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Abstract 

WC-Ni-Cr-Mo are good candidates for replacing WC-Co for its better corrosion 

performance. This work investigated the effect of different Mo content on the mechanical properties 

and corrosion susceptibility of WC-Ni-Cr-Mo composites in chloride and sulphate acidic media. 

Chemical, microstructural, and electrochemical analysis were performed. Results show chlorides 

are frankly more aggressive than sulphates, but additions of up to 0.6 wt.% in Mo can enhance the 

active-passive transition, particularly in the presence of chlorides, and guarantee the passive state in 

sulphates. Also, Mo was effective in hindering WC grain growth and in increasing hardness in 5%, 

simultaneously reducing toughness in 4%. 
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1. Introduction 

The demand for WC (tungsten carbide)-based composites is growing worldwide [1] namely 

for oil, gas, and petrochemical industries. WC-Co is the most employed system [2] since WC and 
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Co are considered to be a very good match regarding the mechanical properties and the 

manufacturing process, combining good wettability with high hardness and good toughness. 

However, the use of Co in these composites presents some problems. Co fails to perform desirably 

in corrosive environments, especially in acidic media; also, its toxicity, increasing price, and 

geopolitical issues involved in its primary extraction, have driven research into developing Co-poor 

or, preferably, Co-free binders [3].  

In order to select Co substitutes, it is useful to analyse the influence of alloying elements in 

stainless steels. For example, Ni is added to stabilize the fcc structure of steel and to promote high 

toughness, Cr prompts the formation of a passive layer responsible for the high corrosion resistance 

which is characteristic of these alloys and Mo, when combined with Cr, is known to enhance the 

pitting corrosion resistance in chloride media [4-7]. Eventually, for this reason, Ni-Cr-Mo could 

replace the conventional use of Co in WC composites [8] for high corrosion-resistance applications. 

The exact protection mechanism against pitting corrosion provided by Mo in chloride media 

is not clear yet but several mechanisms have been proposed to describe Mo effect in steels, such as 

a higher resistance of the passive film to breakdown, repassivation enhancement [9, 10], and the 

reduction of dissolution rate of the bare metal [11, 12]. In the presence of sulphides Mo is suggested 

to form a MoS protective film enhancing the corrosion resistance [13]. N. Lin et al. observed that 

adding 1 wt.% of Mo in WC-TiC-Ni composites increases significantly the corrosion resistance in 

chloride medium [14], which is in agreement with the findings of Qiankun Zhang et al., who 

reported an expressive increase in corrosion resistance of the same material, where the best results 

were achieved at 1 and 2 wt.% of Mo for H2SO4 and HCl media, respectively [15]. From the 

microstructural point of view, Mo can beneficially inhibit grain growth of WC-based composites 

[16, 17].   

However, although widely demonstrated for stainless steels [18-20], the impact of Mo on the 

corrosion resistance of WC composites is still vastly unexplored. Furthermore, issues related to the 
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mechanical properties of Mo-containing WC composites still exist. For example, Shengda Guo et 

al. reported that in spite of Mo capability of increasing the corrosion resistance of WC-Co 

hardmetals, contents over 1 wt.% become detrimental due to loss in toughness [21]. Dong et al. [22] 

concluded that the addition of 5 wt.% Mo to Ti(C, N)-based composites was able to improve their 

abrasion-corrosion resistance. However, contradictory results were obtained for the effects of Mo 

on the hardness and the toughness of these materials [23, 24].  

Nonetheless, adding Mo to the binder phase reduces densification during sintering [21, 

25] and increases the overall complexity and cost of the manufacturing process. In this regard, it is 

of great industrial interest to clarify the effects of Mo in the mechanical properties and to define the 

adequate Mo content that could establish the best compromise between mechanical properties and 

corrosion resistance. In this work, three binders based on Ni, Cr and Mo were used to investigate 

the impact of different Mo content on the mechanical properties and the corrosion resistance of 

WC-Ni-Cr-Mo alloys. 

