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For 100 years WC-Co has been the quintessential hardmetal, finding extensive application whenever high
hardness and wear resistance are required. However, recent concerns regarding health and economic factors
have motivated both industry and academia to explore alternative composites. Consequently, numerous hard
phases and metallic binders are currently under evaluation. To expedite and streamline the development process,
a crucial question arises: “Can the corrosion resistance of hardmetals be predicted based on the electrochemical

behavior of their binders?”. To help answer this question, this work compares the corrosion resistances of various
hardmetal composites (WC-Co, WC-Ni, WC-CoNi, WC-CoCr, WC-NiCr, WC-CoNiCr, WC-NiCrMo, and WC-
FeCoNi) to the corrosion resistances of binder analogues (Co, Ni, CoNi, CoCr, NiCr, CoNiCr, NiCrMo, and
FeCoNi) in a 0.5 M NaCl solution using electrochemical techniques: open circuit potential monitoring, polar-
isation curves and galvanic current between WC and binder measured with zero resistance ammeter (ZRA).

1. Introduction

For the past 100 years, hardmetals have been widely utilised in ap-
plications that demand high hardness and wear resistance, including
cutting, drilling, drawing, extrusion, aerospace coatings, and valves and
seals for pumping systems [1-3]. Among hardmetals, WC-Co stands as
the architype. It comprises micrometer-sized particles of hard but brittle
tungsten monocarbide (WC) bound together by a ductile cobalt (Co)
phase. The exceptional wetting properties of Co towards WC enable the
production of dense, homogeneous sintered materials with high hard-
ness and good fracture thoughness [1-3]. These properties placed WC-
Co as the leading hardmetal for the past century. However, concerns
have arisen regarding the health implications associated with both WC
and Co [4-6]. Additionally, the inclusion of tungsten (W) and cobalt in
Eurpope’s list of critical raw materials [7] prompted the industry and
academia to explore alternative composites [8-10]. Furthermore, the
corrosion resistance of WC-Co often proves inadequate [10-15],
particularly in acidic environments [16-21]. Consequently, many alloys
are being tested as binders in a trial-and-error basis. The development
process can be expedited if the corrosion resistance of hardmetals could
be predicted based on the electrochemical response of the binder.

To test this hypothesis, this work compares the electrochemical
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response of several hardmetal composites (WC-Co, WC-Ni, WC-CoNi,
WC-CoCr, WC-NiCr, WC-CoNiCr, WC-NiCrMo, and WC-FeCoNi) with
that of binder analogues (Co, Ni, CoNi, CoCr, NiCr, CoNiCr, NiCrMo, and
FeCoNi) manufactured by the same powder metallurgy methods and
composition based on the composites starting raw materials. The elec-
trochemical investigation was carried out in aerated aqueous solution of
0.5 M NaCl using various electrochemical techniques, including open
circuit potential monitoring (OCP), potentiodynamic polarisation
curves, and galvanic current measurement between the WC hard phase
and the binders utilising a zero resistance ammeter (ZRA).

The corrosion of hardmetals is usually considered to be dominated by
the galvanic coupling of the metallic binder which oxidizes preferently
and is accelerated by the additional cathodic activity occuring at the
surface of the WC particles [20,22]. Hihara and Latanision, in their re-
view of metal matrix composites corrosion [23] demonstrated how
corrosion in such composites can be predicted by utilising polarisation
data and the mixed potential theory [24,25]. The intersection of the
cathodic curve of the nobler hard phase and the anodic curve of the
metallic binder identifies the galvanic current of the couple. Depending
on the environment and the electrochemical responses of the anode and
cathode, various scenarios can appear. Typically, the corrosion current
of the active metal will increase from its normal corrosion current (ico)
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to the galvanic current (igq,) when coupled with the conductive hard
material (cathode). However, if the binder is an active-passive metal,
galvanic coupling in aerated conditions can polarise the metal into the
passive region, providing anodic protection. In this case igqp < icorr- For a
passive metal i., and igqp will be identical in a halide-free environment,
but in a halide-containing environment, pitting may occur in the
galvanic couple, even though it will not happen when the metal is
uncoupled. The corrosion behaviour may differ from that predicted
using the mixed potential theory. Discrepancies can be identified by
comparing the experimental polarisation diagram of the composite with
that of the mixed electrode model generated from the data of the indi-
vidual constituents. Such discrepancies often arise from processing ef-
fects, like segregation of alloying elements, formation of new phases, or
introduction of impurities.

