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Abstract:



In this paper, the electrochemical corrosion resistance of near-nano and nanostructured WC-Co cemented carbides was investigated. WC powders with an average grain size dBET in the range from 95 nm to 150 nm and with an addition of vanadium carbide (VC) and chromium carbide Cr3C2 as grain growth inhibitors were used as starting powders. The mixtures with 6 wt. % and 9 wt. % Co were consolidated by two different processes; sintering in hydrogen atmosphere and the sinter-HIP process. WC-Co samples were researched by direct current and alternating current techniques in the solution of 3.5% NaCl at room temperature. Corrosion parameters such as corrosion potential (Ecorr), corrosion current density (jcorr) and polarization resistance (Rp) were determined by electrochemical techniques. From the conducted research, it was found that the consolidation processes and microstructural characteristics—grain growth inhibitors, grain size of the starting WC powders and η-phase—influenced the electrochemical corrosion resistance. η-phase enhanced the formation of a passive layer on the samples’ surfaces, thereby reducing the tendency of the sample dissolution and increasing the stability of oxides forming therewith a passive layer on the sample surface.
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1. Introduction


Corrosion resistance and electrochemical properties are not a prime requirement of cemented carbides, nevertheless, these properties are very important in industrial use since the application area of cemented carbides is rapidly growing due to their superior mechanical properties, high hardness and high toughness, and good wear resistance [1,2,3,4]. Cemented carbides are used in the chemical and petroleum industry for applications such as flow control components, oil and gas inserts such as drill bits, drilling rigs, brag bit profiles, chisel buttons and metal forming tools where they are exposed to an aggressive environment which requires erosion and corrosion resistance [3,5]. Cemented carbides are susceptible to oxidation behavior, electrochemical corrosion and wet corrosion which can cause wear problems [3,4]. The corrosion mechanism occurring in cemented carbides depends on many influential factors which can be classified into two basic groups; one referring to the environment and another one to microstructural characteristics.



Many authors have shown that the rate of corrosion depends on the concentration and temperature of corrosive fluids, exposure time, and most of all, on the pH of the fluid [2]. Conventional WC-Co cemented carbides are characterized by poor corrosion resistance in acid or neutral aqueous solutions for pH ≤7 due to the susceptibility of Co to wet corrosion [3]. In neutral and acidic medium, the selective dissolution of the Co matrix occurs while WC particles are not affected by the corrosion attack; while at alkaline pH values, the passivation of the Co matrix occurs and WC is dissolved [3,4,5,6]. A study from a group of authors demonstrated that the presence of aggressive anions, Cl− and SO42− stimulates the speed of anode dissolution [4]. Pitting corrosion observed in the presence of Cl− anions and SO42− anions causes indirect impact on the acceleration of the cathodic reaction and significantly affects the anodic reaction [4,6]. Accordingly, it is very important to take into account the operating medium parameters such as pH value, temperature and conductivity. It is evident that WC-Co hardmetals are characterized by poor resistance to acidic media, while WC-Ni hardmetals are stable in acidic solutions to pH = 3.



Besides environmental influences, the corrosion behavior of WC-Co cemented carbides is influenced by microstructural characteristics, such as the WC grain size, the amount of the binder phase and binder composition [2,7]. The conclusions found in the literature are contradictory. Human reported that the size of the WC grains does not show any effect on the corrosion behavior of the WC-10Co composite [4]. The latest research by Zhang showed that the corrosion resistance deteriorates with the increase of the WC grain sizes in neutral and alkaline medium while the corrosion resistance in acid medium increases with the increase of WC grain sizes [8]. The latest research of Tarrago points out that the medium grain-sized hardmetals exhibit higher damage tolerance to corrosion and better strength retention than the ultra-fine hardmetals [9]. The chemical nature of the binder significantly influences the corrosion behavior of cemented carbides. Until now, it is well known that using Ni instead of Co as binder can improve corrosion resistance. Refractory metal carbides which are added as grain grow inhibitors (GGIs) to ultrafine and especially nano-sized powders also influence the corrosion resistance (they have been found to increase the resistance to corrosion) [10,11]. Their influence is still a relatively under-researched area. According to Sutthiruangwong and Mori, the small addition of 0.5% Cr3C2 does not improve the corrosion resistance of WC-Co-cemented carbides while higher amounts of tungsten and/or chromium dissolved in the binder improve corrosion resistance [10]. Corrosion potential with an addition of Cr tends to more positive values, while adding Cr3C2 significantly reduces the current density. Mori [12] found that small additions, less than 0.5% TiC and TaC, have no influence on the corrosion resistance while adding between 4% and 8% is effective, but the mechanism is not yet fully explored.



