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A B S T R A C T   

The corrosion behaviour of two cobalt-based coatings (ULTIMET™ and STELLITE™ 6) with zero, 0.3 and 0.6 wt 
% ruthenium were studied and compared with two cobalt-based bulk alloys (ULTIMET™ and STELLITE™ 6B) in 
synthetic mine water (pH values of 6, 3 and 1) using potentiodynamic polarisation. The coatings demonstrated 
wider ranges of passivation behaviour (from − 250 mV to 750 mV) than the bulk alloys. The corrosion potential 
became more positive and the active-passive transition reduced with increased Ru. The best coating was 
STELLITE™ 6 with 0.6 wt% Ru, which exhibited the lowest corrosion rates: 3.6 μm/y at pH 6 and 6.4 μm/y at pH 
3.   

1. Introduction 

Cobalt-based alloys and coatings, such as Co–Cr–Ni–Mo and 
Co–Cr–W–Fe are used to protect mild steel in many industrial applica
tions, including slurry pump components such as casings, sleeves and 
valves, as well as physiological or orthopaedic implants such as artificial 
knees and hips, owing to the their excellent mechanical properties and 
resistance to corrosion [1,2]. They are also used in applications such as 
cutting tools, hard-facing castings, and in various industries, including 
power generation, oil and gas, steel manufacturing, chemical processing 
and marine environments [2]. The predominant alloys comprise cobalt, 
with chromium to reinforce the cobalt matrix, facilitate the formation of 
chromium carbide (Cr3C2) and establish a defensive passive layer of 
chromium oxide (Cr2O3). Additionally, tungsten (W) is occasionally 
employed to enhance hardness [3,4], e.g., ULTIMET™ 
(Co–Cr–Ni–Mo–Fe–W–Mn–Si–N–C) and STELLITE™ 6 
(Co–Cr–W–Fe–Ni–Mo–Mn–Si–C), which are commercially available as 
for corrosion and wear resistant coatings on steels [4–7]. These coatings 
spontaneously passivate in various environments, which is observed at 
open circuit potentials or at certain anodic polarisations [8]. The 
passivation behaviour of these coatings may be cathodically modified by 
adding a very small amount of ruthenium to increase corrosion resis
tance and wear resistance [9,10]. Ruthenium is used more than other the 

platinum group metals (PGMs), since it is the least expensive metal of 
that group, is more available in South Africa [10,11] and has a better 
solubility in the Co, Cr matrix than other PGM or precious metals [12]. 
With cathodic modification and with increased ruthenium content, 
corrosion potential increases to more noble values with a wide range of 
spontaneous passivation [13,14]. 

While iron-, nickel- and cobalt-based alloys have been extensively 
studied for their corrosion behaviour, other studies were on the effect of 
ruthenium (Ru) additions to hard metals to improve corrosion and wear 
resistance [11,12,14–16]. There has been limited research on the effect 
of small additions of Ru to cobalt-based alloys. Thus, the purpose of this 
study was to investigate and understand the corrosion behaviour of two 
different cobalt-based commercial ULTIMET™ and STELLITE™ 6B bulk 
alloys and ULTIMET™ and STELLITE™ 6 coatings cathodically modified 
with small additions of Ru (0, 0.3 and 0.6 wt% Ru) on mild steel, This 
was done using potentiodynamic polarisation in synthetic mine water to 
select the best performing coating and alloys to protect mild steel from 
corrosion in the test solutions. The small Ru additions were intended to 
enhance the corrosion resistance and hardness of the cobalt-based 
coatings. 
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2. Experimental details 

2.1. Materials 

The bulk alloys studied were ULTIMET™ and STELLITE™ 6B, sup
plied as bars by Multi Alloys, South Africa. Their corrosion behaviour 
was compared with that of the coatings, produced by mixing ULTI
MET™ (Weartech Pty (Ltd), South Africa) or STELLITE™ 6 (Weartech 
Pty (Ltd) and Fe Powder Supplies (Pty) Ltd, South Africa) powder with 
either 0.3 or 0.6 wt% Ru, and coatings without Ru. The powders were 
thermally sprayed on to ASTM A516 mild steel substrates using a high 
velocity oxygen fuel (HVOF) technique with a FANUC™ System R-J3iB 
connected to a FANUC robot R-200 iA 16SF. The characterisation (mi
crostructures and X-ray diffraction) of the cobalt-based alloys and 
coatings with ruthenium additions and hardness testing were described 
elsewhere [2]. 