 

2. Experimental 

2.1. Specimens preparation 

The specimens were prepared from a blend of powders listed in Table 1. The powders were 

weighted to produce three composite grades with increasing Mo contents (0.1 to 0.6 wt.%, balanced 

by Ni) and mixed in ethanol in a laboratory-scale ball-milling equipment for approximately 

70 hours. Afterwards, the mixture was dried out and uniaxially pressed in the form of discs 

(diameter 20 mm) at 15 MPa, followed by a sinter-HIP cycle up to 1440-1460ºC for 90 min 

(sintering stage) and under 2-3 MPa of Ar atmosphere. 

Table 1 – Powders used to produce the specimens and their theoretical compositions, in wt.% 

Powder 
Average particle 

size (µm) 

WC 1.2 

Ni 1-2 

Specimen 

name 
Ni Cr Mo WC 

Mo-1 8.80 1.10 0.10 Balance 

Mo-4 8.50 1.10 0.40 Balance 
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Cr3C2 1 

Mo2C 1.6 
 

Mo-6 8.30 1.10 0.60 Balance 
 

 

2.2. Chemical, mechanical and microstructural characterization 

The disc specimens (20 mm diameter) were ground on a diamond (18 µm) coated disk, then 

polished to mirror-like surface on a cloth with a diamond (1 µm) suspension, washed in ethanol, 

rinsed in water and dried by air blowing at room temperature. The specimens were subsequently 

analysed by X-ray fluorescence, XRF (Bruker S8 Tiger), X-ray diffraction, XRD (Rigaku) with 

Bragg-Brentano symmetry, Cu Kα radiation and a 0.2º step, and surface observation was made by 

scanning electron microscopy, SEM (FEI Quanta 450). Hardness was measured through the Vickers 

method recommended by ISO 6507-1 (EMCO-TEST Dura Vision 20) with a load of 30 kg (5 

indentations per specimen) and fracture toughness (KIC) was calculated from hardness indentations 

by Palmqvist method used in previous works for WC-Co and WC-Ti(C, N)-Ni composites [26, 27]. 

The KIC is defined by equation 1, where A is 0.0028, H is the hardness in N.mm
-2

, P is the applied 

load in N and li is the crack length at each tip of the indentation. The grain size was measured from 

binary images of the microstructure of the composites on ImageJ, where more than 400 grains were 

measured per specimen; the average grain size was determined according to the method proposed 

by H. Engqvist and B. Uhrenius [28]. 

     √ √
 

∑   
 
   

     (1) 

 

2.3. Electrochemical tests 

Two acidic corrosive media were used, sodium sulphate and sodium chloride-based 

electrolytes, both at 0.5 M and pH between 1.5 and 2.0, adjusted by additions of H2SO4 and HCl, 

respectively. An Ag/AgCl electrode was used as the reference. The specimens’ surface preparation 

was strictly the same for chemical, mechanical, and microstructural characterization, as previous 

described; this surface preparation procedure was repeated for each specimen immediately before 

immersion in the electrolyte solutions. A 99.6% pure Ti coil was used as counter-electrode. A 
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routine of electrochemical tests was executed sequentially with each specimen, as listed in Table 2 

using a Gamry 1000E potentiostat. The routines were repeated three times for each specimen and a 

fresh portion of electrolyte was used in each routine, starting approximately one minute after 

specimen immersion; the exposed surface area was 0.50 cm
2
. All tests were conducted at room 

temperature. 

Table 2 – Electrochemical testing routine applied to each specimen 

Routine Parameters 

Specimen cathodic cleaning −0.5 V vs. reference for 300 s 

Open Circuit Potential (OCP) measuring 8h vs. reference 

Electrochemical Impedance Spectroscopy (EIS) 100,000 to 0.01 Hz (±10 mV peak vs. 