Electrochemical corrosion resistance of nanostructured cemented carbides is an under-researched area. It is difficult to define an appropriate mechanism of corrosion and the influence of GGIs and WC powder size on the corrosion behavior of nanostructured cemented carbides. The presented research was performed in order to investigate the influence of the consolidation process and microstructural characteristics on the electrochemical corrosion resistance of near-nano and nanostructured cemented carbides.




2. Materials and Methods


Newly developed tungsten carbide WC near-nano and nano-powders WC DN 2-5 and WC DN 4-0 produced by HC Stark (Goslar, Germany) were used as starting materials. The powders have an average grain size dBET in the range from 95 nm to 150 nm and a specific surface area (BET) in the range from 2.5 m2/g to 4.0 m2/g [13,14]. Grain growth inhibitors GGIs were added to the starting WC powders. Four different mixtures were prepared as presented in Table 1.



Table 1. Characteristics of mixtures and samples.







	
Mixture

	
Sample

	
WC Powder

	
Grain Size dBET, nm

	
GGI, wt %

	
Co, wt %

	
Sintering Atmosphere






	
WC9Co/1

	
WC-9Co/1V

	
WC DN 2-5/1

	
150

	
0.26% VC, 0.45% Cr3C2

	
9

	
Hydrogen




	
WC-9Co/1S

	
9

	
Sinter-HIP




	
WC9Co/2

	
WC-9Co/2V

	
WC DN 2-5/2

	
150

	
0.27% VC

	
9

	
Hydrogen




	
WC-9Co/2S

	
9

	
Sinter-HIP




	
WC6Co/1

	
WC-6Co/1V

	
WC DN 2-5/1

	
150

	
0.26% VC, 0.45% Cr3C2

	
6

	
Hydrogen




	
WC-6Co/1S

	
6

	
Sinter-HIP




	
WC6Co/4

	
WC-6Co/4V

	
WC DN 4-0

	
95

	
0.41%VC, 0.80% Cr3C2

	
6

	
Hydrogen




	
WC-6Co/4S

	
6

	
Sinter-HIP










As can be seen from Table 1 above, the WC powders were mixed with 6 wt % and 9 wt % Co. The samples were sintered by two different processes; conventional liquid phase sintering in hydrogen and sinter-HIP in one cycle. Overall, eight samples were selected for examination. Samples were prepared for the porosity measurement and microstructure analysis. Etching for 2–3 s in a Murakami reagent was performed for the purpose of checking η-phase. The analysis was performed using an optical microscope (Olympus, Shinjuku, Tokyo, Japan) and a field emission scanning electron microscope (FESEM) (Tescan, Brno, Czech Republic). For the measurement of WC grain size, dWC was carried out by a conventional linear intercept method according to EN ISO 4499-2:2011. The surface of samples was polished and ultrasonically cleaned for the purpose of electrochemical measurement.



Electrochemical Measurement


The polished sample surface with the exposed area of 1 cm2 was immersed into the cell with electrolyte solution. A saturated calomel electrode SCE (SCHOTT Instruments GmbH, Mainz, Germany) was used as a reference electrode while graphite wires were used as a counter electrode. A Haber–Luggin capillary was inserted close to the working electrode to reduce the influence of Ohmic drop. Different electrochemical corrosion techniques—direct current (DC) and alternating current (AC) techniques—were applied. DC techniques; the open-circuit potential or corrosion potential Ecorr, the linear polarisation resistance (LPR), and the Taffel extrapolation method were carried out on each sample for the purpose of corrosion rate determination. DC measurements were performed on the potentiostat/galvanostat Princeton applied research, model 273A EGE. The corrosion parameters were recorded graphically and analytically using the software SoftCorr III (AMETEK Scientific Instruments, Princeton applied research, Berwyn, PA, USA). The measurements were performed in relation to the reference saturated calomel electrode (SCE) with known potential of +0.242 V according to the standard hydrogen electrode.



