metals

Article

In-Depth Understanding of Hardmetal Corrosion Performance
Reveals a Path to the Electrochemical Demolition of Scrap

Benedetto Bozzini 1*(0, Francesco Tavola !, Augusto Travella 1, Alessandro Alleva (0, Claudio Mele 2(7,

Elisa Emanuele 1©0, Sandra Tedeschi 3 and Gian Pietro De Gaudenzi

check for
updates

Citation: Bozzini, B.; Tavola, F,;
Travella, A.; Alleva, A.; Mele, C.;
Emanuele, E.; Tedeschi, S.; De
Gaudenzi, G.P. In-Depth
Understanding of Hardmetal
Corrosion Performance Reveals a
Path to the Electrochemical
Demolition of Scrap. Metals 2023, 13,
1376. https://doi.org/10.3390/
met13081376

Academic Editor: Haiming Ding

Received: 13 June 2023
Revised: 12 July 2023

Accepted: 17 July 2023
Published: 31 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

Dipartimento di Energia, Politecnico di Milano, Via Lambruschini 4, 20156 Milano, Italy;
francesco.tavola@polimi.it (F.T.); augusto.travella@zsw-bw.de (A.T.); alessandro.alleva@polimi.it (A.A.);
elisa.emanuele@polimi.it (E.E.)

Dipartimento di Ingegneria dell'Innovazione, Universita del Salento, Via Monteroni, 73100 Lecce, Italy;
claudio.mele@unisalento.it

3 ELLMS. S.p.A.—Gruppo O.M.C.D., Via Megolo, 49, 28877 Anzola d’Ossola, Italy; mst.miscele@omcd.it (S.T.);
mgd.miscele@omcd.it (G.P.D.G.)

Correspondence: benedetto.bozzini@polimi.it

Abstract: Recycling of hardmetal scrap is strategic for critical raw materials recovery. Available
recycling processes are polluting and have a large carbon footprint. Attempts to exploit controlled
corrosion failed in industrial practice, owing to self-limiting processes. We revisit the corrosion
route, in view of gaining the fundamental knowledge enabling high-throughput recovery. We
selected the worst-case approach of highly corrosion-resistant CoONiWC-based hardmetal grades and
neutral aqueous electrolyte at room temperature. Systematic electrochemical measurements, UV-Vis
spectroscopy and SEM microscopy disclosed that, even though there is no hope to overcome the
self-limiting corrosion rate, nevertheless, by exploiting the mechanical action of anodic O, evolution
acting precisely at the interface between the residual active material and the corrosion film, the latter
can be efficiently removed, periodically reactivating the hardmetal corrosion in a way that results in
an ultra-high scrap destruction rate, of interest for real-life industrial processes.

Keywords: hardmetal; cemented carbide; electrochemical recovery; cobalt; nickel; tungsten

1. Introduction

Hardmetal (HM) is a composite material belonging to the class of cemented carbides,
consisting of carbide particles (the hard, but brittle, phase) embedded in a metallic alloy
(the tough binder phase). Tungsten carbide (WC) is the hard phase of choice and Co,
often with Ni additions for corrosion resistance, is the basis of binder, thus leading to the
general denomination of WC-Co composites [1,2]. Thanks to their unique combination
of high hardness, wear resistance and relatively high modulus of elasticity, they cover a
wide range of applications: from mining to aerospace, automotive, food and agricultural
industries [3,4].

The production of HM is a complex metallurgical process that involves powder pro-
duction, mixing of powders, forming and sintering. Moreover, HM production requires
accurate control of potential environmental issues [5]. The details of the chemical compo-
sition and of all processing steps influence the structure and functional characteristics of
the final product. As far as the chemical composition of HM is concerned, essentially all
constituents—principally the main ones: W and Co—are expensive critical raw materials [6].
Circular use of these elements, as well as of additives, is thus mandatory and raw materials
recovery in the HM field is common practice. HM recovery can be carried out in different
ways [7] and gathered under direct recycling [8-14], indirect chemical recycling [15-19]
and melting metallurgy [20]. All recovery routes included in these groups, attempted or
implemented, exhibit different drawbacks. High fossil fuel usage and CO, production
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are the main disadvantages for all the cited categories. Different alternatives, with lower
energy consumption, must deal with non-selective binder dissolution and contaminated
products. The zinc process is the direct recycling process most widely used (a third of the
WC recycling market) and it exhibits high Co recovery efficiency but high plant cost [8,9]
and power consumption. Oxidation and alkaline digestion are the chemical recycling
counterparts [10,11], but high flexibility in terms of scrap input and output is accompanied
by use of harmful solvents, with a large number of purification steps required and increased
installation cost and plant complexity [3,7]. Each recovery route works very well with
specific HM scrap/sludge, composition and size [3,7,21]. Combining different processes
allows the avoidance of some disadvantages, but they still have severe limitations. The
pyrometallurgical process, based on oxidation, reduction and carburization of the HM
scrap, can be considered a semi-direct process, as it involves a chemical transformation
of HM components, but creates a recovered powder that has the same composition as
the original waste [7]. Another semi-direct recycling process consists in the leaching of
the metallic binder, that leaves the tungsten carbide phase mainly intact, in acidic media.
Through the dissolution of the metal, the integrity of the carbide structure is lowered
and easily disintegrated [7]. Moreover, environmentally benign leaching agents are being
investigated [18,19].

Data on technical and economic efficiency of the hardmetal recycling processes of
industrial interest were scarce till a few years ago, as they were strictly related to strategic
proprietary know-how. Recently, some studies have been published that disclose interest-
ing information about life cycle inventory (LCI) and life cycle assessment (LCA) [22,23],
although a direct comparison of the competing processes still relied on strong assumptions.
Nonetheless, it has been demonstrated that, compared to primary production, the elaborate
chemical recycling process allows a decrease in impacts by more than 50% [23].

Among attempted HM recovery routes, controlled electrochemical corrosion has been
proposed since the 1950s as a cheap, safe and environmentally friendly approach [22]. The
corrosion of HMs has been described in a series of papers, that have enabled a general,
though not conclusive, understanding of the process, the key feature of which is the for-
mation of poorly understood pseudopassivation layers [24-34]. It is worth recalling here
that the formation of pseudopassivation layers, though playing a crucial role in lowering
the corrosion rate but not the practical corrosion-induced overall HM damage, is not its
only cause. In fact, the corrosion mechanism intrinsically changes as the corrosion front
moves deeper into the sample, and the advancement of the corrosion front causes shielding
of the electromagnetic field and changes the hydrophobicity of the electrode/electrolyte
interface. Briefly, a key difference in electrochemical behavior has been recognized between
WC and the binder, with the former exhibiting a higher practical nobility in acidic ambient
conditions and the latter in alkaline electrolytes. Recent research has deepened the under-
standing of the role of binder [35-37], including its theoretical design [38] and functional
grading [39], in view of better corrosion performance. Co-based binders are oxidized with
the formation of aquo-complexes or hydroxides, dependent on the pH. The dissolution of
Co results in an increase in the WC surface in contact with the electrolyte. Moreover, since
the Co-based binder contains solid-solution W resulting from the sintering process, selec-
tive dissolution of Co during the active corrosion phase results in progressive ennobling of
the residual binder. Corrosion of WC under high and low anodic polarization in acidic and
alkaline conditions, respectively, has been shown to lead to the formation of mixed hydrous
oxides [40,41]. These corrosion products are porous electronic insulators that, on the one
hand, screen part of the electrode surface and increase the interfacial ohmic drop but, on
the other hand, allow the contact of the active underlying HM with the electrolyte. In this
way, the corrosion process is hindered and, with specific binder compositions, brought
below practically significant thresholds, but never totally impeded [42-44].

