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Abstract
Due to their beneficial wear resistance, WC-Co harmetals are widely used in industrial
applications. An intrinsic weakness, however, is their corrosion susceptibility, which is an
issue already in deionized water.
As a result of the heterogeneous microstructure of the material as well as of the galvanic
interaction of the two phases, Co and WC, the overall corrosion process of WC-Co is very
complex, and its investigation affords the consideration of the local reaction mechanisms. As
these reactions might be influenced by local pH changes, the effect of the solution pH had to
be systematically characterized.
The shaping process of Electrical Discharge Machining (EDM) is the starting point for this
investigation, as it represents a typical example for practical circumstances in industry, which
WC-Co is exposed to. In this regard, the corrosion behaviour of WC-Co under different
applied polarization conditions was investigated by several electrochemical methods, such as
Electrochemical Impedance Spectroscopy (EIS), potentiodynamic and potentiostatic
polarization measurements as well as cyclic voltammetry.
Electrochemical experiments on WC-Co, and for comparative studies on pure Co and WC,
were performed in aqueous solutions of different pH. Thereby it was evidenced that the
overall electrochemical behaviour of WC-Co in aqueous solutions is determined by the Co
phase. Investigation on the pure samples revealed that the stability of Co and WC exhibits an
opposite pH dependence: Co shows passivation at alkaline pH and continuously increasing
dissolution rates towards the acidic domain, while WC is least stable in alkaline solution and
becomes more stable with decreasing pH.
Electrochemical methods provide an efficient tool to characterize the electrochemical
behaviour of corroding systems. However, they do not allow the detection of chemical
reaction processes. In order to complete the characterization of the corrosion behaviour of
WC-Co, elemental solution analysis was performed by Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS). Thereby it could be demonstrated that WC undergoes chemical
dissolution, which is not detectable by means of electrochemistry.
A specific experimental approach by XPS surface characterization revealed a two-step
mechanism for the dissolution process of the WC phase, consisting of an electrochemical and
a purely chemical reaction step.
The contact between Co and WC in the composite leads to galvanic coupling effects, which
result in anodically enhanced oxidative dissolution of the Co phase. As a consequence of the
cathodic reduction of hydrogen or oxygen, which is forced to proceed on the WC phase, the
local solution pH is increased. This causes a chemical destabilization of the WC phase, which
can thus not be cathodically protected.
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Zusammenfassung
Dank ihrer guten Verschleisseigenschaften finden WC-Co-Hartmetalle weit verbreitete
industrielle Anwendung. Ihr Schwachpunkt liegt jedoch in der Anfälligkeit gegenüber
Korrosion, welche bereits in deionisiertem Wasser ein nicht zu unterschätzendes Problem
darstellt.
Die heterogene Mikrostruktur des Materials sowie die galvanische Wechselwirkung zwischen
den beiden Phasen Co und WC machen den gesamten Korrosionsprozess von WC-Co sehr
komplex. Deren Untersuchung erfordert deshalb die Betrachtung der lokalen
Reaktionsmechanismen. Da diese Reaktionen durch lokale pH-Veränderungen beeinflusst
werden können, muss der pH-Wert der Lösung systematisch charakterisiert werden.
Der Formgebungsprozess der Funkenerosion (englisch Electrical Discharge Machining,
EDM) ist der Ausgangspunkt dieser Untersuchung, denn er stellt ein typisches Beispiel für
praktische Umgebungsbedingungen dar, welchen WC-Co in der Industrie ausgesetzt ist.
Unter diesem Gesichtspunkt wurde das Korrosionsverhalten von WC-Co bei
unterschiedlichen Polarisationsbedingungen mittels verschiedener Messmethoden wie
elektrochemische Impedanzspektroskopie (EIS), potentiodynamische und potentiostatische
Messungen sowie zyklische Voltammetrie untersucht.
Elektrochemische Experimente wurden an WC-Co, und zum Vergleich an reinem Co und
WC, in wässrigen Lösungen von unterschiedlichem pH durchgeführt. Dabei wurde
nachgewiesen, dass das elektrochemische Verhalten von WC-Co in wässriger Lösung
hauptsächlich durch die Co-Phase bestimmt wird. Untersuchungen an reinen Proben ergaben
eine gegenläufige pH-Abhängigkeit der Stabilität von Co und WC: Co passiviert in
alkalischer Lösung und zeigt kontinuierlich ansteigende Auflösungsraten zum sauren pHBereich hin, während WC seine geringste Stabilität in alkalischer Lösung aufweist und mit
sinkendem pH kontinuierlich stabiler wird.
Elektrochemische Untersuchungsmethoden stellen ein wertvolles Mittel dar, um das
elektrochemische Verhalten eines korrodierenden Systems zu charakterisieren. Sie sind
jedoch nicht in der Lage, chemische Reaktionsprozesse zu messen. Um eine vollständige
Charakterisierung des Korrosionsverhaltens von WC-Co zu erhalten, wurden deshalb
Lösungsanalyse-Messungen mittels induktiv gekoppelter Plasma-Massenspektroskopie (ICPMS) durchgeführt. Damit liess sich zeigen, dass WC eine chemische Auflösung erfährt,
welche mittels elektrochemischer Methoden nicht messbar ist.
Ein spezifischer experimenteller Ansatz mittels XPS-Oberflächencharakterisierung führte zur
Schlussfolgerung eines Zweistufenmechanismus für den Auflösungsprozess der WC-Phase,
welcher aus einem elektrochemischen und einem rein chemischen Reaktionsschritt besteht.
Der Kontakt zwischen Co und WC im Verbundwerkstoff ruft galvanische Kopplungseffekte
hervor, welche zu einer anodisch verstärkten oxidativen Auflösung der Co-Phase führen. Als
Konsequenz der kathodischen Reduktion von Wasserstoff oder Sauerstoff, welche
gezwungenermassen auf der WC-Phase abläuft, wird der pH-Wert der Lösung lokal erhöht.
Dies wiederum führt zu einer chemischen Destabilisierung der WC-Phase, welche somit nicht
kathodisch geschützt werden kann.
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1.

Introduction

1.1

Question / problem: WC-Co composite – properties and industrial application

WC-Co hardmetals consist of a composite system, which binds hard WC grains into a tough
metallic Co matrix during a liquid phase sintering process. Owing to the combined properties
of a tough metal binder and a hard carbide, WC-Co hardmetals exhibit an exceptional wear
resistance, which makes them suitable for applications in many engineering fields, as they
provide a high performance for mining and cutting tools. Furthermore, they are increasingly
used in a variety of other industrial applications, e.g. seal rings, valves, linings, saw blades, jet
nozzles, conveyor belt scrapers and fluid mixers. In contrast to traditional uses, these
applications are subjected to significantly longer lifetimes and components may be expected
to remain in service for several years. With respect to long-term stability, not only wear
processes play a detrimental role, but also the chemical or electrochemical reaction with the
environment. Although corrosion resistance is not a prime requirement of hardmetals,
nevertheless, this property is very important in industrial use.
Owing to the high material hardness, the machining of WC-Co affords special techniques.
Aside from diamond grinding wheels, Electrical Discharge Machining (EDM) is extensively
used, providing an efficient tool to form complicated shapes with high precision and with
extremely smooth and stress-free finishes. EDM wire cutting is a thermal mass-reducing
process, as schematically presented in Figure 1, that uses a continuously moving wire to
remove material by means of rapid controlled repetitive spark discharges. A dielectric fluid is
used to flush the removed particles, regulate the discharge, and keep the workpiece cool. [1].

Fig. 1

Schematic representation of Electrical Discharge Machining (EDM) wire cutting
process [1].

For this procedure dielectric, deionized water is normally employed. As a matter of fact, even
in this non-aggressive medium, severe corrosion attacks are observed. The corrosion
susceptibility of WC-Co represents thus a detrimental issue concerning its industrial insert.
Due to the heterogeneous microstructure, the corrosion problem is very complex, and very
little is known about the exact mechanisms and the different local aspects of the corrosion
processes taking place.
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1.2

Review of microstructural properties and degradation mechanisms

The following chapter summarizes the standard of knowledge and the state of the art of
investigation on WC-Co, as well as on its constituents, Co and WC. The influence of crucial
parameters and, in particular of the properties of the WC-Co microstructure, on the reaction
mechanisms are considered.
Binder phase: Co(W,C) alloy, not Co metal ?
Some sources in literature claim the binder phase of WC-Co to consist not simply of metallic
Co, but of a Co(W,C) alloy, i.e. a solid solution of Co, integrating W and C [2, 3, 4, 5]. The
main part of studies, however, do not consider a possible presence of W and C in the binder
phase, but simply presume a pure metal Co phase.
Mechanical properties: influence of microstructural parameters (WC grain size, amount of
binder phase)
The mechanical properties of the WC-Co composite significantly depend on microstructural
parameters, especially on the WC grain size and on the amount of the binder phase. A
decrease in grain size was found to cause an increase in hardness and wear resistance [6].
Even an empirical formula could be deduced, describing the dependence of hardness of the
grain size and of the mean free path of the binder phase [7]. Furthermore, very fine-grained
hardmetals are reported to show improved mechanical properties [8]. An increasing amount
of the binder phase was found to cause a decrease in hardness and wear resistance [6]. Other
researchers, however, claim that the mechanical properties of WC-Co are independent of the
amount of the binder phase [9].
Corrosion susceptibility / efforts to improve the corrosion resistance
Even though hardmetals exhibit an unusual combination of hardness and toughness, which
makes them attractive for various industrial applications, their corrosion resistance is far from
outstanding. Several efforts have been made to reduce the corrosion susceptibility of WC-Co.
It was found that using Ni instead of Co as binder material or alloying Cr3C2 into the binder
phase leads to a higher corrosion resistance. But as a disagreeable consequence, the
mechanical properties are thereby downgraded [4, 10-16].
The application of corrosion inhibitors on WC-Co has not been widely explored so far.
Benzotriazole (BTA) is reported to be an efficient inhibitor for Cu by the formation of an
adsorbing surface layer consisting of a BTA-Cu complex [17-19]. According to the
chemically similar nature of Cu to Co, an approximate inhibition effect of BTA could be
assumed also for Co. However, no conclusive investigations of the effect of BTA on Co have
been performed so far.
Corrosion behaviour: influence of microstructural parameters (WC grain size, amount of
binder phase)
Not only the mechanical properties of WC-Co, but also its corrosion behaviour is claimed to
be influenced by microstructural parameters, such as the WC grain size or the amount of the
binder phase. However, conclusions in literature are contradictory. Several authors [3, 4, 10]
report that the size of the WC grains does not show any effect on the corrosion behaviour of
the hardmetal composite, while others have found a decrease in passive current density with
reduced grain size [16]. The influence of the binder phase fraction induces another debate in
literature. One source documents a slightly increasing current density with higher binder
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amount [3], elsewhere the corrosion behaviour was found not to be dependent on the binder
amount at all [10].
Complex reaction mechanisms - documentation in literature
One of the reasons for these quite contradictory results are the quite complex reaction
mechanisms of the corrosion processes on WC-Co. Therefore, thorough documentations of
the corrosion mechanisms of WC-Co in literature are only sparse. Apart from simple
immersion tests, electrochemical investigations have been performed. Furthermore, surface
analysis by X-ray Photoelectron Spectroscopy (XPS), Raman and Auger Electron
Spectroscopy (AES) has been carried out.
Reaction mechanisms: influence of the solution (pH , chloride ions)
Most experiments documented have been performed in acidic solutions, which might not be
the most relevant environment of real conditions for the use of hardmetals. Furthermore, the
rapidly proceeding dissolution in acidic environment makes it difficult to determine
mechanistic parameters. The few investigations, comparing WC-Co hardmetals in acidic,
neutral and alkaline solutions, reveal a steady corrosion decrease with increasing solution pH
[20].
The presence of aggressive chloride ions in the electrolyte solution causes increasing
corrosion rates, whereby the effect was found to be depending on the solution pH: in alkaline
solution (pH 10), the presence of chloride ions leads to significantly higher corrosion rates
[20], whereas a much smaller effect was observed at neutral and acidic pH [4, 16].
Investigations performed in aqueous solution, containing chloride ions revealed that not the
whole WC–Co surface behaves equally active, but the corrosion attack proceeds
predominantly at locations, where the WC phase has fallen out, after localized initiation has
taken place [21].
Reaction mechanisms: influence of the potential
Furthermore, the reactions taking place on the hardmetal surface depend on the potential of
the system. Under open-circuit conditions or at small applied potentials the binder phase
undergoes selective dissolution, while only in the higher potential range, dissolution of the
WC phase is taking place [3-5, 10, 16, 22, 23]. At intermediate potentials (i.e. below the
dissolution of the WC phase), the observations of different researchers diverge: some authors
report a passive behaviour of the composite [5], others claim a kind of “pseudo passive” state,
where the presence of non-adherent, but diffusion-inhibiting corrosion products leads to a
limitation of current density. In contrast to real passive conditions, these current densities
remain comparably high (i.e. in the range of some mA/cm2) [3, 10]. In contrast, it has also
been reported that WC-Co does not show passivation at all, but active dissolution in the
whole potential range studied [11]. Here it should be mentioned that the different solutions
used and the definition of pseudo passivity might lead to some confusion on the description of
the phenomena.
Reaction mechanisms: oxide formation
During anodic polarization, the formation of various oxide films can be observed on the WCCo surface. Based on cyclic voltammetric investigations on WC-Co in sulphuric acid, H.
Scholl et al. [14] state a WO3 surface layer to be built on WC, whereas Co might be oxidized
to CoO, forming an inner layer, and to Co3–xO4 as an outer layer.
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Reaction mechanisms: micro-galvanic corrosion
Between the two phases, WC and Co, synergetic effects can be assumed. Thereby the
corrosion process is expected to be determined by micro-galvanic coupling between the two
phases, where the WC grains are cathodically active, which is designated by [21] as internal
bimetallic corrosion.
Role of constituents (separate investigation of Co and WC specimen)
In order to investigate the behaviour of the constituents of the composite, it is of interest to
consider also pure WC and Co specimens.
i) Co corrosion behaviour
W.A. Badawy et al. [24] performed an investigation of the electrochemical behaviour of Co
in aqueous solutions of different pH with complementary XPS characterization of the surfaces
before and after solution exposure. They found that the metallic surface is covered with a
native passive layer, mainly consisting of CoO, which exhibits different properties depending
on the solution pH: in acidic solution, the dissolution of the CoO layer as well as of the
underlying Co is reported to proceed with increasing dissolution rate. The following reactions
are thereby proposed:
CoO + 2H+ → Co2+ + H2O

(1)

Co + H2O → Co(H2O)ads → CoOH+ + H+ + 2e–; CoOH+ + H+ → Co2+ + H2O.

(2)

At neutral pH, a stabilization of CoO with decreasing corrosion rate is documented,
determined by the following reaction schemes:
CoO + H2O → CoO + H2O (stable)

(3)

Co + H2O → Co(H2O)ads → CoOH+ + H+ + 2e–;
CoOH+ + H2O → Co(OH)2 + H+;
Co(OH)2 → CoO + H2O.

(4)

At last, in the alkaline domain, the stability of the passive film is documented to increase due
to further oxidation, i.e. the formation of CoOOH and/or Co3O4 respectively:
CoOH+ + OH– → Co(OH)2;
Co(OH)2 + OH– → CoOOH + H2O + 2e–

(5)

3CoO + 2OH– → Co3O4 + 2H2O + 2e–.

(6)

Other studies on the corrosion behaviour of Co, however, are mostly confined to the alkaline
pH domain and under anodic polarization. Numerous studies describe the formation of
complex passive layers, consisting of various oxides, their composition depending on the
potential range investigated [25-31].
Several distinct investigations were performed under specific conditions: Laser Raman
Spectroscopic studies have shown that the anodically formed film on Co at about +0.45 V (vs.
Hg/HgO) in 0.05M NaOH solution consists of a mixture of CoO and Co3O4 [25].
Cyclic voltammetric studies performed on Co in 1N NaOH solution exhibit a prepassivating
film, consisting of Co(OH)2 and a passivating film of CoO, built by deprotonation of
adsorbed CoOH+ species [26].
A. Foelske and H.-H. Strehblow [31, 32] demonstrated by XPS analysis that a subsequent
formation of a primary and a secondary passive layer takes place on the Co surface during
anodic polarization in alkaline solution. At pH 9.3, a primary passive layer is described to
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form between 0.0 and +0.7 V(SHE), consisting of CoO in the inner and of Co(OH)2 in the
outer part, whereby a dehydration is observed after longer passivation times. In the potential
range above +0.7 V(SHE), a secondary passive layer, mainly consisting of Co2O3 and Co3O4
was observed [31]. At a solution pH of 13, the same authors report on a thick primary passive
layer, consisting completely of Co(OH)2, which is built in the potential range from –0.4 to
+0.2 V(SHE) due to a dissolution/precipitation mechanism, where [Co(OH)4]2– species
accumulate in front of the electrode and are precipitated as Co(OH)2 in consequence of
supersaturation. A comparison to their previous investigation [31] reveals that the lower
solubility of Co(II) species at pH 9.3 avoids a respective dissolution/precipitation mechanism,
wherefore only a thin CoO/Co(OH)2 film with barrier character is formed. Less significant
differences were found in the secondary passive range, as at pH 13, a film of the same
composition (Co3O4 and CoOOH), but of greater thickness is formed between +0.2 and
+0.8 V(SHE) [32].
These studies provide profound information about the passivation behaviour of Co, which is a
main point of interest. However, very little is reported on the Co reactions in neutral or acidic
solution, probably as no particular phenomena are expected besides active dissolution.
Nevertheless, significant characteristics may be found also outside the passivation of Co. E.
Deltombe and M. Pourbaix [33] e.g. found that Co is practically uncorroded in non-oxidizing
acids on account of the large hydrogen overpotential. However, corrosion was observed to
take place with the evolution of H2, if Co is put into contact with a substance of a low
hydrogen overpotential, such as Pt.
In order to simulate the actual binder phase properties under the assumption that it consists of
a Co(W,C) alloy and not of pure metallic Co, comparative studies between Co(W,C) alloys
and metallic Co were performed [2, 3]. Thereby reduced current densities during anodic
polarization were observed for the alloy, claiming a lower corrosion susceptibility of the
actual binder phase of WC-Co, compared to metallic Co.
ii) WC corrosion behaviour / role as catalyst for hydrogen ionization reaction (h.i.r.)
Only few studies consider the corrosion behaviour of pure WC.
WC specimen are reported on the basis of Angular Resolved Ultra Violet Photoemission
Spectroscopy (ARUPS), Thermal Desorption Spectroscopy (TDS) and Auger Electron
Spectroscopy (AES) to interact with O2, building different compounds on the surface (WO3,
WO2, W, W oxide and carboxide), depending on the preparation conditions of the WC sample
[34].
During anodic polarization in acidic solution, the WC surface is oxidized to WO3, which is
irreversible by cathodic polarization [35-38]. Thereby the anodic current density is
accomplished not only by the WC surface oxidation, but also by the oxidation of hydrogen,
which proceeds by adsorption of molecular hydrogen, accompanied by hydrogen dissociation
being the rate determining step [39].
Furthermore, WC exhibits a quite prominent catalytic efficiency for the oxidation of hydrogen
[37, 39, 40-42]. Several studies report on the investigation of the reduction reaction of
hydrogen (hydrogen evolution reaction, HER), proceeding on the surface of WC, which is
documented to be determined by rather complex reaction mechanisms, as at least 2 Tafel
slopes are characteristic for WC under cathodic polarization [40, 43, 37]. The corrosion
behaviour of WC itself was found to be only weakly influenced by specifically adsorbing ions
[37]. However, considering the dissolution behaviour of WC in aqueous solution or the
influence of the solution pH, no systematic investigations have been performed so far.
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K. M. Andersson and L. Bergstöm [44] investigated the influence of Co species, present in
solution, on the corrosion behaviour of WC powder in water. They describe the WC powder
surface to be oxidized to WO3, which is dissolving in water as the rate-determining step, in
parallel with the simultaneous re-oxidation of the underlying WC to WO3. Metallic Co is
thereby claimed to be covered with CoO, which is dissolving as the rate-determining step in
parallel with the simultaneous reoxidation of the metal Co. As a result of the simultaneous
dissolution of WC and Co powders, the solution is being buffered by itself, according to the
following reactions:
WO3 + 2H2O → WO42– + 2H+

(7)

CoO + H2O → Co2+ + 2OH–.

(8)

As a further observation they state, the solubility of WC at pH below 10 is dramatically
decreased in the presence of Co.
Synthesis of WC specimen
A particular challenge is the synthesis of WC specimens, performed by sintering of WC
powders, which represents an ambitious task. In the first place, the production of high quality
powders (submicron, high purity, etc.) is rather complex and extensive.
A number of processing methods exists for the synthesis of WC powders, varying in the
characteristics of the powder produced. Direct carburization of tungsten powder [45, 46] or
carbothermal reduction of tungsten oxides [47] thereby require the application of very high
temperatures (1400–1600°C) and long reaction times (10-20 h). A further problem is the
deposition of undesirable amounts of free carbon and W2C. The wide size range due to grain
growth and agglomeration requires additional heat treatment. Carbothermal reduction of
novel carbon-coated precursors [48-51] provide a better distribution of carbon within WO3
and thereby an improving contact area between the reactants.
A further challenge – apart from the powder synthesis – is the consolidation of the WC
powders during sintering. The production of WC masses without sintering additives is
difficult. Dense compacts have been synthesized by the addition of Co, Fe and Ni [52].
However, the elimination of these additives represents a problem.
To inhibit grain growth during the sintering process, small amounts of Cr (in the range of
0.8 wt%) are added to the WC powder. Shorter sintering times may also depress grain growth
of polyrystals, however, the rapid consolidation is confronted by the formation of
inhomogeneous compacts [53].
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1.3

Characterization methods used in this study

1.3.1 Electrochemical methods
A wide range of electrochemical methods exists to investigate corrosion phenomena, e.g.
potentiostatic / galvanostatic polarization, cyclic voltammetry, potentiostatic polarization, etc.
These techniques are used to characterize various aspects of a corrosion process, falling into
two categories: corrosion rate and reaction mechanism. By the application of such methods,
the corroding interface is generally driven far from the steady state, which is not always the
condition of main interest to study. In fact, the reaction rates and interfacial parameters
derived from these measurements can be altered by the measurement processes themselves.
a) Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) relies on the use of very small external
voltage or current perturbation. Usually, the input signal is about 10 mV, so the corrosion cell
is never driven far away from the steady state.
Modern EIS measurement systems consist of the following constituents:
- electrochemical cell
- potentiostat
- oscillator / frequency generator
- analyzer
- controller (PC with software for experiment control, analysis and data output).
EIS is a powerful technique for the characterization of electrochemical systems. In recent
years, it has found widespread applications in the field of materials characterization. It is
routinely used in the characterization of coatings, batteries, fuel cells, and corrosion
phenomena. It has also been used extensively as a tool for investigating mechanisms in
electro-deposition, electro-dissolution or passivity and is gaining popularity in the
investigation of diffusion of ions across membranes and in the study of semiconductor
interfaces.
b) Micro-electrochemical measurement technique
In order to characterize local corrosion processes in the micrometer range, microelectrochemical methods represent a powerful tool in consideration of reducing the size of the
electrochemical cell. As the main advantages, they provide a possibility to investigate single
components of a complex microstructure, as well as to detect smallest dissolution currents.
T. Suter et al. [54] have developed the currently mostly used micro-capillary technique to
investigate pit initiation processes on passive metals and alloys. In particular they report on
the initiation of pit nucleation on stainless steel due to oxidation and dissolution of inclusions
(preferentially MnS), as well as the influence of chloride ions in solution. Furthermore, they
found that pitting potentials on stainless steels cannot be considered as constant values,
depending on the bulk composition of the material and the environment, but the lateral
distribution and the size of the active inclusions is of decisive importance, if meaningful
pitting potentials are to be obtained. The pitting potential is decreasing with increasing
diameter of the micro-electrode, because the probability that measurements are performed
between single inclusions is much smaller with larger diameters [55].
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F. Andreatta et al. [56, 57] used a micro-capillary cell to investigate localized corrosion in
aluminium alloys and found that localized attack was initiated at intermetallics, which cause
local dissolution of the matrix due to inter-granular corrosion.
Not only the pitting potential, but also the open-circuit potential, which is determined by the
equilibrium between cathodic and anodic reactions, is sensitive to the least noble spot within
the measured area. Hence a decreasing open-circuit potential will be expected with increasing
diameter of the microelectrode due to a higher probability to include a less noble spot. Microelectrochemical methods thus also provide a measure to investigate the lateral distribution of
the reactions, taking place on the surface. In case the open-circuit potential changes with
decreasing electrode diameter or even shows scattering values, a heterogeneous lateral
distribution of the surface reactions is concluded. However, if the diameter influence is small,
a more homogeneous distribution of the surface reactions can be assumed.
1.3.2 Additional information on chemistry by elemental solution analysis (ICP-MS)
Electrochemical methods allow the measurement of reactions, which include an electron
transfer, however, the detection of purely chemical processes or the exact characterization of
complex electrochemical processes is not possible. To characterize the overall corrosion
process, elemental solution analysis (e.g. by inductively coupled plasma spectroscopic
methods, i.e. ICP-MS or ICP-AES) provides valuable means to complete the electrochemical
results. The investigation of electrolyte solutions after contact with the examined electrode or
even after an electrochemical experiment allows only an averaged interpretation of the
dissolution reactions. Time-resolved consideration of the dissolution behaviour requires a
special equipment, which allows a combination of electrochemical investigation and
elemental solution analysis. For this purpose, the use of a flow cell for on-line detection of the
dissolving elements as a function of exposure time or even of the applied potential during
electrochemical experiments is necessary.
Several authors have used in-situ and ex-situ solution analysis as a complementary method to
electrochemical measurements. Real-time kinetic studies have been performed using ring-disc
electrodes [58, 59] or jet flow cells [60, 61].
K. Ogle and S. Weber [62] investigated the anodic dissolution of stainless steel by means of
ICP-AES for measuring elementary dissolution rates during linear scan voltammetric
methods. Thereby they were able to determine the stoichiometry of the dissolution reaction as
well as the relative proportions of simultaneous and preferential dissolution.
Elsewhere, the coupling of ICP-AES and QCM (Quartz Crystal Microbalance) analysis was
approached by C. Gabrielli et al. [63] to investigate the kinetics of the zinc chromatation,
whereby data acquisition allowed an on-line detection of the mass by QCM as well as of the
elemental concentration by ICP-AES.
D. Hamm et al. [64] applied ICP-AES and EQCM (Electrochemical Quartz Microbalance)
during potential sweep experiments to investigate the passivation of Fe-Cr alloys.
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1.4

Motivation and experimental approach of this study

Several studies in literature report on specific questions of passivation or dissolution of
hardmetals, which were observed in specific pH domains. However, they do not provide a
whole description of the overall corrosion phenomena. Moreover, the overall corrosion
process is determined by very complex reaction mechanisms. Owing to the heterogeneous
microstructure and galvanic coupling effects between the two phases, local aspects play a
significant role.
The aim of this work was thus on the one hand to provide a systematic characterization of the
material and of its corrosion behaviour in aqueous solutions. The influence of the parameters
from the electrolyte solution on the material are discussed. On the other hand, the specific
reactions of the two different phases in the composite, Co and WC, as well as their synergetic
interaction are analysed.
The process of Electrical Discharge Machining (EDM), which was already described in the
first part of this chapter, represents a particular issue for the initiation of this study, as it gives
an example of industrial application, where WC-Co was found to be significantly attacked by
corrosion already in water.
It is therefore a distinct goal of this study to elucidate the corrosion behaviour and, in
particular, to characterize the initiating reaction mechanisms of WC-Co in deionized water.
Starting from the corrosion problem of WC-Co in water, the following experimental approach
was considered to make allowance for practical application:
1.4.1 Materials
WC-Co consists of two phases, which causes not only a heterogeneous microstructure, but
also the possibility of mutual interactions, i.e. synergetic effects between the two phases, Co
and WC, in the composite material. Thus, in addition to the investigations on WC-Co, a
distinct consideration of pure samples of Co and WC was performed for comparison.
For the investigation of pure Co, metallic specimen could be employed, which were polished
in an analogous way to the WC-Co specimen.
As for pure WC, it is very difficult to obtain viable samples of sufficient size to be
investigated by macroscopic methods. As a consequence of the difficulty to obtain large
enough single-crystalline WC samples, specimen have been synthesized by a more accessible
alternative procedure, whereby WC powder was embedded in a polymer matrix. These
samples provide important information on the open-circuit behaviour of WC, i.e. by
Electrochemical Impedance Spectroscopy (EIS). However, potentiodynamic polarization
measurements must be considered with care, as the breakdown characteristics are determined
by single weak spots, which might be more significant in the polymer-embedded WC
samples.
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1.4.2 Electrolyte solutions
Based on the situation in the EDM process, deionized water was considered as the basic
electrolyte. As electrochemical measurements are not possible in deionized water, several
model solutions, containing different types of specific ions, have been employed. The
reactions, taking place on the material surface, can initiate local pH changes, which cause
significantly altered chemical environments, in particular in case of localized attacks. The
cathodic reduction of hydrogen or oxygen for example, which proceeds, as a result of
galvanic coupling between Co and WC in the composite, on the WC surface, causes the local
solution pH to increase:
2H+ + 2e– → H2

(9)

O2 + 2H2O + 4e– → 4OH–

(10)

Moreover, the dissolution of tungsten oxide, proceeding on the WC surface, results in a local
pH decrease in turn:
WO3 + H2O → WO42– + 2H+

(7)