Electrochemical impedance spectroscopy (EIS) from alternating current techniques was carried out in order to investigate the corrosion process at the interface between the sample surface and electrolyte solution. The impedance and the phase shift curves were plotted against the excitation frequency for each sample. The frequency applied in the research was in the range from 10,000 Hz to 1 Hz and an amplitude in the range of 1000 mV root-mean-square (RMS). EIS was performed on the potentiostat AMETEK, Princeton applied research, model VersaSTAT3 with a typical three-electrode cell setup at room temperature in relation to the reference SCE. All measurements were performed in the solution of 3.5% NaCl.





3. Results


The characteristics of researched samples are presented in Table 2.



Table 2. Characteristics of researched samples [13,14].







	
Mixture

	
Sample

	
Porosity

	
η-phase

	
dWC, μm

	
Measured Density, g/cm3

	
ρ, %




	
A

	
B

	
C






	
WC9Co/1

	
WC-9Co/1V

	
A02

	
B00, B02

	
C00

	
N

	
0.249 ± 0.122

	
14.45 ± 0.06

	
99.6




	
WC-9Co/1S

	
A00

	
B00

	
C00

	
N

	
0.192 ± 0.073

	
14.60 ± 0.03

	
100




	
WC-9Co/2

	
WC-9Co/2V

	
A02

	
B00, B02

	
C00

	
N

	
0.265 ± 0.159

	
14.51 ± 0.05

	
99.4




	
WC-9Co/2S

	
A00

	
B00

	
C00

	
N

	
0.243 ± 0.086

	
14.66 ± 0.02

	
100




	
WC-6Co/1

	
WC-6Co/1V

	
A04

	
B02

	
C00

	
N

	
0.235 ± 0.135

	
14.70 ± 0.08

	
99.1




	
WC-6Co/1S

	
A02

	
B00

	
C00

	
Y

	
0.216 ± 0.078

	
14.82 ± 0.04

	
99.9




	
WC6Co/4

	
WC-6Co/4V

	
A06

	
B02

	
C00

	
N

	
0.175 ± 0.155

	
14.55 ± 0.08

	
98.6




	
WC-6Co/4S

	
A04

	
B00

	
C00

	
Y

	
0.139 ± 0.058

	
14.74 ± 0.04

	
99.8










As can be seen from Table 2, higher densities are achieved for higher Co content and bigger grain size of the starting powder. The achieved densities of all samples sintered in hydrogen are lower than the theoretical density. The degree of porosity of WC-9Co samples sintered in hydrogen is A02, predominantly B00, partially B02, without uncombined carbon or η-phase. The high degree of porosity with pore sizes larger than 2 μm was obtained for the WC-6Co mixtures. The degree of porosity of the WC-6Co samples ranges from A04 to A06, B02 without uncombined carbon or η-phase. Additionally, small cracks occurred on samples sintered in hydrogen, especially WC-6Co/4V samples, resulting from one of the following technological operations: milling, waxing or granulation [13,14]. WC-9Co samples consolidated by sinter-HIP achieved theoretical densities while WC-6Co samples almost achieved theoretical density, in the range from 99.8% to 99.9%. The degree of porosity of WC-9Co sinter-HIPed samples is A00, B00, without uncombined carbon or η-phase while the degree of porosity of WC-6Co sinter-HIPed samples ranges from A02 to A04, B00 without uncombined carbon. The η-phase was detected on the surface of samples WC-6Co/1S and WC-6Co/4S consolidated by the sinter-HIP process. Samples with η-phase were selected in order to investigate the influence of η-phase on the electrochemical properties of WC-Co cemented carbides. Some investigations indicate that η-phase could improve the corrosion resistance of cemented carbides [10,11,12]. Samples WC-9Co/1S, WC-6Co/4V and WC-6Co/4S with a WC grain size dWC 200 nm can be classified as nanostructured WC-Co cemented carbides while all other samples with a WC grain size dWC 200, near 200 nm, can be classified as near-nano cemented carbides. The results of electrochemical DC techniques; corrosion potential Ecorr, and potentiodynamic polarization curves (Taffel) are presented in Table 3 and in Figure 1 and Figure 2.