A close-knit group of papers describes attempts to implement controlled corrosion for
HM recovery in acidic electrolyte [45-55]. Co from the binder is efficiently dissolved and
electrodeposited on the cathode surface, while WC remain undissolved. Instead, alkaline
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electrolytes [56-61] dissolve WC readily at the anode, that can be recovered later as tungstic
acid, while Co, again, is electroplated on the cathode. Potentiostatic [45,47,49,51-53,60,61]
and galvanostatic [45,48,50,56,58] approaches have been explored with both acidic and
alkaline electrolytes, but no industrially viable process resulted from these studies [23,62].
In the literature on electrochemical recovery processes, the pseudopassivation layer phe-
nomenon is observed but not well studied. Use of additives can delay its formation but
it cannot suppress it altogether. Ammonium salts (carbonates, sulfates, chlorides) [62] or
citric acid [63] have been mainly used as complex formers. An additional improvement in
pseudopassivation management can be achieved with special anode arrangements, such as:
(i) rotating drum anode [48], (ii) oscillating-trough anode [45,48] and (iii) vibrating plate
anode [48]. While (i) and (ii) were tested only at the laboratory level, (iii) was implemented
in a pilot plant; in this case, Co recovery oscillates between 60 and 90%, with low purity and
high current consumption (800 A). It is worth noting that the above-described limitations
were experienced and documented in an industrial research project conducted by one of
the authors [64].

Next-generation recovery routes must thus couple capability of handling industrial-
scale amounts of raw materials with low energy consumption and environmental sustain-
ability. Thus, the current mainstream research focuses on innovative green processes that
also meet the EU guidelines [4].

In conclusion, building on purposefully developed fundamental understanding of the
corrosion behavior of HM, this work definitively proves the capability of the electrochemical
oxidation approach to attain industrially appealing hardmetal scrap demolition rates,
preliminary to raw material recovery, combined with the intrinsic separation of W and Co.

2. Materials and Methods
2.1. Preparation of HM Grades

The compositions of HM samples used in this work are reported in Table 1. CoNi-
based metallic binders demonstrate high versatility in a wide range of applications, as they
show improved chemical stability in aggressive environments, while keeping mechanical
properties comparable to those of Co-based HMs [44,65]. We considered four different
compositions of the metallic matrix, reversing the Co/Ni ratio, without or with the presence
of Cr and Mo as alloying elements, at a fraction not far from solubility limits [66]. The
carbon content was kept in the carbon window range for each grade. A 2 um WC grade by
Treibacher Industrie AG (Althofen, Austria), ExtraFine Co powder (1.2 pm) by Umicore
N.V. (Olen, Belgium) and NI255 powder (2.2 um) by Vale/INCO (Toronto, ON, Canada)
were used as the chief mixture components. Cr and Mo were added as carbides: 1.5 pm
Cr3C; and Mo, C grades, both from Treibacher Industrie AG (Althofen, Austria). Powder
mixtures were prepared via a standard powder metallurgy route, consisting in 72 h ball
milling of the raw material powders together with 2 wt% paraffin as a pressing agent, in
ethyl alcohol, with a 1:3 powder:ball ratio, and vacuum drying. Samples were produced
by pressing, dewaxing and pre-sintering, and eventually sintering in a sinter-HIP furnace
at 1400 °C, in a 50-bar Ar atmosphere [3]. At present, sinter-HIPing, consisting in an
initial vacuum sintering step, followed by a low-pressure HIPing in an inert gas, is the
conventional industrial sintering process for hardmetal grades with metallic binder content
lower than 20 wt% [3]. Prismatic—5 mm X 6 mm x 24 mm—and cylindrical samples—
8 X 4 mm—were employed, for mechanical characterization and electrochemical tests, re-
spectively. Density, Vickers hardness, fracture toughness and TRS were measured according
to ISO 3369, ISO 3878, ISO 28079 and ISO 3327 standards, respectively. Palmqvist fracture
toughness measurements were performed applying 30 kg;. Coercivity H. and specific mag-
netic moment at saturation were assessed using a Foerster Koerzimat 1.096 magnetometer
(Institut Dr. Foester Gmbh, Reutlingen, Germany), according to ISO 3326 and ASTM B886
standards, respectively. Microporosity was evaluated according to ISO 4499-4. Sintered
samples were free from microstructural defects. In Table 2, the main properties of pristine
materials are collected. The samples had cylindrical shape, with a diameter of ca. 8.20 mm
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and a height of ca. 4 mm. The samples were subjected to electrochemical measurements in
the pristine, as polished, condition.

Table 1. Compositions of the investigated hardmetal grades.

GrdeCode o g wer wih wi% wiRatio
Co-Ni 9.90 2.10 0 0 88 4.714
Ni-Co 2.10 9.90 0 0 88 0.212

Co-Ni-Cr-Mo 840 1.80 0.90 0.90 88 4.667
Co-Ni-Cr-Mo  1.80 8.40 0.90 0.90 88 0.214

Table 2. Mechanical, magnetic and structural properties of the investigated hardmetal grades.

Grade d HV30 H.  MMS  TRS . .
Code x1°kgm=3 (kgmm-2 Am-1) % (Mpa) ~ Microporosity
Co-Ni 14.33 1211+16  7.08 84  3734+8  AO0BOOCO0
Ni-Co 1435 1124412 7.00 77 3218438  A00BOOCO0

Co-Ni-Cr-Mo 14.28 1378412 7.4 88 3825+ 140  AOOBOOCO0

Co-Ni-Cr-Mo 14.24 12755+3 716 91  3411+72  A00BOOCOO

2.2. Electrochemical Measurements

Electrochemical measurements were performed in a three-electrode cell, with the
HM working electrode in hanging-meniscus configuration. The working electrode was
Ag/AgCl (3.5 M KCl AMEL). The counter electrode was a platinized titanium expanded
mesh with an area of 9 cm?. The relative positions of the three electrodes were accurately
calibrated in order to ensure the consistency of current density (c.d.) distribution in all
experiments.

Before the electrochemical measurements, all components of the glass cell and the
reference electrode were cleaned with the following protocol, after initial washing with
distilled water: (i) immersion in clean aliquots of 10% HNOj solution for the removal of
corrosion product traces; (ii) rinsing with Milli-Q water, checking the final neutrality of
the rinse water; (iii) washing with acetone and (iv) final rinsing with Milli-Q water. The
dried samples were accurately weighed, in order to follow weight changes. The counter-
electrode, after initial washing with distilled water, was sonicated for 5 min in the HNO3
solution (FALC Instruments ultrasound bath), rinsed with Milli-Q water till neutral and
then sonicated for a 5 further min in propanol and finally rinsed with Milli-Q water.

The electrolyte was a 0.2 M NaySOy4 aqueous solution, aerated and at room temperature.
Electrochemical measurements were carried out with a Versastat 3F potentiostat. The
electrochemical methods adopted for this study were: (i) sequential cyclic voltammetry
(CV) with variation of the anodic terminal voltage (ATV); (ii) three types of potentiostatic
measurements (PS) (PS at fixed potential, potential staircase, PS square-wave cycling) and
(iii) electrochemical impedance spectrometry (EIS).