Eoc)  

Conditioning −0.6 V vs. REF for 300 s 

Potentiostatic polarization −0.6 to 1.0 V (at 1 mV.s
-1

) 

 

3. Results and Discussion 

3.1. Chemical and microstructural analyses 

Microstructural features, such as WC particle size, distribution, and the amount of binder, are 

known to affect the properties and overall performance of WC-based composites [29, 30]. The WC 

particles are embedded in a metallic binder of Ni, Cr, and Mo, where the volumetric amount of 

binder was estimated by measuring its area percentage on SEM micrographs converted to binary 

images (Figure 1). For these measurements, a total area of about 557 μm
2
 was analysed for each 

specimen, and values between 19.1 and 19.8% were calculated. The chemical compositions, 

determined by XRF in the sintered specimens, reveal a good match with powders’ nominal 

compositions (Table 3), although Fe and Co were also found after sintering. Since the specimens 

were manufactured in equipment and machinery also used to produce WC-Co/Fe-based composites, 

Fe and Co are likely to have been introduced in the process as contamination. No phases other than 

WC (ICDD 00-061-0244) and Ni (ICDD 00-001-1258) with dissolved Cr and Mo were detected by 

XRD (Figure 2). 
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From the grain size distribution in Figure 3 it can be observed that the addition of 0.6 wt.% 

Mo can hinder WC grain growth, i.e. the number of grains ≤ 0.8 µm substantially increased. For 

smaller additions of Mo there is no statistically significant effect on the grain size distribution, as 

the small increase on the average grain size from 0.1 to 0.4 wt.% Mo is within the standard 

deviation. From Figure 4 it is apparent that the additions of Mo from 0.1 to 0.6 wt.% resulted in a 

slight decrease in fracture toughness, less than 4%, and a slight increase in hardness around 5% that 

can be explained by a smaller WC grain size and by the solid solution strengthening effect 

promoted by the Mo [31]. 

 
(a)  

 
(b)  

 
(c) 

Figure 1 – SEM microstructures of WC-Ni-Cr-Mo, their respective binary images highlighting WC 

(green) and binder (black) and Vickers hardness for 0.1 (a) 0.4 (b) and 0.6 wt.% Mo (c) specimens. 

 

Table 3 – Chemical composition measured by XRF (wt.%) and elemental content relative to binder 

phase only 

 Overall wt. % composition 
Wt. % relative to the binder 

phase 
Binder 
area 
(%)  Ni Cr Mo Fe Co WC Ni Cr Mo Fe Co 

Mo-1 9.24 0.92 0.09 0.15 0.17 Balance 87.4 08.7 0.9 1.4 1.6 19.1 

Mo-4 8.66 1.11 0.43 0.28 0.05 Balance 82.2 10.4 4.1 2.7 0.5 19.8 

Mo-6 9.29 1.14 0.63 0.39 0.07 Balance 80.6 09.9 5.5 3.4 0.6 19.5 
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Figure 2 – X-ray diffractograms of composites revealing WC and Ni fcc phases. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3 – Grain size distributions for Mo-1 (a), Mo-4 (b) and Mo-6 (c). 
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 (a)  
 

(b)  
Figure 4 – Mechanical properties measured for WC-Ni-Cr-Mo composites (a) and Vickers 

indentation mark with cracks utilized to determine toughness (a). 

 

3.2. Open circuit measurements 

Cathodic cleaning at −0.5 V during 5 minutes preceded the open circuit potential (Eoc) 

measurements that followed for 8 hours. As it can be seen from Figure 5 and Table 4, the Eoc values 

measured in the chloride medium are more cathodic than Eoc values obtained in the sulphate 

solution, around 0.15 V more negative. Within the first 4 hours, Eoc reaches a plateau, displaying a 

slight variation onwards, from −0.07 to −0.1 V and from 0.25 to 0.27 V, in the chloride and the 

sulphate media, respectively, which seem to be independent of the Mo content. The evolution of Eoc 

in the sulphate medium is compatible with the formation of an oxide film on the surface of the 

specimens that grows thicker or more insulating as the potential becomes more anodic; faster Eoc 

increase means faster oxidation kinetics, which ranks in the order Mo-6 > Mo-1 > Mo-4. The 

experimental data supports very consistently this ranking, however, we did not find a satisfactory 

explanation for such singular behaviour, which is not in line with the evolution of the Mo content of 

the alloys. In the chloride solution, all the three specimens exhibit a similar Eoc evolution; a 

relatively small potential increase between the beginning and the end of the measurements suggests 

that no significant film thickening occurs or a less protective film, e.g. a hydrated one, is formed 
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instead [32]. The kinetics of oxidation on the exposed surfaces, forming protective/passive films, is 

of special relevance when considering applications involving tribocorrosion. Faster reactions mean 

quicker protective film regeneration, which is essential for good performance when abrasion-

corrosion is present. 