2.2. Electrochemical tests 

Synthetic mine water of the composition given in Table 1 was pre
pared by dissolving the salts in de-ionised water to produce a test so
lution of pH 6, and acidified with 32% HCl to pH values of 3 and 1. The 
corrosion behaviour of the samples was investigated in these solutions at 
22.3 ± 1.0 ◦C. The measurements were carried out in a 500 ml three- 
electrode cell with the sample as the working electrode, a saturated 
calomel electrode (SCE) as the reference electrode which was placed in a 
Luggin capillary (to minimise errors due to ohmic drop) with a KCl so
lution salt-bridge and a graphite counter electrode. Samples were con
nected to a copper wire by aluminium conducting tape before being 
cold-mounted in epoxy resin for 12 h at room temperature, then wet 
ground from 80 to 1200 silicon carbide papers, washed with running de- 
ionised water, degreased with ethanol and dried in air. The areas of the 
samples exposed to the corrosive environment were measured, and each 
was aimed to be 1 cm2. Prior to scanning, all samples were immersed in 
the test solutions for 2 h to stabilise the open circuit potential (OCP). The 
potentiodynamic polarisation measurements were performed using an 

Table 1 
Composition of synthetic mine water solution used in the 
tests [17].  

Salt Concentration (mg⋅L− 1) 

MgSO4 198 
Na2SO4 1215 
CaCl2 1038 
NaCl 1379  

Fig. 1. Open circuit potentials of the ULTIMET™ and STELLITE™ 6 coatings 
with 0 Ru, 0.3 wt% Ru and 0.6 wt% Ru coatings and mild steel in synthetic 
mine water at pH 1. 

Fig. 2. Potentiodynamic polarisation curves of: (a–c) ULTIMET™ and d)-f) STELLITE™ 6 coatings, showing active, passive and pitting behaviour in synthetic (pH 6) 
and acidified synthetic (pH 3 and 1) mine water. 
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Auto Tafel Potentiostat with Auto Tafel V1.79 and Auto LPR V2.7 h 
software at a scan rate of 0.2 mV⋅s− 1 between − 750 and 1200 mV versus 
the reference electrode potential after OCP scan. All tests were carried 
out in duplicate for reproducibility, and there were no significant dif
ferences between duplicates. 

Linear polarisation resistance (Rp), measured ± 25 mV relative to the 
corrosion potential (Ecorr), was used to calculate the corrosion rates of 
the samples. The corrosion current densities were calculated from values 
obtained from the polarisation resistance measurements. After polar
isation, each sample was examined using optical and scanning electron 
microscopy to study the surface morphologies and films on the surface. 

3. Results 

The results of the particle sizes and surface morphologies of the 
powders, energy dispersive X-ray and X-ray diffraction results of the 
powders, alloys and coatings, surface morphologies of the coatings and 
hardness of the cobalt-based alloys and coatings with ruthenium addi
tions were given elsewhere [2]. 

3.1. Open circuit potential measurements of the bulk alloys and coatings 

The open circuit potentials (OCPs) of the ULTIMET™ and STEL
LITE™ 6 coatings and ASTM A516 mild steel substrate at pH 1 became 
more negative during the first 2000 s, and then nearly stabilised after 
~4000 s (Fig. 1). This showed that stable passive films formed on their 
surfaces or possibly the saturation of ions in the electrolyte reduced the 
potentials. When Ru was added, OCP increased to less negative values 

for the ULTIMET™ coatings, while for STELLITE™ 6 coatings, OCP 
decreased to more negative values. This indicated that ULTIMET™ 
coatings formed the more stable and better passivating oxide films than 
STELLITE™ 6 coatings in the test solutions [8]. The OCP for mild steel 
decreased to more negative potentials than those of STELLITE™ 6 
coatings, and thus the mild steel was much more susceptible to 
corrosion. 