Figure 1. Corrosion potential Ecorr of samples [15].
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Figure 2. Potentiodynamic polarisation curves (Tafel extrapolation diagram) of samples [15].
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Table 3. The results of electrochemical DC techniques [15].







	
Sample

	
Ts (°C)

	
Ecorr vs. SCE (mV)

	
Rp (kΩ·cm2)

	
ba (V/dec)

	
bc (V/dec)

	
jcorr (μA/cm2)

	
vcorr (mm/a)






	
WC-9Co/1V

	
20 ± 2

	
−241

	
4.66

	
0.0579

	
0.3992

	
3.755

	
0.0678




	
WC-9Co/1S

	
20 ± 2

	
−418

	
2.35

	
0.1707

	
1.0180

	
19.310

	
0.3488




	
WC-9Co/2V

	
20 ± 2

	
−334

	
10.26

	
0.1593

	
0.2742

	
2.269

	
0.0409




	
WC-9Co/2S

	
20 ± 2

	
−438

	
4.94

	
0.0649

	
0.8492

	
7.879

	
0.1419




	
WC-6Co/1V

	
20 ± 2

	
−128

	
101.10

	
0.2260

	
0.2014

	
0.352

	
0.0064




	
WC-6Co/1S

	
20 ± 2

	
−112

	
71.96

	
0.0275

	
0.1373

	
0.292

	
0.0052




	
WC-6Co/4V

	
20 ± 2

	
−347

	
17.55

	
0.0041

	
0.2740

	
1.660

	
0.0030




	
WC-6Co/4S

	
20 ± 2

	
−214

	
39.72

	
0.2078

	
0.2718

	
1.065

	
0.0193








Ts—measured temperature; Ecorr—corrosion potential; Rp—polarisation resistance; ba—slope of anodic Tafell curve; bc—slope of cathodic Tafell curve; jcorr—corrosion current density; vcorr—corrosion rate.








The results of electrochemical impedance spectroscopy (EIS) are presented in Table 4. After comparing the measured and calculated values of the impedance in the Nyquist diagrams, the model of equivalent electrical circuit (EEC) that best describes the reactions and changes on the samples’ surface in the electrolyte was selected using data analysis software ZSimpWin Version 3.2. Model type R(QR(QR)(QR)(CR)) was selected for all samples. The schematic diagram of the selected EEC circuit with components is presented in Figure 3.


Figure 3. Selected model of EIS equivalent electrical circuit.
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Table 4. The results of EIS.