The influence of the solution pH on the corrosion behaviour of WC-Co is thus often
neglected, but of crucial importance. For this purpose, distinct solutions of different pH were
employed.
1.4.3 Electrochemical methods
The characteristics of a corroding system are widely determined by its electrochemical
properties. Distinct methods were therefore employed to obtain the respective information.
a) EIS at open-circuit potential
The behaviour under open-circuit conditions is considered as the basic case, which was the
main focus of investigation. Fundamental investigations of the corrosion behaviour were
performed by Electrochemical Impedance Spectroscopy (EIS).
b) Potentiodynamic polarization
Even in real systems, the surface can be under polarization as a consequence of voltage
application due to industrial processing (e.g. EDM) or even as a result of chemical oxidation
or galvanic coupling. These polarizations can occur for a short period and thereby initiate an
activation of the corroding system. To make allowance for polarization influence,
potentiodynamic polarization experiments were carried out.
c) Potentiostatic polarization
As the WC-Co surface is not very stable, polarization conditions such the polarization rate as
well as the long-term behaviour, play an important role. In order to elucidate the long-term
behaviour in a particular potential range, potentiostatic polarization measurements were
performed.
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d) Cyclic voltammetry
Cyclic voltammetry is a common and valuable measure for the electrochemical investigation
of corroding systems, in order to elucidate the reversibility of reaction processes. It
particularly yields conclusive information in case of a passivating system to follow the
dissolution and reformation of passive layers. In the present study, in fact, cyclic voltammetry
was employed to observe the effect of repeated polarization cycles, making allowance to real
conditions, e.g. in case of the EDM process, where significant voltages are applied to the
filament with temporary interruptions during the working process.
e) Micro-electrochemistry
WC-Co is characterized by a very heterogeneous microstructure, which is assumed to have a
significant influence on the distribution of the surface reactions. To obtain information about
the heterogeneity of the lateral distribution of reactions on the composite surface,
electrochemical measurements were performed by means of a micro-capillary in order to
reduce the measured surface area and modify the defect influence of the heterogeneities.
1.4.4

Chemical investigation by elemental solution analysis (ICP-MS)

As electrochemical methods do not allow the detection of chemical reaction processes and in
order to complete the exact characterization of the electrochemical processes by clearly
discriminating the dissolving species, elemental solution analysis by Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS) was carried out.
A particular approach thereby was the combined investigation of on-line ICP-MS and
potentiodynamic polarization for the time-resolved consideration of the dissolution behaviour
during electrochemical polarization experiments.
A benefit of electrochemical measurements and solution analysis characterization is that the
overall corrosion process of WC-Co is determined by different reaction steps.
Electrochemical reactions, i.e. reactions that include an electron transfer, can be controlled by
polarization and are therefore detectable by electrochemical methods. Purely chemical
reactions, however, i.e. reactions without any electron transfer, are not controllable by
polarization. They cannot be measured by means of electrochemistry, but are detectable by
elemental solution analysis. As an overall reaction model, the decomposition of the Co phase
is assumed to be determined by an electrochemical reaction. As for the WC phase in contrast,
a two-step mechanism is concluded, consisting of an electrochemical and a purely chemical
part, i.e. the selective oxidation of W and the chemical dissolution of the W oxide.
1.4.5 Specific investigation: surface characterization by Auger, EPMA, SEM and XPS
The determination of the initial state of the material surface is an important issue in order to
track the influence of corrosion processes on the surface composition. For this purpose, the
surface composition of the polished WC-Co sample, i.e. the presence of possible oxidation
products upon air exposure, was characterized by surface analytical methods, such as
AUGER, XPS, EPMA, SEM and optical microscopy.
To corroborate the assumption of a two-step mechanism of an electrochemical and a chemical
process for the WC dissolution, assumed from the combined investigation by
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electrochemistry and elemental solution analysis, a distinct investigative approach was
performed by XPS analysis of the WC-Co surface after solution contact.
Further, as Co is known to partly passivate under open-circuit conditions as well as under
anodic polarization, specific XPS experiments were thus performed to identify the particular
elemental distribution in the passive film.
1.4.6 Summary
It could be demonstrated by different experimental approaches that, even if a certain stability
can be achieved for the WC-Co surface, a stable passivity in terms of protective oxide film
formation cannot be accomplished under any condition. The stability is very sensitive to
various experimental parameters, such as exposure time or polarization rate. Hence, in
particular the long-term behaviour is hardly predictable. It was therefore necessary on the one
hand to employ complementary methods to elucidate the determining processes from different
perspectives. On the other hand, however, it was not reasonable to perform systematic
investigations for every experimental method, but to considerately choose specific
measurements.
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2.

Experimental

2.1

Materials

WC-Co samples (WC with 15 wt% Co, medium WC grain size 1.3–2.5 µm, 1.5 cm x 1.5 cm
x 2 mm), supplied by AGIE SA, Losone, Switzerland, were polished with diamond spray
down to particle size of 6 µm prior to experiments. Samples of Co (Alfa Aesar, Johnson
Mattey GmbH, 99.95% purity, 1.5 cm x 1.5 cm x 2 mm) were polished in an analogous way.
WC electrodes without a metallic binder, used for this study, were prepared at Paul Scherrer
Institute (PSI), Villigen, Switzerland. They have been produced by mixing WC powder
(particles < 1 µm, Alfa Aesar, Johnson Matthey GmbH), with a suspension, containing
10 wt% poly(vinylidene fluoride) (PVDF) in isopropanol/aceton (1:2). The resulting slurry
was deposited on an aluminium foil by means of a surgical blade. The final electrode
thickness was about 100 µm. At last, the electrode was dried for a few hours in air.
The electrolyte solutions, varying from pH 1 to 14 and containing different types of specific
anions (in particular OH–, Cl–, ClO4–, SO42–, PO43–) were prepared from reagent grade
chemicals and deionized water. The composition of the distinct solutions is presented in
Table 1.
Solution
1M NaOH
0.1M NaOH
0.01M NaOH
0.1M NaOH + 0.1M NaCl
0.1M NaOH + 0.1M KH2PO4
0.1M Na2HPO4
0.1M NaCl
0.1M NaClO4
0.1M Na2SO4
0.1M KH2PO4
0.05M HCl + 0.1M NaCl + 0.03M NaOH
0.05M HCl + 0.05M KH2PO4
0.05M HCl + 0.05M NaCl
0.1M HCl
0.1M H2SO4
0.1M HNO3
0.09M H3BO3 + 0.005M NaBO2·4H2O (Borate buffer)
Deionized water
0.01M C6H5N3 (Benzotriazole, BTA)
0.09M H3BO3 + 0.005M NaBO2·4H2O + 0.01M C6H5N3
0.1M NaOH + 0.01M C6H5N3
0.1M NaCl + 0.01M C6H5N3
0.1M KH2PO4 + 0.01M C6H5N3
Tab. 1

Composition of the electrolyte solutions employed.
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pH
14
13
12
12
9
9
6.5
6.3
6.6
4.5
3.27
1.8
1.35
1
1
1
8.4
6
6
8.4
13
6.5
4.5

2.2

Characterization methods

2.2.1 Characterization of the material surface
Scanning Electron Microscopy (SEM) and Electron MicroAnalysis (EPMA) were performed
on a routinely basis to characterize the heterogeneous microstructure of the WC-Co
hardmetal. After each measurement, the Co and WC-Co surfaces were optically characterized
by optical microscopy.
For more precise surface characterization, i.e. in order to obtain a better lateral resolution, and
in particular to investigate the composition of the Co binder phase, Auger Electron
Microscopy was performed at the University of Erlangen with A PHI/PERKIN ELMER 670
system. For analysis, a 10 kV accelerating voltage for the electron beam with 10 nA beam
current was used. The linescan, presented in this study, was taken within a measurement time
of 20 ms/energy (repeated 5 times) for the elemental spectra. It is sufficient to identify the
element, present on the surface, and measure the lateral distribution of the element in the
sample, but for a more quantitative analysis, longer acquisition times were used.
In addition, data from X-ray Photoelectron Spectroscopy (XPS) analyses, carried out at PSI,
were evaluated qualitatively, in order to determine the presence of oxides or hydroxides on
the polished hardmetal surface as well as their modification upon solution contact. These
experiments were performed on an ESCALAB 220i XL instrument (Thermo VG Scientific).
The employed monochromatic Al Kα X-ray source was operated at a power of 200 W
(10 kV, 20 mA).
2.2.2 Electrochemical methods
a) Conventional employment
After polishing, the working electrode was pressed against an O-ring (natural butadiene
rubber) in a poly(methyl methacrylate) (PMMA) cell, yielding an exposed working surface
area of 1 cm2. A conventional three-electrode cell configuration (Fig. 2) was employed, with a
platinum wire counter electrode and a saturated calomel reference electrode (SCE). To reduce
the Ohmic drop, a Haber-Luggin capillary was inserted close to the working electrode. 250 ml
of electrolyte solution were poured into the cell for each measurement. Unless stated
otherwise, measurements were started on the samples after 6 min in contact with the solution.
Electrochemical Impedance Spectroscopy (EIS), potentiodynamic and potentiostatic curves as
well as cyclic voltammetry were performed via the use of a Zahner IM6 potentiostat (Zahner
Elektrik, Kronach, Germany). EIS measurements were carried out at the open-circuit potential
(unless otherwise stated) with an ac amplitude of ±10 mV within a frequency range from
100 kHz to 6 mHz. Potentiodynamic curves were recorded at a scan rate of 5 mV/s, cyclic
voltammetry at 20 mV/s.
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Fig. 2

Electrochemical standard cell setup.

b) Micro-capillary cell
In order to investigate the lateral distribution of reaction processes, determined by the
heterogeneous microstructure of the hardmetal, the contact area between the sample surface
and the electrolyte solution had to be reduced. For this purpose, a micro-electrochemical
technique [54] was used to perform potentiodynamic polarization measurements. A schematic
representation and a photography of the experimental setup is given in Figure 3. A glass
micro-capillary, filled with the electrolyte solution, could be set onto any particular point of
the sample surface. A silicon coating on the tip of the capillary prevented the electrolyte from
flowing out (Fig. 4). A Pt wire served as counter electrode. As reference electrode, a saturated
calomel electrode (SCE) was used, which was connected to the glass capillary via a
electrolyte bridge. The tip diameters of the capillaries, employed for these experiments, were
200 µm and 50 µm.
In contrast to macroscopic (standard) experiments, the current intensities in microscopic
measurements are very low (in the range of pA to fA for passive materials). Thus, apart from
a low-noise potentiostat with a high resolution, an adequate electromagnetic shielding was
required for the detection of such low currents. The equipment was therefore established in a
copper Faraday cage.
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a)

Fig. 3

b)

a) schematic representation and b) photography of the on-set of the microcapillary onto the sample by means of a “telescope” [54].
a)

Fig. 4

b)

Capillary tip with silicon coating (a), set onto sample surface (b) [54].

2.2.3 Elemental solution analysis by Inductively Coupled Mass Spectroscopy (ICP-MS)
To confirm the results, obtained from electrochemical measurements, the electrolyte solutions
were analyzed by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) for their trace
metal contents. The dissolved amounts of Co, W and other minor elements in the electrolyte
solution were determined.
In the first place, solution analyses from stationary solution samples were carried out.
Thereby a small volume electrochemical cell was employed to contact the specimen with
50 ml of the respective electrolyte solution for a period of 60 min under open-circuit
conditions as well as under potentiostatically controlled polarization. After the contact period
the electrolyte solutions were subjected to elemental solution analysis. From these
measurements, the influence of the solution pH was identified, comparing the hardmetal with
the pure Co and WC samples.
In a second approach, an on-line investigation technique was aspired to display time-resolved
dissolution profiles at open circuit as well as during potentiodynamic polarization. Therefore,
a flow-cell was designed, which allowed the continuous extraction of electrolyte solution in
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front of the corroding sample surface and thus yields an on-line display of the momentary Co
and W release. The flow-cell, which is schematically represented in Figure 5, consisted of two
poly(methacrylate) (PMMA) cuboids, when put together exhibiting a small volume chamber
(ca. 1.5 cm3), which could be flowed via an inlet and an outlet tube. The working electrode
was pressed into the flow chamber via an O-ring, whereby a teflon cylinder with a contacting
Cu pin was screwed in a thread for fixation. A saturated calomel reference electrode (SCE)
with Huber-Luggin capillary could be introduced from the opposite side. Via a small channel,
a capillary tube was aspirating the flowing electrolyte solution in front of the sample surface.
A flow rate of 25 µl/s was adjusted for all experiments.

Fig. 5

Scheme of flow-cell, employed for time-resolved on-line measurements of
elemental solution analysis.

A commercially available double-focusing ICP sector field mass spectrometer (ICP-SF-MS,
Element2, Thermo Electron Corporation, Bremen, Germany) was used for the analysis of the
electrolyte solutions [65]. The instrument was operated with a low-flow PFA-nebulizer and
Scott-type spray chamber. All measurements were performed in medium mass resolution
(m/∆m=4000) to avoid spectral interferences on these isotopes, originating from the
electrolyte matrix. The instrument was optimized to maximum signal-to-noise ratio, using a
tuning solution, containing 7Li, 115In, and 238U. In addition to the maximum S/N-ratio, the
instrument was also tuned for low oxide ratio of UO+/U+ to minimize the influence on
oxygen-based interferences on the measured isotopes. The optimum instrumental parameters
were as follows: rf-power: 1200 W, carrier gas flow: 0.90 l/min Ar, auxiliary gas flow:
0.70 l/min Ar, cool gas flow: 15.0 l/min Ar, sampler and skimmer cone material: Platinum,
micro-flow PFA nebulizer (100 µl/min uptake rate), quartz Scott-type spray chamber, lens
settings optimized for maximum S/N ratio and minimum oxide formation. The following
isotopes were selected for the analysis of the electrolyte solutions: 25Mg, 27Al, 59Co, 65Cu,
66
Zn, and 182W. Calibration standards were gravimetrically prepared using single element
stock solutions of Mg, Al, Co, Cu, Zn, Rh, and W (1000 mg/kg, Merck KGaA, Darmstadt,
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Germany) and further diluted to a final concentration of 10, 130, and 1300 ng/g using 1%
HNO3. A solution, containing 103Rh with a concentration of around 60 ng/g, was added prior
to analysis to both the standard and the sample solutions as internal standard, in order to
correct for signal variation and instrumental drift during the analysis. All values were first
blank-corrected, using a blank solution of 1% HNO3. To check for the stability of the
instrument and for possible memory effects, the 130 ng/g-standard sample and the blank
solution (1% HNO3) were measured after each 10 samples. The precision of one sample was
below 3% with a reproducibility and accuracy of the quality control sample between 2 and
5%.
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3.

Results

3.1

Characterization of the composite surface

3.1.1 Secondary Electron Microscopy (SEM)
WC-Co hardmetal is a composite material of WC grains, which are embedded in a metal Co
matrix. The carbide particles are of quite different shapes and dimensions and their
distribution and arrangement is rather heterogeneous. The WC phase makes about 85 wt% or
75 vol% respectively. The SEM picture (Fig. 6) shows the surface of a polished WC-Co
sample.

Fig. 6

SEM picture from a polished WC-Co surface: WC grains (bright phase) in Co
matrix (dark phase).

3.1.2 Electron Probe MicroAnalysis (EPMA)
Elemental detection by Electron Probe MicroAnalysis (EPMA) exhibits an inverse
accumulation of Co and W, confirming the arrangement of WC grains and Co matrix (Fig. 7.a
and b. For C, a similar distribution as for W was observed, but significantly lower in contrast
(Fig. 7.c). The uniform O distribution (Fig. 7.d) evidences a homogenous oxidation of the
surface. A certain W amount is always detected, even in the Co binder. The fact that the
binder phase does not consist of pure Co has been reported by several authors [2–5], as
already mentioned in the introduction. EPMA, however, does not offer conclusive results on
this particular question, as, in consequence of the depth of analysis of the emitted X-rays, the
measured volume is in the micrometer range. As the binder phase domains are of the same
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dimension in most of the commercially available hardmetals, this artefact might be the reason,
why W is always detected and thus reported in literature.
a)

b)

c)

d)

Fig. 7

EPMA mappings of a polished WC-Co sample: a) Co, b) W, c) C, and d) O
amount.

3.1.3 Field Emission Auger Spectroscopy
In order to avoid the problem of lateral and depth resolution, described for the EPMA
analysis, Field Emission Auger Spectroscopy on the WC-Co hardmetal sample was
performed with a PHI/PERKIN ELMER 670. For these measurements, the electron beam was
focussed on a diameter smaller than 80 nm, and the information was obtained from the
topmost few nanometers of the surface. In the linescan (Fig. 8.a), the Co binder and the WC
phase are easily distinguishable. Astonishingly, a weak W signal is still detected (Fig. 8.b),
although the lateral resolution for these experiments is more than adequate to focus on the Co
phase, and the measuring time of each single spot is rather short.
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As a conclusion, these few results indicate that a slight difference might be present between a
pure Co reference material and the binder phase in the WC-Co hardmetal. However, the
reason for the presence of W in the Co phase is not yet understood, and it cannot be excluded
to be the result of the sample preparation procedure (e.g. smearing, deposition).
a)

Fig. 8

b)

Auger Electron Spectroscopy a) linescan of a polished WC-Co surface, b) W
spectrum of the intensity signal, obtained in the Co binder phase.

3.1.4 X-ray Photoelectron Spectroscopy (XPS)
XPS measurements are shown below to characterize some specific issues related to the effect
of solution contact on the composition of the WC-Co surface. Thereby the polished sample,
subsequently exposed to air, was analysed to identify any oxide or hydroxide surface layers.
Furthermore, the modification of the surface composition upon solution contact, was
investigated. Finally, XPS data helped formulating the dissolution mechanism of the WC
phase.
As a second issue, the passivation of Co was elucidated, comparing the surface products,
formed under open-circuit conditions and under applied passivation potential.
The measurements performed are linked to specific observations made by electrochemical
investigation (chapter 3.2) and by elemental solution analysis (chapter 3.3), which yield the
issue of the WC dissolution mechanism. XPS analysis in this study is thus not a main focus of
investigation in order to obtain a systematic characterization, but represents selective means
to answer a specific question.
The obtained spectra were compared to referencing binding energies, supplied by PHI PerkinElmer [66]. Relevant species are specified in Table 2.
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Co2p3/2 signal
Co
Co
CoO
CoO

Binding energy / eV
778.1
778.3
780.2
780.4

Co(OH)2
Co3O4
Co3O4
CoOOH

781.0
779.5
780.2
780.0

O1s signal
CoO
Co3O4
Co3O4
Co3O4
Co(OH)2
WO2
WO3

Binding energy / eV
530.1
529.6
529.7
530.2
531.2
530.4
530.6

Source
BGD75, NFS82, NGDS75
BGD75
CBR76, GPDG79, HSU76
NGDS75, WZR80
HSU76
CoRa76
CoRa76, KMH78, NFS82,
NGDS75, NSLS77

W4f7/2 signal

Binding energy / eV

Source

W
WC
WC
WO2
WO3

31.4
31.5
32.2
32.8
35.8

Φ
CoRa76
MSC73
CGR78, CoRa76, NgHe76
SaRa80, CoRa76, CGR78,
BiPo73, KMH78, NFS82,
NGDS75

∆ (4f7/2 – 4f5/2) = 2.18 eV

Tab. 2

Source
WRDM79
Φ, LANM81
WRDM79
Φ, Kim75, NGDS75, NFS82,
CBR76
McCo75
GPDG79
NGDS75, OkHi76
McCo75

Binding energies of Co2p, O1s and W4f signal intensities [66], employed for
comparison with the measured X-ray Photoelectron Spectra (XPS).

a) WC-Co “as polished” and subsequently exposed to air
XPS measurements on a polished and air-exposed WC-Co sample reveal a main peak for the
Co(2p) signal at 781.0 eV (Fig. 9.a), and one for the O(1s) signal at 531.2 eV (Fig. 9.b),
which both corroborate Co(OH)2 to be the dominant constituent, covering the Co phase. A
weak signal is visible in the Co(2p) range of 778.2 eV (Fig. 9.a), where the metallic Co signal
is expected, indicating that the metal Co phase is covered by an oxidized surface layer and
thereupon hardly detectable.
The W(4f) curve exhibits distinct peaks at 31.4 and 33.6 eV (Fig. 9.c), which assign the
presence of elemental tungsten. As the binding energy for WC is very near to the one of
elemental W, it cannot be definitely stated, which of the two is present. Apart from these, a
small additional peak is visible at about 35.0 eV, lying between the expected values for WO2
and WO3, respectively. This indicates that the WC phase is covered with a layer of oxidized
tungsten, which probably consists of a mixture of WO2 and WO3. The presence of these
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species might also contribute to the detected intensity of the O(1s) signal at 530.4 or
530.6 eV, respectively (Fig. 9.b).
a)

Fig. 9

b)

c)

X-ray Photoelectron Spectra (XPS) from polished WC-Co, after about one day
exposure to air: a) Co2p, b) O1s and c) W4f signal.

b) WC-Co exposed to deionized water
To examine the effect of solution contact on the hardmetal surface, polished WC-Co samples
were exposed to deionized water as a real environment for 10 and 60 min, respectively
(Fig. 10 and 11). After contact, the Co(2p) signal exhibits a much smaller metallic Co peak in
the range of 778.2 eV as it was observed for the polished sample. However, the main peak of
the Co(2p) signal at 781.0 eV, corresponding to Co(OH)2, remains unchanged. Also the O(1s)
signal keeps its main peak around 531.2 eV, corroborating the Co hydroxide to be the
dominant constituent. As a result of the disappearing metallic Co peak, a further growth of the
Co(OH)2 layer on the Co phase is concluded.
Compared to the polished sample, the W(4f) curves, measured from the sample after water
contact, exhibit a significantly reduced peak at 35.0 eV, which was related to WO2 and/or
WO3. Accordingly, the O(1s) signal exhibits smaller intensities in the range of 530.5 eV
compared to the polished sample, which evidences the absence of oxidized W species.
Obviously, the oxidized product on the WC phase is dissolved upon contact with the
electrolyte, however, the surface would be supposed to be re-oxidized during the subsequent
exposure to air, as it was observed for the polished surface. The most plausible interpretation
for the disappearance of the oxidized tungsten species is the selective dissolution of W out of
the WC phase. Thereby a carbon-enriched zone is left at the surface, which prevents the reoxidation of W.
The changes in the spectra, detected after 10 and 60 min of solution contact, are small. Hence,
it can be stated that significant reactions take place within 10 min.
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a)

Fig. 10
a)

Fig. 11

b)

c)

X-ray Photoelectron Spectra (XPS) from polished WC-Co, after 10 min exposure
to deionized water: a) Co2p, b) O1s and c) W4f signal.
b)

c)

X-ray Photoelectron Spectra (XPS) from polished WC-Co, after 60 min exposure
to deionized water: a) Co2p, b) O1s and c) W4f signal.

c) WC-Co exposed to borate buffer solution (pH 8.4)
As the local alteration of the solution pH might be an issue of the reaction mechanisms, the
role of pH stability should be considered. Therefore a borate buffer solution was employed for
comparative investigation. Figures 12 and 13 display the respective XPS data after 10 and
60 min. The differences between the spectra, detected in borate buffer solution and in
deionized water, are small, indicating an analogous behaviour in both solutions. The fact that
the effect is stronger in water than in the buffered solution, asserts that the buffering
properties of the borate buffer solution are retarding, but not inhibiting the effect of local pH
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changes. Thus, it is evidenced that the local alteration of the solution pH is involved in the
reaction mechanisms of WC dissolution.
a)

Fig. 12
a)

Fig. 13

b)

c)

X-ray Photoelectron Spectra (XPS) from polished WC-Co, after 10 min exposure
to borate buffer solution (pH 8.4): a) Co2p, b) O1s and c) W4f signal.
b)

c)

X-ray Photoelectron Spectra (XPS) from polished WC-Co, after 60 min exposure
to borate buffer solution (pH 8.4): a) Co2p, b) O1s and c) W4f signal.

d) Co exposed to borate buffer solution (pH 8.4) at open-circuit potential
To particularly investigate the modification of the Co phase surface, polished Co samples
were exposed to borate buffer solution (pH 8.4) for 60, 120 and 240 min, respectively
(Fig. 14–16). To exclude an overlapping of Co and W oxides on the O(1s) signal, pure Co
was investigated.
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Both the Co(2p) and the O(1s) signal assert rather Co(OH)2 than CoO to be present on the Co
surface. The metallic Co signal is very small, indicating a rather thick hydroxide layer to be
present on the Co surface. The spectra, taken after 60, 120 and 240 min, do not show
fundamental differences, which reveals that no further surface modification takes place within
60 min.
Compared to the spectra, measured from the WC-Co samples, the O(1s) signal exhibits a
significantly narrower peak, which corroborates the presence of W oxides on the hardmetal
surface.
a)
b)

Fig. 14

X-ray Photoelectron Spectra (XPS) from polished Co, after 60 min exposure to
borate buffer solution (pH 8.4) at open circuit: a) Co2p and b) O1s signal.
a)

Fig. 15

b)

X-ray Photoelectron Spectra (XPS) from polished Co, after 120 min exposure to
borate buffer solution (pH 8.4) at open circuit: a) Co2p and b) O1s signal.
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a)

Fig. 16

b)

X-ray Photoelectron Spectra (XPS) from polished Co, after 240 min exposure to
borate buffer solution (pH 8.4) at open circuit: a) Co2p and b) O1s signal.

e) Co exposed to borate buffer solution (pH 8.4) at passivation potential (+0.5 V)
In order to investigate the influence of a passivation potential, polished Co samples were
exposed to borate buffer solution (pH 8.4) under potentiostatic polarization for 60, 120 and
240 min, respectively (Fig. 17–19).
Compared to the spectra of open circuit conditions, a significant peak in the region of 530 eV
is detected after polarization, which attests the presence of CoO and/or Co3O4. This peak is
increasing with longer polarization times. It can thus be stated that the application of a
passivation potential, e.g. +0.5 V(SCE), leads to a modification of the surface composition:
while at open circuit, the Co surface is mainly covered with Co(OH)2, it becomes more oxidic
(i.e. CoO and/or Co3O4) during polarization.

Fig. 17

X-ray Photoelectron Spectra (XPS) from polished Co, after 60 min exposure to
borate buffer solution (pH 8.4) under potentiostatic polarization (+0.5 VSCE):
Co2p signal.
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As the binding energies of CoO and Co3O4 are hardly distinguishable, the question remains,
whether a modification of the hydroxide (Co(OH)2) to oxide (CoO) takes place or a further
oxidation (to Co3O4) occurs. Purely from XPS data, this question is difficult to be answered.
However, cyclic voltammetric experiments, presented later (Fig. 86 and 100, chapter 3.2.4)
reveal an oxidation peak around 0 V(SCE) in this electrolyte, which indicates that a further
oxidation step is involved.
a)

Fig. 18

b)

X-ray Photoelectron Spectra (XPS) from polished Co, after 120 min exposure to
borate buffer solution (pH 8.4) under potentiostatic polarization (+0.5 VSCE):
a) Co2p and b) O1s signal.
a)

Fig. 19

b)

X-ray Photoelectron Spectra (XPS) from polished Co, after 240 min exposure to
borate buffer solution (pH 8.4) under potentiostatic polarization (+0.5 VSCE):
a) Co2p and b) O1s signal.
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f) Summary
The following crucial statements can be made from the XPS investigations in this study:
The Co phase is covered with a native layer of Co(OH)2 upon the exposure to air, which
undergoes a further growth during contact with water or slightly alkaline borate buffer
solution. A further oxidation step from Co2+ to Co3+ is only achieved by anodic polarization in
the passive potential range.
The surface of the WC phase covers itself with a native oxide layer upon air exposure as well,
whereas in contact with the electrolyte (water or borate buffer solution), a selective W
dissolution takes place. Thereby, surface enrichment in carbon is probably hindering the
subsequent formation of W oxide layer.

31

3.2

Electrochemical investigations

The main focus of this thesis is the electrochemical investigation of the surface stability of
WC-Co in contact with aqueous solution. The motivation for the particular characterizations
has been described in chapter 1.4.3. The first important information in electrochemical
investigation thereby is, at which potential the sample is polarized under free corrosion
conditions.
3.2.1 Electrochemical behaviour at open circuit
a) Open-circuit potential (ocp)
The value of open-circuit potential (ocp) results from the equilibrium state of the anodic and
cathodic reaction of the overall corrosion process. It is a measure of how noble the surface is
behaving in a given medium. However, reliable statements about the stability of a system
upon this value are difficult, because multiple factors are effecting the open-circuit reaction.
Small changes or heterogeneities in the surface may significantly influence the ocp, even if
the remaining contact area exhibits a constant behaviour. An exact comparison to reference
values (e.g. Pourbaix diagrams) is only possible, if the respective experiments are performed
under standard conditions. Thus, the use of the ocp as a measure of stability of a material in a
particular medium is only a first approach for further discussion.
The ocp values, discussed below, were measured prior to each experiment of Electrochemical
Impedance Spectroscopy (EIS). Figure 20 shows a comparison of the ocp from WC-Co as
well as from the pure Co and WC samples, plotted against the solution pH. As the ocp of
WC-Co is very similar to that of pure Co over the whole pH range, in a first approach, the Co
phase is considered to dominate the overall electrochemical behaviour of the WC-Co
composite under open-circuit conditions. Furthermore, according to the rather large potential
difference between Co and WC, a significant galvanic coupling effect might be expected in
acidic solution.
Figure 21 shows the ocp-pH dependences from Figure 20 overlayed to the equilibrium zones,
according to the respective Pourbaix diagrams of Co-H2O [33] and W-H2O [35].
The position of the ocp of Co and of WC-Co indicates that in alkaline solution, the Co surface
is oxidized, probably in the state of Co(OH)2. This assumption is in accordance with the
observations from XPS surface analysis, described above (chapter 3.1.4).
The information, deduced from the Pourbaix diagram, must be considered with care, as it only
indicates that the formation of Co(OH)2 is possible. However, it does not predict, whether a
stable passive film is built.
At high pH, WC-Co - and Co in particular - may exhibit two distinct potential values at the
same pH, as it can be seen in Fig. 21.a for pH 13 and 14. This indicates that different oxide
structures or coverages of different electrical properties (e.g. conductivity) are present on the
Co surface. However, a particular potential does not necessarily mean that the whole surface
exhibits a homogeneous coverage, as the ocp value is determined by the least noble spot,
considered from a thermodynamic point of view. As soon as such a “weak” point changes its
electrical properties (e.g. via an electrochemical reaction), the overall ocp will switch to a
higher value. Around pH 6.5, the ocp of Co and WC-Co overlap a changing range of
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passivation and dissolution. In the acidic pH domain, the corrosion processes on the surface
of Co and WC-Co are supposed to be influenced by the redox reaction of hydrogen.
The Pourbaix diagram for the system W-H2O does not reveal any obvious information
considering the pH-dependence of the surface stability, neither of WC nor of WC-Co. WC
exhibits ocp values between the redox potentials of the two gas reactions H+↔H2 and
O2↔OH–, with a parallel pH-dependence. Hence, the processes on the WC surface seem to be
significantly determined by these two reactions. A possible explanation for this might be the
catalytic efficiency of WC for the hydrogen oxidation [37, 39–42].