3.2. Potentiodynamic polarisation measurements of the bulk alloys and 
coatings 

Fig. 2 presents potentiodynamic polarisation curves of the ULTI
MET™ (Fig. 2 a-c) and STELLITE™ 6 coatings (Fig. 2 d-f) with different 
amounts of Ru in synthetic mine water (pH 6, 3 and 1). At all pH values, 
coatings displayed spontaneous active-passive transitions along with the 
stable current density. After Ecorr, active-passive behaviour was 
observed for both coatings, and the significant increases both in po
tential and current density (i.e., active behaviour) suggested that pro
tective films of Cr2O3 (i.e., passivity [3,18,19]) formed as current 
density remained unchanged for a range of potentials (passive behav
iour). All curves showed an extended range of passivity from ~ − 350 
mV to over 1200 mV (Fig. 2), indicating protective films were formed. 
The passive behaviour changed around 750 mV–1200 mV due to pitting 
when the protective thin film was locally broken, which increased the 
current densities at these corrosion potentials [3,20]. Since the passive 
to the transpassive regions of the polarisation curves (Fig. 2) were 
similar for the different coatings (apart from the 0 wt% Ru coatings), the 
corrosion resistances of the coatings were very similar. 

Fig. 3. Potentiodynamic polarisation curves of: (a) ULTIMET™, (b) STELLITE™ 6B and (c) mild steel in synthetic and acidified synthetic mine water, showing active 
and pseudo-passive behaviour. 
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The ULTIMET™ and STELLITE™ 6B bulk alloys also demonstrated 
similar active-passivation (Fig. 3) to the coatings (Fig. 2) but with pitting 
regions from log (current density (μA/cm2)) = 0.5 to 10,000. With 
decreased pH, current densities shifted to less positive values for ULTI
MET™ (Fig. 3 a), although pH 1 and 3 were similar, while there was no 
discernible trend for STELLITE™ 6B (Fig. 3 b). Conversely, the passivity 
of STELLITE™ 6B improved when the pH was decreased. After the 
transpassive region, the curves also overlapped (Fig. 3), indicating 
similar corrosion resistance of the alloys, even though the microstruc
tures of the alloys were fairly different [2]. 

Table 2 shows corrosion potentials (Ecorr), current densities (icorr), 
linear polarisation resistances (Rp) and corrosion rates of ULTIMET™ 
and STELLITE™ 6 coatings with 0 Ru, 0.3 and 0.6 Ru in synthetic mine 

water at 6, 3 and 1 pHs. 
The corrosion behaviour of ASTM A516 mild steel at different pH 

values of synthetic mine water (Fig. 3 c) was similar. At all pH values, 
mild steel showed active and pseudo-passivation (i.e., unstable or 
apparent passivation) behaviour from − 500 mV to 1200 mV possibly 
due to pseudo-passive films formed on the surface [15,20,21], which 
reduced further corrosion by stopping the anodic dissolution reaction at 
high potentials [22]. This suggests that mild steel suffered general 
corrosion without true passivation in the synthetic mine water. Figs. 2 
and 3 show that the bulk alloys had more positive potentials and lower 
current densities than the coatings at all pH values. 

The results for linear polarisation resistance (Rp) showed that each 
coating experienced high Rp at high pH values (Table 2). The Rp 
decreased with decreased pH because of the breakdown of the protective 
oxide layer, exposing the alloys to the corrosive medium. The ULTI
MET™- 0.3 Ru and 0 Ru coatings had the highest Rp, (90,533 Ω cm2 and 
80,967 Ω cm2), and the lowest corrosion rates (3 μm/y for both), 
although at different pH, while ULTIMET™ - 0 Ru had the lowest Rp 
(1643 Ω cm2) corresponding to its highest corrosion rate (137 μm/y) at 
pH 1. Fig. 4 shows steeper slopes (i.e., an incline or increase in the 
corrosion current with respect to the Ecorr) (e.g., ULTIMET™- 0 Ru and 
STELLITE™ 6 - 0 Ru at pH 1), indicating high corrosion rates and 
shallower slopes (e.g., ULTIMET™- 0.3 and STELLITE™ 6–0.6 Ru at pH 
6), indicating low corrosion rates. Table 2 shows mild steel had 
increased current density and decreased Rp when the pH was decreased, 
giving increased corrosion rates. 

