface and subsurface levels, 

under applied load. In this regard, an outstanding exception is the investigation conducted by Gee 

and coworkers in the last decade [18,22,23]. In such studies, they combined model single point 

abrasion (scratch) experiments and advanced characterization techniques to document and rationalize 

the influence of corrosion on corresponding damage micromechanisms. Among their interesting 

observations, the evidence of structural collapse at the subsurface level together with irregular 

longitudinal scratch profiles, as a direct consequence of binder leaching, must be highlighted. A 

similar approach has been recently followed by Zheng et al. [24] to assess and analyze 

surface/subsurface and small-scale mechanical integrity changes induced by exposure to an acidic 

media of a hardmetal grade. Such study included nanoindentation and nanoscratch testing together 

with inspection by means of Field Emission Scanning Electron Microscopy (FESEM). Lower 

mechanical properties were determined for the corroded cemented carbide investigated. This finding 

was discussed on the basis of the effective microstructural assemblage remnant after corrosion action. 

In this regard, and in agreement with the findings of Gee and coworkers, dissolution of the metallic 

phase was found to yield a mechanically unsupported, contiguous and binderless/porous, carbide 

network. As a final consequence, cracking, fragmentation and easy removal of WC grains under 

contact loading was observed on the corroded hardmetal.  

 

It is the aim of this study to conduct a systematic investigation on corrosion-induced changes on both 

load-bearing capability and damage scenario of a WC-Co hardmetal grade. Different from the 

nanomechanical study referred above, this investigation focusses on a higher length scale (from 10s 

to 100s of microns in depth) as it includes relatively long corrosion times as well as pyramidal 

indentation and sliding contact (microscratch) experiments applying loads ranging from 5 to 300 N. 

The former implies existence of uniform and rather thick corrosion-affected layers, whereas the latter 
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yields damage scenarios whose depth is similar to length scale of the degraded surface layers. Under 

these conditions, well-developed cracking systems are induced; and thus, changes on the crack-

microstructure interaction as a function of corrosion extension may be studied. 
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2. Material and experimental aspects 

 

The investigated material is a plain WC-Co supplied by Hyperion Materials and Technologies. 

Binder content is 6%wt and mean value of carbide grain size is about 1.5 µm, as measured by linear 

interception using FESEM micrographs.  

 

Corrosion damage was induced in a controlled way by immersing the hardmetal specimens in stirred 

0.1M HCl solution at room temperature during variable time periods: one (1D), three (3D), seven 

(7D) and eleven (11D) days. Weight loss was measured during the immersion tests. Corrosion rate 

was determined according to the following equation:  

                                                   ( / ) 87.6( )
w

Corrosion mm year
A tρ

=                                                          (1) 

where w is the weight loss in mg; A is the surface area of the specimen in cm2; ρ is the density of the 

material in g/cm3; and t is the corrosion time in hours. Phase characterization, before and after 

corrosion tests, was conducted by means of FESEM and X-Ray diffraction (Philips MRD) using Cu 

K-α (40 kV and 30 mA) radiation. Microstructural changes induced by corrosion take place at both 

surface and subsurface levels. In this regard, corrosion effects on surface integrity was evaluated 

through examination of carefully prepared (cut, ground and polished) transverse sections by means 

of laser scanning confocal microscopy (LSCM) and FESEM.  

 

Load-bearing capacity was investigated under two different loading conditions: indentation and 

sliding contact (scratch) using pyramid (Vickers) and conical (Rockwell) diamond indenters, 

respectively. Range of loads used was different in both cases: 2-294 N in the former and 5-60 N (at a 
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loading rate of 50 N/min) in the latter. They were chosen such to induce relevant irreversible 

deformation and damage, including radial cracks out of the corners of the indentation imprints as 

well as cracks and spallation in scratch tracks. At least three tests were performed for each material 

and loading condition. Load-bearing capability associated with indentation tests was assessed in 

terms of Vickers hardness by measuring length of diagonals. On the other hand, irreversible 

deformation resistance under sliding contact conditions was evaluated in terms of an apparent scratch 

hardness (Hs) value, calculated as [25]: 

         �� =  
���

�	

                                                      (2) 

 

where Ps is the applied scratch load in N; and w is the corresponding scratch width in µm. Scratch 

testing unit used (CSM Revetest) is equipped with an optical microscope which was set for 

measuring track width corresponding to a given applied load value.  