Fig. 20

Open-circuit potential vs. solution pH, measured for WC-Co, Co and WC after
60 min in the respective electrolyte solution.
a)

Fig. 21

b)

ocp-pH dependence for WC, Co and WC, overlayed to the equilibrium zones of
a) Co and b) W, according to the respective Pourbaix diagrams [33, 35].
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b) Electrochemical Impedance Spectroscopy (EIS) under open-circuit conditions
Electrochemical Impedance Spectroscopy (EIS) supplies more detailed information about the
stability of a system as well as about the type, distribution and rate of the electrochemical
reactions, proceeding at the interface. The goal of the following data evaluation is to obtain an
insight in the corrosion processes of WC-Co hardmetal as a function of the solution pH.
Particular reaction mechanisms should be distinguished and their time-dependent
development be observed. The measurements from WC-Co are thereby compared to those
from pure Co and WC to elucidate the influence of the two phases in the composite.
The Nyquist presentation allows the identification of different kinetic characteristics, such as
charge-transfer, diffusion or inductance, as described in the introduction (chapter 1). This type
of diagram is used to characterize the main kinetic behaviour as well as its temporal
development for the distinct electrochemical systems investigated.
The Bode plot provides information about the stability of a system and about the time
constants as well as the distribution of the surface reactions. It is thus chosen for a direct
comparison between the three samples, WC-Co, Co and WC, after an intermediate exposure
time of 60 min, in order to estimate the influence of the two phases in the composite.
Preliminary remarks:
1) Correction upon active reaction area:
The quantitative comparison between the data from the composite and from the pure samples
must be considered under the restriction of the active reaction area. The contributing reactions
of the particular phases in the composite should be normalized with respect to their volume
fraction, if a viable comparison is aimed. However, the shape of the surface is modified upon
dissolution, resulting in an enlarged reaction area, which can hardly be acquired anymore
(Fig. 22). Further influencing factors, such as the heterogeneous microstructure of the WC-Co
composite or the local pH in the crevices, are complicating a viable quantification. According
to the complexity of the influences, the correction of the measured data with respect to the
active surface is abandoned, and the data are plotted in an unmodified representation. To
make allowance for the correction upon the active reaction area in particular, a separate
consideration is given at the end of this chapter.

Fig. 22

Schematic representation of the actual reaction area on the WC-Co surface,
enlarged upon dissolution.

2) Data accessibility from WC:
The reactions on the WC sample are quite slow, which causes the data curves to be shifted to
very small frequencies. However, the detection of the data in the low frequency range requires
exponentially longer measure times. As the stability of the experimental conditions cannot be
guaranteed over such long periods, only little information about the behaviour of the WC
sample is accessible.
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i) Measurements at pH 12-14
Co sample:
At pH 14, the ocp of Co remains comparably low (Fig. 24.c), suggesting an un-oxidized
surface. The shape of the EIS curves indicates a diffusion effect, i.e. Co species accumulate in
front of the metal surface, building a diffusion-inhibiting layer.
In case of pH 13, two distinguishable developments are observed, although both experiments
were performed under the same conditions. In the first case (Fig. 25.c), the ocp remains low,
i.e. an analogous behaviour as at pH 14 is observed. The second case (Fig. 25.d) shows a
switch of ocp from a low to a higher value, whereby a temporary diffusion effect appears.
A more precise observation of the time-dependent development of the ocp reveals some
interesting conclusion. (The ocp values are presented in the legend of the respective Nyquist
plots.) In some measurements, the ocp was observed in the higher range already after short
times and did not return to lower values afterwards. Other measurements exhibited a low ocp
after short times and switched to the higher range after longer times. Only few experiments
revealed a consistently low ocp, which did not significantly increase until 120 min. So, the
point in time, when the ocp switches from low to high value, is quite unsure, but was always
registered within 120 min. As the change of ocp could only be observed from low to high
value, but not reversed, it is assumed to be an irreversible process.
As the surface characterization by XPS (chapter 3.1.4) revealed, the polished Co surface is
always covered by a native passive layer, mainly consisting of Co(OH)2. From the
observation of a low ocp in solution, which is only detectable in the first time period, but
never as a second state after a high value, it must be concluded that the native Co(OH)2 layer,
which was built prior to contact with the electrolyte, is dissolved within a very short time after
contact (so that a high ocp could never be registered prior to a low value). In a second
process, a new hydroxide layer is formed within an unsure time period (up to 120 min).
A similar characteristic process can be observed in all the measurements at pH 13 and 14,
except for the chloride-containing solution. From the Nyquist diagrams, three subsequent
stages can be distinguished, which are schematically presented in Figure 23:
1) semi-circular arc with small diameter
2) semi-circular arc + straight line (diffusion element)
3) semi-circular arc with larger diameter (compared to 1)

Fig. 23

Schematic representation of the process development on the Co surface in
alkaline solution (pH 13, 14).

35

The following interpretation is proposed for the observed development: In the initial phase (1)
the surface undergoes unhindered dissolution, which is implied by the semi-circle,
representing a charge-transfer controlled process. The dissolving species are accumulated in
front of the sample surface, building a kind of “barrier layer”, that is impeding further
dissolution. This effect can be identified by the diffusion element (2) in the Nyquist plot. In a
further step, the accumulated products are re-precipitated onto the surface, forming a denser
layer, which causes a more stable dissolution inhibition. Thereby the polarization resistance is
significantly enhanced (3) compared to the initial state (1). However, dissolution still goes on,
as the semi-circular arc (3) indicates.
For pH 12, two different electrolytes were investigated: 0.01M NaOH (Fig. 26) and (0.1M
NaOH + 0.1M NaCl) (Fig. 27). Compared to pH 13 and 14, the ocp is high from start of the
measurement, and increases slowly, but continuously. In the NaOH solution (Fig. 26),
comparably high and increasing impedances assert a growing passive layer, whereas in the
(0.1M NaOH + 0.1M NaCl) solution (Fig. 27), the impedance drop after longer times might
imply the inhibition of a stable passive layer formation or the localized breakdown of
passivity upon the presence of chloride ions. In contrast to pH 13 and 14, the EIS curves,
obtained at pH 12, do not indicate a diffusion-controlled behaviour, but exhibit a chargetransfer determined process during the whole period investigated. The polarization resistance
in the chloride-free pH 12 solution exhibits significantly higher values than at pH 13 and 14.
It is thus evidenced that a thinner and more protective surface film is present at pH 12 than at
pH 13 and 14. This statement is in accordance with literature. A. Foelske and H.-H.
Strehblow describe that the solubility of Co2+ ions in alkaline solution is increasing with
increasing pH [32]. As a consequence, the conditions for precipitation of dissolved species,
i.e. the achievement of the saturation limit (which is required for passive film formation) is
expected to become easier with decreasing pH. As at lower pH, a smaller amount of dissolved
Co is required for saturation and precipitation, the passive state must be reached earlier at
lower pH. This idea can be corroborated by the comparison of the Nyquist plots at pH 14, 13
and 12, where the diffusion part (indicating the dissolved species prior to precipitation) is
reduced from pH 14 to 12.
WC-Co sample:
The comparison of the three samples in the Bode representation exhibits nearly identical
curves for WC-Co and for Co at pH 12 (Fig. 26.c and 27.c). At pH 13 (Fig. 25.d) and 14
(Fig. 24.d), the phase shift maximum of WC-Co is higher than of Co, however, the maxima
are observed at about the same frequency for both samples. Hence, at pH 12, the Co phase in
the composite seems to be dominant and behaving analogously to the uncoupled sample. At
pH 13 and 14 the corrosion reactions on WC-Co and on Co are determined by about the same
time constant, i.e. the same reaction rate, however, the distribution of the reaction on the
composite sample is more uniform than on the pure sample.
Judging from the Nyquist representations, the reaction phenomena on WC-Co are very similar
to those on Co, but they appear at higher pH. In particular at pH 14, WC-Co exhibits two
cases of ocp, analogously to Co at pH 13.
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a)

c)

d)

b)

Fig. 24

Electrochemical Impedance Spectra in 1M NaOH solution (pH 14): Nyquist plots
a), b) of WC-Co (two different developments observed for the same experimental
conditions) and c) of Co after various exposure times; d) Bode plot of WC-Co, Co
and WC after 60 min exposure.

In the first place, the analogous behaviour reveals a dominant role of the Co phase in the
hardmetal. As a second point, the question must be answered, why the processes on WC-Co
take place at higher pH than on Co. One possible explanation could be that the WC phase is
dissolving simultaneously to the Co phase, whereby these dissolved species cause a reduction
in Co solubility. Hence, the saturation limit would be reached with a smaller Co dissolution
amount, which could explain the smaller diffusion part and an earlier increase in ocp,
compared to the pure Co sample. This theoretical idea is only thinkable, if the dissolution of
WC proceeds by a chemically determined reaction mechanism, and is thus not detectable by
means of electrochemistry. EIS measurements are not indicating any reaction of the WC
phase. To clarify, whether a chemical WC dissolution is taking place, complementary
investigation by elemental solution analysis (ICP-MS) was performed (chapter 3.3).
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a)

b)

d)

c)

Fig. 25

a)

Fig. 26

Electrochemical Impedance Spectra in 0.1M NaOH solution (pH 13): Nyquist
plots a) of WC-Co and b), c) of Co (two different developments observed for the
same experimental conditions) after various exposure times; d) Bode plot of
WC-Co, Co and WC after 60 min exposure.
b)

c)

Electrochemical Impedance Spectra in 0.01M NaOH solution (pH 12): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
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a)

Fig. 27

b)

c)

Electrochemical Impedance Spectra in (0.1M NaOH + 0.1M NaCl) solution
(pH 12): Nyquist plots a) of WC-Co and b) of Co after various exposure times;
c) Bode plot of WC-Co, Co and WC after 60 min exposure.

Optical characterization (pH 12–14):
After the experiments in this pH range, Co and WC-Co exhibit an auburn and slightly hazy
surface, whereby the coloration on WC-Co is less intensive (Fig. 28.a and c), which is
probably a consequence of the composite structure, exhibiting a lower Co density. The
similarity of both surfaces, however, is an indication that similar reactions are occurring on
the Co phase in the composite and on the uncoupled sample. The light-microscopic picture
from the WC-Co surface (Fig. 28.b) reveals a significant alteration compared to the polished
sample prior to solution contact (Fig. 28.d), corroborating that the surface has undergone
considerable reaction.
a)
b)
c)

d)

Fig. 28

a) Digital photography and b) light-microscopic picture from WC-Co surface,
c) digital photography from Co surface, after140 min exposure to 0.1M NaOH
solution (pH 13); d) light-microscopic picture from a polished WC-Co surface
prior to solution contact.
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ii) Measurements at pH 9
Two different electrolyte solutions, i.e. 0.1M Na2HPO4 (Fig. 29) and (0.1M NaOH + 0.1M
KH2PO4) (Fig. 30), were investigated at pH 9.
Co sample:
After a minor initial increase, the impedance values of Co fall off after about 30 min, which is
probably the result of breakdown of the passive layer stability. The remaining diffusion part,
also after longer times, indicates a substantial amount of diffusion-inhibiting corrosion
products, i.e. a “barrier layer” as it was already described for pH 13 and 14. Compared to the
higher pH range (pH 12–14), a thicker and less protective surface layer is concluded here,
which can be corroborated with the literature: A. Foelske and H.-H. Strehblow investigated
the passivation behaviour of Co during anodic polarization at pH 9.3 [31] and at pH 13 [32],
respectively. They found that at pH 9, the solubility of Co2+ ions is lower than at pH 13.
Hence, the dissolution/precipitation mechanism, leading to a thin and stable passive layer at
pH 13, is impeded at pH 9, resulting in a thicker, but less protective surface layer [31]. Even
if these experiments were performed under polarization conditions, the pH-dependence of the
Co2+ solubility may still determine the passivation behaviour at open circuit.
WC-Co sample:
In contrast to pure Co, no breakdown in stability is observed during the experiments
performed, asserting a more protective surface layer for WC-Co. The comparison of Bode
plots from the different samples after 60 min as well as the respective ocp values imply an
intermediate behaviour for WC-Co, which might indicate that, in contrast to the very high pH
range, the reaction of the WC phase is also detectable by means of electrochemistry. An
alternative interpretation might be that the surface of the Co phase is determining the
electrochemical behaviour of the composite, but exhibits different electrical properties
compared to the pure Co sample. This might possibly be achieved by an accelerated Co
reaction due to polarization, which results from galvanic coupling with the WC phase.
However, this particular interpretation cannot be evidenced at this point, but should be kept in
mind as a possible explanation with respect to the following investigations in this study.
a)

Fig. 29

b)

c)

Electrochemical Impedance Spectra in 0.1M Na2HPO4 solution (pH 9): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
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a)

Fig. 30

b)

c)

Electrochemical Impedance Spectra in (0.1M NaOH + 0.1M KH2PO4) solution
(pH 9): Nyquist plots a) of WC-Co and b) of Co after various exposure times;
c) Bode plot of WC-Co, Co and WC after 60 min exposure.

Optical characterization (pH 9):
The corrosion products on WC-Co as well as on Co are quite different, comparing the two
solutions investigated at pH 9. WC-Co exhibits only a weakly brown-greyish coloration after
contact with Na2HPO4 (Fig. 31.a), the light-microscopic picture (Fig. 31.b) corroborating that
a reaction of the Co phase has occurred. However, a thick rubber-like film of intense violet
colour is observed with the solution (0.1M NaOH + 0.1M KH2PO4) (Fig. 32.a), which appears
in form of dark round spots on the light-microscopic picture (Fig. 32.b). The Co sample
remains nearly unchanged by the naked eye in Na2HPO4 (Fig. 31.c), but shows a feeble,
brown coloration after contact with (0.1M NaOH + 0.1M KH2PO4) solution (Fig. 32.c). The
thick layer, grown in the (0.1M NaOH + 0.1M KH2PO4) solution on WC-Co corroborates the
considerable diffusion part in the EIS spectra (Fig. 30.a), which is not visible to the same
degree for Na2HPO4 (Fig. 31.a), where no such diffusion-inhibiting barrier layer was
observed. Apart from these deviations, considering the shape of the EIS curves, the
magnitude of the impedance, and in particular of the polarization resistance, is very similar
for both solutions (Fig. 29.c and 30.c). This asserts that the dissolution resistance is
predominantly influenced by the solution pH, and the formation of any corrosion products
does not fundamentally affect the stability of the surface.
a)

Fig. 31

b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co surface,
c) digital photography from Co surface, after140 min exposure to 0.1M Na2HPO4
solution (pH 9).
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a)

Fig. 32

b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co surface,
c) digital photography from Co surface, after140 min exposure to (0.1M NaOH +
0.1M KH2PO4) solution (pH 9).

iii) Measurements at pH 6.5
As a preliminary remark, it must be stated that in the region around pH 6.5, the Pourbaix
diagram exhibits a transition area of Co dissolution and passivation. As a consequence, small
pH changes, which can result from local reactions, may cause significant differences of the
corrosion behaviour.
Co sample:
For Co, in all three solutions, NaCl (Fig. 33), NaClO4 (Fig. 34) and Na2SO4 (Fig. 35), a
diffusion part is developing at intermediate times, which results in a subsequent increase of
the impedance.
The Nyquist curves basically follow an analogous development as described for pH 13 and 14
(Fig. 23), however, the magnitude of the impedance is significantly smaller. Thus, also at
neutral pH, the Co surface exhibits a fast dissolution in the initial phase, which is retarded in a
second phase, due to accumulation of dissolved species in front of the surface, and becomes
more stable in a third phase, as a consequence of a denser and therefore more protective
surface layer.
In Na2SO4, which exhibits the highest pH of the three solutions investigated, the diffusion
effect is most significant (Fig. 35).
If the solubility of Co2+ ions is further decreasing with decreasing solution pH, as it does at
alkaline pH [32], the slightly higher pH of Na2SO4 could result in a higher amount of
dissolved Co species (causing the diffusion part in the Nyquist plot) prior to precipitation.
Furthermore, the different types of anions might react to variously stable surface products.
WC-Co sample:
The similar shape of the phase shift curves from WC-Co and from pure Co in the Bode plots
of the three neutral solutions investigated (Fig. 33.c, 34.c, 35.c) indicates a similar reaction
process on both samples and thus implies a dominant role of the Co phase in the composite.
But comparing the Nyquist plots from WC-Co and from Co, which give an overview of the
temporal development, significant differences can be recognized for the two distinct samples,
particularly in NaCl (Fig. 33.a and b) and in NaClO4 (Fig. 34.a and b). Although the initial
behaviour (up to 6 min) is very similar, the following evolution is quite different. While Co
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shows the characteristic process of increasing impedance via a temporary diffusion element,
described above (Fig. 23), WC-Co exhibits a hardly changing semi-circle of small diameter
during the whole period investigated, representing an unhindered dissolution process. In
NaCl, even an inductive tendency can be recognized after longer exposure times (i.e. after
about 60 min) (Fig. 33.a), which might result from chloride adsorption.
For WC-Co, a diffusion effect with a subsequently increasing impedance is only visible in
Na2SO4 (Fig. 35.a), however, compared to Co (Fig. 35.b), the impedance magnitude remains
small. A possible explanation for the different behaviour of WC-Co in NaCl and NaClO4,
compared to Na2SO4, might be the presence of chlorine species (Cl–, ClO4–), which were
observed to impede the formation of a stable passive layer on WC-Co as well as on Co at pH
12. Chloride ions are also supposed to cause local corrosion attack [4, 16, 20, 21].
Comparing the phase shift curves of the three solutions, a slightly smaller maximum is
observed for the chlorine-containing solutions, evidencing a more heterogeneous distribution
of the surface reactions. This might also be an indication for localized attack, not only in
presence of Cl–, but also of chlorine species such as ClO4–.
a)

Fig. 33

a)

Fig. 34

b)

c)

Electrochemical Impedance Spectra in 0.1M NaCl solution (pH 6.5): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
b)

c)

Electrochemical Impedance Spectra in 0.1M NaClO4 solution (pH 6.3): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
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a)

Fig. 35

b)

c)

Electrochemical Impedance Spectra in 0.1M Na2SO4 solution (pH 6.6): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.

Optical characterization (pH 6.5):
The coloration of the corrosion products on Co being auburn (Fig. 36.c), those on WC-Co in
contrast slightly more greyish (Fig. 36.a), indicate that the WC phase might react in any
manner, even if the electrochemical data are not able to evidence the WC influence. This
might signify a chemical reaction mechanism without charge transfer.
Light-microscopic investigation (Fig. 36.b) display that a surface reaction, in particular on the
Co phase, has taken place, however, no information considering any WC reactivity can be
obtained.
The comparison to the coloration of the respective corrosion products at pH 12–14 (Fig. 28)
reveals a certain similarity upon the auburn coloration, which could indicate that the reaction
products at pH 6.5 are similar to those at very high pH.
a)

Fig. 36

b)

c)

a) Digital photography and b) light-microscopic picture from a WC-Co surface,
c) digital photography from a Co surface, after140 min exposure to 0.1M NaCl
solution (pH 6.5).
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iv) Measurements in deionized water, “the real electrolyte” for the practical case (EDM)
According to the lacking conductivity, electrochemical measurements in deionized water are
not possible. Nevertheless, digital photographs and light-microscopic pictures were taken
from the sample surfaces after water exposure (Fig. 37).
They look very similar to the samples after contact with the other solutions of pH around 6.5
(NaCl, NaClO4, Na2SO4), i.e. the formation of similar corrosion products is assumed.
On WC-Co, sharply limited bright and dark areas can be distinguished, indicating very
localized reactions. This is quite plausible in consideration of the lacking conductivity, which
is only selectively increasing in localized areas, as a result of a stronger localization of the
galvanic effects.
a)

Fig. 37

b)

c)

a) Digital photography and b) light-microscopic picture from a WC-Co surface,
c) digital photography from a Co surface, after140 min exposure to deionized
water.

Special consideration of pit growth in water:
During the EDM process, which was described in the introduction (chapter 1), WC-Co was
found to be severely attacked upon contact to deionized water. In order to observe the
initiation of this corrosion attack, immersion experiments were performed. In contrast to the
contacted examples shown above (Fig. 37), where the samples were kept in the
electrochemical cell in a vertical position, the samples in these immersion experiments were
simply laid into a basin with 500 ml of deionized water. The main difference was thereby the
horizontal position of the samples. After distinct exposure times, the samples were taken out
of the water for investigation by the light microscope, and re-immersed afterwards (including
about 2 min air contact). Figures 38.a to f show the WC-Co surface, considered after
immersion times of 25 min, 45 min and 20 h, respectively.
Already after 25 min, a small pit has been formed, surrounded by a darker circular ring
(Fig. 38.a) with a brighter zone in the centre. After 45 min, the ring has become more
coloured, and distinct ring zones can be recognized (Fig. 38.b and c). This evolution indicates
the presence of a pH gradient, resulting from the pH-dependent solubility of corrosion
products. As a consequence, these corrosion products diffuse away from the attacked zones
(pits) and are precipitated, when the limit of the solubility is reached. The coloration of the
rings is even more intense after 20 h immersion time, and a considerable amount of corrosion
products has been deposited around the pits (Fig. 38.d and e).
It is not clear, whether the horizontal position or the temporary air contact were crucial for the
formation of pits on the WC-Co surface or whether the pits might also occur in a vertical
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position. However, such phenomena of local attack, accompanied by pH gradients, are
particularly observed in case of low electrolyte conductivity, where galvanic elements are
built within very small zones.
a)

b)

c)

d)

e)

f)

Fig. 38

Light-microscopic pictures from a WC-Co surface after a) 25 min, b), c) 45 min,
and d)– f) 20 h immersion in deionized water.

v) pH 1.8–4.5
The comparison of the three samples in the Bode representations show a very similar
behaviour for WC-Co and Co at pH 4.5 (Fig. 39.c) as well as at pH 3.3 (Fig. 40.c), only at
pH 1.8, the WC-Co curves are shifted towards lower frequencies, compared to those of Co
(Fig. 41.c). Assuming the EIS curves of WC-Co to describe the reaction of the Co phase, for
the first two solutions (pH 4.5 and 3.3), a similar reaction mechanism is concluded as for the
uncoupled sample. For the last solution (pH 1.8), the kinetic, i.e. the charge transfer of the Co
phase in the hardmetal, seems to be slightly slower. As a matter of fact, the smallest
impedance values are measured at pH 4.5.
The Nyquist plots of WC-Co and of Co at pH 4.5 are very similar (Fig. 39.a and b): The
impedance shows – albeit marginally increasing – very small values without any diffusion
effect, but rather tending to an inductive part. Thus, unhindered, fast Co dissolution is
concluded.
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a)

Fig. 39

a)

Fig. 40

a)

Fig. 41

b)

c)

Electrochemical Impedance Spectra in 0.1M KH2PO4 solution (pH 4.5): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
b)

c)

Electrochemical Impedance Spectra in (0.05M HCl + 0.1M NaCl + 0.03M
NaOH) solution (pH 3.27): Nyquist plots a) of WC-Co and b) of Co after various
exposure times; c) Bode plot of WC-Co, Co and WC after 60 min exposure.
b)

c)

Electrochemical Impedance Spectra in (0.05M HCl + 0.05M KH2PO4) solution
(pH 1.8): Nyquist plots a) of WC-Co and b) of Co after various exposure times;
c) Bode plot of WC-Co, Co and WC after 60 min exposure.
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At pH 3.3 (Fig. 40.a and b) and 1.8 (Fig. 41.a and b), a particular characteristic development
can be recognized, as schematically represented in Figure 42.

Fig. 42

Schematic presentation of the process development on WC-Co and Co in acidic
solution (pH 2–3).

The initial semi-circle (1) develops a significant diffusion element (2) in a first phase,
whereas in a second step, the diffusion effect completely disappears, and an inductive element
grows instead, while the magnitude of the impedance is significantly reduced (3).
The first step exhibits an analogous characteristic to the description for Co in the very high
alkaline domain (pH 13 and 14) (Fig. 23) as well as in neutral solution, as an initially fast
dissolution of the surface results in an accumulation of dissolved species, which impede the
further dissolution process. Thereby, the rate-determining step changes from charge-transfer
to diffusion control. In contrast to the mechanisms in neutral and alkaline solution, the
accumulated species do not re-precipitate onto the surface, effecting a more protective surface
layer, but an increasing dissolution rate is reached. The additional inductance might result
from the adsorption of certain species on the surface, as theoretically described in the
introduction of this study (chapter 1).
Optical characterization (pH 1.8–4.5):
The sample surfaces do hardly show any coloration after contact with the three solutions in
the pH range from 1.8 to 4.5, which corroborates an unhindered dissolution and the absence
of stable or sparingly-soluble corrosion products.
By the naked eye, WC-Co shows a bluish shading for pH 4.5 and pH 3.27 solution (Fig. 43.a
and 44.a) and hardly any modification for pH 1.8 (Fig. 45.a). The light-microscopic pictures
display a clearly darker Co phase in all three solutions (Fig. 43.b, 44.b and 45.b), indicating
selective Co dissolution.
The Co sample exhibits a white-greyish appearance, resulting from the roughening due to
dissolution (Fig. 43.c, 44.c and 45.c).
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a)

Fig. 43

a)

Fig. 44

a)

Fig. 45

b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co sample,
c) digital photography from Co sample, after140 min exposure to 0.1M KH2PO4
solution (pH 4.5).
b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co sample,
c) digital photography from Co sample, after140 min exposure to (0.05M HCl +
0.1M NaCl + 0.03M NaOH) solution (pH 3.27).
b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co sample,
c) digital photography from Co sample, after140 min exposure to (0.05M HCl +
0.05M KH2PO4) solution (pH 1.8).
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vi) Measurements at pH 1
The EIS curves of WC-Co and Co in the Bode representation are quite similar (Fig. 46.c, 47.c
and 48.c). However, (analogously to pH 1.8) the WC-Co curves are shifted towards lower
frequencies, compared to those of pure Co, implying a slower reaction kinetic for the
composite.
In H2SO4 (Fig. 47) and in HNO3 (Fig. 48), the Nyquist plots of WC-Co and Co reveal very
small impedance values, which evidence comparably high corrosion rates. Furthermore, a
pronounced inductive effect is visible in these two solutions. In contrast to the solutions of
higher pH (i.e. the particular solutions of pH 3.27 and 1.8), a considerably smaller magnitude
of the impedance is observed, and the temporary diffusion element is absent. This indicates
that in HNO3 and H2SO4 solution, the surface stability is very small from the beginning,
whereas at higher solution pH, the initial stability of the surface is particularly higher, but
decreases after an intermediate period of accumulated dissolution products.
a)

Fig. 46

c)

Electrochemical Impedance Spectra in 0.1M HCl solution (pH 1): Nyquist plots
a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
a)

Fig. 47

b)

b)

c)

Electrochemical Impedance Spectra in 0.1M H2SO4 solution (pH 1): Nyquist plots
a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.
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a)

Fig. 48

b)

c)

Electrochemical Impedance Spectra in 0.1M HNO3 solution (pH 1): Nyquist plots
a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.