 

Figure 5 – Open circuit potential measurements for 8 hours of immersion. 

Table 4 – Open circuit potentials after 8 hours of immersion 

 Eoc (V) 

 Chlorides Sulphates 

Mo-1 −0.107± 0.007 0.271± 0.004 

Mo-4 −0.102± 0.004 0.253± 0.003 

Mo-6 −0.076± 0.031 0.250± 0.021 

 

3.3. Potentiostatic polarization 

The voltammograms of the WC-composites are plotted in Figure 6. In chloride medium, the 

three grades display a current peak at potentials close to 0.0 V (Figure 6a). However, in the case of 

Mo-6, unlike in Mo-1 and Mo-4, a steeper current decrease of about one order of magnitude can be 

identified. Mo-6 also displays lower currents in the anodic potential range. However, such current 

decrease around 0.0 V should also be partially ascribed to the presence of Cr, through the formation 

of chromium oxide. Indeed, it has been shown that WC-Co-Cr exhibits enhanced active-passive 
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transition and corrosion resistance in acidic media containing chlorides, whereas WC-Co [33] and 

WC-Ni [15] do not passivate in the same conditions. This latter investigation showed that although 

WC-TiC-Ni-Mo grades without Cr presented a notable decrease in current density, it was observed 

in the range of 0.6 to 1.0 V, more than 0.5 V higher than that observed in this work for 

WC-Ni-Cr-Mo, suggesting that the Cr-Mo combination is also responsible for shifting the active-

passive transition to lower potential values. 

For the alloys used in this work, Cr represents 10 wt.% of the binder (Table 3) which is 

slightly below the lower limit for corrosion resistance required in stainless steels, yet its effect in 

promoting a passivated state is still clearly visible here. Nevertheless, all specimens used for this 

work possess a similar Cr content, which means that the more enhanced active-passive transition of 

Mo-6 in chloride solution should be attributed to its higher Mo content. This effect of Mo in 

promoting passivation is in agreement with the findings of the aforementioned investigation on 

WC-TiC-Ni-Mo. Although exhibiting a significant decrease in current density at roughly 0.1 V, the 

lowest current densities measured for specimens Mo-1 and Mo-4 are approximately 100 and 

150 μA.cm
-2

, respectively, measured for a narrow potential range, which is considered to be 

incompatible with a passivated state (Figure 6a). Mo-6 presents the best performance, displaying a 

current density of 14 μA.cm
-2

. 

In sulphate medium (Figure 6b), anodic passivation is clearly granted for the three alloy 

compositions. The active-passive peak (at −0.05 V) is less pronounced than the one measured in 

chloride environment, meaning that the passive state is easier to achieve in the absence of Cl
−
 ions, 

and that decreases with the Mo content, showing the beneficial effects of Mo in the passivation 

process. Outstandingly, the Mo-6 alloy does not show an active-passive transition behaviour when 

it enters the anodic branch of the polarization curve, meaning that a higher Mo content leads to a 

quicker passivation. This is in good agreement with the OCP curves in Figure 5, where Mo-6 

displays faster oxidation kinetics. It is possible that the strong negative potential applied before the 
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polarization tests, −0.6 V, dissolved, in some extent at least, the passive films formed on the surface 

of Mo-1 and Mo-4 after the 8-hour immersion; this would explain the presence of active-passive 

transition peaks associated with a repassivation process on such alloys. The film formed on the 

surface of Mo-6, however, may have suffered lesser dissolution and/or was capable of repassivating 

quicker, before entering the anodic branch, probably due to its higher Mo content. It is interesting to 

note that in sulphate medium the current peak of Mo-1 has a lower magnitude than that of Mo-4, 

around −0.1 V (Figure 6b). This lower anodic current peak of Mo-1 compared to Mo-4 can be 

explained if one considers that Mo-1 was faster to repassivate. Such behaviour is coherent with a 

quicker passivation displayed by Mo-1 relatively to Mo-4 as revealed by the Eoc measurements 

shown in Figure 1 and already discussed in section 3.2. The lowest current densities in the passive 

region are roughly 2.6 μA.cm
-2

 in Mo-4 and Mo-6, and 3.4 μA.cm
-2

 in Mo-1, in a potential range 

between 0.2 and 0.4 V. 