The sequential CV experiments with variation of the ATV consisted in the following
set of measurements: initially, the open circuit potential (OCP) was monitored for 5 min,
then sets of 10 CV cycles with a scan rate of 1 mV s~! were imposed, with the OCP as
the cathodic terminal voltage (CTV) and the ATV that was increased in steps of 100 mV,
staring from OCP + 100 mV. In this way, we could sensitively follow the changes in
CV pattern brought about by progressively developing irreversible processes related to
selective binder dealloying and onset of WC attack. Each sequential CV measurement
was performed with a fresh aliquot of electrolyte of 40 mL. Sequential CV experiments
with variation of the ATV allowed us to detect critical potentials E.,;, and corresponding
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qualitative changes in voltammetric patterns were found. We ran PS and EIS measurements
with the potentials fixed at these critical values. Moreover, in order to gain a better
understanding of the corrosion behavior of the HM grades, EIS measurements at OCP
were also run. To ensure the attainment of steady-state conditions as well as to monitor the
consistency of electrochemical conditions, each PS and EIS experiment was preceded by
OCP measurements for 30 min. For each E;, the following sequence of measurements
was performed: (i) OCP for 30 min; (ii) PS at E; for 5.5 h, (iii) EIS at OCP and (iv) EIS at
E.,it. EIS measurements were carried out in the frequency range 100 kHz-10 mHz with a
potential modulation of 10 mVpp.

PS staircase and PS square-wave cycling measurements were carried out to investigate
cumulative effects of pseudopassivation. PS staircase tests started with an OCP measure-
ment for 15 min and were followed by a series of 100 mV high-PS steps of 1 h, beginning
from the lowest E;; and becoming anodic well into the OER range.

PS square-wave cycling started with a period of 15 min at OCP, followed by a PS
square-wave of period 40 min, switching between fully developed pseudopassivity and
OER conditions at 1500 mV.

2.3. UV-Vis Reflectivity Measurements

Reflectivity measurements were carried out by means of a Horiba UVISEL spectro-
scopic ellipsometer, in the range from 260 to 830 nm, with polarizer and incident angles of
45° and 60°, respectively. Four HM grades detailed in Table 1 (Co-Ni, Ni-Co, Co-Ni-Cr-Mo
and Ni-Co-Cr-Mo) were investigated in pristine conditions and after potentiostatic corro-
sion for 5.5 h at several E,;;. For each sample, after each applied polarization condition, the
reflectivity measurement was repeated thrice in three different points of the same sample,
proving full consistency of the spectral patterns. For clarity, for each condition, only one
measurement is shown in the graphs.

2.4. Microstructural and Compositional Characterization

SEM observations and elemental analyses were performed with a Jeol JSM 5500 LV
(Jeol, Tokyo, Japan), at 20 kV, using both secondary and backscattered electrons. EDS
spectra were acquired by an iXRF EDS apparatus for 90 s. C and O contents were evaluated
by IR spectrometry by LECO WC230 and RO400 (LECO, St. Joseph, MI, USA) with 40 s
and 30 s acquisition times, respectively.

3. Results and Discussion

The aim of the present research is twofold: on the one hand to gain fundamental
understanding of the role played in enhancing the corrosion resistance by Cr and Mo
additions to HM grades with both Co- and Ni-rich binders and, on the other hand, based
on corrosion science results, endeavoring to find eco-friendly methods to destroy HM
scrap in view of element recovery. Electrochemical oxidation using neutral simple salt
electrolytes free of chlorine is a promising, but difficult, way to achieve recycling at room
temperature with virtually zero waste and zero carbon footprint. Many attempts to go
in this direction—as detailed in Section 1—have not surpassed the proof-of-principle
stage, owing to unacceptably low productivity and the self-extinguishing nature of HM
corrosion processes.

3.1. Sequential CV with Variation of the Anodic Terminal Voltage (ATV)

The corrosion of HM grades is an intrinsically transient-state process, whereby, in prin-
ciple, phase modification and phase formation processes take place simultaneously, leading
to a complex scenario of cumulative chemical and structural changes and irreversibili-
ties. More details on these irreversibilities and on the way they affect electrochemical
measurements are provided in Section S1 of the Supplementary Material. In the context
of the present research, we thus endeavored to develop an approach, based on simple
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electrochemical measurements, that can systematically account for progressive changes in
material composition and composite structure.

For the reasons expounded above, as hinted at in Section 2.1, we have carried out
sequences of CV tests (Figure la—d) with the CTV set at the OCP value (Figure le) and
increasing the ATV in steps of 100 mV, until transpassive conditions are attained. This
approach allowed the identification of the E.; values at which irreversibilities in the
electrochemical behavior develop. Specific measurements carried out at the thus identified
E.,i+ and characterization of grades treated at these potentials—described in the following—
enabled us to disclose the key classes of HM modifications brought about by corrosion. In
Panels (a—d), for calibration purposes, we also report a CV measured at a Ni foil electrode.
Thanks to the high OER electrocatalytic activity of Ni, this measurement allows us to
distinguish OER from transpassive corrosion for the investigated HM grades.
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Figure 1. Sets of CVs measured by progressively shifting the anodic terminal voltage (ATV) for
grades: (a) Co-Ni; (b) Ni-Co; (¢) Co-Ni-Cr-Mo; (d) Co-Ni-Cr-Mo. Electrolyte: aerated 0.2 M NaySOy.
Scan rate: 1 mV s~ 1. The CVs plotted with a thick red line were measured with a Ni foil electrode for
calibration. (e) OCP time-series for pristine samples. (f) Specific charge per cycle vs. ATV, averaged
on all cycles +1 sdev, evaluated from the CVs of Panels (a—d); for more details, see Figure S1 in the
Supplementary Material.
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Coherently with literature findings [67,68], the OCP time-series of Figure 1le exhibit
a denobling trend for the Co-rich samples (Co-Ni and Ni-Co) and progressive ennobling
for the Ni-rich ones (Co-Ni-Cr-Mo and Ni-Co-Cr-Mo). The CVs of grade Co-Ni (Figure 1a)
exhibit an active corrosion range, followed by an evident pseudopassivation feature that is
typical of Co-rich grades [69,70], while the other grades (Panels (b—d)) have achieved the
pseudopassivated state under environmental exposure.

To gain a more quantitative grasp of the evolution of electrochemical irreversibility,
the CVs of Figure 1a—d have been integrated in order to evaluate the dependence of the
consumed charge on the number of cycles and on the ATV. The essential information is
summarized in Figure 1f, in which we report the mean charge per cycle as a function of the
ATV and details are reported in Figure S1 in the Supplementary Material. This analysis
highlights that the dependence of the anodic charge on the ATV (Figures 1f and Sla,c,e,g) in
the Supplementary Material exhibits a monotonically increasing tendency, with an abrupt
rise, followed by an approximately constant level, corresponding to the completion of the
pseudopassivation peak for grade Co-Ni and of the inception of the transpassive range
for the other grades. In addition, the variation of the anodic charge with the number of
cycles (Figure S1b,d,f,h) in the Supplementary Material grows until pseudopassivation (for
Co-Ni) or transpassivity (for the remaining grades) is reached.