 

An extensive and systematic inspection of the damage scenario was carried out. At the surface level, 

morphologies of residual imprints and scratch tracks were observed using LSCM and FESEM. 

Regarding pyramidal indentation tests, they yield nucleation and extension of cracks out of the 

corners of residual imprints. Relative length of induced cracks is related to effective toughness of the 

microstructural assemblage; and thus, indirectly to their damage tolerance, a key parameter for 

optimal microstructural design of hardmetals.  Hence, corrosion effects on effective toughness were 

assessed by measuring the length of the induced cracks using optical photographs acquired by LSCM. 

Crack extension resistance (W) was then calculated using the following equation [26]: 

                                                                                 
4

P
W

a
=                                                                              (3) 
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where P is the indentation load in N; and a is the mean radial crack length in µm. 

 

Subsurface evolution of indentation and scratch damage with increasing load was examined by 

conducting specific tests on “clamped-interface” specimens. In doing so, the procedure followed 

included five sequential stages [27,28]. First, pristine and corroded specimens were transversally cut 

to obtain different halves corresponding to each specific condition. Second, these two half-surfaces 

were put into a mold of bakelite, with the original top surfaces facing each other, and the cut section 

was ground and polished. Third, this mold was mechanically broken and, once more, the two halves 

were put into another mold of bakelite, with the newly polished surfaces clamped face-to-face. 

Fourth, uncorroded and corroded surfaces were indented (under applied load of 294 N) and scratched 

(up to 60 N) near the surface trace of the interface - keeping an equal distance between interface and 

either indentation imprint or end of scratch track, respectively. Fifth, the two parts were 

mechanically separated again, and polished cross-sections of corresponding half-surfaces were 

finally examined using LSCM. Here, special attention was paid to examine subsurface damage 

introduced by indentation and scratches done on the top surface of the “clamped-interface” 

specimens. 
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3. Result and discussion 

3.1 Corrosion-induced changes at both surface and subsurface levels 

 

Figure 1 shows top-view and cross-sectional micrographs from corroded samples. As expected from 

the relatively long corrosion times investigated, microstructural changes are uniformly distributed at 

both surface and subsurface regions. In this regard, longer immersion times yield more relevant 

changes on microstructural assemblage as well as deeper corrosion fronts. Direct measurement of 

corrosion front depth indicates a linear correlation with time, in agreement with the relatively 

constant corrosion rates determined (using weight loss data), within the exposure time studied in this 

work, i.e. between 1 and 11 days (Figure 2). Detailed microstructural observation and analysis 

carried out by FESEM and XRD (Figure 3) pointed out that corrosion mainly affects the metallic 

binder. This is leached away yielding a simple carbide skeleton as the effective microstructural 

scenario for the degraded surface layer in the corroded specimens. 
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Fig. 1. FESEM top-view (a) and LSCM cross-sectional (b) micrographs of corroded samples: 

Microstructural aspect at the surface and subsurface of corroded layers for different corrosion times. 
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Fig. 2. Average corrosion front depth and corrosion rate as a function of immersion time.  

 

 

Fig. 3. XRD analysis for non-corroded and corroded (11D) samples. 

 

 

 



12 

 

3.2 Corrosion effects on load-bearing capability of hardmetals  

 

Pyramidal indentation and scratch tests were performed on the surface of non-corroded and corroded 

specimens to induce irreversible deformation. Representative images of residual imprints and scratch 

tracks for pristine and corroded conditions are shown in Figures 4 and 5. They are less pronounced 

but better defined in the uncorroded material. On the other hand, discrete failure-related events such 

as chipping or spallation, are rather discerned for the corroded conditions.  