Table 5 presents the corrosion potentials (Ecorr) and the corrosion currents (icorr) determined 

from the Tafel region of the anodic branch in voltammetry curves. Mo-6 is the best performing 

alloy, displaying the most noble corrosion potential and the lowest corrosion current values in each 

media. Mo-4 shows the highest icorr, which is more notable among the specimens exposed to 

sulphate medium, and the least noble Ecorr. These findings point out that intermediate Mo content 

seems to be slowing down passivation kinetics and increasing the corrosion suscetibility.   The 

overall higher icorr found for alloys in chloride environment highlights its stronger aggressiveness 

when compared with sulphate medium. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of 

(a) 
 

(b) 

Figure 6 – Polarization curves in chloride (a) and sulphate media (b). 

 

Table 5 – Corrosion potentials and currents 

 Chlorides Sulphates 

 Ecorr (V) icorr (μA.cm
-2

) Ecorr (V) icorr (μA.cm
-2

) 

Mo-1 −0.120 ±0.006 17 ±1 −0.167 ±0.002 03.8 ±0.8 

Mo-4 −0.130 ±0.007 23.17 ±2.98 −0.186 ±0.002 15 ±3 

Mo-6 −0.075± 0.036 16.84± 4.53 −0.063± 0.056 00.2± 0.2 

 

3.4. Electrochemical impedance spectroscopy 

The Bode spectra for the WC-based composites are reported in Figure 7. Given the simple 

shape of the curves, where only on time constant seems to be present, the electrical circuit of 

Figure 7 was chosen to describe the WC-based composites/solution interface, where Rsol stands for 

the solution resistance and Rp stands for the polarization resistance (in cases where there is no 

protective film) or for film resistance (in cases where there is a passivating film). The capacitive 

element in parallel with Rp was replaced by a constant phase element (CPE) to take into account for 

the roughness and/or other surface inhomogeneities or relaxation processes occurring at the 

interface [17]. The impedance Z of a CPE can be defined by equation 2: 
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     (2) 

 

where Y0 and α are the CPE parameters and  is the angular frequency (= 2f). The fittings of the 

EIS data according to the chosen equivalent circuit are plotted also in Figure 7, overlaid on the 

corresponding experimental data points. The ability of the proposed circuit to describe the 

experimental data in both media is excellent (Figure 7), and the resulting fitting parameters are 

reported in Table 6. The capacitances (C) of the specimen-solution interface were calculated from 

the circuit parameters according to equation 3 [34]: 

  √
    

  
 

 
     (3) 

 

The values of Rp differ from the chloride to the sulphate media by about three orders of magnitude, 

a consequence of the formation of thicker (or more insulating) films in the sulphate environment, as 

it was already concluded from the evolution of the Eoc values (Figure 5 and Table 4) and from the 

voltammograms of Figure 6, namely the active-passive peak current and passivation currents. 

Therefore, from the high Rp values in the sulphate medium (in the MΩ range), passivation takes 

place, whereas in the chloride solution if a film eventually exists it is not effective in protecting the 

material against corrosion, as the system display Rp values in the k range. The higher 

aggressiveness of chloride medium for WC-Co alloys was already reported by other authors [35]. 
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(a) 
 

(b) 
Figure 7 – Bode and phase diagrams of experimental data points and fitting curves for chlorides (a) 

and sulphates (b). 

