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Abstract 

Erosion-corrosion is responsible for severe damage and high maintenance costs in 

many industrial operations involving slurry handling such as oil sands and mineral 

processing. While tungsten carbide reinforced Ni-based alloy overlays are frequently 

used for applications requiring extremely high wear resistance, they tend to suffer 

from extensive carbide degradation during the weld cladding process which has 

been shown to severely impair their erosion-corrosion resistance. Recently, new 

(WTi)C based overlays are being developed to alleviate some of the limitations 

associated with the nickel-based tungsten carbide overlays. In this study, three 

different overlays reinforced with (WTi)C and one tungsten carbide were assessed 

using a slurry pot erosion-corrosion testing apparatus where the total erosion-

corrosion (E-C) rate as well as the separate components of synergistic effect was 

determined. Erosion-corrosion test was performed at 30°C, in an aqueous slurry 

containing 35wt.% AFS 50-70 silica sand and 3.5wt% NaCl. A special SEM 

technique was employed to examine changes on the specimen surface at specific 

overlay locations before and after erosion-corrosion test in order to identify the 

effect of corrosion on erosion and vice-versa. It was found that tungsten is more 

prone to dissolution in the matrix during the welding process than titanium, which 

forms W-depletion/Ti-rich layer around the (WTi)C particle. Dissolution of tungsten 

and titanium promotes the formation of secondary carbides in the matrix. Erosion-
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corrosion performance of the overlays largely depends on increased fraction of 

retained primary (WTi)C phase.  

Key words: Erosion-corrosion, synergistic effect, overlays, slurry pot, (WTi)C  

1 Introduction 

Extreme wear and corrosive environment in the mineral and oil sands industries 

decreases the productivity and useful life of the equipment. The combined action of 

erosion and corrosion due to the presence of sand/mineral particles flowing in a 

corrosive fluid produces a high degradation rate of the hydrotransport equipment. 

Material loss rate due to combined erosion-corrosion is usually significantly higher 

than the sum of material loss rate due to pure erosion and pure corrosion acting 

separately [1]–[4]. Hence, materials subjected to erosion-corrosion processes must 

be able to resist mechanical and electrochemical degradation due to erosive particle 

impact in a corrosive medium [5], [6].  

Erosion-corrosion damage of critical areas in the slurry handling equipment can be 

minimized by the application of protective overlays [7]–[9]. The erosion resistance of 

weld overlays is achieved due to the combination of matrix toughness and hardness 

of the reinforcing particles [10]–[12]. It also depends on the volume fraction, size 

and distribution of the hard phases [10], [13], [14]. On the other hand, erosion-

corrosion is a complex phenomenon and erosion-corrosion resistance not only 

depends on the reinforcing particles, but also the matrix composition and carbide 

matrix interface [13], [15]–[18].  

Tungsten carbides (WC or WC/W2C eutectoid) in a self-fluxing Ni-based alloy are 

widely used () in the oil sands/mineral industry to provide protection in low stress 

sliding abrasion, slurry abrasion and erosion-corrosion conditions [15], [19]–[21]. 

They combine high hardness, good wettability to the matrix and low thermal 

expansion coefficient [22], [23]. However, during deposition, thermal decomposition 

of carbides can occur due to interaction with lower melting point matrix constituent 
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[17], [20]. Dissolution of the carbides results in reduced wear performance of the 

deposit [16], [24]–[26]. In addition, dissolved carbides lead to the formation of brittle 

secondary phases which may be detrimental to the wear resistance of the deposit 

[27]. It was found that spherical and angular cast tungsten carbides (WC/W2C) are 

more affected by carbide dissolution than monocrystalline tungsten carbides [28], 

[29].  

To alleviate the issue of carbide degradation associated with the nickel-based 

tungsten carbide overlays, MMC overlays reinforced with other types of carbides 

such as (WTi)C are being explored.  In this study, the erosion-corrosion behavior of 

three (WTi)C based overlays and one monocrystalline WC overlay has been studied 

using a slurry pot erosion-corrosion test apparatus at 30°C, in an aqueous slurry 

containing 35wt.% AFS 50-70 silica sand and 3.5wt% NaCl. 