A considerable difference among the pH 1 solutions investigated can be observed for HCl
(Fig. 46), as the magnitude of the impedance is unexpectedly high. This observation is in
accordance to the explanation given by E. Deltombe and M. Pourbaix [33], who describe that,
on account of a large hydrogen overpotential, Co is practically uncorroded by non-oxidizing
acids. Apart from the comparably high impedance, the temporary diffusion effect asserts a
certain similarity to the behaviour at pH 3.3 and 1.8, which are also containing HCl. It is
therefore thinkable that in these three chloride-containing solutions, stable CoCl products are
formed on the surface.
Optical characterization (pH 1):
In HNO3, the Co surface shows a strong haze as well as several holes, i.e. a rather strong
dissolution, accompanied by severe local attack, has taken place (Fig. 49.c and d). The WCCo exhibits a bluish shading (by the naked eye) and a clearly distinguishable Co phase (under
the light microscope), signifying a strong selective dissolution of Co (Fig. 49.a and b).
Optical examination of the Co surface, treated in H2SO4, reveals a slight haze (less strong as
in HNO3), characterizing a dissolved surface. The locally varying degree of intensity indicates
sensitivity to local origins of attack (Fig. 50.c). As in HNO3, but less intense, the WC-Co
surface looks bluish and shaded, resulting from selective Co dissolution (Fig. 50.a and b).
After HCl contact, the Co surface remains shiny (as polished), except for a considerable white
border (where the O-ring was in contact) (Fig. 51.c). Thus, no significant uniform corrosion
has proceeded, however, local attack (crevice corrosion) can be observed. On WC-Co, only a
very faint shading can be recognized (Fig. 51.a); even under the light microscope, the Co
phase can hardly be distinguished (Fig. 51.b). So a comparably high stability can be
corroborated.
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a)

b)

c)

d)

Fig. 49

a)

Fig. 50

a)

Fig. 51

a) Digital photography and b) light-microscopic picture from a WC-Co surface,
c) digital photography and d) light-microscopic picture from a Co surface,
after140 min exposure to 0.1M HNO3 solution (pH 1).
b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co sample,
c) digital photography from Co sample, after140 min exposure to 0.1M H2SO4
solution (pH 1).
b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co sample,
c) digital photography from Co sample, after140 min exposure to 0.1M HCl
solution (pH 1).
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vii) Measurements in borate buffer solution (pH 8.4)
The EIS curves, obtained for WC-Co and Co, are very similar, corroborating a dominant
electrochemical Co reactivity in the composite (Fig. 52). A well-pronounced semi-circle
without any diffusion element indicates a charge-transfer controlled process. As a result of the
low ionic concentration of the electrolyte, the electrolyte resistance is relatively high. The
polarization resistance is comparably low, i.e. in the range of 1000 Ohm, which is in the order
of magnitude that was observed for WC-Co in neutral NaCl solution for example (Fig. 33.a).
a)

Fig. 52

b)

c)

Electrochemical Impedance Spectra in borate buffer solution (pH 8.4): Nyquist
plots a) of WC-Co and b) of Co after various exposure times; c) Bode plot of
WC-Co, Co and WC after 60 min exposure.

Optical characterization (borate buffer solution):
Both samples, Co and WC-Co, exhibit a weak brown coloration after contact with borate
buffer solution, similarly as it was also observed after contact with deionized water (Fig. 37)
and which was assumed to result from oxidation products. The light-microscopic picture,
taken from WC-Co after the EIS experiment in borate buffer solution (Fig. 53), reveals that
the Co phase has undergone a certain reaction, i.e. has either been dissolved or formed
distinct reaction products.
The overall optical similarity of the samples after the contact with borate buffer and with
deionized water, observed for both, Co and WC-Co, implies that similar reactions are taking
place in both solutions under open-circuit conditions.

Fig. 53

Light-microscopic picture from WC-Co surface after140 min exposure to borate
buffer solution (pH 8.4).
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c) Additional consideration: data correction upon active reaction area
As already stated at the beginning of this chapter, a quantitative comparison between the data,
obtained from the composite and from the pure samples, is not viable without the restriction,
considering the active reaction area. The following discussion should make allowance for this
condition.
a)

b)

c)

d)

e)

f)

g)

h)

Fig. 54

Electrochemical Impedance Spectra (Nyquist presentation) of WC-Co, Co and
WC after 60 min in a) 1M NaOH (pH 14), b) 0.1M NaOH (pH 13), c) (0.1M
NaOH + 0.1M NaCl) (pH 12), d) 0.1M Na2HPO4 (pH 9), e) 0.1M NaCl (pH 6.5),
f) 0.1M KH2PO4 (pH 4.5), g) 0.1M H2SO4 (pH 1), h) 0.1M HCl (pH 1).

Assuming that the reaction of the Co phase is dominating the overall electrochemical
behaviour of WC-Co, the actual reaction area is expected to be reduced to the Co fraction in
the composite, which makes about 25 vol%. Consequently, the measured polarization
resistance must be multiplied by the correction factor of 0.25 for valuable comparison with
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measurements of the Co sample. In other words, if an analogous behaviour of the Co phase in
the composite and of the pure sample is assumed, the polarization resistance from WC-Co is
expected to be 1/0.25, i.e. 4 times the size of the respective Co value.
The Nyquist plots in Figure 54 show the comparison of EIS curves, taken from the three
samples after 60 min in solution, whereby the values, obtained from WC-Co, were multiplied
with 0.25. As a result, the corrected WC-Co spectra exhibit significantly lower impedance
values practically throughout the whole pH range. Only at pH 14, the corrected impedance of
WC-Co is higher than of Co. There seems to be a tendency, whereupon WC-Co exhibits
significantly lower impedances compared to Co, when unhindered dissolution is expected, but
smaller differences are observed when Co is supposed to be passivated. This assumption
makes sense, if the comparably small impedance values of WC-Co are interpreted to be the
result of a galvanic coupling effect between Co and WC phase, whereupon Co dissolution is
enhanced because of its less noble corrosion potential. In case of passive behaviour, the
dissolved Co2+ ions are precipitated as a surface layer, i.e. the galvanic coupling leads not
only to an enforced Co dissolution reaction, but likewise to a better passivation.
Consequently, at very high pH, the impedance of WC-Co must be higher than of Co.
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3.2.2 Potentiodynamic polarization measurements
a) Anodic polarization
Preliminary remarks:
1) Correction upon active reaction area:
In accordance with the remark prior to the impedance measurements under open-circuit
conditions (chapter 3.2.1, Fig. 22), it should be kept in mind that, for a quantitative
comparison of the WC-Co with the pure samples, a correction of the data, obtained from WCCo with respect to the actual reaction area, would be necessary. A first approach in this regard
might be the consideration of the volume fraction of the respective phase in the composite.
However, the surface area is significantly enlarged upon dissolution, in particular under
anodic polarization. Furthermore, factors, such as the heterogeneity of the composite
microstructure or the locally modified solution pH in the attacked zones, are complicating a
reasonable determination of the actual reaction area. Thus, a simple normalization of the WCCo data, considering the volume fraction of the respective phase, is not sufficient for viable
comparison. For this reason, in the following discussion of potentiodynamic polarization
measurements, such data correction is abandoned. However, to make allowance to the effect
of data correction, the measurements in NaCl solution were chosen for discussion at the end
of this chapter.
2) Data interpretation from WC:
As already stated in the introduction, the interpretation of the potentiodynamic polarization
measurements on WC must be considered with care. The breakdown characteristics are
determined by single weak spots, which might be more significant for the polymer-embedded
WC, compared to a single-crystal WC material. Local breakdowns might thus inhibit the
detection of a stable behaviour.
To investigate the behaviour of the native surface under enforced anodic polarization
conditions (dissolution, passivation, different oxidation steps), potentiodynamic polarization
measurements were carried out.
The following measurements were started at open-circuit potential and driven to +1.5 V
(SCE) with a scan rate of 5 mV/s. Figure 55 shows the behaviour of WC-Co, Co and WC,
respectively, comparing different solution pHs.
WC shows continuously increasing current densities and decreasing open-circuit potentials
(ocp) with increasing solution pH, which confirms a continuous growth of stability from
alkaline to acidic pH (Fig. 55.c).
Co basically shows an opposite tendency, compared to WC, exhibiting a more stable
behaviour in alkaline solution and a higher dissolution rate in acidic media (Fig. 55.b).
However, the reaction mechanisms are much more complex, which become manifest in
passivation with different oxidation stages at high pH or in the higher ocp in HCl, which was
already discussed above (chapter 3.2.1).
In acidic and in neutral solution, the WC-Co sample reveals a similar behaviour to pure Co,
implying a predominant role of the Co phase in the overall electrochemical behaviour of the
composite (Fig. 55.a). In the alkaline pH range, however, WC-Co does not show an activepassive transition, as it is observed for the pure Co sample. This is probably the consequence
of WC dissolution. It is thus not possible to register, whether the Co phase is passivating or
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not. On the other hand, it indicates that the WC phase can be dissolved upon anodic
polarization.
a)

Fig. 55

b)

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in
different electrolyte solutions. Scan range: ocp to +1.5 V(SCE), scan rate:
5 mV/s.

i) Measurements at pH 12–14
It was already observed under open-circuit conditions (chapter 3.2.1) that a meta-stable
oxidation state is present for WC-Co at pH 14 and for Co at pH 13. This becomes manifest in
two distinct values of ocp, which are the starting potential of the potentiodynamic polarization
measurements at the same time (Fig. 56.a and b). In case of a low ocp, a subsequent oxidation
peak is observed in the range between -1000 and -500 mV, which represents an active-passive
transition, i.e. the oxidation step from metallic Co to Co(OH)2. This observation is in
accordance to the Pourbaix diagram for Co/H2O [33].
Irrespective of these meta-stable states, i.e. separate from the lower ocp value in these
particular cases, the passivation behaviour, observed for the three samples investigated, is
basically similar in the pH range from pH 12 to 14 (Fig. 56.a to d).
Co exhibits an oxidation peak between 0 and +500 mV. According to Deltombe and Pourbaix
[33], this represents the further oxidation of Co(OH)2 to Co3O4 or Co(OH)3 respectively.
After the decrease of the current density, another increase is observed above +500 mV, which
can be ascribed to the dissociation of water [33].
For the WC sample, active dissolution is measured in this pH range.
Apart from the active-passive transition between -1000 and -500 mV at pH 14 in case of a
low initial ocp, WC-Co shows no further oxidation peaks in the range of pH 12 to 14, which
is probably the consequence of the superimposed current density of WC dissolution. The
characteristics of the Co phase are thus not particularly measurable.
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a)

b)

c)

d)

Fig. 56

Potentiodynamic polarization curves, comparing WC-Co, Co and WC, in
a) 1M NaOH (pH 14), b) 0.1M NaOH (pH 13), c) 0.01M NaOH (pH 12),
d) (0.1M NaOH + 0.1M NaCl) (pH 12). Scan range: ocp to +1.5 V(SCE), scan
rate: 5 mV/s.

Optical characterization (pH 12-14):
Preliminary remark:
The potentiodynamic polarization measurements are reaching the potential range, where
water dissociation occurs. As thereby a significant amount of H+ ions is produced, the
solution pH is no longer controllable. Thus, the sample surface after the experiment cannot be
considered in terms of a pH dependence, but in fact show the influence of the entire
polarization experiment.
After the polarization measurement at pH 14, the Co sample appears greasy blackish and
exhibits some pits from local attack (Fig. 57.b), the WC-Co surface is covered by a fawnbrown, thick porous layer.
The experiments at pH 13 cause a rather thick layer of fawn-brown and white-turquoise rough
corrosion products on the WC-Co surface (Fig. 58.a and b), while the Co sample shows local
attacks and an intense auburn coloration (Fig. 58.c). From this considerably different
appearance of the two samples and also from the difference of the respective polarization
curves (Fig. 56.b), it can be concluded that the WC phase must have reacted during
polarization.
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a)

Fig. 57

Light-microscopic pictures a) from WC-Co and b) from Co sample after
potentiodynamic polarization measurement in 1M NaOH (pH 14) (Fig. 56.a).

a)

Fig. 58

b)

b)

c)

a) Digital photography and b) light-microscopic picture from WC-Co, c) lightmicroscopic picture from Co sample after potentiodynamic polarization
measurement in 0.1M NaOH (pH 13) (Fig. 56.b).
a)

Fig. 59

b)

Light-microscopic pictures a) from WC-Co and b) from Co sample after
potentiodynamic polarization measurement in 0.01M NaOH (pH 12) (Fig. 56.c).

At pH 12, the differences of optical appearance between Co and WC-Co sample are much
less significant than at higher pH.
In 0.01M NaOH, both samples, WC-Co and Co, show pits from local attack, but hardly any
traces of corrosion products (Fig. 59). Thereby, the WC-Co sample is much more attacked,
which is corroborated by the polarization curves, displaying higher current densities for the
hardmetal. The rings around the corrosion products, particularly visible on WC-Co in this
electrolyte (Fig. 59.a), indicate the presence of a pH gradient, as it was already discussed for
the immersion experiments of WC-Co in deionized water at open-circuit potential (Fig. 38,
chapter 3.2.1).
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After the measurements in the (0.1M NaOH + 0.1M NaCl) solution, both the WC-Co and the
Co sample reveal a thick and loose layer of rubber-like, grass-green reaction products. As
these deposits were observed on both samples in the chloride containing solution, but not in
the solution without chlorides, they are assumed to result from reaction of Co with Cl–. H.
Göhr [67] describes the formation of Co3O4 from metal Co in aqueous solution at
E=+24 mV(SCE), releasing a black to grey-green coloration.
Judging from optical characterization, the reaction products grown in the two different
solutions at pH 12, 0.01M NaOH and (0.1M NaOH + 0.1M NaCl), are quite different,
however, the polarization curves are nearly identical. However, the formation of non-stable
corrosion products does not influence the shape of the polarization curves. Hence a
comparison between the two pH 12 solutions in this regard is not possible. Solely the absence
of a diffusion element in the impedance spectra (Fig. 26 and 27) evidences that the corrosion
products are not formed under open-circuit conditions, but during anodic polarization.
It remains to mention that localized corrosion attack is observed on Co and on WC-Co, even
in the absence of chlorides. This is plausible, considering that the hydroxide film on the Co
surface is not stable. In case of stable passive films in contrast, aggressive ions such as
chlorides are necessary to trigger local corrosion attack [21].
ii) Measurements at pH 9
The potentiodynamic polarization curves from the three samples, WC-Co, Co and WC do
hardly differ, comparing the two distinct electrolytes, Na2HPO4 and (NaOH + KH2PO4)
(Fig. 60).
Starting at a comparably low ocp, Co maintains small current densities over a wide potential
range. The peak between +500 and +1000 mV indicates the oxidation of Co(OH)2 to Co3O4 or
Co(OH)3 respectively [33].
Analogously to higher pH, WC-Co exhibits much higher current densities in the potential
range, where Co is supposed to passivate, which is probably the result of WC dissolution and
which makes an electrochemical observation of the Co dissolution behaviour in the composite
impossible.
a)

Fig. 60

b)

Potentiodynamic polarization curves, comparing WC-Co, Co and WC, in
a) 0.1M Na2HPO4 (pH 9), b) (0.1M NaOH + 0.1M KH2PO4) (pH 9). Scan range:
ocp to +1.5 V(SCE), scan rate: 5 mV/s.
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Optical characterization (pH 9):
On both samples, WC-Co and Co, a greyish shading with white debris is visible in Na2HPO4
solution, and violet-blue corrosion products are present after polarization in (0.1M NaOH +
0.1M KH2PO4) solution (Fig. 61). The similar appearance of WC-Co and Co in a specific
medium corroborates an analogous reaction on the Co phase in the composite and on the
uncoupled sample.
The Co sample shows local attack in both electrolyte solutions, as it was also observed at
more alkaline pH. On Co, the effect of a pH gradient, analogously to the observation in
0.01M NaOH (Fig. 59.a), can be recognized upon the rings around the pits. The fact that even
in the absence of aggressive ions localized corrosion attack occurs, indicates that the surface
film is not stable.
a)

Fig. 61

b)

c)

Digital photographies a) from WC-Co and b) from Co, c) light-microscopic
picture from Co sample after potentiodynamic polarization measurement in
(0.1M NaOH + 0.1M KH2PO4) (pH 9) (Fig. 60.b).

iii) Measurements at pH 1–6.5
In all neutral and acidic solutions investigated, Co shows active dissolution (Fig. 62). As the
polarization curves of WC-Co are practically identical to those of Co, the dissolution of the
Co phase is concluded to dominate the overall electrochemical process under anodic
polarization conditions. Due to the high current densities upon Co dissolution, the reaction of
the WC phase is not measurable.
The differences measured between the distinct solutions at pH 1 are very small (Fig. 63).
Under open-circuit conditions, a prominent stability of Co and WC-Co was observed in HCl
(chapter 3.2.1), which was explained by the influence of the cathodic reaction, i.e. by a high
hydrogen overpotential of Co in non-oxidizing acids [33]. The similar behaviour in the
distinct solutions at pH 1 under anodic polarization conditions, where the cathodic reaction is
repressed, confirms that the specific ions, present in acidic solution, are influencing the
cathodic reaction and thus that the cathodic reaction is responsible for the differing stability of
Co in acidic solution.
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a)

b)

c)

d)

e)

f)

g)

h)

Fig. 62

Potentiodynamic polarization curves, comparing WC-Co, Co and WC, in
a) 0.1M NaCl (pH 6.5), b) 0.1M NaClO4 (pH 6.3), c) 0.1M Na2SO4 (pH 6.6),
d) 0.1M KH2PO4 (pH 4.5), e) (0.05M HCl + 0.1M NaCl + 0.03M NaOH)
(pH 3.27), f) 0.1M HCl (pH 1), g) 0.1M H2SO4 (pH 1), h) 0.1M HNO3 (pH 1).
Scan range: ocp to +1.5 V(SCE), scan rate: 5 mV/s.
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a)

Fig. 63

b)

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC, in
0.1M HCl, H2SO4 and HNO3 (pH 1) solution respectively.

Optical characterization (pH 1–6.5):
After the polarization experiments at neutral solution pH, the Co sample shows a roughened
surface and also a slightly brown coloration (Fig. 64.b), i.e. besides dissolution, also corrosion
products are built during anodic polarization. WC-Co shows a slightly dark shading by eye,
while the light-microscopic pictures reveal a clearly distinguishable Co phase (Fig. 64.a). This
observations were found to be characteristic for the selective dissolution of the Co phase.
The polarization in acidic solution causes stronger roughening of the Co surface, and no
corrosion products can be identified by optical characterization (Fig. 66.c and d). The WC-Co
surface exhibits a shading (Fig. 66.a) and a significantly darker Co phase under the light
microscope (Fig. 65 and 66.b), which was found to signify selective Co dissolution.
a)

b)

Fig. 64

Light-microscopic pictures a) from WC-Co and b) from Co sample after
potentiodynamic polarization measurement in 0.1M NaCl (pH 6.5) (Fig. 62.a).

Fig. 65

Light-microscopic picture from WC-Co sample after potentiodynamic
polarization measurement in 0.1M KH2PO4 (pH 4.5) (Fig. 63.d).
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Fig. 66

a)

b)

c)

d)

Digital photography and light-microscopic picture from WC-Co (a) and b)) and
from Co sample respectively (c) and d)), after potentiodynamic polarization
measurement in 0.1M H2SO4 (pH 1) (Fig. 63).

iv) Measurements in borate buffer solution (pH 8.4)
In borate buffers solution, an active-passive transition is visible for pure Co as well as for
WC-Co (Fig. 67). However, the current density, measured for the composite, is decreasing
earlier, reaching a local minimum in the range of the WC ocp and following a similar course
like the pure WC sample afterwards.
It is thus concluded that a certain passivation of the Co phase takes place in the potential
range between -400 and -100 mV, whereas the WC phase is dissolved upon anodic
polarization above +500 mV.

Fig. 67

Potentiodynamic polarization curves, comparing WC-Co, Co and WC, in borate
buffer solution (pH 8.4). Scan range: ocp to +1.5 V(SCE), scan rate: 5 mV/s.
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Optical characterization (borate buffer):
After the polarization experiment, the Co as well as the WC-Co sample exhibit a weak brown
coloration, quite similar to the respective samples after contact with deionized water at opencircuit (Fig. 37, chapter 3.2.1), which was assumed to result from oxidation products. The
light-microscopic picture from WC-Co evidences that a certain reaction of the Co phase has
taken place (Fig. 68.a). On the Co surface, severe local attacks can be recognized (Fig. 68.b).
Analogously as observed on WC-Co after contact with 0.01M NaOH (Fig. 59.a), on Co in
(0.1M NaOH + 0.1M KH2PO4) (pH 9) (Fig. 61.c), and in particular on WC-Co in deionized
water at open-circuit (Fig. 38, chapter 3.2.1), the rings around the pits indicate the presence of
a pH gradient, resulting from the pH dependent solubility of corrosion products.
a)

Fig. 68

b)

c)

Light-microscopic pictures a) from WC-Co and b), c) from Co sample after
potentiodynamic polarization measurement in borate buffer (pH 8.4) (Fig. 67.a).

b) Additional consideration: data correction upon active reaction area
As already mentioned in the beginning of this chapter, the consideration of the active surface
area in the WC-Co composite should be discussed for a viable comparison between the
reaction of the respective phases in the composite and the pure samples. As the determination
of the actual reaction area is rather complex due to several not determinable factors such as
local solution pH or microstructure, the following discussion provides only an example for
the comparison of the Co reaction of WC-Co and of the pure sample, which considers the data
correction with respect to the Co fraction in the composite.
From the observation that in neutral and acidic solution, the polarization curves from WC-Co
and from Co are almost identical, it was reasoned that Co dissolution dominates the
electrochemical behaviour of the composite. According to the Co fraction in the composite,
which makes about 25 vol%, the current density, measured for WC-Co, is divided by a factor
of 0.25 for quantitative comparison between Co and WC-Co sample.
Figure 69 shows an enlarged view of potentiodynamic polarization curves from WC-Co and
from Co in neutral solution (0.1M NaCl, pH 6.5) for small anodic potentials, whereby for
WC-Co, both the measured and the normalized values are plotted. To demonstrate the
difference between the distinct curves, a linear presentation instead of the commonly used
logarithmic has been chosen for the current density.
The normalized WC-Co curve reveals a strongly enhanced Co dissolution from the composite
compared to the pure sample, which confirms the assumption of synergetic effects between
Co and WC. As this observation is made for all neutral and acidic solutions investigated, the
phenomenon is evidenced to be real. However, according to the complex influences on the
active surface, an interpretation of the absolute values in not reasonable.
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Fig. 69

Potentiodynamic polarization curves from WC-Co and from Co in 0.1M NaCl
(pH 6.5): comparison of measured and normalized (*) current density from
WC-Co.

c) Influence of a cathodic starting polarization
In order to investigate the influence of cathodic polarization, two comparative types of
potentiodynamic polarization measurements were performed in addition to the first ones,
previously described, which are reaching from ocp up to +1.5 V (SCE). The second type of
measurements starts at -2.0 V (SCE) instead of ocp and is driven into anodic direction up to
+1.5 V (SCE). The third type scans the potential range from ocp into cathodic direction down
to -2.0 V (SCE). The polarization measurements, starting from -2.0 V (SCE) instead of from
ocp, reveal whether the surface composition, which has been established after solution contact
under open-circuit conditions, is modified upon cathodic polarization (between -2.0 V and
ocp) or not. In case of an oxidized surface, the cathodic polarization period is expected to
cause a reduction of the oxide layer and thereby to force the potential value, observed at zero
current density, which henceforth will be signified as zero-current crossing potential (zccp),
to differ from the initial open-circuit potential, measured prior to polarization (ocp). If no
hydrogen adsorption (such as e.g. on steel) takes place, for an unoxidized surface, no
significant difference is expected between the two potential values, ocp and zccp.
The measurements, reaching from ocp into cathodic direction, provide information about the
cathodic reaction, in particular of the reduction of oxygen or hydrogen.
WC-Co and pure Co sample:
In acidic solution, i.e. at pH 4.5 (Fig. 70.d and 71.d) and at pH 1 (Fig. 70.e and 71.e), WC-Co
and Co exhibit a zccp, which is identical to the ocp, i.e. the polarization in the cathodic range
does not cause any modification of the surface composition, present under open-circuit
conditions. In other words, the surface is not oxidized before polarization (about 6 min after
contact with the electrolyte).
In neutral and alkaline solution, i.e. at pH 6.5 (Fig. 70.c and 71.c), at pH 9 (Fig. 70.b and
71.b) and at pH 13 (Fig. 70.a and 71.a), the zccp is shifted to lower values compared to the
ocp before polarization and approximates the redox potential of Co (Co↔Co2+). Hence, it can
be concluded that the surface, after about 6 min of contact with the electrolyte at open circuit,
is covered by an oxide or hydroxide layer, which is being reduced during cathodic
polarization. The small oxidation peak between the zccp and the initial ocp indicates the
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subsequent re-oxidation of the surface. Only for Co at pH 13 (Fig. 71.a) in case of a low
initial ocp, which represents an unoxidized surface, the cathodic polarization consequently
does not cause any modification. In alkaline solution (Fig. 70. a and b, Fig. 71. a and b), the
progress of the current density above the initial ocp is not influenced by the cathodic
polarization period, which confirms that an analogous surface layer is rebuilt after the
previous reduction upon cathodic polarization. At neutral pH (Fig. 70.c and 71.c), the
polarization curve starting at -2 V exhibits smaller current densities in the range above the
initial ocp, compared to the curve starting at ocp. This indicates that the surface layer, rebuilt
after the cathodic reduction, is not identical to the one, which was formed a open circuit.

c)

Fig. 70

a)

b)

d)

e)

Potentiodynamic polarization curves from WC-Co in a) 0.1M NaOH solution
(pH 13), b) (0.1M NaOH + 0.1M KH2PO4) solution (pH 9), c) 0.1M NaCl solution
(pH 6.5), d) 0.1M KH2PO4 solution (pH 4.5), e) 0.1M HCl solution (pH 1).
Comparison of different scan ranges. Scan rate: 5 mV/s.
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a)

c)

Fig. 71

b)

d)

e)

Potentiodynamic polarization curves from Co in a) 0.1M NaOH solution (pH 13),
b) (0.1M NaOH + 0.1M KH2PO4) solution (pH 9), c) 0.1M NaCl solution
(pH 6.5), d) 0.1M KH2PO4 solution (pH 4.5), e) 0.1M HCl solution (pH 1).
Comparison of different scan ranges. Scan rate: 5 mV/s.

WC sample:
In all solutions investigated, the zccp observed for WC is very low and approximately
corresponds to the hydrogen redox potential (H+↔H2) (Fig. 72.a to d). This indicates that
during the potentiodynamic polarization, starting from -2 V, hydrogen is produced below the
hydrogen redox potential, and ionized to H+ again above the hydrogen redox potential. The
oxidation of gaseous hydrogen is realistic, as a considerable gas evolution was observed
during the polarization below the hydrogen redox potenital, whereby bubbles kept covering
the WC surface, indicating that the produced hydrogen gas remained present on the sample
surface. Furthermore, WC is known to be an efficient catalyst for the hydrogen ionization
reaction [37, 39-42], which supports the interpretation of the hydrogen oxidation process. In
the potential range above the ocp of WC, the current density exhibits a second increase, which
indicates the beginning of W oxidation.
The polarization curves, starting from ocp into cathodic direction, exhibit a second increase of
the absolute current density below the hydrogen redox potential, indicating the beginning of
the hydrogen evolution reaction in this potential range. It cannot clearly be decided, whether a
reduction of the WC surface, i.e. of its oxide layer, takes place or not. Only in pH 9 solution
(Fig. 72.b), a small peak between the WC ocp and the hydrogen redox potential is observed
during the cathodic polarization curve starting from ocp. This might indicate the reduction of
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the sample surface. However, in all other solutions (Fig. 72.a, c and d), a continuous progress
of the current density is observed in this potential range.
a)

c)

Fig. 72

b)

d)

Potentiodynamic polarization curves from WC in a) 0.1M NaOH solution
(pH 13), b) (0.1M NaOH + 0.1M KH2PO4) solution (pH 9), c) 0.1M NaCl solution
(pH 6.5), d) 0.1M HCl solution (pH 1). Comparison of different scan ranges. Scan
rate: 5 mV/s.

d) Cathodic reaction
For all three samples, the cathodic polarization curves, starting from ocp, exhibit a stronger
increase in absolute current density below the hydrogen redox potential in the solutions at pH
13, 9 and 6.5 (a, b and c in Figures 70, 71 and 72). This confirms that in alkaline and neutral
solution, both the reduction of O2 and of H+ occur as the cathodic reaction. In acidic media,
cathodic current densities of WC-Co and Co are only measured below the hydrogen redox
potential (Fig. 70.d and e, Fig. 71.d and e), indicating that H+ reduction is predominant. For
the WC sample, however (Fig. 72), the current densities are cathodic below the WC ocp,
when the polarization is started at this potential value. Thus, a reduction of the sample surface
or of oxygen is possible in the range between the WC ocp and the hydrogen redox potential.
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e) Polarization resistance as a measure of dissolution rate:
Comparison of polarization resistance (RP) and the dissolution current (i50mV)
The polarization resistance, RP, represents a measure of the charge transfer rate and
accordingly can be interpreted as the resistance of the bulk material surface against
dissolution. Thus, RP is expected to be inversely proportional to the dissolution rate. The
current density, measured at small anodic polarization potential, is thereby expected to show a
linear correlation with the inverse value of the polarisation resistance, 1/RP. Tables 3 and 4
show the values of the inverse polarization resistance and of the current density at different
solution pH, for WC-Co and for Co, respectively.
The values for the polarization resistance represent the particular plateau value at low
frequencies in the Bode diagram (compare Fig. 163, Appendix1), drawn from the EIS data at
open circuit. The current densities were taken from anodic potentiodynamic polarization
measurements (e.g. Fig. 55) and display the values at +50 mV overpotential. Both
polarization resistance and current density represent averaged values from analogous
measurements performed at a particular pH. As the polarization resistance for WC is very
difficult to obtain, the evaluation was only done for WC-Co and for Co.
The correlation coefficient between 1/RP and i50mV was calculated, subjected to the following
formula:
n
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x = ∑ x j; y = ∑ y j
n j=1
n j=1
x = 1/RP; y = i50mV

WC-Co
x = 1/RP
0.0001
6.35E-05
3.93E-05
6.67E-05
0.000166667
0.000236207
0.0003125
0.000909091
0.000833333
0.002694444

y = i50mV
2.05E-05
6.94E-06
5.63E-06
4.56E-06
3.16E-05
1.84E-05
8.84E-06
7.28E-05
0.000103
0.000667668

pH
14
13
12
9
5
6.5
7
4.5
3.27
1

correlation coefficient: rxy = 0.96738269
Tab. 3

Correlation between inverse polarization resistance, 1/RP, and current density,
i50mV, measured from WC-Co at different solution pH.
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Co
x = 1/RP

0.000155568
5.45E-05
1.84E-05
5.04E-06
1.26E-05
0.000170451
9.56E-05
0.000739431

y = i50mV
pH
0.001
14
0.000516667
13
1.98E-05
12
0.00005
9
7.46E-05
6.5
0.001176471
4.5
0.0005
3.27
0.001561111
1

correlation coefficient: rxy = 0.830637525
Tab. 4

Correlation between inverse polarization resistance, 1/RP, and current density,
i50mV, measured from Co at different solution pH.