From the CVs of Figure 1a—d and the analysis of the exchanged charge (Figures 1f and S1
in the Supplementary Material), evident characteristic differences of corrosion behavior and
corrosion-induced irreversibility emerge among grades. These can be straightforwardly
ranked on the basis of: (i) the current densities attained at a given potential and (ii) the
transpassive potential values. Firstly, the Co-rich HMs (Co-Ni and Co-Ni-Cr-Mo) are
much less resistant than the Ni-rich ones (Ni-Co, Ni-Co-Cr-Mo) and addition of Cr + Mo
(Co-Ni-Cr-Mo and Ni-Co-Cr-Mo) enhances dramatically the corrosion resistance of both
grades. This quantitative outcome is coherent with the literature on the corrosion-resistance
enhancement of grades with these additives [43,44,65,66,71]. The voltammetric behavior
of the Cr + Mo containing Co-rich grade (Co-Ni-Cr-Mo) is similar to that of the Ni-rich
(Ni-Co) one without binder additives.

Focusing on the details of the CVs of Figure la—d—in combination with the evolu-
tion of the anodic charge with ATV and number of cycles, analyzed in Figure S1 in the
Supplementary Material—it can be noticed that there are classes of the CV pattern group
in specific potential ranges, as detailed in Figures S2-S5 in the Supplementary Material.
Specifically, one can distinguish four classes for grades Co-Ni and Co-Ni-Cr-Mo and three
for Ni-Co-Cr-Mo, as described below.

In grade Co-Nj, class (a) corresponds to active dissolution; here, progressive cycling
brings about an increase in c.d., corresponding to an increase in active area. Class (b)
is the incipient passivation range and repeated cycling clearly shows a decrease in c.d.,
denoting growth of the pseudopassivation film. Class (c) corresponds to fully developed
pseudopassivation and repeated cycling still shows a systematic decrease in c.d., as in class
(b). Finally, class (d) corresponds to the transpassive range.

In grade Ni-Co, class (a), though essentially corresponding to a pseudopassive state,
nevertheless exhibits some aspects of active corrosion: (i) higher c.d. in the cathodic-going
scan and (ii) progressive c.d. increase by increasing the ATV and with cycling. Class (b)
corresponds to incipient passivation. Class (c) corresponds to the transpassive range, with
the peculiarity of showing a secondary pseudopassivation process, bringing about a small
but well-defined and perfectly reproducible c.d. maximum. Finally, transpassive behavior
is resumed for the c.d. maximum (class (d)).

In grade Co-Ni-Cr-Mo, class (a) exhibits the typical features of progressive passivation:
(i) c.d. decreases with increasing ATV; (ii) lower c.d. in the cathodic-going scan and
(iii) progressive (though limited) c.d. reduction upon cycling. Classes (b—d) are the same as
in grade Ni-Co.

In grade Ni-Co-Cr-Mo, class (a) exhibits the characteristics of fully passivated state,
while classes (b), (c) and (d), like in grades Ni-Co and Co-Ni-Cr-Mo, correspond to in-
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cipient transpassivity, secondary pseudopassivation and fully developed transpassivity,
respectively.

The classes described in the previous paragraph identify four E,; values, correspond-
ing to qualitative changes in electrochemical response: incipient pseudopassivity, fully
developed pseudopassivity, incipient transpassivity (without further specification for grade
Co-Nj, primary transpassivity for grades Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo), incipient
secondary transpassivity (for grades Ni-Co, Co-Ni-Cr-Mo and Ni-Co-Cr-Mo) and fully
developed transpassivity; this information is summarized in Figure 2. Moreover, to further
the quantitative analysis of the CV curves and of their classes of electrochemical behavior,
the above-expounded classes of electrochemical behavior can be fitted with a general phe-
nomenological model, expressing the key corrosion processes presented, implemented and
discussed in Section S2 of the Supplementary Material.
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Figure 2. Representative CVs, selected from the data reported in Figure 1a—d (anodic-going scans
of the 10th cycle, fitted with the model presented in Section S2 of the Supplementary Material),
to illustrate the classes of corrosion behavior of the investigated HM grades ((a) Co-Ni; (b) Ni-Co;
(c) Co-Ni-Cr-Mo; (d) Ni-Co-Cr-Mo) and of the corresponding critical potentials E,;;, highlighted
with color-coded vertical bars. Incipient (pink) and fully developed transpassivation (blue) are

conventionally set at 0.5 and 4 mA cm 2

, respectively. Incipient 2-TP (red) is conventionally set
after 1-TP (green) maximum. The E_,; values selected for in-depth characterization (Section 3.2) are

highlighted with a box. For more details, see Figures S2-S5 in the Supplementary Material.
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3.2. Characterization of HM Grades Polarized Electrochemically at the Critical Potentials E;

On the basis of the classification of the corrosion behavior of the investigated HM
grades proposed in Section 3.1, we have carried out an in-depth analysis of the evolution
of the HM behavior, centered on potentiostatic measurements, electrochemical impedance
spectrometry (EIS), SEM, EDS analysis and UV-Vis reflectance spectroscopy, that will
be expounded in the present section. The combination of these measurements enables
a thorough mechanistic understanding of the irreversible evolution of the surface and
subsurface chemistry and structure brought about by HM corrosion.

The rationale of this analysis is that of investigating the HM performance and proper-
ties, referring to conditions selected from the ones listed in Figure 2 and specified below,
that are more promising in view of achieving complete electrochemical dissolution of HM
scrap. In the case of the Co-rich grades (Co-Ni and Co-Ni-Cr-Mo)—for which both pseu-
dopassivity and transpassivity can be controlled electrochemically—the pseudopassive
(Co-Ni: incipient and fully developed pseudopassivity; Co-Ni-Cr-Mo: fully developed
pseudopassivity) and traspassive (Co-Ni: incipient and fully developed transpassivity;
Co-Ni-Cr-Mo: incipient primary transpassivity and fully developed secondary transpassiv-
ity) regimes are found. For the Ni-rich grades (Ni-Co and Ni-Co-Cr-Mo), that achieve the
pseudopassive state by ambient exposure, the incipient secondary transpassivity is found.
For ease of reference, the selected E,;; values have been highlighted with a box in Figure 2.

3.2.1. Potentiostatic (PS) Measurements

Figure 3a reports the results of the potentiostatic tests. Three classes of time depen-
dence can be noticed. (i) In the active range of Co-Ni (purple plot) and in the pseudopassive
range of Co-Ni-Cr-Mo before primary transpassivity (orange and green plots), the c.d.
tends to increase, denoting an increase in the active area. (ii) In the incipient passivation
or secondary transpassivity conditions (orange and green plots for grade Co-Ni and the
chronoamperograms of grades Ni-Co and Ni-Co-Cr-Mo), the c.d. decreases, indicating the
progressive surface depletion of active material and/or the build-up of layers inhibiting
the corrosion process. (iii) In the fully developed transpassive range (Co-Ni, blue plot;
Co-Ni-Cr-Mo, blue plot), the c.d. is essentially constant, showing the achievement of
steady-state corrosion conditions.

3.2.2. Electrochemical Impedance Spectrometry (EIS) Measurements

The characterization of the electrochemical behavior of the four grades investigated at
E.,i was completed by EIS measurements, carried out both under applied bias (Figure 3b)
and at OCP after the potentiostatic test (Figure S7b).

In general, the data can be modeled with an RC loop at high frequencies followed by a
Warburg impedance at low frequencies. The infinite diffusion-length equation is adequate
for the investigated frequency range. A few exceptions—found in high-c.d. cases of the
measurements carried out under applied potential—require additional components: (i) an
RL loop at low frequencies, denoting electrodic adsorption of electroactive intermediates
(Figure 3b (Co-Ni at 240 mV, Co-Ni-Cr-Mo at 970 mV)) [72]; (ii) two RC loops (Figure 3b
(Co-Ni 240 mV)). The NLLS parameters are reported in Table 3.