2 Experimental 

2.1 Test materials and characterization 

Four plasma transferred arc weld overlays were studied. Their nominal 

compositions, hardness, carbide type and volume fraction of large (primary) 

carbides are listed in Table 1. It is important to note that measured carbide volume 

fraction (vol%) only included the original undissolved (primary) carbide particles. 

The 50 wt% (WTi)C-316L-Si overlay had considerably lower primary carbide volume 

fraction after welding than the nominal value.  
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Table 1 Test materials and basic characteristics. 

Material Carbide 
type 

Powder Overlay 

Carbide 
wt% 

Carbide 
vol% 

(*)Measured 
carbide vol% 

Hardness 
(HRC) 

50 wt% (WTi)C/ 316L-
Si 
(Fe17Cr12Ni2.5Mo2Si) 

(W, Ti)C 50 44.3 14.4 44.5 ± 1.9 

60 wt% (WTi)C/ 316L-
Si 
(Fe17Cr12Ni2.5Mo2Si) 

(W, Ti)C 60 54.4 37.1 59.4 ± 1.6 

60 wt% (WTi)C/  
MC625 
(Ni22Cr9Mo4Nb4Fe) 

(W, Ti)C 60 56.4 40.1 55.3 ± 2.0 

Plasmadur 51322 (60 
wt% WC/ 
Ni7Cr4Si2Fe1.5B) 

WC 60 44.7 46.1 51.3 ± 1.5 

* Only the original un-dissolved carbide particles were included in the “Measured 
carbide vol%”. 
 
 
2.2 Slurry pot erosion-corrosion (SPEC) testing 

Erosion-corrosion test was conducted on a slurry pot erosion-corrosion tester. The 

setup of the tester is shown in Figure 1. The unit consists of a 4-litre glass vessel to 

hold the slurry, a neoprene-lined impeller that is rotated to impel the slurry against 

the test surfaces, a heating/cooling system (chiller) and a three-electrode cell with a 

Gamry PC4/750 potentiostat to allow for electrochemical assessment and cathodic 

protection control. Electrochemical tests were conducted in-situ vs. saturated 

calomel electrode (SCE) and Pt counter electrode. The test conditions for erosion-

corrosion assessment are shown in Table 2. In order to discern any preferential 

damage under various test conditions, surface examination was performed using a 

Hitachi S-3500N scanning electron microscope (SEM) of specific phases in the 

overlay before and after each test at the same locations. 
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Table 2 Slurry pot erosion-corrosion (SPEC) test parameters.  

Slurry 35wt% AFS 50-70 silica sand + 3.5wt% NaCl in water 

Impeller speed 900 rpm 

Slurry temperature 30°C  

Test duration 6 hr 

Environment Open air  

 

 

  

Figure 1 The slurry pot erosion-corrosion (SPEC) tester setup. 
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2.3 Specimen preparation 

The specimen dimensions are 18±0.5 mm x 6±0.5 mm x 5±0.5 mm, where 18 mm x 6 

mm is the test surface which constitutes a test area of 1.08 cm2. All surfaces 

adjacent to the test surface are ground perpendicular to each other. The testing 

surface is polished to 1 μm diamond suspension prior to the experiments. All 

specimens are mounted in epoxy, leaving only the test surface exposed to the testing 

environment. An electrical contact is attached to the specimen requiring 

electrochemical assessment/control before embedding in epoxy. 

2.4 Assessment of erosion-corrosion synergy 

The erosion-corrosion synergy is determined/analyzed according to the ASTM G119-

04 standard guide [30]. The total material loss under erosion-corrosion (E-C) 

conditions, Kec, is related to the synergistic component, Ks, by Eq. 1 

Kec = Keo + Kco + Ks  ………………………………………………………………………… (1) 

Where, Kec = total E-C rate, Keo = erosion-only material loss rate (erosion in the 

absence of corrosion), Kco = corrosion-only material loss rate (corrosion in the 

absence of erosion), and Ks = synergy. 