Both correlation coefficients, for WC-Co as well as for Co, are quite high, exhibiting 0.97 for
WC-Co and 0.83 for Co, which indicates a good linear correlation between polarization
resistance and dissolution current density. This correlation of the data, obtained from EIS and
from potentiodynamic polarization measurements, thus corroborates consistent results.
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3.2.3 Potentiodynamic polarization measurements with micro-capillary technique
As the microstructure of WC-Co is very heterogeneous, the local susceptibility to corrosion as
well as the lateral distribution of the corrosion processes is not obvious. By the use of the
micro-capillary technique, the contact area of electrolyte on a sample is reduced to the
micrometer range. From the statistical spread of randomly taken measurements as well as by
comparison with the respective standard (macro) experiments, conclusions can be drawn
concerning the lateral distribution of reactions. In the following representation,
potentiodynamic polarization curves, measured with a micro-capillary, are compared to the
respective macro measurement detected with the standard equipment. If not stated otherwise,
the measurements with the micro-capillary were started at 50 mV below the ocp. An
analogous scan rate as in macro experiments (5 mV/s) was applied. Capillary diameters
between 50 and 200 µm were employed.
For WC, quite astonishing differences are observable between distinct measurement curves,
particularly visible in Figures 73.c, 75.c and 77.c. These might be the result of the texture and
consistence of the sample, which exhibits a rather soft surface and is therefore at risk of being
damaged.
In neutral and in acidic solutions (Fig. 75, 76 and 77), no significant influence of the capillary
diameter is visible within the range of 0.564 cm (standard cell, 1 cm2 contact area) down to
about 100 µm for all the materials studied (WC-Co, Co and WC).
The passivation of Co in NaOH causes very small current densities, which may temporarily
switch to cathodic values (Fig. 73). However, the overall behaviour of micro- and macro-cell
is very similar. The fact, why in none of the measurements the unoxidized surface, i.e. a low
ocp, is observed for WC-Co, even if the polarization is started at -1.0 V, might occur, because
very localized depassivation is detected in macro-scale measurements only.
At pH 9, a considerable spread among analogous measurements is observed for WC-Co and
Co (Fig. 74). These differences are mostly determined by the open-circuit potential, which
defines the start potential at the same time. The ocp values vary between the equilibrium
potentials of unoxidized, metal Co and oxidized Co, and not between metal Co and WC, as it
could be assumed from the macroscopic measurements in the standard cell. In some of the
measurements with a 50 µm capillary, an ocp value of about +200 mV was observed
(Fig. 78.), which is near the equilibrium of oxidized Co, but definitely higher than the ocp of
WC, which is about -150 mV in this pH range. The macroscopic experiments revealed quite
constant ocp values, which are very similar to the ocp of WC. Therefore it would be easily
assumed that the WC phase might have a predominant influence on the overall
electrochemical behaviour of the WC-Co composite. From the results of the micro-capillary
measurements, however, it becomes rather obvious that the WC-Co behaviour is not
significantly influenced by the WC phase, but only by the Co phase, whereby the
microstructure becomes dominant in the micrometer range due to a heterogeneous oxidation
of the Co phase.
During anodic polarization, the measurement curves with the micro-capillary do not
significantly differ from macroscopic measurements, nor do exhibit any particular scatter.
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a)

Fig. 73

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in 0.1M
NaOH solution (pH 13). Comparison of micro-capillary and standard
measurements. Scan rate: 5 mV/s.

a)

Fig. 74

b)

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in 0.1M
Na2HPO4 solution (pH 9). Comparison of micro-capillary and standard
measurements. Scan rate: 5 mV/s.
a)

Fig. 75

b)

b)

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in 0.1M
Na2SO4 solution (pH 6.5). Comparison of micro-capillary and standard
measurements. Scan rate: 5 mV/s.
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a)

Fig. 76

a)

b)

c)

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in 0.1M
KH2PO4 solution (pH 4.5). Comparison of micro-capillary and standard
measurements. Scan rate: 5 mV/s.
b)

c)

Fig. 77

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC in 0.1M
HCl solution (pH 1). Comparison of micro-capillary and standard measurements.
Scan rate: 5 mV/s.

Fig. 78

Potentiodynamic polarization curves from WC-Co in 0.1M Na2HPO4 solution
(pH 9). Comparison of different micro-capillary and standard measurements.
Scan rate: 5 mV/s.
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As a conclusion, it can be stated that in acidic and in neutral solutions, the reaction of the WC
phase is not measurable by means of electrochemistry. Down to a scale of ~100 µm, the
electrochemical reactions on the surface are distributed quite homogeneously, attesting a
homogeneous surface composition with respect to this order of scale.
At alkaline solution pH, the surface composition is more heterogeneous and probably consists
of oxidized and unoxidized Co parts, which determine the electrochemical characteristics of
WC-Co at open circuit. The WC phase is not supposed to influence the electrochemical
behaviour of the hardmetal under open-circuit conditions.
In contrast, during anodic polarization, where the WC phase is assumed to dissolve as a
consequence of the applied potential, the lateral distribution of the surface reactions is quite
homogeneous.
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3.2.4 Cyclic voltammetry
Cyclic voltammetry is commonly employed to investigate passivating or repassivating
systems by applying dynamic polarization of anodic and cathodic potentials, alternately.
Thereby the observation of the reduction and re-formation of anodically built passive layers is
of interest.
In this study, the systems investigated are not supposed to be mainly determined by
passivation phenomena. Nevertheless, repeated polarization attack plays a role in the
industrial application of WC-Co, e.g. during the process of Electrical Discharge Machining
(EDM), where the voltage at the filament is applied in several cycles during processing.
To make allowance to the practical effect, cyclic voltammetric measurements were performed
in this study to elucidate reversible or irreversible reactions of the system. In order to obtain a
systematic characterization of the influencing factors, investigations were carried out under
controlled conditions, even if in practice, not all influencing parameters can be determined.
In contrast to the previous polarization experiments, cyclic voltammetric curves were
measured at a faster scan rate (20 mV/s) and a closer potential interval (-1.0 V; +0.5 V (SCE))
was selected (with respect to the high dissolution rates under anodic polarization conditions,
leading to huge amounts of corrosion products, as well as to pH changes upon water
dissociation). All experiments were started at -1.0 V. Prior to each polarization experiment,
the ocp of the system was measured and displayed in the respective plot.
Two different types of representation were chosen to demonstrate the potential dependence of
the measured current density: Linear plots were used to show different oxidation stages. In
case of a large difference between the terminal values, which is particularly the case in neutral
and acidic solution, the resolution of the current density at the intermediate potential range is
deteriorated. Thus, a logarithmic scale is employed. A further issue of the logarithmic
representation is the illustration of the potential value, where the current density crosses zero,
i.e. the zero-current crossing potential (zccp), and also to distinguish the different values
obtained during forward and backward scan.
A fundamental tendency can be observed for all three samples examined: In alkaline solution,
the first polarization cycle shows higher current densities compared to the following ones; in
contrast, at neutral and acidic pH, smaller current densities were measured during the first
than during the following cycles. A possible interpretation might be the change of the surface,
i.e. passivation of Co in alkaline solution leads to a decrease of the active area, while in acidic
and neutral solution, an enlarged surface is expected as a result from roughening due to
dissolution.
a) Co sample
i) Measurements at pH 14 (1M NaOH)
The low ocp of about -900 mV attests an unoxidized initial surface. The two oxidation peaks
at ~-700 mV and ~0 mV in Figure 79 evidence subsequent oxidation steps, which might
probably represent the transitions Co → Co2+ and Co2+ → Co3+, respectively. According to
the Pourbaix diagram for Co/H2O [33], these might correspond to the formation of Co(OH)2
and Co3O4 or Co(OH)3 respectively. Moreover, the measurement curves obtained are well
corroborated by analogous investigations in literature [32], which propose the formation of
Co(OH)2 and Co3O4 and/or CoOOH respectively.
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Further oxidation steps are not visible due to the superimposed oxidation of OH-. The two
corresponding reduction peaks are very small, the one around -700 mV being practically
absent. However, a rather constant cathodic current density is present during the whole
backward scan. This might result from the comparably fast scan rate, whereby the system is
not given enough time to proceed the complete reduction reaction at the distinct potential.
The first oxidation peak flattens from cycle to cycle. Together with the absence of a
corresponding reduction peak, this implies a not completely reversible redox reaction, i.e. the
anodically formed oxide or hydroxide is quite stable under the given polarization conditions.
The second oxidation peak around 0 V in contrast does barely change from cycle to cycle,
which argues for a more reversible redox process.

Fig. 79

Cyclic voltammetry from Co in 1M NaOH solution (pH 14). Start potential: –1 V
(SCE). Scan rate: 20 mV/s.

ii) Measurements at pH 13 (0.1M NaOH)
As already described in the discussion of the behaviour under open-circuit conditions (chapter
3.2.1), two different states of stability can be distinguished for Co at pH 13, which become
manifest in a low or high ocp value. In case of a low ocp (-803 mV) (Fig. 80.a), where an
unoxidized surface is assumed, a similar behaviour to pH 14 is observed: A huge oxidation
peak around -700 mV is present in the first cycle, which, however, is barely visible in the
following cycles. In addition, the corresponding reduction peak is not very distinct. This
asserts that the first oxidation reaction is not reversible under the present polarization
conditions. Two further oxidation peaks can be noticed around +100 mV, which – according
to the Pourbaix diagram for Co/H2O [33] – might correspond to the formation of Co3O4 and
Co(OH)3 respectively. The separation of these two peaks, indicating a stepwise oxidation
progress, is in contrast to pH 14, where only one peak is in this potential range, implying that
either only the first of two oxidation steps is taking place or that the two steps are proceeding
simultaneously and therefore are not distinguishable. As the first cycle shows much higher
current densities for the oxidation peaks as well as for the respective reduction peak around
+100 mV, also these oxidation steps seem to be not completely reversible.
In case of a high ocp (-326 mV) (Fig. 80.b), the surface is supposed to be oxidized. The only
significant difference of these cyclic voltammetric curves, compared to those of a low initial
ocp, is the lack of the first oxidation peak in the first cycle, whereas the residual behaviour is
practically identical. This corroborates that the oxidation, which takes place under open77

circuit conditions, is identical to the one enforced by anodic polarization in the potential range
around –700 mV.
a)

Fig. 80

b)

Cyclic voltammetry from Co in 0.1M NaOH solution (pH 13) in case of ocp prior
to measurement a) –0.803 V, b) –0.326 V. Start potential: –1 V (SCE). Scan rate:
20 mV/s.

iii) Measurements at pH 12 (0.01M NaOH; 0.1M NaOH + 0.1M NaCl)
The behaviour at pH 12 is very similar to the one observed at pH 13 in case of a high initial
ocp. Hence the surface, which is oxidized (probably to Co(OH)2) undergoes further oxidation,
i.e. Co3O4 and/or Co(OH)3 are formed.
The peaks in 0.01M NaOH (Fig. 81.a) are not as distinct as in the (0.1M NaOH + 0.1M NaCl)
solution (Fig. 81.b), which is probably the consequence of the lower electrolyte conductivity.
a)

Fig. 81

b)

Cyclic voltammetry from Co in a) 0.01M NaOH (pH 12), b) (0.1M NaOH + 0.1M
NaCl) (pH 12). Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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iv) Measurements at pH 9 (0.1M Na2HPO4; 0.1M NaOH + 0.1M KH2PO4)
According to the unidirectional potentiodynamic curves at pH 9 (Fig. 60, chapter 3.2.2), the
potential interval investigated exhibits very small current densities without distinct oxidation
or reduction peaks. Hence, a quite stable surface is concluded. However, the surface layer is
not supposed to be very protective, as no oxidation stages are visible.
The zero-current crossing, which is visible more clearly in the logarithmic (Fig. 82.c and d)
than in the linear (Fig. 82.a and b) plot, occurs at a slightly higher potential than the redox
potential of Co, E(Co/Co2+), during the forward scan, but at a slightly lower potential during
the backward scan. Thus, the zero-current crossing potential (zccp) in both directions is
measured temporarily after the redox potential of Co, which might be explained upon the
presence of different oxides on the surface, which are determined by differing electrical
conductivities.

Fig. 82

a)

b)

c)

d)

Cyclic voltammetry from Co in a), b) 0.1M Na2HPO4 (pH 9), c), d) (0.1M NaOH
+ 0.1M KH2PO4) (pH 9). Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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v) Measurements at pH 6.5 (0.1M NaCl; 0.1M NaClO4; 0.1M Na2SO4)

Fig. 83

a)

b)

c)

d)

e)

f)

Cyclic voltammetry from Co in a), b) 0.1M NaCl (pH 6.5), c), d) 0.1M NaClO4
(pH 6.3), e), f) 0.1M Na2SO4 (pH 6.6). Start potential: –1 V (SCE). Scan rate:
20 mV/s.
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In NaCl and NaClO4 solution (Fig. 83.a-d), the first cycle exhibits considerably lower current
densities, particularly during the forward scan, compared to the following cycles.
Furthermore, a slight hysteresis can be noticed, whereby the current density is lower during
the forward than during the backward scan. From these characteristics, an activation of the
surface during the first cycle, in particular during the forward scan, is concluded. This is a
logical consequence of a native oxide, which is not stable. Due to the high polarization rate, it
does not have enough time to be dissolved.
In Na2SO4 solution (Fig. 83.e and f), the first cycle does not show significant differences from
the following ones. The current densities are higher during the forward than during the
backward scan. Hence, no initial stability is present, as it is observed in NaCl and NaClO4,
but active dissolution takes place from the beginning.
Not only a lower ocp is measured, but also the current density increases at considerably lower
potentials than in the two chlorine-containing solutions, which indicates a lower stability of
Co in Na2SO4, compared to the other two neutral electrolytes investigated.
A relative thermodynamic stability of Co in chlorine-containing neutral solution was also
evidenced for open-circuit conditions, as the EIS measurements in Na2SO4 solution (Fig. 35)
showed a significant diffusion element, indicating a considerable amount of dissolved
species; however, no such diffusion element could be observed in NaCl and NaClO4 solution
(Fig. 33 and 34). This comparative stability of Co in presence of chlorine species, such as Cl–
or ClO4–, might indicate the formation of stable products, e.g. Co(OH)Cl, on the Co surface.
The difference between the zccp values during forward and backward scan might be the
consequence of different electrical properties, e.g. conductivity, of the surface.
The unidirectional potentiodynamic polarization measurements (chapter 3.2.2) do not exhibit
any significant difference between the three neutral solutions, for neither of the samples
investigated, which is probably the consequence of the slower scan rate (5 mV/s instead of
20 mV/s applied for cyclic voltammetry). Under those conditions, the systems are given more
time to dissolve the stabilized surface.
vi) Measurements at pH 4.5 (0.1M KH2PO4)
a)

Fig. 84

b)

Cyclic voltammetry from Co in 0.1M KH2PO4 (pH 4.5). Start potential: –1 V
(SCE). Scan rate: 20 mV/s.
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At pH 4.5, Co shows no thermodynamic stability anymore, but active dissolution (Fig. 84):
The current density steeply increases at relatively low potentials. The distinct cycles do hardly
differ, and only a small difference is observed between forward and backward scan.
In accordance to the Pourbaix diagram for Co/H2O [33], the redox potentials of Co and
hydrogen coincide in this pH domain. In this regard, the difference of the zccp values during
forward and backward scan cannot be related to either of the two reactions. Apart from this, it
might even result from different surface characteristics such as electrical conductivity.
vii) Measurements at pH 1 (0.1M HCl)
At pH 1 (Fig. 85), no difference can be observed between forward and backward scan, except
for the first cycle, which shows a higher absolute current density, in particular in the cathodic
range, during the forward scan. Aside from this, the differences among the cycles are very
small.
From the logarithmic representation (Fig. 85.b) two distinct steps can be distinguished for the
cathodic reaction during the backward scan. The first one is observed below ~-250 mV,
corresponding to the hydrogen redox potential, the second one occurs below ~-400 mV,
which coincides with the redox potential of Co [33]. As no such steps are predominant during
the forward scan, hydrogen ionization is concluded to proceed in the cathodic range of the
forward scan, whereas during the backward scan, the reduction of H+ takes place in the range
of -250 to -400 mV, while Co is precipitated from dissolved Co2+ below -400 mV. The
tendency for a plateau of the current density in this range indicates a diffusion-controlled
process, whereas the more steep progress of the cathodic branch during the forward scan
corroborates charge-transfer control.
a)

Fig. 85

b)

Cyclic voltammetry from Co in 0.1M HCl (pH 1). Start potential: –1 V (SCE).
Scan rate: 20 mV/s.

viii) Measurements in borate buffer solution (pH 8.4)
In borate buffer solution at pH 8.4 (Fig. 86), Co shows a broad oxidation peak around 0 V,
but no distinct corresponding reduction peak. From the logarithmic plot (Fig. 86.b), the zccp
of the forward scan is measured at about -600 mV, which approximately corresponds to the
redox potential of Co. During the backward scan, the current density crosses zero at about
+150 mV, which is in the range of the transition Co2+ ↔ Co3+. Thus, during the forward scan
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of a voltammetric cycle, the surface undergoes several oxidation steps, probably forming
Co(OH)2 and Co3O4 (or Co(OH)3). The latest oxidation state is not supposed to be very stable,
as in the backward scan current density early crosses zero, indicating a reduction of the higher
oxidation products.
As the differences between the distinct cycles are quite small, the processes are assumed to be
mostly reversible under the given polarization conditions.
It was found by XPS that after potentiostatic polarization of Co at +500 mV, a different
surface composition is present than under open-circuit conditions, where Co(OH)2 was
evidenced to be the main constituent (chapter 3.1.4). However, at that point of investigation, it
could not be decided, whether the surface composition had been modified to CoO or
undergone further oxidation to Co3O4 upon polarization, because the binding energies are
very similar for the two possible oxides. The cyclic voltammetric measurements are making
clear that a further oxidation of the Co hydroxide has occurred, as an additional oxidation
peak is present between 0 and +500 mV.
a)

Fig. 86

b)

Cyclic voltammetry from Co in borate buffer solution (pH 8.4). Start potential:
–1 V (SCE). Scan rate: 20 mV/s.

Figure 87 shows a comparison of the zero-current crossing potentials (zccp), observed during
the different cycles in the forward and in the backward scan, as well as of the open-circuit
potential (ocp), obtained prior to the measurements.
In acidic and neutral solution, the zccp values of both scan directions are almost identical to
the initially detected ocp, which furthermore coincides with the redox potential of hydrogen,
but also of Co. Assuming that in this pH domain, an unoxidized surface is present, and
therefore an ocp in the range of the cobalt redox potential is expected, the influence of the
hydrogen reaction can not be conclusively determined.
In alkaline media, ocp and zccp are considerably higher, in particular the zccp observed
during the backward scan. At pH 12, 13 and 14, however, this value seems to be determined
rather by the upper potential limit, i.e. the turning point of the polarization than by the oxygen
redox potential, which means that the zero-current crossing occurs when the polarization
direction is altered.
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The zccp, detected during the forward scan, coincides quite well with the ocp, measured prior
to polarization. This indicates that the polarization applied in these experiments does not
significantly change the surface composition established at open circuit.

Fig. 87

Zero-current crossing potentials (zccp), measured during cyclic voltammetry, and
open-circuit potentials (ocp) prior of measurements, from Co, plotted against the
solution pH.

b) WC sample
The measurement curves taken from WC exhibit a similar shape in all solutions investigated,
only the magnitude of the current density is growing with increasing solution pH, indicating
decreasing stability, which can be seen in the distinct linear representations in Figures 88.a–i.
Hence, an analogous reaction mechanism is present in all solutions investigated, only with a
varying intensity.
The differences between the cyclic voltammograms, obtained from the distinct solutions,
appear even less significant in the logarithmic representation. Thus only one representative
example (measured in 0.1M Na2SO4 solution) is shown in Figure 89. Two different zccp
values are visible, one for each direction. The zero-current crossing during the forward scan
happens to overlap the redox potential of the hydrogen reaction (Fig. 90). The current density
of the backward scan crosses zero near the ocp value, measured prior to the polarization
(Fig. 90), indicating a similar surface composition, obtained at open circuit and during anodic
polarization.
The current density during the forward scan is always higher than during the backward scan,
implying a certain stability of the interface present during anodic polarization. The changes
from cycle to cycle are rather small, i.e. the surface composition is not significantly modified
by the polarization process.
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Fig. 88

a)

b)

c)

d)

e)

f)

g)

h)

i)

Linear representation of cyclic voltammograms from WC in a) 1M NaOH
(pH 14), b) 0.1M NaOH (pH 13), c) (0.1M NaOH + 0.1M NaCl) (pH 12),
d) 0.1M Na2HPO4 (pH 9), e) 0.1M NaCl (pH 6.5), f) 0.1M Na2SO4 (pH 6.6),
g) 0.1M KH2PO4 (pH 4.5), h) 0.1M HCl (pH 1), i) borate buffer solution (pH 8.4).
Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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Fig. 89

Logarithmic representation of cyclic voltammograms from WC 0.1M Na2SO4
(pH 6.6). Start potential: –1 V (SCE). Scan rate: 20 mV/s.

Fig. 90

Zero-current crossing potentials (zccp), measured during cyclic voltammetry, and
open-circuit potentials (ocp) prior of measurements, from WC, plotted against the
solution pH.

c) WC-Co sample
i) Measurements at pH 14 (1M NaOH)
Similar to the Co sample, WC-Co shows two oxidation peaks during the forward scan
(Fig. 91). The peak height is much smaller than for the pure Co sample, which seems logical
with respect to the smaller Co area. Furthermore, the second oxidation peak is overlapped by
a steep increase of the current density, which is probably the consequence of the WC reaction.
During the backward scan, no distinct reduction peaks are visible, but a further oxidation peak
instead. This might result from the fast scan rate, which does not grant enough time for the
oxidation steps during the forward scan, and therefore forces the surface to complete the
oxidation, when the redox potential is reached again during the backward scan.
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The scaling of the WC-Co data with respect to the Co fraction was abandoned for the
potentiodynamic polarization measurements (chapter 3.2.2), because the undeterminable
enlargement of the surface due to active dissolution made a data comparison between
composite and pure sample irrelevant. However, in case of passivation, the reaction area is
supposed to remain flat. Assuming that the distinct oxidation peaks, obtained from WC-Co,
result from Co oxidation, a quantitative comparison between WC-Co and Co is reasonable.
As a simplified approach, the current density of the first cycle, measured from WC-Co is
divided by the value of the Co fraction in the composite, i.e. 0.25, and comparison to the first
cycle, obtained from pure Co, is given in Figure 91.c. In order to exclude superimposed
current densities from WC dissolution, only the potential range below the WC ocp should be
considered for the comparison. In this particular solution, an ocp of -534 mV was measured
for WC (Fig. 88.a). Hence, only the oxidation peak at ~-700 mV is concerned. As after
scaling of the WC-Co data, the current density of this peak is still smaller than for Co, a less
intense passivation reaction of the Co phase seems to proceed on the composite than on the
pure sample.
a)

b)

c)

Fig. 91

Cyclic voltammetry from WC-Co in 1M NaOH solution (pH 14): a) linear and
b) logarithmic representation; c) comparison of the first cycle from Co and from
WC-Co (scaled by the factor of the Co fraction, 0.25). Start potential: –1 V (SCE).
Scan rate: 20 mV/s.
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ii) Measurements at pH 13 (0.1M NaOH)
In contrast to the Co sample, oxidation or reduction peaks, representing distinct Co oxidation
stages, are practically absent for the WC-Co sample (Fig. 92). Only a marginal peak is visible
in the region of ~+100 mV, where the second oxidation step, which is probably Co2+ → Co3+,
is assumed. Instead, the strongly increasing current density indicates the contribution of the
WC phase reaction. Hence, Co oxidation is very weak, but still visible, whereas the reaction
of the WC phase is clearly dominant.
An analogous comparison between WC-Co and pure Co sample as for 1M NaOH (Fig. 91.c)
is given in Figure 92.c. However, for this solution, the second cycle was chosen, as no
oxidation peak is visible for WC-Co during the first cycle. The ocp of WC in 0.1M NaOH
was found to be -435 mV (Fig. 88.b), which determines the onset of WC dissolution. In this
case, the first oxidation peak, occurring at ~-500 mV, seems to indicate a stronger Co reaction
on the WC-Co composite than on the pure sample. However, with respect to the WC ocp, the
oxidation peak, measured from the composite, might also result from a reaction on the WC
phase.
a)

b)

c)

Fig. 92

Cyclic voltammetry from WC-Co in 0.1M NaOH solution (pH 13); c) comparison
of the second cycle from Co and from WC-Co (scaled by the factor of the Co
fraction, 0.25). Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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iii) Measurements at pH 12 (0.01M NaOH; 0.1M NaOH + 0.1M NaCl)

Fig. 93

a)

b)

c)

d)

e)

f)

Cyclic voltammetry from WC-Co in a), b) 0.01M NaOH (pH 12), c), d) (0.1M
NaOH + 0.1M NaCl) (pH 12); comparison of the second cycle e) from Co and
from WC-Co (scaled by the factor of the Co fraction, 0.25), f) from WC and from
WC-Co. Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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At pH 12, Co oxidation on WC-Co is no longer visible, but the curves (Fig. 93) become quite
similar to those, observed for the pure WC sample (Fig. 88.c); it is thus assumed that the WC
reaction is dominating the electrochemical behaviour under the present polarization
conditions.
A quantitative comparison between WC-Co and pure Co, i.e. the scaling of WC-Co data, is
only of interest for the chloride-containing solution at this pH, as for the pure NaOH solution,
no oxidation peaks are visible at all. The respective consideration is given in Fig. 93.e. The
fact that an oxidation peak is present for WC-Co at ~-500 mV, but no respective peak was
measured for pure Co, indicates that no Co passivation takes place in this potential range.
As the ocp of WC is very close to this oxidation peak, a comparison was made between the
second cycle from WC-Co and from pure WC (Fig. 93.f). For this case, a scaling of the WCCo data is not reasonable, because the different surface structure of the WC sample does not
allow a quantitative comparison. The qualitative consideration of the two curves in
Figure 93.f corroborates a particular reaction on WC in this potential range.
iv) Measurements at pH 9 (0.1M Na2HPO4; 0.1M NaOH + 0.1M KH2PO4)
In pH 9 solution (Fig. 94), WC-Co exhibits very low current densities in the potential range
below ~-100 mV, which corresponds to the WC ocp (Fig. 88.d), and below which no WC
dissolution is expected. This implies a rather stable surface composition. A distinct oxidation
peak is present at about -300 mV.
The comparison of the second cycles from WC-Co, Co and WC in the respective solutions
(Fig. 95) indicate that this particular peak results from an oxidation on WC, as it was already
attested for the (0.1M NaOH + 0.1M NaCl) solution at pH 12 (Fig. 93.e and f). However, the
oxidation reaction is determined by higher current densities at pH 9. In the first cycle, this
oxidation peak (at ~-300 mV) is absent, and the subsequent increase of the anodic current
density occurs at significantly lower potentials than in the second an third cycle. Furthermore,
the cathodic current density is higher in the first cycle. These differences indicate that the
surface, established at open circuit, is significantly modified during the first cycle. This
observation is in contrast to the pure Co sample, where the differences between the distinct
cycles were small (Fig. 82), corroborating that the modification of the WC-Co surface during
the first cycle cannot be ascribed to the Co phase.
The absence of the oxidation peak in the first cycle might indicate that the particular oxidation
product is already present at open circuit or be formed with delay at higher potentials, which
would explain the higher subsequent current density. The observation of the comparably high
cathodic current density in the first cycle corroborates the presence of reducible products on
the surface.
For WC-Co, the zccp values are quite similar to those observed for Co (Fig. 82) at the same
pH; however, the ocp is comparably high. In fact, it is very similar to the ocp for Co at higher
pH (compare Co at pH 12, Fig. 81), which indicates that local pH changes might occur at
open circuit.
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Fig. 94

a)

b)

c)

d)

Cyclic voltammetry from WC-Co in a), b) 0.1M Na2HPO4 (pH 9), c), d) (0.1M
NaOH + 0.1M KH2PO4) (pH 9). Start potential: –1 V (SCE). Scan rate: 20 mV/s.
a)

Fig. 95

b)

Comparison of the second cycle from WC-Co, Co and WC in a) 0.1M Na2HPO4
and b) (0.1M NaOH + 0.1M KH2PO4) (pH 9).
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v) Measurements at pH 6.5 (0.1M NaCl; 0.1M Na2SO4)
The cyclic voltammetric curves obtained from WC-Co in neutral solution (Fig. 96) are very
similar to those from pure Co (Fig. 83). However, the tendency for higher stability in
presence of chlorine species (Cl–, ClO4–) is less significant for the composite than for the pure
sample.
Figure 97 shows a comparison between Co and WC-Co, for the first and for the second cycle,
as well as for NaCl and for Na2SO4 solution respectively. Thereby for WC-Co, the data are
plotted as measured and scaled with respect to the Co fraction in the composite.
As a first point, it can clearly be seen that the un-scaled (as measured) WC-Co data are much
more similar to those obtained from Co than the scaled. This demonstrates that, due to the
active dissolution upon anodic polarization, the active reaction area is no longer determined
by the fraction of the Co phase, but probably undergoes significant enlargement, as it was
described in the beginning of the chapters 3.2.1 (Fig. 22) and 3.2.2.