EIS spectra measured under applied polarization at E,;;, reported in Figure 3¢, reveal a
scenario that is notably richer than the one that can be achieved on the basis of potentiostatic
tests (Figure 3a) and EIS measurements carried out at OCP, both in pristine conditions and
after having applied PS conditions at E;; (Section S3 of the Supplementary Material). In the
case of the most reactive grade Co-Ni, with high-Co and no Cr-Mo, exhibiting the lowest
corrosion resistance and free corrosion in the active range (240 mV), incipient (340 mV) and
developed pseudopassivation (440 mV) as well as reactivation upon incipient transpassivity
(640 mV) correlate evidently with the CV pattern, denoting a relatively higher propensity
for active corrosion. The Ni-rich grade Ni-Co shows an evident increase in Rr with respect
to the Co-richer grade Co-Ni; inception of primary and secondary transpassivity shows an
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active corrosion process, accompanied by weak mass-transport control signature. This EIS
response correlates with an improved corrosion resistance, correlating with the Ni content.
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Figure 3. (a—d) Potentiostatic tests at the critical potentials E,;;. (e-h) EIS spectra measured under
applied polarization at the E,,;; values of Panels (a—d). (i-1) EDS measurements after the potentiostatic
tests of Panels (a—d). The measurements refer to the following HM grades: (a,e,i) Co-Ni, (b,f,j) Ni-Co,
(c,g k) Co-Ni-Cr-Mo and (d,h,1) Ni-Co-Cr-Mo. E;. are represented by color coded-vertical bar:
Incipient (pink); Fully developed pseudopassivation (orange); Incipient 1-TP (green); Incipient 2-TP
(red); Fully developed transpassivation (blue).

Grade Co-Ni-Cr-Mo clearly shows an impact of Cr + Mo addition, in terms of increased
R, together with the tendency, typical of Co-richer grades, towards progressive activation
by increasing the anodic polarization into the primary and secondary transpassive ranges.
In terms of corrosion resistance, this corresponds to a lower resistance under mildly oxi-
dizing conditions, with respect to Ni-Co, but a notably improved resistance under highly
anodic polarizations. Reactivation of the surface upon attainment of secondary transpas-
sive conditions is witnessed in the low-frequency inductive loop found at 960 mV. The
measurement of grade Ni-Co-Cr-Mo under incipient secondary transpassive conditions
shows a behavior which is very similar to that of grades Ni-Co and Co-Ni-Cr-Mo, pointing
towards the role of Ni and Cr-Mo in the establishment of secondary transpassivity. A higher
Ni content ensures high corrosion resistance in weakly oxidizing ambients, while that of Cr
and Mo imparts notable protection against strongly oxidizing conditions. In conjunction,
EIS at OCP (Section S3 of the Supplementary Material) and under PS control (Figure 3c)
reveals the following factors of HM corrosion. (i) Grades with binders containing Cr + Mo
exhibit relatively active transpassive behavior, that, nevertheless, after relaxation at OCP,
leaves behind an ennobled, passivated surface. Ni content evidently imparts better passive
properties. (ii) EIS under bias allows correlation of secondary transpassivity with the pres-
ence of Niand/or Cr, with Cr increasing the R at incipient secondary transpassivity. (iii) In
more reactive high-Co grades, PS polarization gives rise to an activity imprinting, whereby
the hierarchy of corrosion activity, assessed by EIS with applied potential, correlates with
the activity at OCP of the resulting surface conditions. Instead, in the high-Ni grades, no
activity imprinting was found.
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Table 3. EIS fitting parameters for the spectra reported in Figures 3b and S7b. Rgocp (kO cm?), Eyit
(mVAg /AgCl); REps (Q cm?): Faradaic resistance; aocp, aps: CPE exponents; cocp, ops: Warburg
parameter (QQ cm? s~03): OCP and PS refer to measurements, respectively, at OCP and under applied
potential. T This grade is in the pseudopassive state under ambient conditions. e Coincides with OCP,
for this grade. ® This potential refers to incipient primary transpassivity. * This potential refers to
incipient secondary transpassivity. o Pooled from two RC loops (for reference, see Figure 3b, data
referring to grade Co-Ni).

Co-Ni Ni-Co Co-Ni-Cr-Mo Ni-Co-Cr-Mo
Ecrit/mVAg/AgCl Ecrit/ vag/AgCl Ecrit/mVAg/AgCI Ecrit/mVAg/AgC1
RF,OCP / kQ CIT[’I2 RF,OCP / kQ CIT[’I2 RF,OCP / kQ sz RF,OCP / kQ cm2
Characteristic process XOCP XOCP XOCP XOCP
RF,PS/Q Cm2 RF,PS/Q sz RF,PS/Q sz RF,PS/Q sz
XPpS XPps XPps XPps
70
—340 —60 —130 399.2 + 0.5
ocCp 23.04 +0.12 36.85 £+ 0. 43 307.5 + 1.0 078 + 0.02
0.92 +£0.03 0.76 = 0.04 0.88 +0.01 Socp = 27,397 + 2102
240
Incipient 2.12 £+ 0.04
Peeude fssivaﬁon 0.96 + 0.08 N/At N/A* N/A*
P 17.59 + 0.21°
0.97 £ 0.03 ©
340 370
1.08 £ 0.02 0.99 £+ 0.04
Fully-developed 0.83 + 0.05 98.8 £ 0.14
Pse“d"gflf)s“’at“’“ 15.44 + 2.343 * 14730 + 20 *
0.77 £ 0.17 0.79 £ 0.02
ops = 39.48 + 4.60 ops = 1853 4+ 1924
*
440 ° 830 * 670 ° 4028:1 37
.. 1.60 = 0.12 37.84 +0.21 129.2 + 0.08 ) .
Incipient 0.86 = 0.05
Transpassivation 0.65 £+ 0.06 0.77 £ 0.01 0.89 £+ 0.03 107.9 + 0.3
FI-TP) 58.25 + 7.79 53.70 + 11.03 135.4 £ 28.0 0 9é 10 63
- 0.82 +0.14 0.74 +0.22 ’ ’

ops = 45.90 + 17.85

oocp = 23,460 + 19,399

ops = 12.78 4+ 10.85 ops = 14.53 4+ 15.75

ops = 26.45 £ 27.28

3.2.3. EDS Compositional Analyses

EDS analysis carried out on HM grades subjected to PS corrosion at E,j; is reported in
Figure 3c. The evidently better corrosion resistance of the grades containing Cr + Mo can
be straightforwardly related to the fact that pseudopassive conditions correspond to the
formation of a Cr- and W-enriched surface layer that is instead oxidized at transpassive
potentials. These changes in surface composition are more limited in the best-performing
grade Ni-Co-Cr-Mo, with a high Ni/Co ratio. The Ni-rich grade Ni-Co, in the absence
of Cr + Mo additions, shows denobling under incipient primary transpassivity, related
to a decrease in surface W in the presence of active corrosion of the binder, as witnessed
by the fact that the Ni/Co ratio is essentially the same as that of the pristine sample. The
Co-rich grade Co-Ni shows denobling in active conditions and progressive ennobling upon
driving the anodic potential into the pseudopassive and incipient transpassive ranges (see
also Figure S7a in the Supplementary Material). Initial denobling is due to the preferential
leaching of Ni and progressive ennobling to the leaching of the binder, leaving behind a
W-enriched surface enriched in Ni. In the transpassive range (point at 640 mV), W starts to
be effectively leached, and the surface fraction of Co increases slightly. It is worth noting
that in the Co-rich sample Co-Ni-Cr-Mo, the addition of Cr + Mo correlates with a notable
surface enrichment in Ni that increases with the anodic potential in the investigated range.
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3.2.4. Scanning Electron Microscopy