 

 

Fig. 4. LSCM micrographs of indentation imprints performed under applied load of 24.5 N on (a) non-

corroded sample, and corroded specimens with different exposure times: (b) 1D, (c) 3D and (d) 7D. 
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Fig. 5. LSCM micrographs of two scratch tracks performed on (a) non-corroded and (b) corroded 

(7D) samples, with increasing load ranging from 35 N to 60 N. 

 

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

studied. As expected, penetration increases as the applied load gets higher. On the other hand, clear 

corrosion effects are discerned in terms of a lower load-bearing capability of the exposed material. 

Similar observations may be done from experimental data collected from sliding contact tests, as 

shown in Figure 7. In general, mechanical response lessening increases for longer immersion times. 

However, relative changes are much less pronounced after 3 days of exposure to corrosive solution, 

and no differences are discerned after 7 days of immersion.  
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Fig. 6. Indentation depth as a function of applied load for uncorroded and corroded (for different 

exposure times) specimens. 

 

 

Fig. 7. Scratch penetration depth (a) and width (b) as a function of applied load for non-corroded and 

7-day corroded specimens. 

 

Similar corrosion effects are found on measured Vickers and apparent (scratch) hardness values, as 

shown in Figure 8 and Table 1, respectively. Within the experimental scatter, Vickers hardness 

decreases from 17-18 GPa for the uncorroded material to 11-12 GPa for the 7D and 11D corroded 

conditions. The latter then represents the effective load-bearing capability of the unsupported WC 

skeleton. This statement is sustained by the fact that variable and intermediate hardness values are 
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measured for 1D and 3D corroded conditions, depending on the imposed load. Such a trend is also 

evidenced when analyzing scratch hardness data, although here higher relative differences between 

pristine and corroded specimens are found. It would point out a higher sensitivity of irreversible 

deformation resistance of the hardmetal to corrosion-induced changes under the more complex 

loading state involved in sliding contact. In general, these experimental results highlight the 

lessening effect of corrosion on load-bearing capability of the hardmetal, as well as the dependence 

of the measured mechanical response on the ratio between indentation and/or scratch depth (and 

associated plastic zone) and thickness of the corroded layer, as it will be discussed below. 

 

 

Fig. 8. Hardness and ratio between indentation depth and corroded layer thickness (R) as a function 

of applied load, for samples immersed in the corrosive solution during different times. 
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Table 1.  Apparent scratch hardness data, measured under applied load of 50 N, for the different 

specimens studied.  Corresponding Vickers hardness, measured under 49 N, are also listed for 

comparison purposes. 

Condition 
HS (50 N) 

(GPa) 

HV5(49N) 

(GPa) 

0D 23. 3±0.5 17.1±0.4 

1D 10.5±0.8 12.8±0.3 

3D 8.1±0.8 12.2±0.4 

7D 8.1±0.9 11.2±0.3 

11D 8.8±0.9 10.9±0.2 

 

 

After being exposed to the 0.1M HCl solution, the microstructure assemblage of the corroded zone 

becomes loose and porous due to the dissolution of the metallic phase [18,19,21]. Thus, the corrosion 

affected zone may be effectively described as a porous film adhered to a substrate consisting of the 

non-corroded hardmetal (Figure 1). As a consequence, the contact response of the corroded samples 

becomes largely dependent on the thickness of the degrades layer, which is directly related to the 

exposure time. In order to understand this effect, a relative indentation depth (R) parameter, defined 

by the ratio between indentation depth and layer thickness, is recalled to account for the effect of 

coating thickness on measured mechanical properties [29-33]. In practice, it is assumed that substrate 
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response does not affect the measured mechanical properties of the coating, as far as R is lower than 