2. Experimental procedure
2.1. Materials and processing

The raw materials were WC powder (grain size = 0.8 pm, except
~1.5 pm for WC-FeCoNi), Cr3Cy and FeCoNi from H.C. Starck GmbH
(Germany), Co from Umicore (Belgium), Ni from A.M.P.E.R.E. Industrie
SASU (France) and Mo,C from Treibacher Industrie AG (Austria). The
eight hardmetal composites were prepared by conventional powder
metallurgy methods. The powder mixtures were mixed in a roller ball
mill, using ethanol and 5 mm hardmetal balls as grinding medium. The
suspensions were dried and stored under vacuum until further use. Cy-
lindrical green samples with 25 mm diameter and 10 mm thickness were
die-pressed at 150 MPa. The samples were sintered in a sinter-HIP in-
dustrial furnace, at a maximum temperature of 1450 °C, under 30 bar of
an argon atmosphere.

The amounts of the starting raw materials for each hardmetal com-
posite are presented in Table 1. Also presented is the total carbon con-
tent of the sintered composites as determined by a LECO C744 analyser.
The relative areas of WC and binder phases were determined by digital
analysis of scanning electron microscopy images of the composites
surfaces and are presented in Table 1. Binder analogues were manu-
factured by the same powder metallurgy methods. Their compositions
were based on the starting materials of the corresponding composites
and are presented in Table 2. The actual compositions of the binders in
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the composites were estimated by thermodynamic calculations, based
on the CALPHAD methodology, carried out using the Thermo-Calc
software (version 2023a with the commercial TCFE11 Steels/Fe-alloys
database) to establish the phase equilibria for each system. The
composition of the binder phase after sintering was assessed assuming
the freezing of the microstructure at ~1000 °C during cooling from the
maximum sintering temperature and considering the total carbon con-
tent of each sample determined experimentally. The values are pre-
sented in Table 2.

The porosity and microstructural features of the surface were
observed on polished and etched samples by Light Optical Microscopy
(Leica DM2500) and Scanning Electron Microscopy (Hitachi-SU-70) in
accordance with ISO 4499-4:2016. The density of the sintered samples
was measured according to Archimedes’ principle (ISO 3369:2006).
Vickers hardness (ISO 6507-1:2018) was measured with a load of 30 kgf,
and the fracture toughness (Kjc) was calculated from the Vickers
indentation crack length using the Palmqvist method (ISO 28079:2009).
More information regarding the fabrication of the composites and the
characterization techniques for evaluating the microstructure, physical
and mechanical properties can be found in [26].

2.2. Corrosion testing

For corrosion testing, samples of binders and composites were con-
nected to copper wires with conductive silver paint (PELCO, USA), and
mounted in epoxy resin (BUEHLER EpoKwick™ FC, USA). The surface
was mirror polished before each experiment. The testing medium was
aqueous 0.5 M NaCl solution prepared with distilled water and pro
analysis grade reagent. For polarisation curves the tested area (0.24 cm?
for all samples) was delimited with 3M™ Electroplating Tape 470. A
standard three-electrode arrangement was used with a saturated
calomel electrode (SCE) as reference, a platinum coiled wire as counter
electrode and the exposed sample area as working electrode. The mea-
surements were carried out using PGSTAT204 or PGSTAT302N poten-
tiostats (Autolab, The Netherlands) with an electrochemical cell with
100 mL volume inside a Faraday cage, at room temperature (22 + 2 °C)
and open to air. The Open Circuit Potential (OCP) was monitored during
the first hour of immersion. Then, potentiodynamic polarisation curves
(anodic sweeps) were obtained from near —50 mV vs OCP to 1.2 V vs
SCE, with a scan rate of 0.1 mV/s. The galvanic current and the potential

Table 1

Chemical composition of the composites.
Composites Starting materials (wt%) C in sintered material (%) Area (%)