The investigation of the surface transformation of HMs polarized at the E,; values
was completed with SEM observations. To better chacaterize the scenario and for reference,
some tests were also carried out at additional potentials, as detailed where relevant. A
representative selection of micrographs is reported in Figure 4 and the systematic micro-
scopic documentation is available in Figures S8-510 of the Supplementary Material. By
comparing secondary electron (SE) and backscattered electron (BSE) images, it is possible
to discriminate between the surfacemost layer of corrosion products and the subsurface
composite structure. Figure S8 shows the results of the tests carried out with grade Co-Ni.
Two comments are in order here. Firstly, even though a steady state can indeed be obtained,
as pinpointed in Sections 3.1 and 3.2.1, the corrosion morphology of hardmetals is a strictly
time-dependent observable and, in principle, the pseudopassivation and passivation films
and the transpassive surface structure change with aggression time under otherwise identi-
cal conditions. We shall discuss the specific corrosion morphology corresponding to the
attack conditions relevant to the demolition investigation. A systematic study of time-
dependent corrosion morphology would be an independent investigation in its own right.
Secondly, as a result of both the time dependence mentioned above and the formation of
complex thick corrosion product films, the corrosion morphology of hardmetal surfaces
cannot be straightforwardly classified in terms of the classical corrosion types commonly
referred to in the literature. By comparing SE and BSE images, one can clearly notice the
presence of a porous, uniform surface layer that correlates clearly with pseudopassivity
(Panels (a) and (b) of Figure 4). The pore positions correspond to the binder regions.

Pl .
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Figure 4. Cont.
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Figure 4. SEM micrographs after potentiostatic polarization at E,;; for the following HM grades and
potentials: (a,b) Co-Ni 440 mV, (c,d) Co-Ni 640 mV, (e,f) Ni-Co 830 mV, (g,h) Co-Ni-Cr-Mo 970 mV,
(i,j) Cr + Mo to the Ni-rich binder 845 mV. Left column: secondary electron images; right column:
backscattered electron images. E,;;. are represented by color coded Incipient 1-TP (green); Incipient
2-TP (red); Fully developed transpassivation (blue).

The morphological scenario revealed by SE is essentially the same in the whole in-
vestigated potential range, encompassing active corrosion (Figure S8a: 240 mV), incipient
pseudopassivation (340 mV, images essentially the same as for 240 mV; not reported for
brevity), fully developed pseudopassivity (Figures 4a and S8c: 440 mV) and incipient
transpassivity (Figures 4c and S8e: 640 mV). The BSE images instead show some no-
table differences in the morphology of the W-rich framework. In the active and incipient
pseudopassive ranges (240-340 mV, Figure S8b), the intact WC grain structure, resulting
from binder dissolution, can be clearly appreciated. Pseudopassive conditions (440 mV,
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Figures 4d and S8d) show less well-defined W-rich areas that can be explained with the
attack of WC; this leads to partial loss of the original polygonal WC morphology and to the
spreading of a W-enriched oxidized phase in the regions initially occupied by the binder.

A similar scenario is found with grade Ni-Co under pseudopassive conditions
(Figure S9a,b: 650 mV), with the key difference that the surface film detected by BSE
is not a porous one as with grade Co-Ni but rather it shows a pattern corresponding to the
original WC grain structure. This morphology relates to the less actively corroding Ni-rich
binder, resulting in a corrosion product film free of pinholes. Under incipient secondary
transpassivity conditions (Figures 4e,f and S9¢,d: 830 mV), the corrosion morphology is
totally different: the surface film is no longer visible and the WC grains are extensively
corroded, giving way to a porous surface, characterized by micrometric pits. Instead, under
the same incipient secondary transpassivity conditions, addition of Cr + Mo to the Ni-rich
binder (Figures 4i,j and S9e,f: 845 mV) results in the preservation of the surfacemost film,
with the formation of micrometric porosities, under which the W-rich grainy structure is
not disrupted.

Addition of Cr + Mo to the Co-rich binder of grade Co-Ni-Cr-Mo (Figure S10a,b and
Figure S10c,d, corresponding to 370 and 670 mV, respectively) yields the same sequence of
morphologies found with grade Ni-Co. Pushing the anodic potential in the full secondary
traspassive range (Figures 4g,h and S10e,f: 960 mV), the pitted morphology gives way to
one that is typical of electrochemical oxide growth, with a homogeneous distribution of
crystallites and a well-developed micrometric cracking pattern.

3.2.5. UV-Vis Reflectance Spectroscopy

UV-Vis reflectance spectroscopy is sensitive to the electronic structure of compounds
and allows us to discriminate between metallic and oxidized species and to distinguish
different types of oxides and hydroxides [27,73-76]. This approach—which is reported here
for the first time in the case of hardmetal corrosion studies—can thus be fruitfully employed
to achieve a deeper physico-chemical understanding of the nature of pseudopassive layers.
Of course, this method is intrinsically sensitive to the topmost material layers and cannot
disclose information regarding the interface between the corrosion layer and the residual
uncorroded bulk, but this limitation does not impair the additional information that can
be gleaned for the purpose of the present study. Figure 5 reports the UV-Vis specular
reflectance spectra of the surface of the investigated samples in a pristine state and after PS
corrosion in the conditions of Figure 3a. It can be noticed that the reflectivity of pristine
samples is dominated by WC (WC-type spectra [77]), with the binder adding a slight white-
metal-type contribution. In less corrosion-resistant Co-Ni, WC-type reflectivity (Figure 5a)
is also found in the whole active corrosion range—with minor differences, not highlighted
for brevity—since binder dissolution impacts negligibly the dominant contribution of
the ceramic phase. The reflectivity in the pseudopassive range of Co-Ni (Figure 5a) is
controlled by a spectral pattern essentially corresponding to WO3, possibly with metal-ion
doping and/or some degree of nanostructuring [78]. The optical response of Co-Ni in the
transpassive range (Figure 5a) is typical of TMy WO, compounds [79-81], coherent with
the SEM analyses which revealed the attack of both binder and WC in this potential range.

The spectral patterns of more corrosion-resistant grades Ni-Co, Co-Ni-Cr-Mo and
Ni-Co-Cr-Mo (Panels (b—d) of Figure 5, respectively) exhibit notable common aspects. (i)
A pseudopassive state achieved by environmental exposure: these grades spontaneously
develop a pseudopassive layer exhibiting the TMyWO,-type optical response—with slight
differences depending on the binder composition—showing that the surface films observed
by SEM consist of oxidation products containing both binder elements and W. (ii) Incipient
transpassivity is characterized by the WO3-type spectral pattern, indicating that the increase
in c.d. is dominated by WC corrosion. (iii) Corrosion in the fully developed transpassive
range is different in grades without (Ni-Co, Figure 5b) and with (Co-Ni-Cr-Mo, Figure 5¢c
and Ni-Co-Cr-Mo, Figure 5d) Cr + Mo additions. Grade Ni-Co exhibits an optical response
that is very similar to that observed under incipient transpassive conditions, while grades
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Co-Ni-Cr-Mo and Ni-Co-Cr-Mo exhibit a modified spectral pattern of the TMyWOj class,
that—according to the literature—might be related to W-based mixed oxides with more
than one additional metallic element [82-84]. This kind of optical behavior suggests that in
grade Ni-Co the surface is strongly binder depleted and is thus dominated by WC corrosion,
while in grades Co-Ni-Cr-Mo and Ni-Co-Cr-Mo the binder still contributes to the formation
of a mixed oxide that imparts higher corrosion protection.
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Figure 5. UV-Vis reflectance spectra of the surface of the indicated grades in pristine conditions and
after potentiostatic corrosion at the indicated potentials. The measurements refer to the following
HM grades: (a) Co-Ni, (b) Ni-Co, (¢) Co-Ni-Cr-Mo and (d) Ni-Co-Cr-Mo.

