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Abstract   

Metal matrix composites (MMCs) of WC in Co or Ni matrices are widely used due to their 

high wear resistance. Previous studies showed that tailoring the mechanical properties through 

optimum WC content can significantly extend the life cycle of MMCs. In this study, composite 

coatings of Ni with various WC content ranging from 10 to 55vol.% were cold sprayed using 

agglomerated WCNi powders and two different sizes of Ni powders, -10+4 (d50 = 7 µm) referred 

to as Ni(7) and -35+15 (d50 = 25 µm) to as Ni(25). Microstructural characterization, including the 

deformed structure of Ni splats and retention and distribution of WC was performed by scanning 

electron microscopy (SEM). Composite coatings were subjected to solid particle erosion following 

ASTM G76-13 standard. At low WC content coatings, erosion occurred primarily by plastic 

deformation of Ni matrices and knocking-out of WC particles. At high WC concentrations, 

network distribution of compacted WCNi particles in the matrices led to a significant drop in 

erosion rates of coatings, due to a change in erosion mechanism from severe cutting and ploughing 

of Ni and WC dislodging to WCNi splats spalling. Composite coatings sprayed using finer size Ni 

powder were usually more erosion resistant. 
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1. Introduction  

Solid particle erosion (SPE) is the wear of materials that occurs when hard solid particles 

are entrained in a fluid and impinge on a surface. SPE is involved with a series of independent but 

similar impact events where erodent particles hit the surface [1,2]. In SPE, the materials are 

traditionally divided into ductile and brittle based on their response to wear. Ductile materials often 

exhibit maximum erosion rates at small impact angle, while for brittle materials, a high erosion 

damage is detected at normal angle of incidence [3,4]. Recently much attention has been paid to 

metal matrix composite (MMC) coatings which combine hardness of hard ceramic particles with 

toughness of metallic binder to control and minimize erosion damage for a wide range of impact 

angles [5,6]. Refractory carbides such as WC, TiC, and Cr2C3 particles are commonly used for 

prolonged protection of surfaces against erosion damage [7-9].   

The wear resistance of WC reinforced MMC coatings has been studied previously. Ramesh 

et al [10] investigated SPE of HVOF deposited NiCrFeSiB and 35vol.%WC-Co/NiCrFeSiB 

coatings. They showed that ploughing and cutting of the Ni matrix and dislodging of WC 

fragments are the prevailing erosion mechanisms at low angle of attack. Whereas, crater formation 

and spalling of the coating following subsurface cracking was indicative of a composite ductile 

and brittle modes at 90 attack angle. Higher erosion rate was recorded for composite coating when 

compared to that of uncoated steel. Embedding of SiC erodent particles into relatively softer 

uncoated steel was found to impart shielding effects against impinging particles leading to lower 

erosion loss. Studies of Kulu and co-workers [7,9] showed that the erosion wear resistance of 

reference materials like uncoated steel or Ni coatings can be greatly improved by incorporation of 

a sufficiently high WC-Co content, above 70 vol.% WC content, into the metallic matrices. Paul 

et al [8] conducted SPE testing using Al2O3 erodent particles on high content Ni-WC laser clad 

surfaces with 75-92 vol.% WC. Worn surface observation revealed that ductile erosion 

mechanisms followed by the removal of WC particulates from the matrix dominates the erosion 

damage. They found that erosion behavior of composite coatings was primarily governed by 

erodent particles velocity followed by their impact angle. Gee et al [11] and Hussainova et al [12] 

performed SPE on WC-12Co hard metals, accumulation of plastic strain in WC, intergranular 

cracking, interphase debonding and micro-cracking of carbides was reported.  
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 In another study, Zhou et al [13] observed that the coatings of 35 vol.% cast WC reinforced 

iron matrix showed the highest erosion resistance under impact angle of 70◦. They observed the 

worn surfaces with a characteristic protruding of WC particles and sinking of the matrix, indicating 

preferential wear of matrices and a high resistance of WC particles against erosion damage, due to 

their significantly higher hardness compared to the silica erodent particles. With increasing WC 

content up to 35 vol.%, erosion rates were reduced. However, further increase in WC content above 

35 vol.% led to rise in erosion of the composites. The increase in erosion rates of composites for 

volume fraction above 35 vol.% was linked to weak interfacial bonding at high WC contents, 

where the matrix between WC became too little or nonexistent, leading to WC particles contacting 

each other. The result is an increase in erosion damage, since the supporting effect of the matrix 

to WC particles through a good interface bond is essential for the protecting effect of WC particles 

[13]. This emphasizes the importance of matrix mechanical properties and erosion resistance, as 

well as, microstructural factors, i.e. spacing between reinforcement particles, their size, and 

volume fractions. Although, the relationship between microstructure, matrix and hard particles, 

and wear parameters is critical as well.   