Fig. 5 a) shows the effect of the pH and different Ru additions (Fig. 5 
b) on the corrosion rates. Generally, the corrosion rates increased when 
the pH decreased, and for both ULTIMET™ and STELLITE™ 6 (Fig. 5 a), 
the corrosion rates decreased with increased added Ru (Fig. 5 b). The 
corriosn rates for coatings were much lower than for the midl steel, as 
expected (Fig. 5 b). Although it would have been expected that the 
corrosion rates would decrease with increasing Ru content, for ULTI
MET™ – 0.6 wt% Ru at pH 6 it increased. STELLITE™ 6 had a minimum 
corrosion rate for 0.3 wt% Ru, and ULTIMET™ had a maximum for 0,3 
wt% Ru. Considering pH (Fig. 5 b), the highest corrosion rates were for 
lower pH as expected, except for STELLITE™ 6 with 0.3 wt% Ru which 
had the highest corrosion rate at pH 3. The highest corrosion rates were 
for pH 1 for ULTIMET™, and the lowest corrosion rates were for pH 6 for 
STELLITE™ 6. However, all coatings showed higher corrosion rates 
when the pH was decreased. The highest corrosion rates was at pH 1, 
and then pH 3 and 6, as expected. 

Fig. 6 shows the microstructures of the ULTIMET™ coating samples 
before (Fig. 6a–c) [2] and after (Fig. 6d–f) the corrosion tests, while 
Fig. 7 shows the microstructures of the STELLITE™ 6 samples before 
(Fig. 7a–c) [2] and after (Fig. 7d–f) the corrosion tests. There were 
cracks on grain boundaries, which were not observed in the uncorroded 
samples, but the Ru was not affected. 

Tables 3 and Table 4 show EDX analyses of the surfaces of the 
samples after the corrosion tests at pH 1 (Fig. 8). The elements for which 
there was no difference in Tables 3 and 4 were either from the test so
lution or were not measured on the samples before corrosion tests, while 
a positive difference showed that these elements were little affected by 
corrosion (i.e., still present on the surface in high amounts). Elements 
with negative difference were those that had been removed from the 
surface, i.e., had been corroded. 

Ruthenium was not detected after corrosion tests (apart from the 
STELLITE™ 6–0.6 Ru coating), probably due to the volume detection 
limit of ~1 wt% [23,24] and also the areas of analyses were small and 
did not include where Ru occurred because it was not homogeneously 
distributed [2]. The large amount of Cr and O on the surfaces of both 
coatings and the presence of Ru on the STELLITE™ 6–0.6 Ru coatings 
indicated a chromium oxide film formed on the surfaces, which pro
tected them against corrosion [14], as seen from the lower corrosion 
rates from the polarisation curves in Fig. 2. 

Table 2 
Potentiodynamic polarisation results of ULTIMET™ and STELLITE™ 6 coatings, 
ULTIMET™ and STELLITE™ 6B bulk alloys, and mild steel substrate in synthetic 
and acidified synthetic mine water.  