 

The highest Rp values were found in both media for the Mo-6, demonstrating that 0.6 

wt.% Mo is effective in protecting against corrosion of WC-composites in acidic media. The   

values of the CPE are close to 1, which is associated with an essentially capacitive behaviour of the 

CPE. The capacitances of the specimen-solution interface in chloride medium are all higher than 

those in sulphate solution, where Mo-6 displays the lower capacitance in each media (Table 6). 

These findings are compatible with the formation of a more protective layer (higher Cr or Mo 

content, or with fewer defects), or a thicker film in Mo-6, particularly in sulphate medium, if one 

assumes a constant relative electric permittivity. The collective results suggest that 0.6 wt.% Mo 

can effectively enhance corrosion resistance, but intermediate Mo content may exert a detrimental 

effect on the corrosion susceptibility of WC-Ni-Cr-Mo alloys, although the reasons and 

mechanisms behind such negative impact could not be provided by this study. Evidently, only a 

detailed specimen surface analysis after immersion could confirm the presence of any interfacial 

films, their structural and chemical characteristics, and could provide insight about such deleterious 

effect. 
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Table 6 – Polarization and electrolyte resistances, CPE, and capacitance values determined by EIS 

 Chloride Medium 

 Rp Rsol Y0 
α 

C 

 Ω.cm
2
 Ω.cm

2
 Ω

-1
.s

α
.cm

-2
 F 

Mo-1 
1.85x10

3
 

±2.9x10
2
 

4.54 

±1.35 

5.27x10
-4

 

±2.3x10
-5

 

9.43x10
-1

 

±4x10
-3

 

5.25x10
-4

 

±2.3x10
-5

 

Mo-4 
1.45x10

3
 

±1x10
1
 

3.87 

±1.22 

6.71x10
-4

 

±4.0x10
-5

 

9.35x10
-1

 

±5x10
-3

 

6.70x10
-4

 

±4.2x10
-5

 

Mo-6 
3.25x10

3
 

±1.15x10
3
 

11.6 

±5.0 

4.88x10
-4

 

±9.4x10
-5

 

9.47x10
-1

 

±4x10
-3

 

4.98x10
-4

 

±9.4x10
-5

 

 Sulphate Medium 

Mo-1 
1.06x10

6
 

±5.39x10
4
 

24.53 

±0.12 

2.86x10
-5

 

±4x10
-7

 

9.80x10
-1

 

±3x10
-4

 

3.06x10
-5

 

±2x10
-7

 

Mo-4 
1.27x10

6
 

±5.79x10
4
 

24.58 

±0.18 

3.26x10
-5

 

±8x10
-7

 

9.78x10
-1

 

±4x10
-4

 

3.55x10
-5

 

±8x10
-7

 

Mo-6 
1.41x10

6
 

±1.47x10
5
 

24.89 

±0.45 

2.79x10
-5

 

±3x10
-7

 

9.80x10
-1

 

±1x10
-3

 

3.00x10
-5

 

±4x10
-7

 

 

 

5. Conclusions 

Mechanical properties and corrosion susceptibility of three WC-Ni-Cr-Mo (with increasing 

Mo content) was tested in acidic chloride and sulphate media. The chloride environment was 

frankly more aggressive than its sulphate counterpart, although Mo presented visible benefits in 

contents of 0.6 wt.% for improved corrosion resistance in WC-Ni-Cr-based composites, effectively 

enhancing the anodic active-passive transition in chloride medium and ensuring the passivated state 

in sulphate solution. Mo content of 0.6 wt.% Mo was also effective in hindering WC grain growth 

and increasing hardness by 5%, with a slight decrease in toughness of 4%, making Ni-Cr-Mo a very 

interesting candidate to replace Co as a binder for WC-based composites; intermediate additions of 

0.4 wt.% Mo appear to be detrimental, contributing for a small increase in corrosion susceptibility. 
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Highlights 

 

− Microstructure of WC-Ni-Cr-Mo composite 

− Mo additions up to 0.6 wt.% can improve corrosion resistance 

− Intermediate Mo additions can have detrimental impact on corrosion susceptibility 

− Chlorides are expressively more aggressive than sulphates to the binder phase 

− Mechanical properties do not change significantly 
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