WC Co Ni Fe Cr3Cy Mo,C WC Binder

WC-Co 92.0 8.0 5.6 87 13
WC-Ni 92.0 8.0 5.5 87 13
WC-CoNi 92.0 5.5 2.5 5.5 87 13
WC-CoCr 92.0 7.2 0.8 5.5 87 13
WC-NiCr 91.2 8.0 0.8 5.4 85 15
WC-CoNiCr 94.2 3.5 1.5 0.8 5.6 90 10
WC-NiCrMo 90.6 8.0 0.8 0.6 5.4 85 15
WC-FeCoNi 90 2.0 4.0 4.0 5.5 82 18

Table 2

Binders composition.
Composites Manufactured binder (wt%) Binder in composite (wt%)

Co Ni Cr Mo Fe w C Co Ni Cr Mo Fe

WC-Co 100.0 5.5 0.1 94.4 - - - -
WC-Ni 100.0 20.1 0.1 - 79.8 - - -
WC-CoNi 68.8 31.2 21.8 0.1 53.7 24.4 - - -
WC-CoCr 91.2 8.8 16.1 0.1 76.3 - 7.5 - -
WC-NiCr 92.0 8.0 24.5 0.1 - 69.8 5.6 - -
WC-CoNiCr 61.5 26.3 12.2 23.2 0.1 48.9 21.3 6.5 - -
WC-NiCrMo 86.4 7.5 6.1 26.5 0.1 - 68.2 4.9 0.3 -
WC-FeCoNi 20 40 40 4.4 0.1 19.1 38.2 - - 38.2
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Fig. 1. SEM pictures of the composites’ surfaces after etching in Murakami’s solution (10 g potassium ferricyanide and 10 g sodium hydroxide in 100 mL

distilled water).

of the coupling between binders and WC were measured with a Refer-
ence 600 potentiostat from Gamry Instruments (USA). The galvanic
current was measured in ZRA (zero resistance ammeter) mode. The
potential was measured vs SCE. In each experiment the WC and binder
electrodes were placed one in front of the other at a distance of 1 cm. The
areas of WC and binder were delimited so that their sum was 1 cm? The
area ratio was that given in Table 1.

3. Results and discussion
3.1. Microstructure, physical and mechanical properties

Fig. 1 shows SEM (secondary electrons) micrographs of the com-
posites. They are fully dense with no trace of porosity. The WC grains
were well distributed in the binder matrix. Deleterious phases like free C
or n-phase were not detected.

The physical and mechanical properties of the composites, the cor-
relation with the microstructure and their tribological behaviour were
studied before [26,27]. Table 3 summarises some of the most important
parameters. WC-FeCoNi presented the lowest hardness and WC-CoNiCr

the highest hardness. This should be related to the binder content,
higher in the former and lower in the latter (Table 1). Note that the
composites have a binder volume close to 13%, the notable exceptions
being WC-FeCoNi with 18% and WC-CoNiCr with 10%. The fracture
toughness of these composites lies within the acceptable range for
hardmetals [28].

3.2. Corrosion testing

3.2.1. Open circuit potential

The corrosion potential of binder analogues and composites was
measured during the first hour of immersion in 0.5 M NaCl. The results
are presented in Fig. 2. For comparison, the potential of commercial
pure metals obtained from Goodfellow (UK) or Mateck (Germany) are
also presented. After variations in the first minutes of immersion most of
the potentials were fairly stable by the end of the hour of measurement.
It is worth mentioning that the potential of these composites was pre-
viously monitored for a period of 15 days [10] and, in some cases, the
potentials continued evolving for a few days which means that the
corrosion was still not in steady state. In general, a potential shift to
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Table 3
Physical and mechanical properties of the composites [26,27].
Composite Density® (g/  Porosity” G¢ Hardness K. (MPa.
em®) (pm) HV30 m'/?)
(kgf/mm?)
WC-Co 14.72 A00B0O0OCO0 0.56 1659 + 16 9.9 +
0.13
WC-Ni 14.69 A00B0O0OCO0O 0.57 1508 + 16 9.4+
0.29
WC-CoNi 14.62 A00B0O0OCO00 0.55 1604 + 22 9.5+
0.17
WC-CoCr 14.64 A00B0O0OCO0 0.57 1825+ 6 9.3+
0.17
WC-NiCr 14.58 A00B0O0OCO0 0.54 1664 + 8 9.5+
0.13
WC- 14.82 A00B0O0OCO0 0.54 1920 + 18 8.8+ 0.8
CoNiCr
WC- 14.55 A00B0O0OCO0O 0.53 1616 + 11 9.0 £
NiCrMo 0.32
WC- 14.12 A00B0O0OCO0 0.81 1369 + 12 10.5 £
FeCoNi 0.3

a Apparent density.

b ISO 4505:1978.