Coating (wt% Ru) 
and bulk alloy 

pH Ecorr 

(mV) 
icorr (μA/ 
cm− 2) 

Rp 

(Ω⋅cm2) 
Corrosion rate 
(μm/y) 

ULTIMET™ - bulk 6 − 263 
± 2 

0.50 ±
0.00 

43,522 
± 20 

5.3 ± 1.3 

3 − 143 
± 1 

0.37 ±
0.00 

56,510 
± 13 

3.6 ± 0.3 

1 − 177 
± 2 

0.42 ±
0.00 

47,600 
± 21 

4.1 ± 0.0 

ULTIMET™ - 0 Ru 6 − 273 
± 2 

0.26 ±
0.00 

80,967 
± 17 

3.1 ± 0.7 

3 − 337 
± 2 

1.46 ±
0.01 

14,848 
± 66 

15.3 ± 2.1 

1 − 339 
± 0 

13.20 ±
0.80 

1643 ±
13 

137.1 ± 5.0 

ULTIMET™ - 0.3 Ru 6 − 331 
± 1 

0.24 ±
0.00 

90,533 
± 25 

3.0 ± 0.3 

3 − 327 
± 1 

3.91 ±
0.20 

5542 ±
71 

41.3 ± 4.0 

1 − 313 
± 1 

8.58 ±
0.10 

2548 ±
27 

89.2 ± 4.1 

ULTIMET™ - 0.6 Ru 6 − 361 
± 2 

2.28 ±
0.01 

9412 ±
23 

23.2 ± 2.0 

3 − 320 
± 0 

2.75 ±
0.03 

6834 ±
31 

28.4 ± 1.4 

1 − 319 
± 0 

4.63 ±
0.23 

4749 ±
13 

48.4 ± 3.2 

STELLITE™ 6B – 
bulk 

6 − 192 
± 0 

0.03 ±
0.00 

97,100 
± 23 

0.3 ± 0.0 

3 − 283 
± 3 

0.01 ±
0.00 

98,000 
± 42 

0.1 ± 0.0 

1 − 189 
± 1 

0.02 ±
0.00 

93,522 
± 26 

0.2 ± 0.0 

STELLITE™ 6 - 0 Ru 6 − 237 
± 2 

0.4 ±
0.22 

43,583 
± 68 

4.1 ± 0.7 

3 − 315 
± 1 

0.84 ±
0.03 

23,140 
± 71 

8.2 ± 1.3 

1 − 338 
± 1 

8.26 ±
1.00 

2637 ±
25 

72.3 ± 3.2 

STELLITE™ 6–0.3 
Ru 

6 − 425 
± 2 

0.88 ±
0.03 

24,992 
± 63 

8.0 ± 1.3 

3 − 336 
± 1 

4.94 ±
0.72 

4407 ±
76 

43.3 ± 2.4 

1 − 344 
± 1 

5.94 ±
1.00 

3660 ±
25 

52.4 ± 3.4 

STELLITE™ 6–0.6 
Ru 

6 − 249 
± 2 

0.41 ±
0.02 

53,562 
± 42 

4.1 ± 0.1 

3 − 280 
± 2 

0.64 ±
0.02 

30,378 
± 20 

6.2 ± 0.2 

1 − 359 
± 1 

1.10 ±
0.04 

1967 ±
16 

97.4 ± 2.7 

Mild steel 6 − 707 
± 2 

26.40 ±
2.40 

1144 ±
12 

262.3 ± 2.0 

3 − 726 
± 1 

25.00 ±
2.10 

941 ± 75 284.3 ± 2.4 

1 − 724 
± 1 

29.60 ±
3.10 

402 ±
123 

336.1 ± 2.6  
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Fig. 4. Linear polarisation resistance plots of ULTIMET™ and STELLITE™ 6 coatings and mild steel in synthetic mine water at: (a) pH 6, (b) pH 3 and pH 1, showing 
steeper slopes at pH 1 than pH 3 and 6. 

Fig. 5. Effect of: (a) pH and (b) ruthenium content on corrosion rates of ULTIMET™ and STELLITE™ 6 coatings at pH 6, 3 and 1.  
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4. Discussion 

4.1. Corrosion of the alloys and coatings 

The OCP results (Fig. 1) showed that the ULTIMET™ coatings were 
slightly more stable than the STELLITE™ 6 coatings, since they had a 

stronger passivation tendency, shown by their more stable OCP values 
[25]. The corrosion rates of both samples at pH 1 were higher than at 
pHs 3 and 6, due to more chlorides in the solution [10,13,14]. Both 
ULTIMET™ (Fig. 6) and STELLITE™ 6 (Fig. 7) coatings showed general 
and intergranular corrosion, with corrosion products and cracks on the 
surfaces. Figs. 6 and 7 also show that the grain boundaries were more 