	
Sample

	
Re, Ω·cm2

	
Qp-Yo, S·sn·cm2

	
np

	
Rp, Ω·cm2

	
Q1-Y01, S·sn·cm2

	
n1

	
R1, Ω·cm2

	
Q2-Y02, S·sn·cm2

	
n2

	
R2, Ω·cm2

	
Cdl, F/cm2

	
Rdl, Ω·cm2






	
WC-9Co/1V

	
0.002

	
1.6 × 10−7

	
0.99

	
1.2 × 104

	
2 × 10−5

	
0.79

	
63.4

	
1.6 × 10−4

	
0.91

	
12.8

	
1.3 × 10−5

	
35.44




	
WC-9Co/1S

	
11.19

	
2.1 × 10−4

	
0.10

	
1.5 × 106

	
1.6 × 10−4

	
0.70

	
1.0 × 102

	
1.3 × 10−5

	
0.90

	
80.5

	
4.2 × 10−5

	
0.15




	
WC-9Co/2V

	
0.03

	
8.8 × 10−6

	
0.56

	
9.5 × 106

	
3 × 10−5

	
0.78

	
7.9 × 102

	
6.5 × 10−6

	
1.00

	
341.3

	
5.5 × 10−5

	
3.97




	
WC-9Co/2S

	
0.003

	
8.9 × 10−5

	
0.86

	
2.1 × 106

	
4 × 10−4

	
1.00

	
47.6

	
7.5 × 10−4

	
0.71

	
7.1

	
1.9 × 10−4

	
74.40




	
WC-6Co/1V

	
0.60

	
5.0 × 10−5

	
0.16

	
1.5 × 108

	
4 × 10−5

	
0.26

	
3.6 × 103

	
4.2 × 10−5

	
0.79

	
193.5

	
3.0 × 10−5

	
2.56




	
WC-6Co/1S

	
0.024

	
3.2 × 10−6

	
0.04

	
6.4 × 106

	
1 × 10−5

	
0.82

	
3.6 × 103

	
3 × 10−6

	
1.00

	
628.6

	
2.3 × 10−5

	
2.56




	
WC-6Co/4V

	
16.10

	
1.3 × 10−8

	
0.98

	
1.0 × 104

	
1.5 × 10−4

	
0.88

	
2.4 × 103

	
2.6 × 10−5

	
0.92

	
16.4

	
1.6 × 10−5

	
10.30




	
WC-6Co/4S

	
0.03

	
1.2 × 10−4

	
1.00

	
8.1 × 106

	
3.4 × 10−2

	
0.51

	
7.5 × 102

	
1.8 × 10−6

	
0.97

	
204.8

	
1.1 × 10−4

	
1.13








Re—electrolyte solution resistance between the working electrode and the reference electrode in a three-electrode cell; Rp—polarization resistance or resistance to charge transfer on the electrode/electrolyte interface; Qp or Constant Phase Element (CPE)—modified phase element introduced to improve the representation of the impedance by model and depends on the empirical constant for determination of Qn behavior which represents the capacitive properties of the layers and is in the range 0 to 1. If n = 0, QP will act as a resistor, and if n = 1, QP will act as a capacitor; R1, R2—the resistance of the oxide layers; Q1,Q2—modified phase elements for the impedance of layers. Determination of Q1 and Q2 is provided through empirical constants n1 and n2; Cdl—double layer capacity at the interface; Rdl—resistance bilayer electrode/electrolyte interfacial boundaries.








Model type R(QR(QR)(QR)(CR)) assumes the formation of two non-conductive porous oxide layers on the surface of samples as a result of the reaction between the electrolyte and the working electrode.




4. Analysis and Discussion


4.1. Potentiodynamic Polarisation Behaviour, DC Techniques


The corrosion potentials Ecorr of consolidated samples varied in a narrow range as presented in Figure 1. Samples WC-6Co/1V, WC-6Co/1S, WC-9Co/2S, WC-9Co/1V and WC-6Co/4V recorded a change of Ecorr from more negative to less negative values, indicating that the surfaces of the samples are getting passivated. Samples WC-9Co/2V, WC-6Co/4S and WC-9Co/1S recorded a change from less negative towards more negative values, indicating surface activity, i.e., corrosion of samples in the electrolyte. Still, these changes are not significant and the corrosion potential of each sample varied in a very narrow range. The relationship between the electrochemical parameters; polarization resistance Rp and corrosion current density jcorr with respect to the consolidation process, grain growth inhibitors and WC powder size, is presented graphically in Figure 4 and Figure 5.


Figure 4. Correlation of electrochemical parameters and GGIs for WC-9Co. (a) Correlation of polarisation resistance and GGIs; (b) Correlation of corrosion current density and GGIs.
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Figure 5. Correlation of electrochemical parameters and WC powder size for WC-6Co. (a) Correlation of polarisation resistance and WC powder size; (b) Correlation of corrosion current density and WC powder size.
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Due to the higher value of Rp and lower values of jcorr, it can be concluded that samples with an addition of only 0.27% VC have higher corrosion resistance compared to samples with an addition of 0.26% VC and 0.45% Cr3C2 for both of the processes. From the published literature, it can be found that the refractory metal carbides such as VC, Cr3C2, titanium carbide TiC, tantalum carbide TaC, even ruthenium Ru and rhenium Re increase corrosion resistance [16,17,18,19,20,21,22]. The latest research from Machio has found that smaller additions—0.4% of VC to WC-Co cemented carbides—increase corrosion current density and predispose samples to pitting corrosion in NaCl and synthetic mine water (SMW). The mentioned effect was explained by the fact that VC reduces the amount of W atoms dissolving in the binder during sintering forming (V,W)C film around the WC grains [23]. On the other hand, Cr3C2 forms a very protective Cr2O3 film (chromium-rich film) on the surface of the binder, increasing the corrosion resistance [18]. From research conducted, it can be concluded that an addition of 0.26% VC together with 0.45% Cr3C2 to the starting WC powder reduces the positive influence of Cr3C2 interfering with the Cr2O3 film.