3.3. Electrochemical Demolition of HM Grades

From the literature summarized in the Introduction, as well as from industrial ex-
perience, it is empirically evident that galvanostatic and potentiostatic polarization of
hardmetals, aimed at the electrochemical demolition of scrap for the recovery of the con-
stituent elements, is indeed feasible, but with the key drawback that the corrosion current
slowly tends to converge to zero, owing to so far poorly understood pseudopassivation
processes. This leads to practically unacceptable recovery rates or to the need for alter-
nating periods of electrochemical attack and of mechanical treatment, aimed at removing
the pseudopassive layers, thus regaining electrochemical activity. This solution, though in
principle viable, is expensive and impractical.

In line with these facts, the conclusions of Section 3.2 provide the mechanistic insight
into the nature of the corrosion process and of the corrosion product layers, on the basis of
which one can exclude the possibility of attaining electrochemical corrosion rates compatible
with industrial requirements. In fact, the global message is that, at low anodic polarizations,
relatively stable pseudopassive films form, while in the fully transpassive range active
corrosion of both binder and WC can be obtained, but with c.d. values that would not
enable industrially dissolution rates. Moving still more anodically and fully into the oxygen
evolution range does not change the dissolution efficiency. The fact that corrosion product
films formed at highly anodic potentials from different HM grades, though of different
composition, are stable over time and do not give way to faster dissolution modes is clearly
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shown by potentiostatic experiments extending into the OER range (Figure S11 of the
Supplementary Material).

Overall, this scenario confirms that electrochemical corrosion alone (i.e., dissolution)
does not seem to enable high-rate destruction of HM scrap, confirming that mechanical
action of some kind (i.e., demolition) is needed. Nevertheless, the appropriate mechanical
action can indeed be obtained by electrochemical polarization alone. In fact, by applying an-
odic polarization in the pseudopassive or early transpassive ranges, as shown in Section 3.2,
a range of films can form, consisting of the combination of partly corroded binder and
WC, with their specific nature strongly depending on the grade and polarization history.
Notwithstanding their profound differences, these films share two key properties: they
are poorly electronically conducting and porous. This means that the observed limited
residual electrochemical activity of corroded HM samples is localized at the metallic HM
structure screened by the corrosion product layer. Thus, if after the formation of a layer of
appropriate thickness and porosity, the potential is switched to the OER range, O, bubbles
can be nucleated at the interface between the subsurface residual electroactive region of
the HM and the insulating film that can detach the pseudopassive layer, on the one hand
carrying out the progressive demolition of the HM sample and, on the other hand, reac-
tivating electrochemically the sample towards the formation of a subsequent corrosion
product layer, as schematized in Figure 6. Thus, switching between film formation and
OER-induced film detachment regimes can result in effective, entirely electrochemically
driven, HM demolition. The top panel of Figure 6 shows a typical c.d. response to the
PS square-wave cycles in which periodic detachment of pseudopassive film layers can be
achieved for grade Co-Ni. The accompanying schematic illustrates conceptually an HM
demolition cycle, including: (a) the formation of corrosion product film, (b) followed by O,
evolution, (c) leading to film detachment. The complete information for the four grades
considered in this study is reported in Figure S12 and further described in Section S4 of
the Supplementary Material. Electrochemical switching from pseudopassivation to OER
leads to the sequential detachment of corrosion product disks, that is documented in the
bottom panel of Figure 6 and in the time-lapse movie that can be downloaded from the
journal website.
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Figure 6. Schematic of the electrochemical demolition process, based on potentiostatic cycles, first
forming a porous corrosion product layer and then detaching it by O, bubble formation. Top panel:
c.d. time-series resulting from potentiostatic anodic square-wave cycling, leading to electrochemical
HM demolition. The reported case refers to grade Co-Ni: see Figure S12 in the Supplementary
Material for complete information on the four investigated grades. Bottom panel: frame sequence
of disk detachment. Disks detached from previous loop are visible at the bottom of the beaker. The
corresponding time-lapse movie is available from the journal website.
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All investigated grades can be electrochemically demolished with this approach, but
some interesting differences emerge in the behavior of specific HMs. Firstly, all grades
except Co-Ni, that exhibits a higher propensity to active corrosion, show a progressive c.d.
increase in the low-anodic branch (left-hand side of Figure S12e) that shows, on the one
hand, corrosion activation after the OER period (c.d. increase during each potentiostatic
holding interval) and, on the other hand, progressive roughening (c.d. increase over a series
of cycles). The c.d. response in each potentiostatic holding period at high anodic values
(right-hand side of Figure S12e), again with the exception of grade Co-Ni that exhibits an
essentially constant value, shows a tendency to decrease. Specifically, grade Ni-Co shows
an initial spike that reaches levels matching those found in the galvanostatic staircase,
followed by a period in which the c.d. relaxes to a notably lower value, with a slight
tendency to increase. This rich electrochemical dynamic scenario, and its dependence on
the different grade chemistries, requires further investigation that is the object of ongoing
fundamental study.

The metal composition of the disks detached during electrochemical demolition was
analyzed by EDS and found to consist essentially of W, with small amounts of residual
binder metals (Table 4). Moreover, the oxygen content—as measured by IR spectrometry—
was found to be 26.4 & 1.0 atomic %. These data indicate that the detached disks basically
consist of WO3, indicating good selectivity of the process towards the separation of W and
binder elements.

Table 4. Wt% of binder metals found in the corrosion product disks, detached during the electro-
chemical demolition process. Balance is W.

Grade Co-Ni Ni-Co Co-Ni-Cr-Mo Ni-Co-Cr-Mo
Co 0.19 + 0.04 w% 0.97 &+ 0.13 w% 0.88 £ 0.62 w% 0.02 £ 0.02 w%
Ni - 4.18 + 0.52 w% 0.12 + 0.16 w% 0.32 + 0.08 w%
Cr - - 0.31 £+ 0.01 w% -

Mo - — 1.43 £ 0.11 w% 0.30 = 0.15w%

Finally, the kinetics of HM demolition by the anodic potential switching method was
evaluated by weight change measurements of the treated samples. The results span between
about 5 mm /Yy, for the grade Ni-Co, and 50 mm /Yy, for the grade Co-Ni, demonstrating that
the demolition rate is at least two orders of magnitude higher than the corrosion rates in
potentiostatic conditions and similar environments, reported in the literature to be of the
order of 0.050 mm/y in traditional electrochemical recovery approaches [26,85]. It is worth
noting that even the grades with higher corrosion resistance can be effectively demolished
with the electrochemical process described here.