Fig. 6. SEM - SE micrographs of samples before corrosion tests showing the surfaces of ULTIMET™ coatings with: (a) 0 Ru, (b) 0.3 wt% Ru, and (c) 0.6 wt% Ru, with 
dendrites and interdendritic carbides [2] and after potentiodynamic polarisation in synthetic mine water at pH 1, showing cracks, intergranular corrosion and 
unaffected ruthenium in ULTIMET™ coatings with; (d) 0 Ru, (e) 0.3 Ru and (f) 0.6 Ru. 

Fig. 7. SEM - SE micrographs of the surfaces of STELLITE™ 6 coatings samples with: (a) 0 Ru, (b) 0.3 wt% Ru, and (c) 0.6 wt% Ru before corrosion tests, showing 
dendrites and interdendritic carbides [2] and after potentiodynamic polarisation in synthetic mine water at pH 1, showing cracks, intergranular corrosion and 
unaffected ruthenium in STELLITE™ 6 coatings with; (d) 0 Ru, (e) 0.3 Ru and (f) 0.6 Ru. 
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susceptible to corrosion [26]. The dendrites were attacked less than the 
interdendritic carbides, and Ru was least attacked (Figs. 6 and 7), which 
shows that the coatings need to be more homogeneous. Smolenska [6] 
found that under sulphidation and within a cobalt-based clad layer, the 
carbides decomposed, and there was severe corrosion along the dendrite 
boundaries, albeit at higher temperatures (800 ◦C) than this investiga
tion and with sulphur partial pressures (10− 8 and 10− 10 atm). The car
bides acted as anodes to the rest of the matrix, and they were attacked 
preferentially [18,19], and they were more in the STELLITE™ 6, hence 
the low corrosion rates than the ULTIMET™ samples (Table 2, Figs. 6 
and 7). 

At high pH, protective films formed (Figs. 2 and 3), inhibiting the 
diffusion of hydrogen ions, resulting in low corrosion rates (Table 2). 
Conversely, at low pH, these films were disrupted by the evolution of 
hydrogen ions, exposing the metal to the surrounding solution, 
increasing oxygen depolarisation, thereby increasing corrosion rates 
[21]. Increased chloride and sulphate ions in the solution increased the 
corrosion rate, as these ions break down the passive layers (from 750 
mV, Fig. 2), and accelerate corrosion [3,27,28]. 

The wide range of spontaneous passivation behaviour (− 250 
mV–750 mV) at pH 3 and pH 1 for coatings (Fig. 2) and bulk alloys 
(Fig. 3) was associated with the formation of protective thin films of 
Cr2O3 on the surface at low pH [3,10,29]. This behaviour was more 
stable at pH 6 (~150–900 mV) as high pH enhances passivation, forming 
a more stable and protective oxide layer on the surface and reducing 
corrosion [25,30]. Pitting potentials were between 670 mV and 900 mV, 
although no pits were found by SEM, although they could have been 
hidden by the surface cracks on the coatings (Figs. 6 and 7). 

The corrosion mechanisms of the coatings were similar to those of 

the bulk alloys. However, the corrosion rates of the bulk alloys were 
much lower than for the coatings (Table 2), because the bulk alloys were 
more homogeneous [2]. However, the bulk alloys were susceptible to 
pitting corrosion (Fig. 3) and were also less hard [2]. The coatings with 
Ru additions, especially STELLITE™ 6–0.6 Ru, had better hardness and 
corrosion rates and could be suitable candidates to replace the bulk al
loys and to protect mild steel in many industrial applications, including 
slurry pump components such as casings, sleeves and valves or ortho
paedic implants [31,32]. 