The total material loss rate, Kec, can also be divided into the following components 

as expressed in Eq. 2: 

Kec = (Keo + Ke) + (Kco + Kc) = Ke + Kc …………………………………………….… (2) 

Where, Ke = total erosion rate, Kc = total corrosion rate, ΔKe = corrosion-enhanced 

erosion, and ΔKc = erosion-enhanced corrosion. Eq. 2 provides more detailed 

information on key contributors to E-C loss. From Eq. 1 & Eq. 2, the erosion-

corrosion synergy and its various components can be calculated/expressed by: 

Ks = Ke + Kc = Kec – (Keo + Kco) ……………………………………………………… (3) 

Kc = Kc - Kco ……………………………………………………………………...…..… (4) 
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Ke = Ks - Kc  ……………………………………………………………..…………..… (5) 

Total erosion-corrosion rate, Kec, is measured by mass loss using a microbalance 

with a reading accuracy of 0.01 mg. The erosion-only rate, Keo, is also determined 

by measuring the mass loss following testing in the same slurry but with the 

specimen being cathodically protected. The total corrosion rate in the presence of 

erosion, Kc, and the corrosion-only rate in the absence of erosion, Kco, are 

determined using the polarization resistance technique [31]. These are measured in 

the slurry pot erosion-corrosion test system with the rotator running with and 

without sand, respectively. From these measured values of material loss rate, the 

synergistic effect, Ks, the erosion-enhanced corrosion, Kc, and the corrosion-

enhanced erosion, Ke, can be obtained according to Eq. 3, Eq. 4 and Eq. 5, 

respectively.  

All the material loss rates are expressed in cm3/h/cm2.  

3 Results and discussion 

3.1 Microstructural characterization of overlays 

The overlay microstructure is diverse and a single SEM micrograph is not 

representative of overall overlay microstructure. Figure 2 shows the SEM 

micrograph of 50wt% (WTi)C/316L-Si at different magnifications. Carbide 

distribution is relatively uniform but the volume fraction is much lower (14.4 vol%) 

than the nominal amount (50wt% is equivalent to about 44 vol%). A significant 

amount of eutectic (tungsten-rich) microstructure or networks of carbides was 

observed along the grain boundaries in the matrix. EDS line scan on 50wt% (WTi)C/ 

316L-Si indicates that tungsten (W) in the (WTi)C is more prone to dissolution than 

titanium (Ti) in the matrix, forming a W-depletd/Ti-rich carbide layer around 

(WTi)C particle/matrix interface (Figure 3 (a)). The matrix has been modified by 

dissolved (WTi)C (Figure 3 (b)). The eutectic has typical morphologies for Fe-W-C 

alloys: Austenite + (W, Fe)6C. Dissolved Ti precipitates as small (WTi)C. Due to 

higher dissolution of W from (WTi)C, there is enough W in the matrix to form WC.  
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In the 60wt% (WTi)C/ 316L-Si overlay, the matrix has two types of characteristic 

microstructures: regions containing fine white particles and regions free from such 

particles (Figure 4). This is mainly due to the relative movement of the PTA torch 

and the workpiece (oscillation speed and the transverse speed). As a result some 

material re-melts and has a longer molten state (more time to dissolve (WTi)C and 

form precipitates). The fine particle dense region contains blocky white carbides, 

gray-colored blocky phases and eutectic W-rich structures as shown in Figure 4 (b). 

Matrix in the particle sparse region has networks of gray-colored precipitates only 

(Figure 4 (c), (d)). Figure 5 shows EDS mapping of 60wt% (WTi)C/ 316L-Si. The 

white phases in the matrix are tungsten carbides (WC) and the gray particles 

(blocky or dendritic) are (WTi)Cs. Some Cr carbides are also formed in the matrix.  

60wt% (WTi)C/ MC625 also has two typical regions in the matrix  as shown in 

Figure 6 (a). In the dense fine particle region, the fine precipitates have different 

morphologies, including blocky white carbides (Figure 6 (c)), gray-colored globular 

phases and white dendrites (Figure 6 (b)). Thick W-depleted surface layer was also 

observed around primary carbide.  

On the other hand, in the Plasmadur 51322 overlay, the microstructure is uniform 

across the specimen surface with minimal carbide degradation (Figure 7). Small 

amount of (W, Cr) carbides (η phase) are formed along grain boundaries in the 
matrix.   

Minimal carbide (macrocrystalline WC) degradation in Plasmadur 51322 as 

compared to Metco overlays (cast (WTi)C) is mainly because; Plasmadur 51322 

contain Ni self-fluxing alloy as matrix. It has lower melting temperature and low 

viscosity to produce better welds. Metco-clad 316L-Si (MC 316L-Si) and Metco-clad 

625 (MC625) were designed as stand-alone alloys and do not have as low viscosity 

as Ni self-fluxing alloys. Combined with a lower density of (WTi)C particles, it is 

more difficult for these particles to penetrate the weld pool. Some (WTi)C particles 

bounce off and results in the lower measured carbide content. In addition, PTA 
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deposition parameters, Fe matrix and a high Cr content further decrease the 

content of the primary carbides in Metco overlays.  