4. Conclusions

This work proposes a novel sustainable and low-cost method for the destruction of
HM scrap, preliminary to the recovery of raw materials. Our approach, that is electrochem-
ical in nature, employs a neutral aqueous electrolyte and operates at room temperature
and can replace the thermal oxidation processes that are in current use. Past attempts to
follow the electrochemical route failed owing to extremely low dissolution rates that led
to the necessity of adding mechanical steps to the process (corrosion/grinding approach)
that made it impractical and expensive. The success of our approach is due to the fact that
high destruction rates are achieved by obtaining the required mechanical action with mere
electrochemical control, hence the new denomination “electrochemical demolition”. The
discovery of this process was enabled by the in-depth understanding of the electrochemical
details disclosed in this study. In fact, on the basis of systematic electrochemical investiga-
tions, combined with morphochemical studies of the corrosion product layers, we have
definitively proved that the holy grail sought after by the electrochemical HM destruction
approach—i.e., high dissolution rate obtained by the selection of optimal electrochemical
polarization conditions—is simply impossible to attain.
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More specifically, a common aspect of HM corrosion processes emerging from our
multi-technique study, carried out in a vast range of electrochemical conditions, is that
the rich scenario of selective corrosion of binder and carbide and film formation including
both pseudopassive and transpassive processes leads in any case to very low corrosion
rates. At low polarization, preferential binder corrosion dominates the anodic behavior,
but pseudopassive film formation and field confinement due to the regress of the binder
surface in the gap among WC grains progressively decreases the corrosion rate. At high
polarizations, WC corrosion is the controlling factor, but its rate is slow owing to local
acidification resulting from the release of transition metal ions in the electrolyte, in turn
leading to stabilization of insoluble tungsten oxides, as well as to the formation of W-, Ni-
and Co-containing mixed oxides.

Thus, in-depth understanding of the corrosion process and of the nature of corrosion
product layers opened up the possibility of carrying out targeted electrochemistry that
could achieve precisely the required mechanical action to destroy the layers inhibiting
free corrosion. In fact, pseudopassive conditions lead to the formation of a corrosion
product layer, the porosity and/or ionic conductivity of which can in principle be tuned,
supported on the electronically conducting subsurface structure, consisting of WC grains
and residual binder. In this scenario, the formation of a pseudopassive layer, followed
by polarization in the OER range, can lead to the build-up of O, pressure at the interface
between the pseudopassive film and the electroactive subsurface layer that detaches the
pseudopassive film and reactivates the sample. Thus, a pulsed potentiostatic anodic process,
periodically switching between the pseudopassive and the OER ranges, ensures sustained,
fully electrochemical HM demolition by periodic release of corrosion product foils. This
common behavior, though with material-dependent peculiarities, was found for all grades
investigated. Moreover, the electrochemical demolition process proposed exhibits the
additional advantage of a high chemical selectivity: the detached solid fraction consists of
essentially pure W, while Co and Ni are released to the electrolyte. Of course, the thermal
or conventional corrosion/grinding yield destruction processes in which W, Co and Ni are
mixed.

This work presents a comprehensive and fully self-contained study of a novel aque-
ous electrochemical method for the high-rate, corrosion-based destruction of hardmetal
scrap with an energetically mild and environmentally benign approach, liable to change
the scenario of hardmetal recovery. This process opens up a sustainable route for hard-
metal recycling, competing with the currently energy-demanding and polluting thermal
approach, characterized by a large carbon footprint and a high consumption of natural gas.
Electrochemical recovery has been explored for decades, but—notwithstanding a relatively
extensive literature—no industrially viable process has been identified so far, owing to the
extremely low throughput allowed by this approach, caused by hardmetal passivation.
Our systematic study of the fundamentals of hardmetal passivation enabled the discovery
of an original way to use electrochemistry to achieve a productivity increase of at least two
orders of magnitude with respect to traditional electrochemical demolition approaches,
fully compatible with industrial requirements and liable to open up a concrete industrial
route for the recovery of CRMs from HM scrap. Future work will target a more systematic
investigation of the parameter space of the pulsed anodic process and materials science
studies of the released corrosion product foils and their post-processing towards final Co,
W and Ni recovery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13081376/s1, Figure S1: Quantitative analyses of the CVs of
Figure 1a—d for the grades indicated in the panels. (a, ¢, e, g) Specific charge per cycle (rationed over
the voltage span of a given CV), as a function of the number of cycles, for a given anodic terminal
voltage (ATV, color-coded as shown in the image). (b, d, f, h) Specific charge per cycle vs. ATV,
averaged over all cycles measured with a given ATV (an extract of these data is reported in Figure 1f).
For ease of reference, the ATVs are color-coded in each panel. (a) Co-Ni, (b) Ni-Co, (c) Co-Ni-Cr-Mo,
(d) Ni-Co-Cr-Mo; Figure S2: Grouping in classes of voltammetric shapes for the CVs measured by
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voltage (ATV) with grade Ni-Co; Figure S4: Grouping in classes of voltammetric shapes for the CVs
measured by progressively shifting the anodic terminal voltage (ATV) with grade Co-Ni-Cr-Mo;
Figure S5: Grouping in classes of voltammetric shapes for the CVs measured by progressively shifting
the anodic terminal voltage (ATV) with grade Ni-Co-Cr-Mo; Figure S6: Fit parameters for Eq. (S1)
(see also Panel (a)), as a function of the ATV. (b) ip; for grade Co-Ni; (c) ip1; (d) Vy; (e) By; (f) ip;
Figure S7: (a) OCP measurements carried out after the potentiostatic tests at the critical potentials
E.it reported in Figure 3a. (b) EIS spectra measured at OCP in pristine conditions and after the
OCP relaxation of Panel (a); Figure S8: SEM micrographs of HM grade Co-Ni after potentiostatic
polarization at the indicated potentials. Left column: secondary electron images; right column:
backscattered electron images; Figure S9: SEM micrographs of HM grades Ni-Co and Ni-Co-Cr-
Mo after potentiostatic polarization at the indicated potentials. Left column: secondary electron
images; right column: backscattered electron images; Figure S10: SEM micrographs of HM grade
Co-Ni-Cr-Mo after potentiostatic polarization at the indicated potentials. Left column: secondary
electron images; right column: backscattered electron images; Figure S11: Anodic potentiostatic
experiments extending into the OER region for the indicated HM grades. (a) Current density (c.d.)
vs. time; (b) c.d. vs. applied potential; (c) chronoamperograms at 1.55 Vag/agc1- Serration of the
c.d. time-series at potentials in excess of 1.55 Vg, a¢c1 denotes O, bubble formation and release;
Figure 512: The c.d. time-series resulting from potentiostatic anodic square-wave cycling, leading to
electrochemical HM demolition, for the four investigated grades: (a) grade Co-Ni; (b) grade Ni-Co;
(c) grade Co-Ni-Cr-Mo; (d) grade Ni-Co-Cr-Mo. The low- and high-anodic potentials, specified in the
images, are applied for 40 min each. Panel (e) compares the four time-series and shows details of the
c.d. response to low- and high-anodic potentials; Figure S13: Details of the c.d. time-series resulting
from pulsed anodic potentiostatic polarization for electrochemical HM demolition of grades Co-Ni
(a) and Ni-Co-Cr-Mo (b), highlighting the electrochemical signature corresponding to the detachment
of a corrosion product disk at each cycle; Figure S14: Comparison of the c.d. values corresponding
to potentiostatic polarization in the low-anodic range: potential cycling (black lines) and constant
potential (plotted in color) experiments for the HM grades are indicated; Table S1: NLLS estimates
and their 95% confidence levels for the model parameters of Egs. (S1.1)-(S1.4).
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