Fig. 96

a)

b)

c)

d)

Cyclic voltammetry from WC-Co in a), b) 0.1M NaCl (pH 6.5), c), d) 0.1M
Na2SO4 (pH 6.6). Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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Furthermore, it can be evidenced that WC-Co exhibits practically no difference between NaCl
and Na2SO4 solution, whereas for Co a distinctly higher stability was found in the presence of
chloride.
Considering the development from the first to the second cycle, both samples exhibit a similar
tendency: The current density of the forward scan increases compared to the backward scan.
This tendency indicates that the system becomes more active from the first to the second
cycle. Considered in detail, during the first cycle, the forward scan exhibits lower current
densities than the backward scan, evidencing an activation of the surface. However, during
the second cycle, the current densities are lower during the forward scan, corroborating a
initially active dissolution.
The similarity of the characteristics, observed for WC-Co and for pure Co, confirms that the
Co phase dominates the electrochemical behaviour of the composite. A reaction of the WC
phase is not measured.

Fig. 97

a)

b)

c)

d)

Comparison of cyclic voltammetry from WC-Co and Co in a) 0.1M NaCl (first
cycle), b) 0.1M NaCl (second cycle), c) 0.1M Na2SO4 (first cycle), d) 0.1M
Na2SO4 (second cycle).
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vi) Measurements at pH 4.5 (0.1M KH2PO4)
The first cycle of WC-Co curves (Fig. 98) is practically identical to the curves measured from
Co (Fig. 84), attesting unhindered Co dissolution during anodic polarization. However,
current densities, in particular during the forward scan, become continuously smaller from
cycle to cycle, resulting in a smaller current density during forward than during the backward
scan. This indicates that the surface is stabilized from cycle to cycle, but undergoes activation
during each particular cycle. A possible explanation might be a temporary stabilization upon
the formation of surface products, such as cobalt phosphate, with a subsequent dissolution and
re-activation of the surface. A further difference of the WC-Co behaviour, compared to the
pure Co sample, can be recognized in the small plateau in the range of -400 to -200 mV. This
reduced current density corroborates the idea of temporary stabilization.
The fact that the particular phenomenon of successively reduced current densities from cycle
to cycle is not observed for pure Co, indicates that geometric factors play a significant role.

Fig. 98

a)

b)

c)

d)

Cyclic voltammetry from WC-Co in 0.1M KH2PO4 (pH 4.5): a), b) experiment
with 3 cycles; c), d) experiment with 10 cycles. Start potential: –1 V (SCE). Scan
rate: 20 mV/s.
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vii) Measurements at pH 1 (0.1M HCl)
At pH 1 (Fig. 99), WC-Co is behaving very similar to pure Co (Fig. 85), as the cyclic
voltammetric curves are almost identical. Figure 99.c shows a comparison of WC-Co and of
pure Co for the first and the second cycle. The only significant difference is the lower
cathodic current density, measured for pure Co, indicating a lower activity of hydrogen
reduction. This is in accordance with E. Deltombe and M. Pourbaix [33], who describe a large
overpotential for the hydrogen reduction reaction on Co.
As it was observed that gaseous hydrogen remains as adsorbed bubbles on the WC-Co surface
after the reduction reaction, it is plausible that this hydrogen is ionized again during the
forward scan. As a consequence of the higher conversion of hydrogen reduction on the WCCo surface, a higher amount of gaseous hydrogen is available for the oxidation reaction on
WC-Co than on Co. Thus, the cathodic current density is expected to be higher for WC-Co
than on Co during both the forward as well as the backward scan.
a)

b)

c)

Fig. 99

a), b) Cyclic voltammetry from WC-Co in 0.1M HCl (pH 1); c) comparison of Co
and WC-Co. Start potential: –1 V (SCE). Scan rate: 20 mV/s.
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viii) Measurements in borate buffer solution (pH 8.4)
In borate buffer at pH 8.4 (Fig. 100), WC-Co shows very similar measurement curves to pure
Co (Fig. 86), only the oxidation peak is smaller and shifted to lower potentials. The
subsequently increasing current density indicates the superimposition of a WC reaction.
a)

b)

c)

Fig. 100

a), b) Cyclic voltammetry from WC-Co in borate buffer solution (pH 8.4);
c) comparison of Co and WC-Co. Start potential: –1 V (SCE). Scan rate: 20 mV/s.

As already observed for Co (Fig. 87), also for WC-Co in acidic and neutral solution, all three
values, the two zccp values as well as the ocp, are very close to the redox potential of
hydrogen as well as of cobalt (Fig. 101). At alkaline pH, however, these values are observed
at significantly higher potentials.
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Fig. 101

Zero-current crossing potentials (zccp), measured during cyclic voltammetry, and
open-circuit potentials (ocp) prior of measurements, from WC-Co, plotted against
the solution pH.
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3.2.5 Potentiostatic polarization:
Electrochemical Impedance Spectra (EIS) and time-resolved current density
It was already mentioned with the results from cyclic voltammetry (chapter 3.2.4) that the
stability of the surface depends on the polarization conditions, such as the scan rate, i.e. the
time period of an applied potential. Hence, the application of a potential, which apparently
lies in the passive range of a potentiodynamic polarization curve, might lead to an activation
of the surface after longer application times. The elucidation of the long-term behaviour as a
complementary consideration is also important with respect to industrial application. For the
EDM process, it was found that during processing phases, a constant polarization of several
100 mV can be present over longer time periods.
In order to complete the experimental investigation of polarization effects with respect to
long-term stability of the surface, potentiostatic measurements were performed. Thereby,
distinct potentials were chosen on the basis of potentiodynamic polarization curves. Several
ranges of expected corrosion behaviour were investigated, such as cathodic protection,
passivity, non-stable passivity.
On the one hand, EIS measurements were performed, analogously to those at open-circuit
potential (chapter 3.2.1), but under applied potential conditions. On the other hand, the
current density was recorded over a period of 60 min under potentiostatic conditions. After
each experiment, light-microscopic pictures were taken from the samples surface for optical
characterization.
In the state of research, several models are proposed to analyze the growth of passive films,
such as the “High Field Model”, the “Place Exchange Model” or the “Point Defect Model”.
The systems investigated in this study do not show the characteristics of passivity in terms of
the formation of a protecting surface layer. It is therefore not reasonable to employ these
theoretical models to describe the reaction mechanisms involved. The measurement of the
current density during potentiostatic polarization here should rather be an indication for the
magnitude of dissolution than for film growth.
a) WC-Co in 1M NaOH (pH 14), –1 V: electrochemical immunity

Fig. 102

Potentiodynamic polarization curves from WC-Co in 1M NaOH for the two metastable states observed, as reference for the selection of a potentiostatic
polarization (-1 V).
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For WC-Co in 1M NaOH solution, a polarization potential of -1 V was chosen, which lies in
the cathodic range of the system, as can be seen from the potentiodynamic polarization curves
in Figure 102, representing the two cases of the meta-stable surface. For pure Co and WC,
ocp values of ~-900 mV and ~-530 mV, respectively were measured (chapter 3.2.1),
indicating that both phases in the composite should be under cathodic protection in case of a
polarization at -1 V. Compared to the EIS curves, measured at open-circuit (Fig. 103.a and b),
very high impedance values are detected under applied polarization (Fig. 103.c). While under
open-circuit conditions, the system is determined by many rapidly proceeding reaction
mechanisms, it becomes stable in case of applied potential. This explains the straight line,
which might represent the beginning of a large semi-circle, that is only partially visible, as the
processes are too slow with respect to the measuring period.
a)

c)

b)

Fig. 103

Electrochemical Impedance Spectra (EIS) from WC-Co in 1M NaOH at
a), b) open circuit (representing the two states of meta-stability), c) potentiostatic
polarization (–1 V).
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The current densities, measured during the polarization (Fig. 104.a), are negative,
corroborating that cathodic reactions are taking place.
The optical appearance, however, reveals a white haze, and under the light microscope,
certain reaction products can be recognized (Fig. 104.b). From the experimental results and
their interpretation discussed above, it was evidenced that Co reactions can be detected by
means of electrochemistry, the dissolution of the WC phase, however, is assumed to proceed
via a chemical reaction mechanism, which is not electrochemically controlled. The
modification of the WC-Co surface upon polarization at -1 V might thus result from a
chemical reaction of the WC phase.
a)

Fig. 104

b)

a) Current density, measured during and b) light-microscopic picture, taken after
potentiostatic polarization experiment (60 min, –1 V) on WC-Co in 1M NaOH.

b) Co in 0.1M NaOH (pH 13), +0.4 V: “stable” passivity

Fig. 105

Potentiodynamic polarization curves from Co in 0.1M NaOH for the two metastable states observed, as reference for the selection of a potentiostatic
polarization (+0.4 V).
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According to the potentiodynamic polarization curves (Fig. 105), a passive behaviour is
expected for Co at +0.4 V. This can be corroborated by the EIS curves, which exhibit very
high impedance values (Fig. 106.c), compared to the measurements at open circuit (Fig. 106.a
and b).
The current densities, measured during polarization (Fig. 107.a), are rapidly decreasing,
reaching a value of 1.12×10–6 A/cm2 after 60 min, which lies in the upper region of typical
passivation current densities.
The optical appearance of the sample surface exhibits an intense auburn colouration, which
indicates a considerably strong reaction to have proceeded. Light-microscopic pictures
(Fig. 107.b) moreover evidence the presence of a rather huge amount of corrosion products,
i.e. of a rather thick surface layer and not of a passive film in common terms. It is thinkable
that two types of surface layers are present, i.e. an inner protective passive film, which is
responsible for the small current density, and an outer deposit layer resulting from corrosion
products.
a)

c)

b)

Fig. 106

Electrochemical Impedance Spectra (EIS) from Co in 0.1M NaOH at a), b) open
circuit (representing the two states of meta-stability), c) potentiostatic
polarization (+0.4 V).
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a)

Fig. 107

b)

a) Current density, measured during and b) light-microscopic picture, taken after
potentiostatic polarization experiment (60 min, +0.4 V) on Co in 0.1M NaOH.

c) Co in 0.01M NaOH (pH 12), +0.5 V: “stable” passivity
From the potentiodynamic polarization curve of Co in 0.01M NaOH (Fig. 108), a similar
situation, i.e. a passive behaviour, is assumed, as it was observed in 0.1M NaOH (pH 13)
(Fig. 105). This can be evidenced by the EIS curves during polarization, which exhibit very
high impedances (Fig. 109.b) compared to open circuit (Fig. 109.a). In comparison to the
respective EIS curves in 0.1M NaOH (Fig. 106.c), the impedance is lower in 0.01M solution,
implying a less stable situation in this solution, however, a higher stability was observed at
open circuit (Fig. 109.a, Fig 106.a and b).

Fig. 108

Potentiodynamic polarization curves from Co in 0.01M NaOH as reference for
the selection of a potentiostatic polarization (+0.5 V).
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a)

Fig. 109

b)

Electrochemical Impedance Spectra (EIS) from Co in 0.01M NaOH at a) open
circuit, b) potentiostatic polarization (+0.5 V).

The current density during polarization (Fig. 110.a), however, shows a similar evolution and
reaches an analogous magnitude after 60 min (1.25×10–6 A/cm2) as observed for the
experiment in 0.1M NaOH (1.12×10–6 A/cm2) (Fig. 107.a).
Optical characterization reveals a similar, but weaker auburn coloration of the surface
(Fig. 110.b).
After all, the stability of the Co surface in 0.01M NaOH under these polarization conditions is
slightly lower than observed in 0.1M NaOH, which might be the result of the lower solution
pH or even of the lower electrolyte conductivity.
a)

Fig. 110

b)

a) Current density, measured during and b) light-microscopic picture, taken after
potentiostatic polarization experiment (60 min, +0.5 V) on Co in 0.01M NaOH.
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d) Co in (0.1M NaOH + 0.1M NaCl) (pH 12), +0.4 V: passivity with local breakdown
The potentiodynamic polarization curve, measured from Co in (0.1M NaOH + 0.1M NaCl)
(Fig. 111.a), shows a similar behaviour like in 0.1M NaOH at the same potential (Fig. 111.b),
where passivation could be corroborated. However, the impedances, obtained during this
polarization experiment, are very small and decreasing (Fig. 112.b), indicating severe
localized attack, whereas uniform corrosion of Co is evidenced at open circuit (Fig. 112.a).
Furthermore, the current density, measured during polarization, exhibits an instantaneous
increase after short times (Fig. 113.a). Both impedance and current density assert a very low
stability.
A huge amount of corrosion products, i.e. an intense, purple-coloured surface film, covered
by a loose rather thick turquoise layer (Fig. 113.b), corroborates heavy reaction processes.
Thus, despite the very similar potentiodynamic polarization curves, obtained in solution with
and without chloride, a rather different behaviour is observed under potentiostatic polarization
conditions. Obviously, the chloride ions are initiating localized attack of the oxide/hydroxide
film only in case of longer polarization periods, whereas during potentiodynamic polarization
measurement, where the potential of +0.4 V is already passed after about 3 min, no significant
effect occurs.
In case of a protective passive layer, the potentiodynamic polarization curves usually exhibit a
sharply increasing current density at a characteristic potential, the pitting potential, which
results from localized breakdown of the passive film.
These experiments on Co in (0.1M NaOH + 0.1M NaCl) solution, however, do not show such
characteristic pitting potentials, i.e. the presence of chloride ions does not cause a localized
breakdown of a protective layer, but initiates a mass formation of corrosion products. In other
words, in typically passivating systems, such as stainless steel or Al, chloride ions cause
localized corrosion on stable passive films with defects; in this system of Co in NaOH
solution in contrast, chloride ions are affecting localized corrosion on an unstably growing
oxide/hydroxide layer.
a)

Fig. 111

b)

Potentiodynamic polarization curves from Co in a) (0.1M NaOH + 0.1M NaCl)
(pH 12) and b) 0.1M NaOH (pH 13) as reference for the selection of a
potentiostatic polarization (+0.4 V).
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a)

Fig. 112

Electrochemical Impedance Spectra (EIS) from Co in (0.1M NaOH + 0.1M NaCl)
at a) open circuit, b) potentiostatic polarization (+0.4 V).
a)

Fig. 113

b)

b)

a) Current density, measured during and b) digital photography of sample surface
and corrosion products, taken after potentiostatic polarization experiment
(60 min, +0.4 V) on Co in (0.1M NaOH + 0.1M NaCl).

e) Co in 0.1M Na2HPO4 (pH 9), +0.1 V: diffusion “barrier” and local attack
According to the potentiodynamic polarization curve (Fig. 114), the chosen potential value of
+0.1 V lies in a region of relatively low current densities. The absence of an active-passive
transition indicates the state of spontaneous passivity. The EIS curves under potentiostatic
conditions show a rather unstable evolution (Fig. 115.b). The strange zigzag course, observed
for the measurement after 60 min exposure, results from a rather wide spread of the data
points at low frequencies. The current density abruptly increases after about 7 minutes
(Fig. 116.a). Thus, no stable passive state can be corroborated at +0.1 V.
Optical characterization of the sample surface reveals an only weakly attacked surface in the
centre area (Fig. 116.b), but quite severe local attack and white-lilac corrosion products along
the border (Fig. 116.c), which is an artefact, resulting from the contact with the sealing rubber
O-ring.
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Analogously to the systems discussed so far, also at pH 9, potentiodynamic polarization
curves pretend a stable behaviour due to low current densities. In point of fact, however, the
system is very unstable, particularly over longer polarization times, as the layer of
oxides/hydroxides, formed on the surface, is rather thick, compared to a real passive film and
is thus not able to protect the surface from further attack upon long-term polarization.
A. Foelske and H.-H. Strehblow [33] describe Co at pH 9.3 to form a thicker and less stable
barrier layer than at pH 13. This could be a valuable explanation for the lacking activepassive transition, but low current density during potentiodynamic polarization, measured in
these experiments. It also corroborates the lower stability, found at pH 9 compared to pH 13
in this study.

Fig. 114

Potentiodynamic polarization curves from Co in 0.1M Na2HPO4 as reference for
the selection of a potentiostatic polarization (+0.1 V).
a)

Fig. 115

b)

Electrochemical Impedance Spectra (EIS) from Co in 0.1M Na2HPO4 at a) open
circuit, b) potentiostatic polarization (+0.1 V) (Remark: the unconventional
zigzag results from the wide spread of data points in the low frequency range).

106

a)

b)

c)

Fig. 116

a) Current density, measured during potentiostatic polarization, light-microscopic
pictures of sample surface: b) almost unattacked zone in the centre, c) locally
attacked zone at the border of the contact area, taken after potentiostatic
polarization experiment (60 min, +0.1 V) on Co in 0.1M Na2HPO4.

f) WC-Co in borate buffer (pH 8.4), 0 V: “stable” passivity
According to the potentiodynamic polarization curve (Fig. 117), a particular stability of WCCo in borate buffer is expected at 0 V. The EIS curves, obtained during potentiostatic
polarization (Fig. 118.b), evidence significantly higher impedance values than at open circuit
(Fig. 118.a), indicating a much higher stability of the surface.
In contrast to the impedance spectra, measured for Co in NaOH solution, which exhibit only a
straight line in the Nyquist plot (Fig. 106.c and 109.b), announcing very high impedance
magnitudes, for this system, more pronounced semi-circles and considerably smaller
impedance magnitudes are observed. This indicates that the dissolution rate here is still
higher. Furthermore, the diffusion element attests the presence of a thicker surface film. The
current density, registered during polarization (Fig. 119.a), shows a significantly faster decay,
but does not reach such low values after 60 min, as observed for Co in NaOH (Fig. 106.a and
110.a), i.e. 1.17×105 A/cm2 instead of 1.12×10–6 and 1.25×10–6 A/cm2 for the 0.1M and the
0.01M NaOH solution, respectively. It can thus be stated that an equilibrium is reached
relatively fast, however, the stability is comparably low. Optical characterization (Fig. 118.c
and 119.b) reveals a white haze, and according to the light-microscopic pictures, a certain
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reaction of the Co phase seems to have proceeded, i.e. also the optical investigation confirms
an appearance, which is not typical for a thin passive film.
Summarized, the formation of a relatively stable surface layer can be concluded, which
prevents a breakdown due to local attack, but does not provide a passive-like protection.

Fig. 117

Potentiodynamic polarization curves from WC-Co in borate buffer (pH 8.4) as
reference for the selection of a potentiostatic polarization (0 V).
a)

Fig. 118

b)

Electrochemical Impedance Spectra (EIS) from WC-Co in borate buffer (pH 8.4)
at a) open circuit, b) potentiostatic polarization (0 V).
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a)

Fig. 119

b)

a) Current density, measured during and b) and light-microscopic picture of
sample surface after potentiostatic polarization experiment (60 min, 0 V) on
WC-Co in borate buffer (pH 8.4).

g) Co in borate buffer (pH 8.4), 0 V / +0.5 V: passivity and local attack
On the basis of the potentiodynamic curve, two distinct potentials were selected for
potentiostatic experiments: 0 V, corresponding to the maximum current density prior to the
assumed passivity, and +0.5 V, corresponding to the minimum current density in the assumed
passive range (Fig. 120). As in the potentiodynamic measurement, the current density at
+0.5 V is much smaller than at 0 V, a more stable behaviour is expected for the higher
potential case. During potentiostatic measurements, the current density at +0.5 V is actually
smaller than at 0 V (Fig. 122.a) during the first 10–12 minutes, but suddenly increases
afterwards, following a rather unsteady course. During the polarization at 0 V, however, the
current density remains very stable. The EIS curves during polarization at 0 V (Fig. 121.b)
show slightly higher impedances, which increase with time, indicating a passivation effect,
whereas at +0.5 V (Fig. 121.c), the impedance values – however, increasing with time –
exhibit a rather unstable behaviour. As for optical characterization, the sample polarized at
0 V does hardly show any modification (Fig. 121.d and 122.b), whilst the polarization at
+0.5 V reveals pits, resembling pin pricks, accompanied by white-pink corrosion products
(Fig. 121.e and 123.b). Thus, stabilization is attained at both potentials, however, at +0.5 V,
local attack is initiated after about 10 minutes.
XPS investigations on Co in borate buffer solution after potentiostatic polarization at +0.5 V
(Fig. 17–19, chapter 3.1.4) indicated the presence of CoO or of Co3O4 on the surface; and by
cyclic voltammetric measurements of the respective system (Fig. 86, chapter 3.2.4), the
formation of Co3O4 during a rather fast polarization process could be evidenced. The recent
long-term investigations, performed under potentiostatic control, at last make clear that, even
if the formation of certain oxidation products is taking place, the stability of the surface
strongly depends on the polarization conditions, in particular on the time period of applied
potential.

109

Fig. 120

Potentiodynamic polarization curves from Co in borate buffer (pH 8.4) as
reference for the selection of a potentiostatic polarization (0 V / +0.5 V).
a)

b)

c)

Fig. 121

Electrochemical Impedance Spectra (EIS) from Co in borate buffer (pH 8.4) at
a) open circuit, at potentiostatic polarization b) 0 V, c) +0.5 V.
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a)

Fig. 122

b)

a) Current density, measured during and b) light microscopic picture, taken after
potentiostatic polarization experiment (60 min, 0 V) on Co in borate buffer
(pH 8.4).
a)

b)

c)

Fig. 123

a) Current density, measured during and b), c) light-microscopic pictures, taken
after potentiostatic polarization experiment (60 min, +500 mV) on Co in borate
buffer (pH 8.4).
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h) WC-Co in 0.1M NaCl (pH 6.5), -0.1 V: preferential Co dissolution
During potentiostatic polarization of WC-Co in the anodic range, active dissolution is
expected (Fig. 124). Accordingly, the EIS curves exhibit very small semi-circles (Fig. 125.b),
which attest an accelerated active dissolution compared to open-circuit conditions
(Fig. 125.a). The current density is considerably high (Fig. 126.a), corroborating a strong
dissolution. The optical appearance of the sample surface shows a slight shading by the naked
eye, and by light-microscopic investigation, the Co phase is clearly distinguishable as dark
area (Fig. 126.b), which was found to be characteristic for the selective dissolution of Co.

Fig. 124

Potentiodynamic polarization curves from WC- as reference for the selection of a
potentiostatic polarization (–0.1 V).
a)

Fig. 125

b)

Electrochemical Impedance Spectra (EIS) from WC-Co in 0.1M NaCl at a) open
circuit, b) potentiostatic polarization (–0.1 V).
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a)

b)

Fig. 126 a) Current density, measured during and b) light-microscopic picture, taken
after potentiostatic polarization experiment (60 min, –0.1 V) on WC-Co in 0.1M
NaCl.

i) Summary
As a conclusion from the comparison of potentiodynamic and potentiostatic polarization, it
can be stated that potentiodynamic curves are not valuable for the determination of stable
passivation, as longer periods of constant potential application may lead to local corrosion
attacks. An enduring stability was only observed for Co at pH 13 (0.1M NaOH) at a
polarization potential of +0.4 V and in absence of chloride ions, and for Co as well as for
WC-Co in borate buffer solution (pH 8.4) at 0 V. Nevertheless, it is vague to use the term of
passivity in this considerations, as a stable long-term protection of the surface as a
consequence of a thin oxide film is not evidenced for any of the systems investigated. For this
purpose, several complementary investigation methods are necessary to elucidate the
determining processes form different perspectives.
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3.3

Elemental solution analysis by Inductively Coupled Mass Spectroscopy (ICP-MS)

The results, obtained from electrochemical measurements, provide a broad information about
the corrosion processes on WC-Co and give a fundamental understanding of their coherence.
They, however, do not conclusively evidence the whole situation. In particular,
electrochemical methods are not able to detect chemical reaction processes. Furthermore, the
dissolution behaviour of the two phases, Co and WC, in the composite is not definitely
elucidated from an electrochemical point of view. As a matter of fact, electrochemical
measurements are not possible in deionized water, which is a common electrolyte in practice
(e.g. in the EDM process). An alternative analytical method is therefore desirable to
investigate the corrosion behaviour of WC-Co in this “basic solution”.
In order to gain a more complete description of the corrosion processes on WC-Co,
complementary investigation of the dissolution behaviour of WC-Co, and particularly of its
discrete phases, was performed by elemental solution analysis, employing Inductively
Coupled Mass Spectroscopy (ICP-MS).
3.3.1 Stationary solutions
To compare the stability of samples in different electrolytes at open circuit, 1 cm2 of WC-Co,
WC and Co samples were exposed each to 50 ml of a particular solution. If not stated
otherwise, an exposure period of 60 min was chosen. These solutions were then investigated
by ICP-MS for elemental analysis, i.e. the dissolved amounts of Co and W were detected.
From these measurements, the pH dependence of the dissolution rate was observed, and a
comparison was made between the pure samples and the respective phases in the composite.
From these differences, synergetic effects between WC and Co phase due to galvanic
coupling were concluded.
To investigate the behaviour during polarization, distinct experiments were performed under
applied potential conditions.
As it was not possible by means of electrochemistry to investigate the corrosion behaviour in
deionized water, several model electrolytes were employed instead. ICP-MS provides an
optimal method to characterize the dissolution behaviour not only in these model solutions,
but also in deionized water. The electrolytes considered are listed in Table 5.
Solution
0.1M NaOH
0.1M Na2HPO4
0.1M NaCl
deionized water
0.1M KH2PO4
0.1M HCl
Tab. 5

pH
13
9
6.5
6
4.5
1

Electrolyte solutions employed for ICP-MS stationary investigation:
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a) Dissolution behaviour at open circuit
The measured amounts of Co and W in the distinct solutions (Fig. 127) demonstrate a
significant pH dependence of the stability of the two phases. Thereby an opposite tendency is
visible, corroborating the results of electrochemical investigation (chapter 3.2): while the
highest W amounts are detected at alkaline pH, Co exhibits its lowest stability in the acidic
range.
The same tendency is present for both, the pure samples as well as the respective phases in
the composite. Nevertheless, certain differences between the coupled and the un-coupled
materials can be observed, which implies the presence of mutual interactions, i.e. of
synergetic effects between the Co and the WC phase in the composite.
a)

b)

Fig. 127

c)

Dissolved Co and W amounts (detected by ICP-MS), released from a) WC-Co,
b) Co and c) WC samples after 60 min exposure to different pH solutions.
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b) Dissolution ratio as a measure for the coupling efficiency
Under the assumption of an independent behaviour of the two phases, Co and WC in the
composite, their dissolution should proceed analogously to the respective pure sample. Hence,
by dividing the values of the Co and W amounts, dissolved from WC-Co and from the
respective pure sample, the ratio is expected to be in accordance with the volume fraction of
the Co and WC phase, respectively, i.e. ~0.75 for the W ratio and ~0.25 for the Co ratio. The
actually calculated ratios, however, significantly differ from these theoretical values
(Fig. 128): The Co ratio is consistently higher than 0.25, whereas for W, definitely smaller
ratios than 0.75 are observed over the whole pH range (except for pH 13, where Co is
passivating and therefore exhibits no measurable Co release), which indicates that in the WCCo composite, the Co dissolution is enhanced, while the dissolution of WC is hindered,
compared to the un-coupled samples.
Although the two ratios exhibit an opposite pH dependence, they are determined by a
corresponding trend. In other words, the absolute difference from the theoretical value, which
represents a measure for the coupling efficiency, shows an analogous dependence on the pH,
exhibiting the lowest dimension at pH 4.5 and the highest in deionized water.
The effect of galvanic coupling and its efficiency will be discussed in particular in the
following chapter (4.2).