¢ Average of WC grain size.
d Palmqvist method.

more negative values is indicative of an increasing anodic area and
corrosion activation of the surface whereas a positive shift is usually (but
not necessarily) associated to the development of a surface protective
layer. In Fig. 2 a) the pure metals showed potentials similar to those
reported in the literature, with Fe being the most active with values close
to —0.6 V vs SCE, while the other metals presented more positive values,
between —0.2 and — 0.3 V vs SCE. The potential of the binder analogues
is presented in Fig. 2 b) and the values spanned from close to —0.5 V of
CoNiCr to near —0.2 V vs SCE of Ni. The additions of elements to Ni
shifted the potential in the negative direction (more active potentials).
The WC hard phase is electrically conductive and therefore it is elec-
trochemically active [29,30]. Its potential is the most positive of all
samples, being close to 0 V vs SCE. When WC and a metal are electrically
connected like in a hardmetal composite, and immersed in an electrolyte
solution, a galvanic couple is formed. Since WC has the most positive
potential it will be the cathode of the galvanic couple while the metal
binder will be the anode. The composites potential — presented in Fig. 2
c) — reflect this galvanic coupling. The potential of each composite is
situated between the potential of WC and of the respective binder. The
actual value depends on the oxidation rate of the anode. If the oxidation
process is fast, then a slight positive polarisation of the binder (anode) is
sufficient to match the increased cathodic current due to the galvanic
coupling to WC (cathode). WC-Co, WC-FeCoNi and WC-CoCr are cases
where the composite potential is just sligthly higher than the potential of
the binder. Conversely, WC-NiCrMo and WC-CoNiCr presented shifts of
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288 and 272 mV compared to the respective binder.

3.2.2. Current-potential curves

Fig. 3 shows the polarisation curves of commercially pure metals
measured after 1 h of immersion in 0.5 M NaCl. The corrosion potentials,
E o, Were similar to those obtained in the OCP measurements being
—0.574, —0.357, —0.220, —0.206 and — 0.267 V vs SCE for Fe, Co, Ni,
Mo and Cr, respectively. The corrosion rates determined by Tafel

1
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< 10°%4 cr
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104
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06 -03 00 03 06 09 12 15
Evs SCE/V

Fig. 3. Anodic polarisation curves of commercially pure (99.95 + %) Fe, Co,
Ni, Mo, Cr after 1 h of immersion in 0.5 M NaCl.
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Fig. 4. Anodic and cathodic polarisation curves of WC measured after 1 h of
immersion in 0.5 M NaCl.
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Fig. 2. Corrosion potential measured during the first hour of immersion in 0.5 M NaCl of a) commercially obtained pure metals, b) WC and binders produced by

powder metallurgy, c¢) hardmetal composites.
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Fig. 5. Anodic polarisation curves of binders and composites acquired after 1 h of immersion in 0.5 M NaCl.f

extrapolation [25] were 55, 8.6, 1.4, 0.46 and 0.047 pA em ™2, for Fe, Co,
Ni, Mo and Cr, respectively. The metal oxidation can be described by the
generic half-reaction,

M(s)—»M""(aq) +ne~ €y

where M = Fe, Co, Ni, Mo or Cr and n = 2 (Fe, Co, Ni), 3 (Cr) or 4
(Mo) [31].

Fe, Ni, Co and Mo depict an active behaviour with a noticeable in-
crease in current as the potential sweeps in the positive direction. The

high currents are maintained in the reverse scans and the return to zero
occurs at potentials more negative than E,,. Mo is the exception with
the anodic current decreasing to zero around 0.235 V vs SCE. Cr shows a
passive plateau until 0.75 V vs SCE when a transpassive dissolution takes
place [32]. In the reverse scan the current is lower than in the forward
scan which means that during the anodic polarisation the passive film
strengthened.