0.1 [34]. However, for a soft porous film on a hard substrate, it has been reported that such critical R 

value can even reach 0.3, because a higher capability of the porous film to confine plastic 

deformation within it [30]. The indentation depth (also measured by LSCM in this study) to layer 

thickness ratios for the different corroded samples and applied loads are included in Figure 8. Slight 

deviation from average hardness value measured in the 7D and 11D cases should be attributed to 

indentation size effects, as widely reported in the literature [35,36]. On the other hand, hardness data 

gathered for 1D and 3D corroded specimens indicates an obvious “substrate effect” linked to the 

non-corroded hardmetal supporting the corroded layer. In this regard, higher hardness values are 

measured as applied load increases or thickness of corroded layer decreases. Within the experimental 

scatter of the results, data measured for 1D and 3D exposed specimens would indicate relative 

indentation depths about 0.2-0.3 as critical for intrinsic assessment of the effective hardness of 

corroded layers, i.e. without being affected by the mechanical response of the substrate. This will 

support the idea of describing the corroded specimens as systems consisting of a porous ceramic 

layer on top of a very hard composite substrate. 

 

Aiming to further document and analyze corrosion effects on mechanical integrity at the surface of 

the hardmetal studied, length of cracks emanating from imprint corners (Figure 4) were measured 

for each tested condition. Determined mean values are plotted as a function of applied load in Figure 

9. A linear relationship was found in all the cases. The longer the exposure to the corrosive media, 

the higher the slope, pointing out a clear detrimental effect of corrosion on crack extension resistance 

(Figure 10), i.e. on Palmqvist or indentation toughness [26,37]. Nevertheless, it should be underlined 

that relevance of lessening effects on crack extension resistance decays over the first 3 days of 

immersion, and tends to stabilize for longer times (7 and 11 days).  
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Fig. 9.  Mean length of radial cracks, emanating from imprint corners, as a function of applied load 

for the pristine and corroded specimens investigated. 

 

 

 Fig. 10. Crack resistance as a function of immersion time for the different specimens studied.   

 

Resistance against cracking phenomena of hardmetals is closely related to the energy expended in 

the constrained plastic stretching of Co binder ligament as cracks extend [38-40]. The higher the 

volume fraction of the binder phase, the more pronounced is the toughening due to ductile ligament 

reinforcements, as well as the corresponding crack growth (R-curve) resistance [41,42]. Once 
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corroded, there is a loose and porous WC skeleton left. Hence, effective removal of the ductile 

metallic phase implies that the referred toughening effect is no longer operative; and thus, energy 

required for subcritical crack propagation is lowered. As the corrosion time (corrosion front depth) 

increases, value of crack extension resistance decreased from 928 to 564 kJ/m2. The transition from 

sharp changes at relatively short times into a rather stable lessening rate of crack extension resistance 

must be linked to the effective influence of the uncorroded substrate on the surface cracking 

phenomena discerned. As it was discussed above when analysing hardness data, substrate effects on 

the mechanical response of the material are expected to vanish gradually as the ratio between 

indentation depth and thickness of the corroded layer gets lower, i.e. as exposure time to corrosive 

media gets longer. 

 

 

3.3 Corrosion effects on damage scenario induced during indentation and scratch tests  

 

Similar to the findings reported on mechanical response, i.e. Vickers and scratch hardness as well as 

crack extension resistance; corrosion effects on damage induced under applied load are also extreme. 

It is clearly illustrated by comparing developed damage in non-corroded and corroded samples. In 

the case of pyramidal indentation (Figure 11), opposite to the sharp and shallow cracks discerned in 

the non-corroded hardmetal, damage at the subsurface of the corroded conditions evolves from 

defined cracks close to the surface into branched ones as they growth into the bulk. Similarly, comb-

like crack propagating paths underneath the scratch tracks are completely different for uncorroded 

and corroded conditions (Figure 12). Systematic inspection - by controlling the distance between the 

scratch end and the edge - allows to discern that as the indenter gets closer to the edge, damaged 

zone changes from a well-defined cracking system for the uncorroded condition into a multiple-
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cracking scenario confined within the porous-like degraded layer for the corroded conditions. In 

agreement with previous studies on sintered steels exhibiting a relative large intrinsic porosity [43], 

cracks fork off within the corrosion layer aiming to follow easy paths of interconnected pores 

(Figures 11b-1, 11c-2 and 12b). As a result, small-scale branching, interconnection and lateral crack 

growth parallel to the surface are evidenced, pointing out a potential development of macro-spalling 

like failures.    