Because of its high dissolution rate, WC cannot be used in Fe matrix (MC 316L-Si, 

MC625) and matrix containing high Cr.  Plasmadur 51322 matrix contains low Cr 

and most of its Cr is tied in carbides and does not contribute to corrosion resistance. 

On the other hand, MC 316L-Si and MC625 contain relatively higher Cr (as evident 

from EDS mapping) and provide better corrosion resistance. It is believed that, if 

macrocrystalline WC is used in MC 316L-Si or MC625 matrix, it will provide much 

inferior results compared to (WTi)C. 

 

 

Figure 2 SEM micrograph of 50wt% (WTi)C/ 316L-Si. 
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Figure 3 EDS line scan on 50wt% (WTi)C/ 316L-Si. 

  

Figure 4 SEM micrograph of 60wt% (WTi)C/ 316L-Si. 
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Figure 5 EDS mapping of 60wt% (WTi)C/ 316L-Si. 

  

Figure 6 SEM micrograph of 60wt% (WTi)C/ MC625. 
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Figure 7 SEM micrograph of Plasmadur 51322. 

3.2 Erosion-corrosion results 

Figure 8 (a) shows the material loss rate due to erosion-corrosion, erosion only, 

corrosion only and synergy of the four evaluated overlays. Plasmadur 51322 has the 

highest erosion and erosion-corrosion resistance as compared with other overlays. 

This can probably be partially attributed to the higher undissolved carbide vol% in 

this overlay [32]–[36]. The erosion-corrosion resistance of Plasmadur 51322 and the 

60wt% (WTi)C/ MC625 overlays is better than two versions of tungsten carbide 

overlays evaluated previously in this lab under the same testing conditions [1]: (a) 

50 vol% of mixed tungsten carbide in NiBSi matrix (Kec = 7.35×10-5) where the 

carbide particles are composed of crushed eutectic (WC/W2C), spherical eutectic 

(WC/W2C) and macrocrystalline WC particles and (b) Macro WC/NiCrBSi overlay 

(Kec = 1.8×10-5) containing 50 vol% macrocrystalline WC.  The contribution of pure 

corrosion rate to overall material loss rate is small for all the overlays.  
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Figure 8 (b) shows the material loss rate due to synergy and the contribution from 

erosion-enhanced corrosion and corrosion-enhanced erosion. It is interesting to note 

that erosion-enhanced corrosion (ΔKc) dominates the synergistic effect, Ks, for all 

overlays. 60wt% (WTi)C/316L overlay displayed much higher corrosion-enhanced 

erosion (42%) as compared with the other overlays. 

Figure 9 shows the comparison of wear surface of 50wt% (WTi)C/316L-Si overlay at 

two locations before (Figure 9 (a) and (c)) and after (Figure 9 (b) and (d)) erosion-

only test. Uniform erosion occurred in the matrix after pure erosion. The 

degradation of large (W,Ti)C particles was by brittle fracture as indicated by the 

solid red circles in Figure 9 (a) – (d). It is interesting to note that pre-existing 

surface cracks and porosity did not show significant influence on the overall erosion 

process as shown in Figure 9 (a) and (b) (dotted yellow circles). Figure 10 and 

Figure 11 show the SEM micrographs of changes in erosion surfaces of 60wt% 

(WTi)C/316L-Si and Plasmadur 51322 after pure erosion, respectively. The pull-out 

of some small (W,Ti)C carbide particles and brittle fracture of large (W,Ti)C 

particles were observed, but no apparent evidence of corrosion along the carbide/ 