Fig. 128

Dissolution ratios, calculated from the dissolved Co and W amounts, released
from WC-Co and from the pure samples (Co and WC), after 60 min in distinct
electrolyte solutions (Fig. 127), in comparison to the theoretical value on the
basis of the respective phase fraction.
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c) Dissolution behaviour: influence of time
As a first approach to observe the temporal evolution of the dissolution behaviour, samples of
WC-Co, Co and WC were exposed to 0.1M HCl solution for various time periods.
A continuous dissolution is evidenced for Co from both, the pure sample as well as the WCCo composite, as the Co amounts are increasing with increasing exposure time (Fig. 129.a).
The detected W amounts from the WC sample exhibit a continuous increase with exposure
time as well, indicating a steady dissolution of the pure sample. For the WC-Co sample,
however, the W release is demonstrated to come to a halt already after short times, as the
detected W amounts are not significantly increasing anymore after 6 min (Fig. 129.b).
The elemental analysis from stationary solutions, presented here, gives an informative
illustration, comparing different orders of magnitude of the exposure time. However, the
momentary dissolution rate as well as its evolution within smaller time intervals cannot be
considered on the basis of these measurements. For this purpose, an advanced method of
investigation was performed by the use of a flow-cell, which provides an on-line detection of
the momentary dissolution processes. The respective experiments are described later
(chapter 3.3.2).
a)

Fig. 129

b)

a) Dissolved Co amounts from WC-Co and from Co samples, b) dissolved W
amounts from WC-Co and from WC samples, (detected by ICP-MS) after different
exposure times in 0.1M HCl at open circuit.
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d) Dissolution behaviour of WC-Co and Co in alkaline solution at passivation potential
According to the potentiodynamic polarization curves (Fig. 130.a), Co is assumed to passivate
at an applied potential of +0.4 V in 0.1M NaOH solution. The elemental solution analysis
(Fig. 130.b) shows the dissolved Co amounts from the Co and from the WC-Co sample after
60 min exposure to 0.1M NaOH solution at open circuit and under the applied potential of
+0.4 V. As all these values are very small, Co passivation is evidenced at open circuit as well
as under polarization, for both the Co phase in the hardmetal and the pure Co sample.
The dissolved W amount from the hardmetal, however, is very large, compared to that of Co,
and also in comparison to open-circuit conditions (Fig. 130.c), confirming that the WC phase
is extremely unstable under anodic polarization conditions.
a)

b)

Fig. 130

c)

a) Potentiodynamic polarization curves from WC-Co and Co in 0.1M NaOH as a
reference for potentiostatic polarization (+0.4 V). Elemental solution analysis
(ICP-MS): b) dissolved Co amounts from Co and from WC-Co; c) dissolved Co
and W amounts from WC-Co after 60 min at different potentials in 0.1M NaOH.
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e) Dissolution behaviour of WC-Co at pH 1 under anodic and cathodic polarization
with respect to the WC corrosion potential
To elucidate the behaviour of the WC phase under cathodic potential applications, two
distinct potentiostatic polarization experiments were preformed, at +0.15 V and at +0.5 V,
which are cathodic and anodic with respect to the corrosion potential of WC, i.e. the
measured ocp (+0.372 V). Figure 131.a shows the two potentials in comparison to the
potentiodynamic polarization curves from WC-Co, Co and WC in 0.1M HCl. As both values
are more anodic than the corrosion potential of Co, the considerably high Co amounts, which
are measured by elemental solution analysis after 30 min under the application of +0.15 V or
+0.5 V, respectively (Fig. 131.b), are quite obvious. The WC phase, however, is expected to
be cathodically protected under the application of +0.15 V. But, as a significant W amount
could be detected (Fig. 131.c), the dissolution mechanism is concluded to be of chemical
nature, i.e. not involving any electron transfer process.
a)

b)

Fig. 131

c)

a) Potentiodynamic polarization curves from WC-Co, Co and WC in 0.1M HCl as
a reference for potentiostatic polarization (+0.15 V / +0.5 V). Elemental solution
analysis (ICP-MS): b) dissolved Co and W amounts (detected by ICP-MS) from
WC-Co sample after 30min exposure at different potential conditions in 0.1M
HCl; c) focused scale of b).
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f) Summary
The results, obtained from elemental solution analysis, are corroborating an opposite pH
dependence of the stability of Co and WC, as it was already stated from the electrochemical
measurements. The differences, comparing the behaviour of the pure samples and of the
respective phases in the composite, indicate the presence of synergetic effects between the Co
and the WC phase. Thereby, the coupling efficiency depends on the electrolyte solution,
however, the particular parameters are not obvious and are therefore especially discussed in a
separate consideration (chapter 4.3).
It could further be evidenced that anodic polarization in alkaline solution leads to the
passivation of Co and to a high instability of WC.
As a special issue, it was found that the WC phase cannot be cathodically protected, neither in
contact with the thermodynamically less noble Co phase at open circuit, nor under applied
polarization below the corrosion potential of WC. This fact implies a chemical reaction
mechanism for the WC dissolution, which cannot be controlled by means of electrochemistry.
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3.3.2 On-line detection in the flow-cell
As the stationary solution experiments revealed only an integrated information of the actual
dissolution profile, the use of time-resolved measurements was of considerable interest. For
this purpose, a flow-cell was developed for on-line detection of the released Co and W
amounts from WC-Co in different solutions. The particular electrolytes, investigated with this
equipment, are listed in Table 6. From the different dissolution behaviour observed, a model
of the dissolution mechanisms is proposed, illustrating the influence of local electrochemical
as well as geometric factors.
Solution
0.1M NaOH
0.1M Na2HPO4
0.1M Na2SO4
0.1M NaCl
deionized water
0.1M KH2PO4
Tab. 6

pH
13
9
6.6
6.5
6
4.5

Electrolyte solutions employed for ICP-MS on-line investigation:

Preliminary remarks:
1) Influence of the flow rate:
In the flow-cell, employed for the on-line experiments, the solution was transported along the
sample surface with a flow rate of 25 µl/s. This rate is rather small, but might still have a
slight influence on the kinetic processes at the interface (e.g. the precipitation of stagnant
species could be hindered). Hence, this idea should be kept in mind in the process of
interpretation.
2) Quantitative consideration of dissolution:
An optimized procedure was applied for the quantification of the dissolution amounts,
whereby the data obtained from these experimental series were compared to those from the
stationary measurements for normalization.
3) Data representation:
Two different types of representation were chosen to illustrate the results of on-line detected
dissolving species: The first type is the momentary concentration, as measured, expressed in
parts per billion (ppb). As the flux continuously removes the recently dissolved products, this
value is incessantly changing. It is thus a measure for the dissolution rate and provides
information about the momentary dissolution behaviour and its temporal change. The second
type of representation is the integral function of the measured momentary concentration. It
can be interpreted as a measure for the total dissolution amount up to this time. Both types are
shown in the same plot for each electrolyte solution.
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a) Time-resolved elemental solution analysis at open circuit
For all solutions investigated, except for NaCl, a basically similar evolution of the momentary
concentration is observed for W and Co, as can be observed in Figure 132. (Considering the
rather large variation in the order of magnitude of dissolving amounts, a logarithmic
representation was chosen to illustrate the characteristics of all experiments in the same plot):
The curves are increasing up to a local maximum and, after a temporary decay, show a second
increase. The increasing dissolution rates might be the result of a roughening of the sample
surface, which becomes thereby enlarged. The subsequent decrease of detected amounts
indicates a certain surface stabilization.
This behaviour is in accordance with the observations from Electrochemical Impedance
Spectroscopy (EIS) (chapter 3.2.1), which tend to exhibit higher impedance values after
longer exposure times. A particular model for alkaline solutions (Fig. 23, chapter 3.2.1)
actually describes the development of the surface from low to higher stability via a diffusion
element, which is caused by an initially high dissolution, followed by an accumulation of
dissolved species, which are precipitated at last on the surface.
Only in case of local breakdown, significantly decreased impedances were observed. This
phenomenon cannot be reliably evidenced by measurements of elemental solution analysis, as
the dissolved amount of species, occurring due to local breakdown, might be very small.
The second increase of dissolution rates observed attests a re-activation of the temporarily
stabilized surface, which was not particularly seen with EIS. The explanation for the reactivation, observed in the flow-cell, might be that the flux is able to remove non-stable
corrosion products, which otherwise remain as a stagnant layer in front of the sample surface
in case of the standard cell.
a)

Fig. 132

b)

On-line elemental solution analysis (ICP-MS): logarithmic presentation of
momentary a) Co and b) W amounts, dissolved from WC-Co in different pH
solutions.
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In NaCl solution, a significantly different evolution of dissolution rates is observed. This
particularly becomes manifest in the Co concentrations, which exhibit an antipodal behaviour
compared to the other solutions, and also compared to W.
Comparing the distinct solutions, the maxima and minima of the W dissolution are observed
at almost the same points in time, which implies a similar dissolution mechanism of the WC
phase for all electrolyte solutions. For Co, however, the local extreme values are quite
different for the distinct electrolytes, indicating that the Co dissolution mechanisms depend on
the solution pH.
At the beginning of each curve, a rather sharp peak, i.e. a temporarily higher dissolution rate
is detected (Fig. 132). As this peak occurs at the same time for W and for Co in any solution
(Fig. 133), it is concluded either to be characteristic for a particular solution, or to depend on
the sample or the respective experimental performance. In order to establish the contact
between sample and electrolyte as efficiently as possible, the flow-cell was flooded manually
with an injection shot. As soon as the cell was been filled with solution, the shot was
promoted via an electric pump, which guaranteed a constant flow rate. The peaks of the
dissolution rate, observed during the initial period, might thus be ascribed to artefacts, which
are the result of manual performance.
a)

b)

d)

e)

Fig. 133

c)

Initial time period of Figure 132: comparing the behaviour of Co and W
dissolution in a) NaOH (pH 13), b) Na2HPO4 (pH 9), c) NaCl (pH 6.5),
d) deionized water (pH 6), e) KH2PO4 (pH 4.5).
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In the following, the dissolution characteristics in the distinct solution domains is being
considered.
i) Measurements in NaOH (pH 13), Na2HPO4 (pH 9), and deionized water (pH 6)
In deionized water as well as in NaOH and in Na2HPO4 solution, the dissolution
characteristics of WC-Co show certain similarities (Fig. 134). These similar characteristics of
the dissolution behaviour in deionized water and in alkaline solution indicates that a local pH
increase occurs on the water-exposed WC-Co. That local attacks are taking place in this
system, can also be corroborated by the intense oscillation of the dissolution rates.

Fig. 134

a)

b)

c)

d)

On-line elemental solution analysis (ICP-MS): linear representation of the
momentary Co and W amounts dissolved from WC-Co, and their respective
integral functions, in a) 0.1M NaOH (pH 13), b) 0.1M NaOH (pH 13), focused
scale to consider Co dissolution, c) 0.1M Na2HPO4 (pH 9), and d) deionized
water (pH 6).

In the initial phase, W is dissolved with increasing rate, evidencing a low stability of the WC
phase in alkaline solution. Co in contrast maintains low dissolution rates, which seems
plausible, as Co is expected to passivate at alkaline pH. Nevertheless, the Co dissolution is
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increasing with a certain delay to W. This might result from an enlarging Co area, caused by
the removing of the WC phase.
After a period of some minutes of increase, the W release exhibits a significant decay, which
is followed by a decreasing Co dissolution in turn. As already mentioned above, the
stabilization of the WC-Co surface, particularly in alkaline solution, can be explained with
respect to the evolution, observed from EIS results (chapter 3.2.1): A diffusion element
represents the accumulation of dissolved species, which are precipitated on the sample
surface. The decreasing W and Co concentration, detected by elemental solution analysis,
thus probably results from an accumulation of dissolving species as a stagnant surface layer.
The subsequent re-activation – as mentioned as preliminary remark 1) – might be due to the
flux in the flow-cell, which causes the stagnant layer of species to be removed.
ii) Measurements in Na2SO4 (pH 6.6)
As for Na2SO4 no stationary solution experiment was performed, a quantification, as it was
carried out for the other solutions, was not possible for this particular case. This consideration
is thus just of qualitative value.
The dissolution of W and Co proceeds simultaneously (Fig. 135). The definite decrease of the
momentary Co and W concentrations attests a more efficient stabilization of the surface,
compared to alkaline solutions, where a second increase of dissolving Co and W, i.e. a reactivation of the surface, was observed (Fig. 134). This is in accordance with the EIS
measurements (chapter 3.2.1), which reveal an increasing stability of WC-Co in Na2SO4
solution after an initial dissolution period (Fig. 35.a). As a quantitative interpretation is not
possible from these data, it cannot be conclusively stated, whether the detected W amount is
significant with respect to the EIS measurements, where no electrochemical WC reaction was
detected.

Fig. 135

On-line elemental solution analysis (ICP-MS): linear representation of the
momentary Co and W amounts dissolved from WC-Co, and their respective
integral functions, in 0.1M Na2SO4 (pH 6.6).
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iii) Measurements in NaCl (pH 6.5)
In contrast to Na2SO4, a peculiar dissolution behaviour is observed in NaCl solution
(Fig. 136): A considerable Co release takes place in the initial period. As soon as the Co
dissolution is decreasing, the W dissolution is increasing, and vice versa. An antipodal
dissolution behaviour of Co and W can be observed, which somehow becomes manifest in
two different time scales: on the one hand, the dissolution amounts undergo a relatively slow
change, i.e. within some 10 minutes; on the other hand, the curves exhibit small, rapidly
altering peaks, i.e. within one minute or less. In both cases, a maximum of the Co dissolution
coincides with a minimum of the W dissolution, and vice versa.
The occurrence of small peaks, i.e. rapidly changing dissolution rates, indicates localized
attacks, which might be expected in the presence of chloride [4, 16, 20, 21]. The initiation of
local attack in presence of chlorine species was already evidenced by EIS (chapter 3.2.1), as a
significant reduction of the impedance was measured in NaCl and NaClO4, compared to
Na2SO4 solution (Fig. 33–35). Furthermore, the phase shift curves in chlorine-containing
neutral solutions exhibited lower values, compared to Na2SO4 (Fig. 33.c, 34.c, 35.c), which is
an indication for a more heterogeneous distribution of the surface reactions.

Fig. 136

On-line elemental solution analysis (ICP-MS): linear representation of the
momentary Co and W amounts dissolved from WC-Co, and their respective
integral functions, in 0.1M NaCl (pH 6.5).

The small alternating peaks of Co and W dissolution might demonstrate that Co and W is
alternately present in the area of attack (pits) at the interface to the electrolyte.
The antipodal behaviour in the larger time scale, however, implies a basic change of the
stability of Co and W and might be the effect of pH changes in the area of attack. Thereby,
the following reaction mechanisms are proposed: As the dissolution of Co represents the
anodic oxidation reaction, it causes the reduction of oxygen or hydrogen to proceed as the
cathodic reaction:
2H+ + 2e– → H2

(9)

O2 + 2H2O + 4e– → 4OH–

(10)

which takes place on the WC phase due to galvanic coupling. As a consequence, a local
increase of the pH (on WC) will take place, which enforces the dissolution of the WC phase.
WC, exposed to air or water, was found to be covered by an oxide layer, mainly consisting of
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WO3 [14, 34, 36-38], which can also be corroborated by the XPS investigations
(chapter 3.1.4). This oxide layer is described to readily dissolve in water via the reaction
WO3 + H2O → WO42– + 2H+

(7)

while the underlying WC is subsequently re-oxidized, the dissolution process being the ratedetermining step [35, 44]. As a consequence of the WO3 dissolution reaction (7), the local pH
is decreasing, which in turn leads to an accelerated dissolution of the Co phase.
An important observation is the considerably large amount of dissolved W, which confirms a
chemical dissolution of WC at open circuit, as no electrochemical reaction of the WC phase
was evidenced by EIS measurements (chapters 3.2.1).
iv) KH2PO4 (pH 4.5)
Similarly to Na2SO4, a simultaneous dissolution of W and Co is detected also in KH2PO4
solution (Fig. 137). Although the Co amounts are much higher, the release of W is still
measurable.
The steep drop of the Co curve after about 10 to 15 min implies a certain stabilization of the
Co phase. This is in accordance with the results from EIS, which show an increasing
impedance with time for WC-Co in KH2PO4 solution (Fig. 39.a, chapter 3.2.1).

Fig. 137

On-line elemental solution analysis (ICP-MS): linear representation of the
momentary Co and W amounts dissolved from WC-Co, and their respective
integral functions, in 0.1M KH2PO4 (pH 4.5).

Significant amounts of dissolving W were detected by ICP-MS elemental analysis in all
solutions investigated. The characterization by Electrochemical Impedance Spectroscopy
(EIS), however, indicated a pure Co reaction in the WC-Co composite at neutral and acidic
solution pH. It can thus be stated as a main conclusion that the WC phase is dissolving via a
chemical process, i.e. a reaction mechanism that does not involve an electron transfer, which
explains, why it is not measurable by means of electrochemistry.

127

b) Time-resolved elemental solution analysis during potentiodynamic polarization
In order to investigate the dissolution characteristics under cathodic or anodic polarization,
the development of a flow-cell setup in combination with electrochemical control might
provide continuative information. However, much additional fine-tuning is required to
establish a sophisticated technique, which was not the scope of this thesis.
Distinct experiments were performed to demonstrate the operating mode of the method and to
compare the dissolution behaviour with the respective course of current density, measured
during potentiodynamic polarization.
i) Potentiodynamic anodic polarization
As it was already discussed above (chapter 3.2.2), the potentiodynamic polarization curves,
measured for WC-Co at pH 9, reveal much higher current densities than for pure Co, but
show a similar evolution to pure WC (Fig. 138.a). It was therefore reasoned that, in contrast
to neutral and acidic solution, the WC phase is dissolving at alkaline pH under anodic
polarization control, i.e. that the measured current density results from WC reaction. To
evidence this assumption, the respective experiment was performed again in the flow-cell
with simultaneous time-resolved elemental solution analysis. Figure 138.b demonstrates a
proportional relation between dissolved W amount and current density, indicating that the
polarization mainly results in the dissolution of the WC phase. The detected Co release is
very small, which is in accordance with the idea of Co passivation. The assumptions from the
electrochemical measurements, i.e. the potentiodynamic polarization curves, are thus
corroborated, and it can be stated that under anodic polarization conditions, the dissolution of
the Co as well as of the WC phase in this pH range is determined by electrochemical reaction
mechanisms.
a)

Fig. 138

b)

a) Potentiodynamic polarization measurements, comparing WC-Co, Co and WC,
b) ICP-MS on-line detection of WC-Co, in 0.1M Na2HPO4 (pH 9), starting from
ocp. Scan rate: 5 mV/s.
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ii) Potentiodynamic cathodic and anodic polarization
As WC exhibits a more noble corrosion potential than Co (chapter, 3.2.1), it is assumed to be
under cathodic protection in the WC-Co composite. Hence, no significant W release is
expected from WC-Co under open-circuit conditions. However, a considerable W amount
was measured in all solutions investigated, and thus a chemical dissolution mechanism was
concluded.
Moreover, it was found by elemental solution analysis of stationary solutions that W is
released from WC-Co in acidic solution under potentiostatic control at a potential, which is
cathodic, compared to the corrosion potential of WC (Fig. 131, chapter 3.3.1). In order to
elucidate the dissolution characteristics under applied cathodic potential, potentiodynamic
polarization experiments were started below the ocp of WC, whereby simultaneous timeresolved elemental analysis was performed (Fig. 139).
Preliminary remark:
The zero-current crossing potential (zccp) during potentiodynamic polarization is much
smaller than the ocp, measured prior to the polarization. Moreover, the zccp coincides with
the redox potential of Co. The reason for this difference is that Co is present in an oxidized
state, which is corroborated by the ocp value of about –200 mV. During the cathodic
polarization, the oxide is reduced, so that the underlying metal Co determines the corrosion
potential, displayed by the zccp.
As a first consideration, the significant increase of dissolved W during cathodic polarization
should be recognized. It clearly corroborates that a cathodic protection of the WC phase is not
possible. Figure 139 displays the boundary case at pH 9, where stability of Co(OH)2 is an
issue. The dissolution characteristics are ambiguous, as two different types of behaviour are
observed. In the first case (Fig. 139.a), the detected W amount continuously increases,
reaching a maximum at about -0.3 V, and decreases again, until the corrosion potential of WC
is reached. Above this value, i.e. under anodic polarization, a steeply increasing dissolution
rate is registered. The Co dissolution remains very low below the Co corrosion potential, and
only slowly starts to increase above. In the second case observed (Fig. 139.b), the increase of
anodic W dissolution takes place later, and the Co dissolution remains low within the
experimental period.
Despite these differences in dissolution behaviour, the same progress of current density is
measured during the polarization. This indicates that the reaction, determining the
electrochemical characteristics, is the same, irrespective of additional dissolution processes.
In accordance with the literature, a two-step mechanism is proposed for the W dissolution: In
the first step, a W oxide layer (mainly consisting of WO3) is formed on the WC surface [3739]. This reaction can be accelerated by anodic polarization, and thus takes place in a
reproducible manner.
This oxide layer is then dissolved in a second reaction step, [35, 44]:
WO3 + H2O → WO42– + 2H+

(7)

W can only be detected in solution, after the second reaction step has proceeded. As no
electron transfer takes place in this reaction, however, it can neither be detected by
electrochemical measurements nor influenced by polarization.
The two different dissolution types observed (Fig. 139.a and b), now indicate that the WO3
layer is meta-stable.
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The fact that the Co dissolution is retarded in comparison to the W dissolution, which was
also observed under open-circuit conditions (Fig. 134), implies that the dissolved Co amount
is increasing upon the enlarged Co area after the removal of the overlaying WC phase.
a)

Fig. 139

b)

ICP-MS on-line detection of WC-Co in 0.1M Na2HPO4 (pH 9) during
potentiodynamic cathodic and anodic polarization from -1.2 V to +1.0 V (SCE).
Scan rate: 5 mV/s. (a) and b) are illustrating two different cases, measured under
the same experimental conditions.)

In order to check the correlation between the measured current density and the dissolved W
amount, the approximate thickness of the W oxide layer, which is expected to be formed on
the WC surface, is estimated by integration of the anodic current density. Thereby, the time
interval from 143 to 280 s was chosen, which corresponds to the range of anodic current
density from the zero-current crossing point up to a potential of about +200 mV, where water
dissociation is not yet proceeding.
The integral over the current density within the time limits t1 = 143 s, t2 = 280 s gives a total
charge of
Q=

t2

∫ i dt = 4.8 ×10

−3

(12)

C

t1

per square centimetre, i.e. for the measured area. Using Faraday’s Law, the total mass can be
calculated:
∆m =

M
Q
nF

(13)

With the molar mass of WO3, M = 231.85 g/mol, the number of exchanged electrons, n = 6,
and the Faraday constant, F = 96’485.309 C/mol, the total mass per square centimetre is
∆m=1.92×10-6 g/cm2.
Dividing by the density of WO3, ρWO3 = 7.2 g/cm2 [68], the total volume per square
centimetre is obtained:
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∆V = ∆m/ ρWO3 = 2.67·10-7 cm3/cm2

(14)

which corresponds to a layer thickness per square centimetre of 2.67×10-9 m = 2.67 nm.
Taking into account that the WC phase makes about 75 vol% of the composite, only 75% of
the exposed area, i.e. of 1 cm2 must be considered. The theoretical thickness of the WO3 layer
on the WC phase, which is formed during the potentiodynamic anodic polarization in the
range between ~-0.5 and ~+0.2 V, makes approximately
0.75·2.67 nm ≅ 2 nm.
This result is a quite realistic value, which supports the assumption of the reaction
mechanisms on WC made above.
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4.

Discussion

In chapter 3, the surface degradation mechanisms have been described on the basis of results
obtained from the distinct characterization methods. This chapter is focussed on some specific
considerations and on summarizing the measured results.
4.1

Influence of specific ions present in the electrolyte solution

The following discussion compares the electrochemical behaviour of WC-Co and its
constituents at open circuit as well as during potentiodynamic anodic polarization in different
solutions of similar pH, in order to elucidate the influence of specific ions, in particular of
chloride ions, present in the electrolyte solution.
4.1.1 Alkaline solution (pH 12 /13)
To elucidate the influence of chloride ions on the electrochemical behaviour in alkaline
solution, 0.1M NaOH (pH 13) and (0.1M NaOH + 0.1M NaCl) (pH 12) were investigated. As
a consequence of the additional chloride amount, the solution pH was slightly decreased.
Preliminary remark:
It was already mentioned with the results at open circuit (chapter 3.2.1.) that the
Electrochemical Impedance Spectra (EIS) obtained from WC do not provide a very
informative insight. As a consequence of the slow reaction kinetics on the WC sample, the
curves are shifted to the lower frequency range, which confines the content of information.
The difference between distinct spectra, obtained from WC under different experimental
conditions, is thus very small. For this reason, EIS data were only discussed for WC-Co and
Co in this chapter.
The Co sample exhibits significantly increasing impedance values in pure NaOH solution,
which attests a growing passive layer (Fig. 140.a and b). In presence of chloride, the
impedance is much smaller and does hardly vary with time (Fig. 140.c). It can thus be
concluded that chloride ions do impede the formation of a passive layer on Co.
It was evidenced by XPS analysis that the Co surface is covered by a native passive layer
upon exposure to air, i.e. prior to the contact with the electrolyte, which exhibits the same
composition as the passive layer grown in solution, mainly consisting of Co(OH)2 (chapter
3.1.4). Further it was stated from the EIS measurements (chapter 3.1.2) that this native
passive film is dissolved within a short time after solution contact, and a new surface layer of
the same composition is formed within an unpredictable time period, as the equilibrium
before the passivation process is meta-stable.
As the pH is slightly lower in the chloride-containing solution, a lower solubility of Co2+ is
assumed [32]. This might result in a stronger dissolution of the native passive layer in the
pure NaOH solution, which could explain the initially lower impedance, but also the diffusion
element.
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For WC-Co, the influence of chloride ions on the electrochemical behaviour at open circuit is
much smaller than for pure Co, as the EIS curves do not show significant differences with and
without chloride (Fig. 141.a and b).
Comparing the potentiodynamic polarization curves obtained in solution with and without
chloride, no significant effect due to the presence of chloride is visible during anodic
polarization, neither for WC-Co (Fig. 142.c) nor for WC (Fig. 142.b). Only Co shows a
considerably higher value for the ocp, i.e. for the starting potential, in presence of chloride
(Fig. 142.a). This is in accordance with the observation from EIS (Fig. 140), where the pure
NaOH solution exhibits a lower ocp, considering the values after short exposure times, which
might be the result of lower Co2+ solubility, as mentioned above. However, as the subsequent
evolution of the polarization curve is quite similar for both solutions, no particular influence
of chloride is concluded for the corrosion behaviour of Co during anodic polarization.
a)

b)

c)

Fig. 140

Electrochemcial Impedance Spectra (EIS) from Co a), b) in 0.1M NaOH (pH 13)
for the two cases of the meta-stable surface observed, c) (0.1M NaOH + 0.1M
NaCl) (pH 12).
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a)

Fig. 141

b)

Electrochemcial Impedance Spectra (EIS) from WC-Co in a) 0.1M NaOH
(pH 13), c) (0.1M NaOH + 0.1M NaCl) (pH 12).
a)

b)

c)

Fig. 142

Potentiodynamic polarization curves from a) Co, b) WC and c) WC-Co in 0.1M
NaOH (pH 13) and in (0.1M NaOH + 0.1M NaCl) (pH 12) respectively. Potential
range: ocp to +1.5 V (SCE); scan rate: 5 mV/s.
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4.1.2 Neutral solution (pH 6.5)
Three different solutions were employed to investigate the influence of chlorine species, i.e.
Cl– and ClO4–, in the neutral domain: 0.1M NaCl, 0.1M NaClO4 and 0.1M Na2SO4.
The Nyquist plots, obtained from Co as well as from WC-Co (Fig. 143 and 144), exhibit a
similar curve after short exposure time (6 min) for all three solutions investigated. However, a
different evolution is observed upon longer solution contact. The pure Co sample shows a
significant diffusion element in Na2SO4 during the whole experimental period of 140 min
(Fig. 143.c), whereas in the two chlorine-containing solutions (NaCl and NaClO4), diffusion
control is only temporarily visible (Fig. 143.a and b). Also WC-Co shows a diffusion element
in Na2SO4 (Fig. 144.c), at least for intermediate times. In NaCl and NaClO4, however,
diffusion control is not visible at all, but an inductive element becomes significant (Fig. 144.a
and b).
a)

b)

c)

Fig. 143

Electrochemcial Impedance Spectra (EIS) from Co in a) 0.1M NaCl (pH 6.5),
b) 0.1M NaClO4 (pH 6.3), c) 0.1M Na2SO4 (pH 6.6).
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a)

b)

c)

Fig. 144

Electrochemcial Impedance Spectra (EIS) from WC-Co in a) 0.1M NaCl (pH 6.5),
b) 0.1M NaClO4 (pH 6.3), c) 0.1M Na2SO4 (pH 6.6).

The similarity of the initial curves in all three solutions attests that the influence of chlorine
species becomes prominent only after longer exposure time (longer than 6 min). The more
dominant diffusion control in Na2SO4 indicates the formation of a thicker “barrier layer”,
which impedes further dissolution, as it was described in chapter 3.2.1 (Fig. 23). In presence
of chlorine species (Cl–, ClO4–), however, such a layer is not present. The semi-circular shape
of the Nyquist curves represents an active dissolution. Furthermore, the inductive element
observed for WC-Co might indicate the adsorption of chlorine species.
It can thus be stated that the presence of chlorine species, such as Cl– or ClO4–, is able to
impede the formation a surface layer, which otherwise provides a certain stability of the
surface, and thereby reduces the stability of Co in neutral solution under open-circuit
conditions.
The potentiodynamic polarization curves of all three samples, Co, WC and WC-Co, exhibit
no significant differences among the three solutions investigated (Fig. 145). On the one hand,
this corroborates the observation made at open circuit, i.e. that after short exposure times, the
effect of chlorine species is not visible. On the other hand, it indicates that during anodic
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polarization, active dissolution is enforced, which cannot be inhibited by the formation a
“barrier layer”.
a)

b)

c)

Fig. 145

Potentiodynamic polarization curves from a) Co, b) WC and c) WC-Co in 0.1M
NaCl (pH 6.5), in 0.1M NaClO4 (pH 6.3) and in 0.1M Na2SO4 (pH 6.6)
respectively. Potential range: ocp to +1.5 V (SCE); scan rate: 5 mV/s.