4.2. Effect of ruthenium on corrosion of the coatings 

The additions of ruthenium to ULTIMET™ and STELLITE™ 6 coat
ings gave little difference in corrosion rates (Figs. 2 and 4), especially at 
pH 6 with the worst corrosion rates at pH 1, with corrosion at the edges 
of the globular particles (Figs. 6 and 7). The small difference was due to 
similar corrosion behaviour of the two cobalt-based coatings: STEL
LITE™ 6 (Co–Cr–W–Fe–Ni–Mo) and ULTIMET™ (Co–Cr–Ni–Mo–Fe–W). 
The Ru contents were probably not accurately analysed, because EDX is 
only accurate to within ~1 wt% [24], and also because of the inho
mogeneous Ru distribution. Additionally, Ru was lost during spray 
coating of ULTIMET™ (although it was apparently not lost for STEL
LITE™ 6), although this apparent loss was most likely due to the inho
mogeneous distribution of the powders during mixing and spray coating, 
especially since Ru is heavier than the other elements. 

Comparison of the corrosion behaviour of all the alloys (Fig. 5) did 
not always show the least corrosion with the highest Ru content, because 
STELLITE™ 6 and ULTIMET™ had higher corrosion rates for 0.6 wt% 
Ru than for 0.3 wt% Ru (Fig. 5 b), and ULTIMET™ with 0.6 wt% Ru also 

Table 3 
EDX analyses (wt%) of the ULTIMETTM coating surfaces of Fig. 8 after potentiodynamic polarisation in synthetic mine water at pH 1 at ambient temperature, showing 
the differences between uncorroded [2] and corroded samples.  

Element (wt%) Coating 

ULTIMET™− 0 Ru % difference ULTIMET™ 
− 0.3 Ru 

% difference ULTIMET™ 
− 0.6 Ru 

% difference 

O 13.7 ± 0.4 aN/M 17.1 ± 1.0 aN/M 17.9 ± 1.0 aN/M 
Si 0.3 ± 0.0 0 0.3 ± 0.1 50 0.3 ± 0.1 − 57.1 
S 1.2 ± 0.2 aN/M 1.5 ± 0.2 aN/M 1.5 ± 0.3 aN/M 
Cl 0.2 ± 0.1 aN/M aN/M aN/M aN/M aN/M 
Cr 31.1 ± 1.0 11.1 35.1 ± 1.0 21 35.2 ± 1.3 19.3 
Fe 5.4 ± 2.0 2600 0 − 100 4.3 ± 2.3 0 
Co 33.6 ± 1.0 − 32.8 29.0 ± 1.0 − 44.2 26.2 ± 1.0 − 46.3 
Ni 8.2 ± 0.2 − 36.9 7.6 ± 0.2 − 36.7 6.4 ± 1.0 − 47.9 
Mo 3.8 ± 0.4 − 15.6 4.4 ± 0.4 10 3.8 ± 1.0 − 15.6 
Ru 0 0 0 − 100 0 − 100 
W 2.6 ± 0.2 30 4.9 ± 0.3 145 4.2 ± 0.4 110  

a N/M = not measured before corrosion tests. 

Table 4 
EDX analyses (wt%) of the STELLITETM 6 coating surfaces of Fig. 8 after potentiodynamic polarisation in synthetic mine water at pH 1, at ambient temperature, 
showing the differences between uncorroded [2] and corroded samples.  

Element (wt%) Coating 

STELLITE™ 6–0 Ru % difference STELLITE™ 6–0.3 Ru % difference STELLITE™ 6–0.6 Ru % difference 

O 18.4 ± 1.0 aN/M 16.9 ± 1.0 aN/M 11.5 ± 8.0 aN/M 
Si 0.6 ± 0.0 − 14.3 0.5 ± 0.1 − 28.6 0.5 ± 0.1 − 28.6 
S 1.6 ± 0.1 aN/M 0.8 ± 0.1 aN/M 0.7 ± 0.0 aN/M 
Cl 1.8 ± 0.2 aN/M 0.8 ± 0.2 aN/M 0.5 ± 0.1 aN/M 
Cr 36.7 ± 1.3 10.9 33.8 ± 2.0 2.1 32.8 ± 3.0 7.6 
Fe 0 0 22.0 ± 2.0 700 18.0 ± 3.3 − 100 
Co 18.2 ± 1.2 − 65.7 17.6 ± 1.0 20.9 24.5 ± 1.3 − 55.6 
Ni 14.0 ± 0.4 311.8 2.0 ± 0.3 − 41.2 2.3 ± 0.3 − 36.1 
Mo 0 − 100 0 − 100 0 − 100 
Ru 0 0 0 − 100 0.3 ± 0.1 − 80 
W 8.7 ± 0.3 107.1 5.7 ± 0.3 50 5.3 ± 1.0 103.8  