 

The above described damage scenarios at the subsurface of corroded hardmetals subjected to either 

indentation or scratch are linked to the effectiveness of a small length-scale interaction between 

cracks and the cavities within the binderless WC skeleton [44]. In this regard, effective pores - left 

after binder has been leached away - act not only as an assemblage of many small stress 

concentrators but also as crack precursors [45]. Hence, as load is applied and main cracks propagate 

downwards, additional microstructurally short cracks nucleate at the referred pores and then 

propagate steadily out of them. From a mechanic viewpoint, the microcracking phenomena taking 

place in front of main fissures translates into crack wake shielding from the applied stress intensity 

factor [46]. It induces a decrease of the effective crack tip stress intensity factor, yielding as a result 

multiple branched cracks arrested at lower depths or following lateral-like paths parallel to the 

surface [47]. This would explain that uncorroded condition show fewer but shallower and deeper 

cracks than the corroded conditions (Figures 11 and 12).  
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Fig. 11. Cross-section view of cracking phenomena resulting from pyramidal indentation under an 

applied load of 294 N for specimens previously exposed to corrosion media during different times:  

(a) pristine, (b) 3 days, and (c) 11 days. 

 

 

Fig.12. Subsurface cracking scenario induced by scratching in (a) non-corroded and (b) corroded 

samples. 
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4. Conclusions 

 

A systematic investigation of corrosion-induced changes on both load-bearing capability and damage 

scenario of a WC-Co hardmetal grade has been conducted. The study attempted to focus on 

indentation and scratch testing conditions yielding damage scenarios whose depths were similar to 

length scale of uniform and relatively thick (from 10s to 100s of microns) corroded layers. The 

following conclusions may be drawn: 

 

(1) The corroded cemented carbide studied exhibits a lower load-bearing capability and crack 

extension resistance than the pristine one. These relative corrosion-induced lessening effects 

decreases as exposure time increases, and no differences are discerned after 7 days of immersion. 

This trend is evidenced for both indentation and scratch tests, although a higher sensitivity of 

irreversible deformation resistance to microstructural changes introduced by corrosion is observed 

under sliding contact conditions. Vickers hardness of significantly corroded specimens decreases 

down to 11-12 GPa, i.e. about 60% the reference one determined for the uncorroded samples. From a 

mechanical viewpoint, such value may then be taken as the effective load-bearing capability of the 

unsupported WC skeleton. 

 

(2) The contact response of the corroded hardmetals is largely dependent on the thickness of the 

degraded layer, which is directly related to the exposure time. In this regard, the corroded specimens 

may be described as systems consisting of a porous ceramic layer on top of a very hard composite 

substrate. Within this context, relative indentation depths lower than 0.2-0.3 of corroded layer 

thickness are determined as required testing conditions for effective assessment of the intrinsic 

hardness of corroded layers, i.e. without being affected by the mechanical response of the substrate. 
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(3) Significant corrosion effects on contact response are also evidenced in the damage scenario 

resulting, at both surface and subsurface levels, after indentation and scratch tests of the hardmetal 

studied. Independent of testing conditions, damaged zone changes from well-defined cracking 

systems for the uncorroded condition into multiple branched fissures confined within the porous-like 

degraded layers for the corroded ones. Cracks within the binderless and porous carbide network are 

discerned to get arrested at lower depths or following lateral-like paths parallel to the surface. Such 

scenario should be linked to the effectiveness of a small length-scale interaction between cracks and 

the cavities within the binderless WC skeleton, yielding as a final result the development of macro-

spalling like failures at the edges of both indentation imprints and scratch tracks. 
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