Anodic and cathodic polarisation curves were obtained for the WC
phase and the results are presented in Fig. 4. The different regions of the
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Table 4

Electrochemical parameters (E.or, icorr, Tafel sloples) obtained from Figs. 2 and 5.

International Journal of Refractory Metals and Hard Materials 118 (2024) 106480

Corrosion potential

Currrent-potential curves

(mVscg)
Binder Composite Ecom icorr Tafel slope
(mVsce) (A em™2) (mV dec™ 1)
Binder Composite Binder Composite* Binder Composite
WC-Co —-306 + 35 -353+7 —314 + 26 -349+ 8 16 + 12 22426 73 + 23 87 +3
WC-Ni —229 + 36 -130+5 —230 + 35 —99 + 35 1.2+ 0.9 22+1.3 143 + 22 146 + 18
WC-CoNi —225 + 58 —-188 +5 —215 + 54 —164 + 26 1.3+0.8 11.0 + 4.8 61 +£13 159 + 43
WC-CoCr ~355+6 —-331 +15 -355+5 —-307 £ 11 0.65 + 0.19 18 + 11 101 + 0.5 112+ 10
WC-NiCr —294 + 3 —95 +12 —296 + 2 —67 + 29 0.28 + 0.01 27+1.6 113 + 14 238 + 11
WC-CoNiCr —462 + 24 —190 + 14 —472 + 24 —-182+8 0.40 £ 0.13 12+7.3 213 + 36 120 +£13
WC-NiCrMo —-367 £ 21 -79+2 —355+8 —87+8 0.78 + 0.04 1.0+ 0.5 122 £ 0.7 190 +£ 9
WC-FeCoNi —-336 + 25 -320+ 4 —336 + 22 —297 + 27 32+18 27 +17 123+ 6 53+ 15
* Corrected for the binder area fraction (i, / area fraction of binder in the composite).
1 WC(s) + 5H,0(1)=>WOs(s) + CO,(g) + 10H" (aq) + 10e™ 4)
a) 2
-1 ] 104 .. . . .
10 WC-Co , This is a complex reaction with many electrons which means that a
-2 ] -3 4 . . . . . .
10 10 reaction mechanism lies behind. At 0.7 V vs SCE a quasi-passive plateau
-3 ] . . . .
o 10 o 10+ is observed (e) and credited to the effect of the WO3 film over the WC in
4] . . [
510 510'5~ restricting the increment of the WC oxidation rate. In neutral and
-5 ] : - . . . . . —
<1071 N Toor 3.09 ps om =101 alkaline media WO3 dissolves forming tungstate ion, W05~ [30,34],
1064 ] Exp: 3.15 pA cm”
7 _ _
1071 | o 0312 Vgee 1074 WO;(s) +OH (aq)—»WO,> (aq) +H" (aq) (5)
10°] 3 Exp: -0.359 Vgce 104
. pwe . At high potentials WC can oxidize directly to tungstate [30,33,34],
109~ :

04 03 02 04 00 01 02
Evs SCE/V

06 03 00 03 06 09 12 1.5
Evs SCE/V

Fig. 6. a) Polarisation curves of WC-Co, and polarisation curves of Co and WC
corrected for the respective areas in the composite; b) Reconstruction of the
WC-Co polarisation curve from the curves of WC and Co.

curves are identified with letters from a to f. The segment a corresponds
to the reduction of dissolved O, under activation control

0,(g) + 2H,0(1) 4 4e”»40H" (aq) 2

In this region the current increases with the increase of the negative
overpotential. At a certain point the transport of the reactant (O2) to the
surface reaches a limit and no further current increase is possible (unless
the solution is stirred or O, is bubbled). A constant current is attained
(limiting current of O3 reduction), corresponding to segment b. At more
negative overpotentials the reduction of water with production of
hydrogen becomes possible and its current adds to the existing Oy
reduction current,

2H,0(1) +2e”—>H,(g) + 20H™ (aq) 3

This corresponds to segment c. On the anodic side the current in-
creases with the oxidation of WC [29,30,33] under activation control,

WC(s) +6H,0(1)»WO,>~ (aq) + CO,(g) + 12H" (aq) + 10e" 6)

This reaction is responsible for segment f, in combination with the
water oxidation [33],