matrix interface could be identified (Figure 10 (a) and (b)). Large and small 

monocrystalline WC particles underwent comparatively less degradation during the 

pure erosion (Figure 11).   
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Figure 8 Erosion-corrosion synergy analysis of the overlays. 
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Figure 9 Comparison of wear surfaces of the 50wt% (WTi)C/316L-Si overlay 
before and after erosion-only test: (a) & (c) two separate locations 
on the surface before test; and (b) and (d) the corresponding 
locations at (a) and (c) after the erosion-only test. (a)-(d) 
degradation of large (W,Ti)C particles by brittle fracture (solid red 
circle), (a)-(b) pre-existing surface crack and porosity does not show 
significant influence on erosion (dotted yellow circle). 
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Figure 10 SEM micrograph of 60wt% (WTi)C/316L-Si after erosion only. (a)-
(d) brittle fracture of (W,Ti)C particles (solid red circle), (a)-(b) no 
evidence of corrosion along the carbide/ matrix interface (red 
arrow), which illustrates the effectiveness of cathodic protection, 
(c)-(d) small (W,Ti)C pull out (dotted yellow circle).  
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Figure 11 SEM micrograph of Plasmadur 51322 after pure erosion. (a)-(d) 
less degradation of large and small monocrystalline WC than large 
and small (WTi)C. 

Figure 12 shows the comparison of wear surface changes before and after erosion-

corrosion test for the 60wt% (WTi)C/316L-Si overlay. Clearly, erosion-corrosion 

caused more severe damage than in erosion-only test (Figure 10). Smaller (W,Ti)C 

particles were more easily removed, offering less erosion-corrosion resistance, as 

compared with larger ones. It is believed that preferential corrosion along the (W, 

Ti)C/matrix interface can accelerate the removal of small (W,Ti)C particles from the 

matrix, causing corrosion-enhanced erosion, which can be evidently seen by 

comparing Figure 12 (c) and (d). 
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Figure 12 SEM micrograph of 60wt% (WTi)C/316L-Si after erosion-corrosion. 
(a)-(d) severe damage of small (WTi)C particle, (c)-(d) preferential 
corrosion along the (WTi)C/matrix interface (red arrow). 

For the 50wt% (WTi)C/316L-Si overlay, extensive degradation of the primary 

(WTi)C particles occurred during the deposition process. The measured volume 

fraction of un-dissolved carbide (14 vol%) particles was much lower than the 

nominal value (44 vol%), Table 1. As has been presented earlier, tungsten is more 

prone to dissolution than titanium in the matrix. As a result, a W-depletion/Ti-rich 

carbide layer around (WTi)C particle/matrix interface is created. The dissolved W 

and Ti produce small (WTi)C precipitates and eutectic microstructure in the matrix.  

These W rich eutectic and small (WTi)C particles offer less erosion protection as 

compared with large (WTi)C particles (Figure 9). Thus, the 50wt% (WTi)C/316L-Si 

overlay exhibited inferior erosion and erosion-corrosion resistance due to the much 

lower amount of undissolved primary carbide. On the other hand, minimal carbide 

degradation was observed in the Plasmadur 51322 overlay which showed better 

erosion and erosion-corrosion resistance than the three (WTi)C based overlays.  
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4 Conclusions 

In this study, four metal matrix composite (MMC) weld overlays were assessed 

using a slurry pot erosion-corrosion tester. These materials included three (W, Ti)C 

reinforced overlays and one monocrystalline WC based overlay, Plasmadur 51322. 

Total erosion-corrosion rate and separate components of synergistic effect were 

determined. The following conclusions can be made from the current work: 

1. Under the erosion-only conditions, Plasmadur 51322 has the highest erosion 

resistance. 

2. (WTi)C/316L-Si matrix overlays display inferior erosion-corrosion resistance 

to that of the (WTi)C/MC625 matrix overlay. 

3. Higher volume fraction of undissolved (large primary) carbide provides better 

erosion-corrosion resistance. 

4. Although total erosion-corrosion material loss rate for 50wt% (WTi)C/316L-Si 

is higher than 60wt% (WTi)C/316L-Si, it has much lower synergistic effect. 

5. The contribution of pure corrosion rate to overall material loss rate is very 

small for all the studied overlays. 

6. The synergistic effect, Ks, was dominated by erosion-enhanced corrosion 

(ΔKc) for all the evaluated overlays. 

7. Large carbide particles offer better erosion protection than the fine W-rich 

eutectic and (WTi)C precipitates formed in the matrix from dissolved carbides 

during welding. 

8. Preferential corrosion along the (WTi)C / matrix interface weakens the 

matrix support and accelerates the removal (pull-out) of small (WTi)C 

particles from the matrix, causing corrosion-enhanced erosion. 
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