It can be seen from the Figure 4 that better corrosion resistance was recorded for the samples sintered in hydrogen atmosphere. Although, theoretically, the corrosion resistance of samples with a higher degree of porosity should be lower compared to full density samples, from the conducted research, it was found that the samples with lower densities possess better corrosion resistance. The density achieved for WC-9Co samples is in the range from 99.4% to 99.6% of the theoretical density, which is a highly relevant result for the process of sintering in hydrogen atmosphere.



Due to a higher value of Rp and lower values of jcorr, it can be concluded that the samples consolidated by 150 nm WC showed better corrosion resistance compared to samples consolidated by 95 nm WC powder. This behaviour was noted for both of the consolidation processes used. The samples consolidated by 95 nm starting WC powder, containing a higher addition of GGIs, showed lower values of Rp and higher values of jcorr, indicating lower corrosion resistance. The combination of VC and Cr3C2 leads to lower corrosion resistance.



The polarization resistance value Rp of the sample WC-6Co/4S, consolidated by sinter-HIP process and containing η-phase, amounts to 39.72 kΩ·cm2 while the corrosion current density amounts to 1.065 μA/cm2. On the other hand, the polarization resistance value of the sample WC-6Co/4V amounts to 17.55 kΩ·cm2, which is two times lower compared to WC-6Co/4S sample. The corrosion current density of sample WC-6Co/4V is higher and amounts to 1.660 μA/cm2. This behaviour can be related to two different statements. The first one is connected with the microstructural characteristics of the sample WC-6Co/4V such as lower density, higher degree of porosity and cracks occurring on the sample surface which enhance the corrosion rate. Another one might be related to η-phase occurring on the sample WC-6Co/4S, indicating that η-phase changes the electrochemical behavior of the cemented carbides. It is assumed that η-phase enhances the formation of a passive layer on the samples’ surfaces, thereby reducing the tendency of the sample dissolution and increasing the stability of oxides forming therewith a passive layer on the sample surface.



Comparing samples WC-6Co/1V and WC-6Co/1S, the situation gets more complicated, since the polarization resistance of sample WC-6Co/1S with η-phase is lower and amounts to 71.96 kΩ·cm2 but the value of corrosion current density is also lower and amounts to 0.292 μA/cm2, indicating better corrosion resistance. Potentiodynamic polarization measurement (Tafell method) is used in the first place to determine the corrosion current density and the type of the dominant chemical process—reduction or oxidation—occurring on the sample’s surface. For that reason, EIS measurements were performed in order to determine more precisely the resistance of samples in the examined electrolyte.



It can be seen from the potentiodynamic curves (Figure 2) that the samples with 6 wt % Co showed better corrosion resistance compared to the samples with 9 wt % Co which is in line with the fact that Co binder is the most susceptible to corrosion in acid and neutral media [13]. WC-6Co/1S has the lowest corrosion current density of 0.292 μA/cm2 while the highest corrosion current density of 19.31 μA/cm2 was measured for the sample WC-9Co/1S with the most homogeneous microstructure and the smallest grain size. Such a behaviour can be related to the influence of galvanic corrosion between WC and Co.



Comparing samples consolidated by the same mixtures but by different processes, it can be seen that the samples sintered in hydrogen—excluding the sample with η-phase and a high degree of porosity—showed better corrosion resistance.