2H,0(1)—0,(g) +4H" (aq) +4e~ )

The polarisation curves of the composites and binders are presented
in Fig. 5. The following analysis is based on existing literature. The re-
actions and films formed at the surface need experimental verification
with spectroscopic methods, which was not performed in this work.
Fig. 5 a) presents the electrochemical response of the Co binder analogue
and the WC-Co composite, both prepared by powder metallurgy. The
anodic current of Co exhibits a rapid increase until reaching a plateau.
This plateau is observed in all polarisation curves of the binder ana-
loguess in Fig. 5, and can be explained by the formation of a salt
(chloride) or oxide layer in the presence of the local high concentration
of metal ions generated at high current densities. This surface layer
could deter the rise in the oxidation rate by acting as a diffusion barrier
for the dissolved binder metal ions. It can also explain the lower currente
measured in the reverse sweeps.

The curve of the WC-Co composite initially resembles that of the
binder, but with a larger Tafel slope and a lower current density plateau.
This difference is justified by the smaller surface area occupied by the

Co i wc

10-1_
102
o 10°4 /7
5§ 104
< 1054
= 10%
107 1

10 1
-9

Replica 1
Replica 2
Replica 3

WC-Co

Replica 1 1
Replica 2
Replica 3

Replica 1
Replica 2
Replica 3

0603 00 03 06 09 12 1.5-06-03 0.0 03 0.6 0.9 1.2 1.5.06-03 0.0 03 06 09 12 15
Evs SCE/V

Evs SCE/V

Evs SCE/V

Fig. 7. Repeated polarisation curves of Co (binder), WC (hard phase) and WC-Co (composite) measured after 1 h of immersion in 0.5 M NaCl.
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Table 5
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E_ orr and i o taken from the experimental polarisation curves, determined in the reconstructed curves (Fig. 6) and measured in the galvanic corrosion meausurements

with a ZRA (Fig. 8).

Anodic polarisation

Reconstruction ZRA

(lhand 16 h)

Ecorr icorr icorr Ecouple Iaw
(Vscr) (nA cm™?) (Vscr) (nA ecm™?) (Vscr) (nA)
—0.320 17
WC-Co —0.359 3.15 -0.312 3.09 (—0.450) )
WC-Ni —0.135 0.46 —0.149 0.55 (_f)(‘fgg o ?6.70 %)
WC-CoNi ~0.166 1.23 -0.166 0.65 (*_0(').221116) ?4)
WC-CoCr —0.298 1.30 —0.221 1.14 ;35.217;)0) }120;
WC-NiCr -0.078 0.69 -0.174 0.69 :’;;:5) ZZ. 7
WC-CoNiCr —0.190 0.44 -0.214 1.10 (:0(',?;);2) ?fg)
WC-NiCrMo —0.094 0.09 ~0.239 1.34 :’011752;’) ?2)
WC-FeCoNi -0.324 7.83 —0.249 1.48 (:05.125;0) ?1 0

binder in the composite (accounting for only 13% of the total surface
area). Interestingly, a notable decrease in current is observed at 0.4 V vs
SCE. The plateau and the current decrease have been seen before and
interpreted in terms of pseudopassivity [17,19,35]. This pseudopassivity
has been explained in different ways. Human et al. [17] proposed the
formation of an anodic film of CoOWO4 or CuSOy4 (in sulfuric acid envi-
ronment) as the cause for the decrease in the measured current density.
However, Sutthiruangwong et al. did not found such films and suggested
two causes for the pseudopassivity [19,35]. The first was an increasing
length for the diffusion path of cobalt ions through the porous WC
skeleton which grows in depth as the Co dissolution progresses. The
second was the presence of tungsten in the binder. W dissolves from WC
during sintering yelding a Co—W alloy [17,19,35]. Tungsten in the
binder improves the corrosion resistance of cemented carbides because
tungsten oxides are formed on the surface of the binder decreasing its
dissolution rate [19,35].

The formation of a Co—W alloy during the sintering of the composite
was predicted by the thermodynamic calculations in Table 2 but the
manufactured Co binder analogue does not contain W. In fact, all
binders in the composites contain dissolved W some in significant
amounts with impact in the corrosion resistance of the composite
[19,35,36]. The binder analogues in this work were manufactured based
on the starting raw materiais and do not contain W. This will be cor-
rected in future studies.