4.1.3 Acidic solution (pH 1)
For the consideration of the acidic pH range, three solutions of pH 1, containing different
types of specific ions, were investigated: 0.1M HCl, 0.1M HNO3 and 0.1M H2SO4.
The Nyquist plots, measured for Co and for WC-Co in HCl solution (Fig. 146.a and 147.a),
show a significant diffusion control as well as significantly higher impedance values
compared to HNO3 and H2SO4, where a distinct inductive element is visible (Fig. 146.b and c,
Fig. 147.b and c). This indicates that a certain “barrier layer” is formed in HCl, which results
in a relative stability of Co.
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As already discussed in chapter 3.2.1, the peculiar stability in HCl is in accordance with the
literature [35], which describes a large hydrogen overpotential of Co in non-oxidizing acids.
The diffusion element observed, however, might also imply that stable CoCl products are
formed on the Co surface.
The small impedance values, measured in HNO3 and in H2SO4, evidence an active
dissolution, whereby the inductive element implies that an adsorption process is involved.
During potentiodynamic anodic polarization, the behaviour in the three different solutions is
very similar (Fig. 148). Analogously to the observation in neutral solution, the stabilizing
influence of a “barrier layer” is not effective in case of anodic polarization. It seems also
logical, considering the inhibiting effect of the hydrogen overpotential, as it is discarded
under anodic polarization conditions.
a)

b)

c)

Fig. 146

Electrochemcial Impedance Spectra (EIS) from Co in a) 0.1M HCl,
b) 0.1M HNO3, c) 0.1M H2SO4.
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a)

b)

c)

Fig. 147

Electrochemcial Impedance Spectra (EIS) from WC-Co in a) 0.1M HCl,
b) 0.1M HNO3, c) 0.1M H2SO4.
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a)

b)

c)

Fig. 148

Potentiodynamic polarization curves from a) Co, b) WC and c) WC-Co in
0.1M HCl, 0.1M H2SO4 and 0.1M HNO3 respectively. Potential range: ocp to
+1.5 V (SCE); scan rate: 5 mV/s.
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4.2

Proposition of a mechanistic model of the local reaction processes

From all the results of the distinct investigations and after comparing considerations, a model
of the local reaction mechanisms can be proposed for the processes on the WC-Co surface,
which is given schematically in Figure 149.

Fig. 149

Mechanistic model of the local reaction processes on the WC-Co surface

The contact of Co and WC in the WC-Co composite results in a galvanic coupling, where the
Co phase is increasingly dissolved because of its less noble corrosion potential. The WC
phase in contrast, which is thermodynamically more noble, is expected to be under cathodic
protection, i.e. no WC dissolution should take place.
From the perspective of electrochemistry, this assumption was corroborated, as EIS
measurements at open circuit (chapter 3.2.1) yielded very similar data for the WC-Co and for
the Co sample, indicating two distinct issues: On the one hand, it can be stated that only the
Co phase undergoes an electrochemical reaction, whereas no WC reaction was evidenced by
means of electrochemistry. On the other hand, it is concluded on the basis of the comparably
low polarization resistance that Co dissolution is enhanced in the composite, compared to the
pure Co sample.
The perspective of chemical analysis, however, evidenced a widened interpretation.
Elemental solution analysis by ICP-MS (chapter 3.3) showed that W is released, even if no
WC reaction is detected by electrochemistry. Furthermore, a reinforced W dissolution was
observed under polarization below the corrosion potential of WC (chapter 3.3.1.e). As a
consequence, a chemical reaction mechanism, i.e. a reaction, where no electron transfer is
involved, is concluded for the dissolution of the WC phase. Still the question needs to be
answered, why WC dissolution may be enhanced by the application of a cathodic potential.
Considering the reactions, taking place upon the galvanic coupling between Co and WC, the
oxidative dissolution of Co is determined as the anodic reaction:
Co → Co2+ + 2e–

(15)

For the cathodic reaction, the reduction of oxygen or hydrogen proceeds on the WC phase:
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2H+ + 2e– → H2

(9)

O2 + 2H2O + 4e– → 4OH–

(10)

As a result of the anodic reaction, the local conductivity of the electrolyte is increased, which
benefits the overall reaction process. The cathodic reaction in turn causes an increase of the
local solution pH. As the stability of WC was demonstrated to decrease with increasing
solution pH by ICP-MS (chapter 3.3.1), this leads to an enhanced dissolution of the WC
phase.
It can thus be stated that, as a consequence of the galvanic coupling, not only the dissolution
of the Co phase is accelerated due to anodic polarization, but also the WC phase undergoes
dissolution due to chemical instability in the locally changed environment.
From ICP-MS, it cannot conclusively be stated, whether a uniform WC dissolution or only a
selective dissolution of W takes place, as only the dissolving amount of W and not of C was
detected. XPS characterization, however, provided a more conclusive information. While on
the polished WC-Co surface, the presence of a W oxide layer could be evidenced (which is
also in accordance with the literature [34-38, 44]), no W oxide was detected on the surface
after solution contact. This confirmed that, even if the oxide had been dissolved upon solution
contact, no re-oxidation had occurred during the subsequent exposure to air. From this
observation, a selective W dissolution from the WC phase was concluded, leaving a carbonrich surface area behind, which inhibits the re-oxidation of W.
Time-resolved ICP-MS analysis during potentiodynamic polarization (chapter 3.3.2) revealed
that for analogous experiments, the beginning of W dissolution occurred at different points in
time, indicating a meta-stable state.
As, however, an identical evolution of the current density was measured despite the different
dissolution behaviour, a two-step mechanism was concluded for the WC dissolution:
For the first step, the oxidation of W is proposed:
W → WO3

(16)

according to the literature [34-38, 44], this reaction can proceed spontaneously in air or under
anodic polarization.
The second reaction is the dissolution of the W oxide [44]:
WO3 + 2H2O → WO42– + 2H+

(7)

While the first reaction step can be accelerated by anodic polarization, the second is a purely
chemical process, which is not detectable by means of electrochemistry. According to the
different starting points of W release observed, the WO3 on the WC surface is concluded to be
meta-stable.
A further consequence of the dissolution reaction (7) is the decrease of the local solution pH,
which might cause an accelerated dissolution of Co in turn, as it exhibits a decreasing stability
with decreasing solution pH. This effect must be taken into consideration in particular in case
of local corrosion attack, where reaction products are accumulated in holes.
Accelerating the anodic reaction, will lead to an enhanced Co dissolution, while an increased
cathodic reaction indirectly causes a reduced WC stability. As the anodic and cathodic
reactions are determined by an electrochemical equilibrium, an enhanced Co dissolution
would be expected to come along with an enhanced WC dissolution. However, the coupling
efficiency, which was estimated by the calculation of a ratio of the dissolved Co and W
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amount from the WC-Co sample compared to the respective amount from the pure sample
(chapter 3.3.1), revealed a corresponding, but opposite pH dependence. This indicates that an
enhanced Co dissolution is accompanied by a reduced WC dissolution.
The coupling efficiency and its influencing factors will be discussed in the following chapter
(chapter 4.3). The question here is, why the WC dissolution is reduced and not enhanced in
case of an increased Co dissolution. A plausible explanation is that the first reaction step, i.e.
the W oxidation, is an electrochemical reaction, which can be influenced by polarization. In
case of a galvanic coupling of WC with Co, WC is cathodically polarized, which leads to a
hindrance of the W oxidation, which as a further consequence hinders the overall WC
dissolution.
4.3

Discussion of the coupling efficiency

The effect of the galvanic coupling between Co and WC, as it was discussed in the previous
chapter (chapter 4.2), does not only influence the electrochemical behaviour, but also enforces
the chemical dissolution of WC. A pH-dependent measure for the coupling efficiency was
determined by the ratio of dissolved Co and W amounts from the composite compared to the
respective amounts from the pure samples in chapter 3.3.1. Figure 150.a illustrates the values
for Co and W, mapped onto the solution pH, as it was already shown in chapter 3.3.1. On the
basis of the volume fraction of the phases in the composite, values of 0.25 and 0.75,
respectively would be expected for the Co and W ratio, if an independent behaviour of the
two phases was presumed. As the Co ratio exhibits constantly higher values than 0.25 and the
W ratio is positively lower than 0.75, an enhanced Co dissolution in parallel with a reduced
dissolution of the WC phase from the hardmetal is concluded. The corresponding pH
dependence of the two distinct ratios corroborates a real effect.
A special situation is present in case of pH 13, where Co is passivating, i.e. no measurable Co
release was present in the solution examined. Therefore, the respective Co ratio at pH 13 is
not representative and must not be considered (Fig. 150.b).
a)

Fig. 150

b)

Co and W ratio as a measure for the coupling efficiency vs. the solution pH (a),
without invalid Co value at pH 13 (b).
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An exceptionally strong coupling efficiency must be concluded in case of pH 9 as well as of
deionized water, as the Co ratios are very high and the W ratios very low.
A further approach must thus be made to elucidate the factors, which are influencing the
coupling efficiency. As a first idea, the resistance of the electrolyte solution is supposed to be
a dominating parameter. Figure 151.a shows the Co and W ratios, mapped onto the electrolyte
resistance, the values of which were obtained from the respective EIS measurements
(chapter 3.2.1). At first view, no clear dependence seems apparent. However, if the Co value
at pH 13 as well as the data points at pH 9 and in deionized water are neglected, the mapping
of the two ratios upon the electrolyte resistance exhibits a steady dependence (Fig. 151.b). As
it is expected, the coupling efficiency is decreasing with increasing electrolyte resistance. But
it still needs to be examined, why the coupling efficiency exhibits such high values at pH 9 as
well as in deionized water. The following model might yield a possible explanation. As it was
evidenced by XPS analysis (chapter 3.1.4), the WC surface is covered with a layer of W oxide
after being exposed to air, which is also in accordance with literature [34-38, 44]. This surface
layer is claimed to remain stable in acidic solution, but to dissolve in water and at alkaline pH
[35, 44]. Under the assumption that the W oxide film is electrically non-conducting, at acidic
pH the electrochemical reactions are expected to proceed only on the uncovered Co phase. As
a result, the electrochemical reaction mechanisms are expected to be similar as on the pure Co
sample. In water and at alkaline pH, however, the WC phase is assumed to be unoxidized and
therefore electrically conducting. In consequence of the galvanic coupling between Co and
WC phase, the cathodic reaction, i.e. the reduction of oxygen or hydrogen, will proceed on
the WC surface, while the anodic oxidation will take place on Co. The cathodic reaction area
is therefore larger than the area of the anodic reaction, which leads to a higher anodic current
density, i.e. an accelerated Co reaction rate compared to the uncoupled Co sample.
a)

Fig. 151

b)

a) Co and W ratio (as a measure for the coupling efficiency) vs. the electrolyte
resistance of the respective solution. b) analogous a), but neglecting the data
points for Co and W at pH 9 and in deionized water as well as for Co at pH 13.

Based on the interpretation of the behaviour in deionized water, the question is raised, why in
NaCl solution the coupling efficiency is comparably low. From the time-resolved elemental
solution analyses by ICP-MS (chapter 3.2.2), it was assumed that the corrosion mechanisms
in NaCl solution are determined by local attacks, i.e. the reaction processes start at distinct
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small areas and progress in narrow holes, where local conditions are strongly influenced by
the accumulation of reaction products.
4.4

Crucial factors for the reaction mechanisms of Co dissolution:
size of active reaction area and reaction rate

The comparison of WC-Co and Co in neutral NaCl solution (pH 6.5) exhibits a much lower
polarization resistance for WC-Co than expected from the Co phase fraction, which makes
about 0.25. Assumed that only Co dissolution is detected from the WC-Co, the polarization
resistance, measured from WC-Co would be expected to be about 4 times the value from Co.
Figure 152, however, attests even lower impedances for the composite than for pure Co. This
fact is concluded to result from a polarization effect due to galvanic coupling with the WC
phase, which leads to an accelerated Co dissolution reaction.
A second prominent difference between the impedance spectra of WC-Co and of Co
(Fig. 152) is the reaction mechanism. Co shows a continuously increasing impedance with a
temporary diffusion element, which indicates the diffusion of ions being the rate- determining
step. The behaviour of WC-Co is quite similar to Co after very short times, however, it does
barely exhibit any temporal change. No diffusion element is visible for WC-Co, but the small
semi-circle represents a dissolution mechanism, where charge transfer is the rate-determining
step.
One possible explanation for the different reaction mechanisms in WC-Co compared to pure
Co is probably the smaller size of the active area, i.e. the Co surface. While the dissolution
from the pure Co sample causes an accumulation of the dissolved ions in front of the surface,
the smaller Co area in the composite admits an easier distribution of the dissolved species and
thus prevents an accumulation.
Another reason, why the Co dissolution in WC-Co proceeds by a different reaction
mechanism, might also be the faster reaction rate, caused by the polarization effect. In order
to elucidate, which of the proposed factors, i.e. the size of active Co area or the reaction rate,
is responsible for the deviating reaction process, two different approaches have been made. In
the first experiment (Fig. 153.a), impedance spectra (EIS) were taken from Co in 0.1M NaCl
solution, employing an electrochemical cell, which exhibits a contact area of 0.16 cm2 instead
of 1 cm2 (usual for the standard cell). For the second experiment, an anodic overpotential of
+50 and +150 mV, respectively was applied during EIS measurements of Co in 0.1M NaCl
solution (Fig. 153.b).
The measurement curves from Co with the smaller contact area (Fig. 153.a) reveal very
similar shapes to those from WC-Co in the standard cell (Fig. 152.a). This demonstrates that
the reaction mechanisms depend on the size of the contact area. The dimension of the
impedance, however, is about one order of magnitude higher, which is assumed to result from
the accelerated dissolution of the Co phase due to the galvanic coupling with the WC phase.
The Nyquist curves from Co under anodic polarization conditions (Fig. 153.b) are quite
similar to those observed at ocp (Fig. 152.b). Hence, anodic polarization only leads to an
acceleration of the Co dissolution process, but does not change the corrosion mechanism.
Moreover, the present diffusion element indicates that the reaction mechanisms are not
significantly influenced by the reaction rate.
As a result, it can be stated that the differing corrosion mechanisms of WC-Co compared to
pure Co do not result from the acceleration of the Co reaction, which is a consequence of the
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galvanic coupling between WC and Co in the composite, but from the smaller Co surface in
the composite, which probably allows a faster distribution of the released species.
a)

Fig. 152

b)

Electrochemical Impedance Spectra (EIS) from a) WC-Co and b) Co in
0.1M NaCl (pH 6.5) at open circuit. Contact area A = 1 cm2.
a)

Fig. 153

4.5

b)

Electrochemical impedance spectra (EIS) from Co in 0.1M NaCl (pH 6.5) a) at
open circuit (contact area A = 0.16 cm2), b) at applied anodic overpotential
(contact area A = 1 cm2).

Corrosion protection

The application of WC-Co hardmetals in industry requires certain provisions to improve their
corrosion resistance. Efforts, such as replacing the Co binder by Ni or alloying Cr3C2 into the
binder phase, have been found to reduce the corrosion susceptibility, but also to downgrade
the mechanical properties [4, 10-16].
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A promising approach to prevent the corrosion susceptibility of WC-Co is currently in
development in another project. This technique employs the Electrical Discharge Machining
(EDM) process to alloy the WC-Co surface with distinct elements by precipitation from the
cutting wire.
4.5.1 Application of a corrosion inhibitor: benzotriazole (BTA)
A common method to reduce the corrosion susceptibility of metal and alloy surfaces is the use
of corrosion inhibitors. As already mentioned in the introduction of this study, for WC-Co,
this method has not been widely explored. Benzotriazole (BTA) is known to be an efficient
corrosion inhibitor for Cu by forming an adsorbing surface layer, consisting of a BTA-Cu
complex [17-19]. With respect to the chemical familiarity of Cu and Co, BTA might provide
a striking effect on the corrosion inhibition of WC-Co, as well. EIS measurements at open
circuit as well as potentiodynamic polarization curves were performed on WC-Co, Co and
WC samples in different pH solutions, containing 0.01M BTA. These measurements have
then been compared to the curves, measured in the respective solution without BTA.
a) Measurements in alkaline solution (0.1M NaOH, pH 13)
a)

b)

c)

Fig. 154

Electrochemical Impedance Spectra (EIS) from a) WC-Co, b) Co and c) WC after
60 min in 0.1M NaOH (pH 13), with and without 0.01M Benzotriazole (BTA).
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As the impedance spectra in Figure 154 reveal, the presence of BTA in alkaline solution
increases the polarization resistance under open-circuit conditions, in particular for Co, but
also for WC-Co, whereas the effect on WC is negligible.
The electrochemical behaviour during polarization is only scarcely effected by the addition of
BTA for all three samples (Fig. 155). This is in contrast to the observed influence on the
open-circuit behaviour, which is determined by the anodic and cathodic reactions. A possible
explanation for this apparent contradiction might be the temporal effect, i.e. the comparably
short period of the polarization experiment (which was started after 6 min contact at open
circuit and endured about 7 min itself) is not sufficient for a significant adsorption process.
a)

b)

c)

Fig. 155

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC after
60 min in 0.1M NaOH (pH 13), with and without 0.01M Benzotriazole (BTA).
(Starting from open-circuit potential, into cathodic direction to –2 V, into anodic
direction to +1.5 V; scan rate: 5 mV/s).
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b) Measurements in neutral solution (0.1M NaCl, pH 6.5)
Considering the open-circuit behaviour, the addition of BTA to 0.1M NaCl solution leads to a
significant increase of the polarization resistance of Co (Fig. 156.b), which is also observable
for WC-Co (Fig. 156.a). As an interpretation approach, it is thinkable that the initiation of
local attacks by chloride ions is prevented by the adsorption of BTA species.
The current densities during anodic polarization, measured for the pure Co sample, are
noticeably reduced in the BTA containing NaCl solution (Fig. 157.b), however, this effect
was not observed for WC-Co (Fig. 157.a).
The pure WC sample did not reveal any influence of BTA, as it is evidenced in the
Figures 156.c and 157.c.
a)

b)

c)

Fig. 156

Electrochemical Impedance Spectra (EIS) from a) WC-Co, b) Co and c) WC after
60 min in 0.1M NaCl (pH 6.5), with and without 0.01M Benzotriazole (BTA).
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a)

b)

c)

Fig. 157

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC after
60 min in 0.1M NaCl (pH 6.5), with and without 0.01M Benzotriazole (BTA).
(Starting from open-circuit potential, into cathodic direction to –2 V, into anodic
direction to +1.5 V; scan rate: 5 mV/s).

c) Measurements in acidic solution (0.1M KH2PO4, pH 4.5)
In acidic solution (pH 4.5), no inhibiting effect of BTA was evidenced for the three samples
investigated, neither at open circuit, nor during polarization (Figs. 158 and 159). This
observation seems quite logical, as the adsorption of BTA is not possible on the strongly
dissolving surface.
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a)

Fig. 158

b)

Electrochemical Impedance Spectra (EIS) from a) WC-Co and b) Co after 60 min
in 0.1M KH2PO4 (pH 4.5), with and without 0.01M Benzotriazole (BTA).
a)

b)

c)

Fig. 159

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC after
60 min in 0.1M KH2PO4 (pH 4.5), with and without 0.01M Benzotriazole (BTA).
(Starting from open-circuit potential, into cathodic direction to –2 V, into anodic
direction to +1.5 V; scan rate: 5 mV/s).
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d) Measurements in borate buffer solution (pH 8.4)
The most significant inhibition effect of BTA was demonstrated in borate buffer solution (pH
8.4).
Under open-circuit conditions, the polarization resistance is enormously increased for WC-Co
and even reaches a typical immunity character for pure Co (Fig. 160).
During anodic polarization, the presence of BTA leads to the disappearance of the
active/passive transition, while the observed current densities are significantly reduced
(Fig. 161). This effect indicates that the adsorption of BTA species leads to spontaneous
passivation of the surface.
a)

Fig. 160

b)

Electrochemical Impedance Spectra (EIS) from a) WC-Co and b) Co after 60 min
in borate buffer solution (pH 8.4), with and without 0.01M Benzotriazole (BTA).
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a)

b)

c)

Fig. 161

Potentiodynamic polarization curves from a) WC-Co, b) Co and c) WC after
60 min in borate buffer solution (pH 8.4), with and without 0.01M Benzotriazole
(BTA). (Starting from open-circuit potential, into cathodic direction to –2 V, into
anodic direction to +1.5 V; scan rate: 5 mV/s).

e) Summary
As a conclusion, BTA could be demonstrated to be an efficient corrosion inhibitor of the WCCo hardmetal in alkaline and neutral solution under open-circuit conditions. The inhibiting
effect is probably caused by the adsorption of BTA species on the Co phase, i.e. by the
inhibition of Co dissolution.
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5.

Conclusions

The corrosion behaviour of WC-Co is determined by very complex reaction mechanisms. As
a consequence of the heterogeneous micro-structure and the galvanic coupling effect present
between the two phases, Co and WC, local reactions have a significant influence on the
overall corrosion processes.
The stability of Co and WC exhibits an opposite pH dependence: Co is passivating in the
alkaline pH domain and actively dissolves in neutral and acidic media, showing an increasing
dissolution rate with decreasing solution pH. WC in contrast, exhibits its least stability in
alkaline solution and continuously stabilizes with decreasing pH.
Exposed to air, Co covers itself with a native passive film of Co(OH)2, while a W oxide layer,
mainly consisting of WO3, is formed on WC.
In acidic and neutral solution, the Co-hydroxide as well as the underlying metallic Co are
dissolving. At alkaline pH, however, the Co(OH)2 layer is meta-stable. This leads to an
incomplete protection of the Co surface, and local corrosion attack can take place.
The W oxide layer on the WC phase is dissolving upon solution contact over the whole pH
range, accompanied by rapid re-oxidation of the underlying W.
The WC phase is decomposed by selective dissolution of W, which proceeds via two distinct
reaction steps:
- The first reaction is the oxidation of W, which can spontaneously take place in air, but may
also be accelerated by anodic polarization, evidencing an electrochemical process.
- In a second step, the W oxide undergoes dissolution by a purely chemical reaction
mechanism, which is not influenced by polarization, and is therefore not measurable by
electrochemical methods either.
In the WC-Co composite, Co and WC are galvanically coupled. Due to its less noble
corrosion potential, Co is anodically active and undergoes enhanced oxidative dissolution:
Co → Co2+ + 2e–

(15)

Consequently, the cathodic reduction of hydrogen or oxygen takes place on the WC phase:
2H+ + 2e– → H2

(9)

O2 + 2H2O + 4e– → 4OH–

(10)

Thereby, the conductivity of the electrolyte is locally increased upon the anodic reaction,
whereas the cathodic reaction leads to a local increase of the solution pH. As the stability of
WC is being reduced with increasing pH, this process is promoting the dissolution of the WC
phase, and does not allow its cathodic protection.
However, as the re-oxidation of the underlying W (which is determined by an electrochemical
reaction) is hindered in consequence of the galvanic coupling, the overall WC release is
limited to the dissolution of the present W oxide layer.
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Appendix 1: Electrochemical Impedance Spectroscopy (EIS) - methodic principles and
data interpretation
The fundamental approach of Electrochemical Impedance Spectroscopy (EIS) is to apply a
small amplitude sinusoidal excitation signal (typically a voltage) to the system under
investigation and measure the response (i.e. a current).
A low amplitude sine wave ∆V sin(ωt) of a particular frequency ω is superimposed on a dc
polarization voltage V0:
V(t) = V0(t) sin(ωt).

(17)

This results in a current response of a sine wave, superimposed on the dc current I0:
I(t) = I0(t) sin(ωt+θ).

(18)

The current response is shifted with respect to the applied potential by the phase angle θ.
The Taylor Series expansion for the current is given by
 dI 
1  d 2I 
∆I =   ∆E +  2  ∆E 2 + ...
 dE  E0 ,J0
2  dE  E0 ,I 0

(19)

If the magnitude of the perturbing signal ∆E is small, then the higher order terms
1  d 2I 
2
 2  ∆E + ...
2  dE  E0 ,I 0

(20)

in the first equation can be assumed to be negligible. The impedance of the system can then
be calculated using Ohm’s law as

Z(ω ) =

∆E(ω )
.
∆I(ω )

(21)

This ratio is called impedance, Z(ω), of the system and is a complex quantity with an
amplitude and a phase shift, which depends on the frequency, ω, of the signal. Hence, by
varying the frequency of the applied signal, one can get the impedance of the system as a
function of frequency.
The impedance, Z(ω), as mentioned above, is a complex quantity and can be represented in
Cartesian as well as in polar co-ordinates.
In polar co-ordinates, the impedance of the data is represented by

Z(ω ) = Z(ω ) eθ (ω ) ,

(22)

where |Z| is the magnitude of the impedance and θ is the phase shift.
In Cartesian co-ordinates, the impedance is given by
Z(ω ) = Z r (ω ) + iZ i (ω ) ,

(23)

where Zr is the real part of the impedance and Zi the imaginary part, with i = −1.
The plot of the real part of the impedance against the imaginary part gives a Nyquist plot, as
demonstrated in the examples in Figure 162.
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The advantage of the Nyquist representation is that it provides a quick overview of the data
and allows some qualitative interpretations, especially for the lower frequency domain. The
shape of the curve is important to obtain qualitative interpretations of the data.
a)

Fig. 162

b)

Examples for Nyquist representations of EIS data (imaginary versus real part of
impedance amplitude). a) semi-circular arc (charge transfer control); b) arc +
45° asymptote (diffusion control)

The absolute value of impedance and the phase shift are plotted as a function of frequency in
two different curves, giving a Bode plot, as shown in Figure 163, which is the more complete
way of presenting the data.
The impedance plateau in the high frequency range represents the resistance of the electrolyte,
RE, while from the impedance values at low frequencies, the polarization resistance, RP, can
be found. RP is a measure of the charge transfer rate through the solid-liquid interface and
accordingly can be interpreted as the resistance of the bulk material surface against
dissolution, whereby it is inversely proportional to the dissolution rate. The maximum of the
phase curve describes the capacitive behaviour of the system, whereas from the frequency of
this maximum, a time constant can be deduced, exhibiting information about the reaction
speed.
a)

Fig. 163

b)

Bode representation of EIS data (impedance amplitude and phase shift against
excitation frequency)
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The relationship between the two ways of representing the data, Nyquist and Bode plot, is the
following:
2

Z = (Re(Z)) 2 + (Im(Z)) 2

(24)

Im(Z)
Re(Z)

(25)

Re(Z) = Z cosθ

(26)

Im(Z) = Z sin θ

(27)

θ = arctan
or

Equivalent circuit models:

The use of equivalent circuits is a very useful tool for defining model solid-liquid interfaces
and processing experimental data. Such models are built with the help of well-known passive
elements, such as resistors, capacitors, and inductors and distributed elements, such as
constant phase element and Warburg impedance, which can be combined in series and
parallel.
However, corrosion processes are determined by a complex system of multi-reaction
processes, which makes it difficult to apply such equivalent circuits to the measured data. For
this reason, a detailed evaluation in terms of equivalent circuit modelling is not reasonable for
the present investigation, as no satisfactorily definite interpretation would be deduced. A
more accurate determination of transfer function, derived from electrochemical reaction
approach, is also beyond the scope of this work. Nevertheless, the following fundamental
features are meaningful for the characterization of the reaction processes:
Active dissolution: One of the simplest and most common cell models to describe an active
dissolution process is the so-called Randles circuit, as demonstrated in Figure 164.a. It
includes a solution resistance, a polarization resistance and a double layer capacitor (Cdl) or a
constant phase element (CPE), which is a mathematical tool to simulate a non-uniform
distribution of surface reactions, resulting from surface roughness, contribution of several
time constants etc. This case is representative for an actively dissolving system under kinetic
control, where charge transfer is the rate-determining step. A double layer capacitor (Cdl)
yields a very well behaved semi-circular arc in the complex plane, which becomes more
depressed in case of a CPE (Fig. 164.b).
Diffusion: Mass transport may also play a role, e.g. in presence of accumulated corrosion
products or porous oxides on the electrode surface, as well as in case of localized corrosion,
where geometrical problems due to an unfavourable aspect ratio of the holes are complicating
the transport of ions, or when oxygen reaction takes place. In such cases, diffusion becomes
the rate-determining step.
This issue can be modelled with an additional element, the so-called Warburg impedance in
the equivalent circuit (Fig. 165.a), which results in a linear dependence of Z’’ and Z’ in the
Nyquist plot (Fig. 165.b). However, a 45° asymptote represents the ideal case of one slow
reaction of ion dissolution and re-precipitation on an inert electrode. For non-ideal effects of
diffusion, which are normally the case in real systems, the asymptote exhibits different
angles.
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Inductance: In certain instances, the impedance of an actively corroding electrode will exhibit
positive values for its real and imaginary components. On a conventional Nyquist plot, the
data will fall below the real axis (Fig. 166).
An inductive behaviour may arise from the action of adsorbed intermediates or of charges,
trapped in surface oxides, in the overall dissolution process. It is typically observed, when
charges are generated independently of the applied electrical signal.
a)

Fig. 164

b)

a) Equivalent circuit model (Randles circuit) and b) Nyquist plot of EIS data,
representing an charge-transfer controlled system.

a)

b)

Fig. 165

a) Equivalent circuit model and b) Nyquist plot of EIS data, representing a system
including charge-transfer (semi-circular arc) and diffusion (45° asymptote)
control.

Fig. 166

Nyquist plot of EIS data, representing a system, exhibiting inductive influence
(positive values of imaginary impedance).
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Glossary

Co

cobalt

WC

tungsten carbide

BTA

Benzotriazole, C6H5N3

ICP-MS

Inductively Coupled Plasma Mass Spectroscopy

XPS

X-ray Photoelectron Spectroscopy

EPMA

Electron Probe MicroAnalysis

SEM

Secondary Electron Microscopy

EIS

Electrochemical Impedance Spectroscopy

e–

electron

SCE

saturated calomel electrode

cv

cyclic voltammetry

ocp

open-circuit potential

zccp

zero-current crossing potential

RP

polarization resistance

RE

electrolyte resistance

E

potential

Z

impedance amplitude

Z’

real part of impedance amplitude

Z’’

complex part of impedance amplitude

i

current density
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