4.2. EIS Analysis


EIS measurements were performed in order to determine more precisely the polarisation resistance of samples in the examined electrolyte. The Nyquist diagram of sample WC-6Co/4S with the corresponding EEC model applied for the simulation of EIS results is presented in Figure 6. The same model type R(QR(QR)(QR)(CR)) was selected for all samples.


Figure 6. Nyquist plot of WC-6Co/4S.
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Graphical presentation of polarization resistance Rp with respect to the consolidation process, grain growth inhibitors and WC powder size is presented graphically in Figure 7.


Figure 7. Graphical presentation of polarisation resistance.
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As can be seen from Figure 7 and Table 4, the highest value of polarization resistance was measured for sample WC-6Co/1V and amounts to 1.5 × 108 Ω·cm2, followed by samples WC-9Co/2V with the polarization resistance of 9.5 × 106; WC-6Co/4S with the polarization resistance of 8.1 × 106 Ω·cm2; and WC-6Co/1S with the polarization resistance of 6.4 × 106 Ω·cm2. The samples WC-9Co/2V, WC-6Co/4S, WC-6Co/1V and WC-6Co/1S have up to several times higher values of Rp compared to other samples, indicating better corrosion resistance. The results are in line with the results obtained by DC linear polarization techniques.



The lowest polarization resistance value was measured for sample WC-6Co/4Vwith a high degree of porosity, lower density and cracks on the sample surface. The exception is the sample WC-9Co/1V that showed a very low value of polarization resistance that is not in line with potentiodynamic polarisation measurements.



In order to understand the behavior of samples with η-phase and to prove the statement about the formation of oxide layers on the sample’s surface, the graphical presentation of the oxide layers’ resistance R2 of WC-6Co samples is presented in Figure 8.


Figure 8. Graphical presentation of the oxide layer resistance.
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As can be seen from Figure 8, the samples with η-phase WC-6Co/1S and WC-6Co/4S possess higher resistance to the oxide layer R2 compared to WC-6Co/1V and WC-6Co/4V. As can be seen from the Table 4, the samples WC-9Co/2S, WC-9Co/1V, WC-6Co/4V and WC-9Co/1S have lower resistance of the oxide layers, indicating that the electrolyte penetrates the pores between each layer, contributing to the faster dissolution of the sample surface. Accordingly, it can be confirmed that η-phase changes the electrochemical behavior of cemented carbides by enhancing the formation of a passive oxide layer on the sample’s surface, thereby reducing the tendency of the sample dissolution and increasing the stability of oxides forming therewith a passive layer on the sample surface. In order to define an influence of η-phase on the electrochemical corrosion behaviour of nanostructured cemented carbides, more detailed research which includes XRD analysis and magnetic saturation is planned in the future research.





5. Conclusions


The following conclusions can be drawn from the conducted research:

	(i).

	
The consolidation process contributed to electrochemical corrosion resistance; better corrosion resistance was observed for samples consolidated by sintering in hydrogen, even though the densities of samples are lower compared to sinter-HIPed samples, excluding the sample with a high degree of porosity and cracks on the surface.




	(ii).

	
Grain growth inhibitors in the starting powders influenced the electrochemical corrosion resistance; samples with only 0.27% VC showed better corrosion resistance compared to samples with an addition of 0.26% VC and 0.45% Cr3C2. The combination of VC and Cr3C2 leads to lower corrosion resistance.




	(iii).

	
The size of the starting powder and amount of GGIs influenced the electrochemical corrosion resistance; samples consolidated by 150 nm WC showed better corrosion resistance compared to samples consolidated by 95 nm WC powder.




	(iv).

	
η-phase changes the electrochemical behaviour; enhances the formation of a passive layer on the samples' surfaces, thereby reducing the tendency of the sample dissolution and increasing the stability of oxides forming therewith a passive layer on the sample surface. In order to define an influence of η-phase on the electrochemical corrosion behaviour of nanostructured cemented carbides, more detailed research which includes XRD analysis and magnetic saturation is planned in the future research.




	(v).

	
The samples with lower Co content showed better corrosion resistance, confirming a selective leaching of the Co in neutral media.
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