After the pseudopassive region, for potentials higher than 0.6 V vs
SCE, the current increases again due to reactions (6) and (7). In the
return sweep, the current exhibits a plateau of significantly lower
magnitude than in the forward sweep, as a manifestation of continuing
pseudopassivity.

The polarisation curves of WC-CoNi, WC-CoCr and WC-CoNiCr pre-
sent characteristics similar to the WC-Co curve but with different mag-
nitudes due to the type and amount of alloying elements. The
characteristics include a rapid increase in current, followed by current
stabilization at high current densities, a subsequent decrease starting
around 0.4 V vs SCE and finally, a reverse sweep with substantially
lower current magnitudes. Chromium is known to act as an alloying
element for the binder and for helping stabilising a cobalt-based oxide
layer which inhibits dissolution of the binder [35].

The curves of the Ni-based binder analogues resemble the behaviour
described for cobalt and commercially pure Ni. They display a rapid
increase in current followed by a stabilization at high currents, with the
reverse scan following the same path. The properties and corrosion
behaviour of WC-Ni, WC-NiCr, and WC-NiCrMo hardmetals have been

reviewed before [36]. A significant amount of dissolved W in the binder
is always present. The addition of Cr and Mo to Ni significantly enhances
the corrosion resistance of these alloys [36-38]. In Fig. 5, the Ni-based
hardmetal composites show a current hump at progressively higher
potentials: 0.3 V vs SCE for WC-Ni, 0.7 V vs SCE for WC-NiCr, and 0.95 V
vs SCE for WC-NiCrMo. The passive current during the reverse scan was
also progressively smaller: from 160 pA cm ™2 for WC-Ni, to 125 pA cm ™2
for WC-NiCr, and 18 pA cm 2 for WC-NiCrMo, reflecting the impact of
the alloying elements.

The last composite is WC-FeCoNi which showed a behaviour similar
to the binder. Together with WC-Co it is the composite with lower
corrosion resistance.

A general examination of the response of binders and composites in
Fig. 5 reveals that, in most cases, the curves of the composites are shifted
towards more noble potentials, with higher Tafel slopes, and a (pseudo)
passive region in the reverse sweep.

The natural corrosion occurs at a single point of the polarisation
curve, the corrosion potential, E.,, with the corresponding corrosion
current density, i, These parameters were determined from 3-4
replicate measurements and are presented in Table 4. The open circuit
potential (OCP) measured at the first hour of immersion (shown in
Fig. 2) is also provided. The values obtained from OCP monitoring and
polarisation curves show minimal differences. The composites consis-
tently exhibited more positive corrosion potentials compared to their
respective binder analogues. The Tafel slopes were generally larger for
the composites, with WC-FeCoNi being the exception.

To enable a direct comparison of corrosion rates between the binder
analogues and the binders within the composites, the corrosion currents
of the composites were normalized for the binder’s surface area since
only the metallic binder oxidizes at OCP. In general, the corrosion rates
are higher in the composites, especially in WC-CoNi, WC-CoCr, WC-
NiCr, WC-FeCoNi, and WC-CoNiCr. The order of corrosion rates in the
binders was Co > FeCoNi > CoNi ~ Ni > NiCrMo > CoCr > CoNiCr >
NiCr, being close in the last 4 binders. A different order was found for
composites: WC-FeCoNi > WC-Co > WC-CoCr > WC-CoNiCr ~ WC-CoNi
> WC-NiCr > WC-Ni > WC-NiCrMo. A direct comparison of binders and
composites cannot be made at this moment since the binder analogues
have a composition slightly different from the binders in the composites
(Table 2). The corrosion rate order of the composites can be arranged in
three groups: > 20 pA cm™2 (WC-Co and WC-FeCoNi), 10-20 pA cm 2
(composites with Co-based binders), and 1-3 pA cm 2 (composites with
Ni-based binders).
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3.2.3. Reconstruction of current-potential curves

An attempt was made to reconstruct the polarisation curves of the
composites using the individual curves of WC and binder analogues.
Fig. 6 illustrates this attempt for WC-Co. In Fig. 6 a), the WC-Co curve is
presented alongside the curves of Co and WC, both adjusted for the
respective area fractions of each phase [22].