a N/M = not measured before corrosion tests. 
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had a higher corrosion rate at pH 1 than pH 3 and pH 6. This was 
probably due to the inhomogeneity of Ru, even though adding ruthe
nium was beneficial for the corrosion resistance of the coatings in the 
active-passive region transitions and increased passivity ranges (~250 
mV–0 mV) [9–14]. These transitions (Figs. 2 and 3) were also due the 
formation of chromium oxide layers (Fig. 3) on the surface of the coat
ings. The highest corrosion rates were for pH 1, as expected. The pH 6 
would be expected to give the lowest corrosion, as it did for STELLITE™ 
6, but there was overlap between pH 3 and 6 for ULTIMET™ which was 
probably due to both inhomogeneity and loss of Ru (during powder 
mixing, powder feeding or spray coating), and the inhomogeneity of the 
carbide distribution [2,33,34], since the coating carbides were not 
detected by XRD [2]. However, it was expected that small amounts of Ru 
would dissolve in Co–Cr matrices [35], since at high temperature Ru 
dissolves in the (Cr) solid solution [35], although the solvus slopes and 

less dissolves at lower temperatures. However, the Ru did not dissolve in 
the matrices as shown by the microstructures (Figs. 6 and 7), since Ru 
was observed as almost pure Ru regions, which suggests that at ambient 
temperatures, little Ru dissolves in the matrices. This explains the un
expected results when the Ru content did not always give better corro
sion resistance. 

The increased corrosion rate with increasing Ru content for ULTI
MET™ – 0.6 wt% Ru at pH 6 (Table 2) was similar to the effect of Ru 
additions to stainless steels [14], and to WC–Co cemented carbide alloys 
[36]. Both studies concluded that increased Ru from 2% to 3% did not 
yield significant improvements to the corrosion resistance. The reason 
why increased Ru did not increase the corrosion resistance was that it 
was not homogeneously distributed in the matrices (Figs. 6 and 7). It 
must be remembered that Ru is expensive, so it is advantageous to add as 
little as possible to achieve the improved corrosion resistance [37]. 

Fig. 8. SEM-BSE images of samples after corrosion tests in synthetic mine water at pH 1, showing the surfaces where EDX analyses were taken (500×) for ULTIMET™ 
coatings with nominal; (a) 0 Ru, (b) 0.3 Ru, (c) 0.6 Ru, and STELLITE™ 6 coatings: with nominal (d) 0 Ru, (e) 0.3 Ru, f) 0.6 Ru. The arrows show ruthenium. 

S.I. Hango et al.                                                                                                                                                                                                                                 



Results in Materials 21 (2024) 100546

9

5. Conclusions 

The effect of the additions of 0.3 and 0.6 wt% ruthenium on corro
sion of ULTIMET™ and STELLITE™ 6 in synthetic and acidified syn
thetic mine water was studied using potentiodynamic polarisation. Both 
coatings displayed active-passive transition behaviour. The corrosion 
resistance of the coatings reduced as the acid concentration increased, as 
expected. Adding Ru to the coatings reduced the active-passive transi
tion. The lowest corrosion rate was for the STELLITE™ 6 coating with 
nominal 0.6 wt% Ru at pH 6 and 3. Increased Ru contents in both 
ULTIMET™ and STELLITE™ 6 coatings increased the hardness. STEL
LITE™ 6–0.6 Ru was the best coating due to its good corrosion resistance 
and the highest hardness, and may be used to protect slurry pump 
components, cutting tools, chemical processing and in marine 
environments. 
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