The intersection point of the anodic (Co) and cathodic (WC) curves is
expected to correspond to the corrosion potential (E.,,) and corrosion
current (icor) of the composite, denoted by a red dot in Fig. 6 a). These
values, together with the experimental E, and i, are given in Fig. 6
a). The reconstructed WC-Co curve presented in Fig. 6 b) deviates from
the experimental WC-Co curve. This discrepancy becomes more pro-
nounced above 0.4 V vs SCE, as the experimental current drop cannot be
predicted from the partial polarisation curves of Co and WC. The current
drop is attributed to processes that occur only when both phases are
present in the composite: WC skeleton and protective oxides from the
dissolved W in the binder. Consequently, the combination of partial
curves to reconstruct the overall response is not valid in this case due to
the complexity of the reactions taking place. The approach may still hold
validity in the vicinity of the corrosion potential, depending on the
reproducibility and validity of the input curves and curve used for
comparison.

Regarding reproducibility, Fig. 7 displays repeated polarisation
curves for Co, WC, and WC-Co, obtained with fresh new surfaces from 2
or 3 different sintered samples of each system. Despite the similarities,
small variations exist that can impact the quality of the reconstruction
and the comparison with the experimental curve. The estimates of E.o
and i.,r obtained from the intersection of the anodic and cathodic curves
are presented in Table 5 for all composites. In general, the estimates
closely align with the experimental values.

3.2.4. Galvanic coupling between WC and binder

In another experiment, the galvanic corrosion of the composites was
simulated by galvanically coupling WC with the analogue binders. The
exposed area of each electrode was delimited so that the sum of the areas
was 1 cm? and their ratio obeyed the values in Table 1. Over a period of
16 h, the galvanic current (igq) and couple potential (Ecoupre) Were
continuously measured. The results of this experiment are depicted in
Fig. 8. Both igay and Ecoypie decreased during the first 1-2 h stabilising in
relatively constant values afterwards. Most of the current values were
around 10 pA. The exception was Ni with a very low current in the order
of 10 nA. The values of E gyl and igqy measured after 1 h and 16 h are
presented in Table 5. In general the galvanic current is significantly
higher than the corrosion rates of the composites. This suggests that the
galvanic coupling is less effective in the composites. It appears that the
reduction of oxygen is easier when the WC and the binder are not in
close proximity.

However, such a conclusion must be postponed since the binder
analogues used in the measurements do not exactly match the chemical
composition of the binder within the hardmetal composites. The dis-
solved W can enhance the alloys resistance to oxidation [19,35],
therefore it is likely to expect a decrease in the galvanic current with
more corrosion resistance anodes. This experiment must, and will, be
repeated with new binders analogues with the same composition as the
binders in the composites. The importance of the dissolved W in the
binder will be verified then.

4. Conclusions

In this study, the corrosion behaviour of various hardmetals was
compared to that of binder analogues manufactured with compositions
based on the composites starting raw materials. The corrosion potential
of the hardmetals was more positive than that of the binders. The
corrosion rates of the studied hardmetals were > 20 pA cm ™2 for WC-Co
and WC-FeCoNi, 10-20 pA cm ™2 for composites with Co-based binders,
and 1-3 pA cm 2 for composites with Ni-based binders. The corrosion
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rates of the binders in the composites were higher than the corrosion
rates of the binder analogues. The attempt to reconstruct the polar-
isation curves of the composites using the individual curves of the
binders and WC was not successful due to the complex response of the
composites, which involved processes that only occur when both phases
are present. However, estimating Eorr and ior from the intersection of
the anodic (binder) and cathodic (WC) curves resulted in values that
closely matched the experimental values. The galvanic currents between
WC and the binders were significantly higher than the corrosion rates of
the composites. A likely explanation for the discrepancies observed in
the reconstruction of the polarisation curves and for the higher galvanic
currents, is the mismatch of the composition of the binder analogues and
the binders within the hardmetal composites. The later contain dis-
solved tungsten that enhances the resistance to oxidation. Experiments
should be repeated with new binder analogues containing the right
amount of tungsten. Then a better comparison can be made between
composites and binders and the true impact of tungsten verified.
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