Due to its distinct advantages over traditional thermal spray processes, cold spray has been 

developed to deposit WC containing composites over the last decade. Cold spray is a solid-state 

process, in which oxidation, decomposition, and any other unwanted phase transformation of heat 

sensitive feedstock such as WC particles can be avoided [14-19]. While many examples of WC-

based MMCs by cold spray exist in the literature [16,17,20-23], very few have studied the erosion 

performance in detail [20, 21]. Erosion performance of cold sprayed WC-CoCr, Cr3C2-NiCr, and 

Al-Al2O3 coatings were tested in a previous study [24]. Friction stir processing (FSP) was used to 

improve the distribution of reinforcing particles within the matrix. Reduction in the interparticle 

spacing led to less of the matrix alloy being exposed to the impinging particles, and hence, erosion 

resistance was improved. The SPE of cold-sprayed Ni and Ni-10.5vol% cast WC was studied 

previously by the authors [25]. For impact angles of 30 and 90, worn morphologies associated 

with ductile erosion including cutting, ploughing, lips formation and its embrittlement was 

observed on the Ni matrices. At low impact angle, WC particles were least damaged due to erosion 

but were knocked out when the supporting effect of Ni matrix was reduced due to matrix erosion. 

Under normal angle, eroded surfaces showed brittle cracking of WC particles and fragmentation 
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and following removal from the surface. The addition of a 10.5vol% cast WC did not significantly 

improve the erosion resistance at low impact angle [25]. Higher WC content likely would improve 

erosion properties, but this was not possible using cast WC particles [25]. Other studies showed 

that by using agglomerated WC-Co or WC-Ni particles, higher WC content can be achieved that 

is closer to that of initial feedstock [17-19].  SPE performance of cold sprayed Ni-WC with various 

WC content has not been conducted yet and was therefore the main focus of the current study. 

Moreover, the influence of Ni matrix microstructure and hardness on SPE was tested using two 

size ranges Ni powders, referred to as Ni(7) and Ni(25). In a previous work by the authors [19], 

coatings of pure Ni(7) and Ni(7)-WCNi were cold sprayed and mechanisms of WCNi retention 

and Ni deformed microstructure evolution were discussed. The present study is largely limited to 

a discussion of powder size effect on Ni coatings microstructure, as well as, SPE mechanisms of 

Ni and composite coatings.  

2. Experimental  

2.1. Cold sprayed Coatings Characterization 

Feedstock powders for cold spray were commercially pure gas atomized Ni (AMPERIT® 

176, H.C.Starck, Germany) referred to as Ni(25), commercially pure water atomized Ni (4SP-10, 

Novamet, USA) referred to as Ni(7) and agglomerated and sintered WCNi (AMPERIT® 547, 

H.C.Starck, Germany) (Fig. 1). The Ni(7), Ni(25) and WCNi powders had particle size ranges of 

-10+4 (d50  = 7 µm), -35+15 (d50  = 25 µm) and -30+15 µm (d50 = 20 µm), respectively. Cold spray 

parameters that were used here, such as the cold spray gun, deposition parameters and feeding 

system, are explained in a previous work for Ni(7) and Ni(7)-WCNi coatings [19]. The only 

distinction was the gas preheat temperature that was 800 °C for the composite coatings using 

Ni(25) as matrices, whereas, similar to pure Ni(7), pure Ni(25) coatings was sprayed at gas preheat 

temperature of 700 °C.  
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Fig. 1 Morphology of as-received powders: (a) Ni(7) -10+4 (d50 = 7 µm), (b) Ni -35+15 (d50 = 25 

µm), and (c) and (d) morphology and cross section of WCNi -35+15 (d50 = 20 µm), respectively. 

For each coating system, i.e. Ni and agglomerated WCNi, four steel substrates of 3×1 

inches were coated.  Cold-sprayed coatings were cross-sectioned perpendicular to the gun traverse 

direction, mechanically ground, and polished using 9, 3 and 1 µm diamond pastes followed by 

0.05 μm colloidal silica. The morphology and microstructure of the initial powders and deposited 

coatings were observed by a scanning electron microscopy (SEM) (FEI Quanta 600, Thermo 

Fisher Scientific, USA). The WC and porosity concentrations within the coatings were measured 

by image analysis. Ten random images of polished cross-sections were collected for each sample 

in a SEM, then analyzed by pixel count using an open source software ImageJ.  To estimate mean 

free path (MFP) between WCNi particles, SEM images of polished cross-sections of coatings was 

analyzed. Random line was drawn on the images and the number of times that the line intersects 

the WCNi particles was noted. The line distance was measured using the measure distance 

function, available in ImageJ, in which pixels counts is converted into micrometers according to 

the scale bar of corresponding image. Then, the number of particles intersects per unit length of 

the line, Nl, together with the volume fraction of WC particles, vp, was used to estimate the MFP 

of the WCNi particles (λ) using following equation [26-28],  

                  λ =
ଵି௩೛

ே೗
                                                                  (1) 
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At least 50 measurements were made to obtain an average value for MFP of the WCNi 

particles for each coating system. Electron channeling contrast imaging (ECCI) using a cold field 

emission SEM (SU-8230, Hitachi, Japan), with a photodiode back-scattered electron (BSE) 

detector, was performed to reveal the grain and deformed structure of coatings.  

To characterize mechanical properties of Ni powder and sprayed coatings, nano-hardness 

and micro-hardness testing were used. Nano-hardness testing was measured using a Berkovich 

diamond tip with a triboindenter system (TI 950, Hysitron, USA). The peak load, loading and 

unloading rate, and hold time at peak load were fixed as 3 mN, 200 μN/s and 2 s, respectively. An 

array of 10 x 10 was carried out on each coating system. To calculate hardness, the indentation 

load-displacement data during indentation were analyzed using the Oliver and Pharr method [29]. 

The hardness of the coating is measured by following equation [30,31], 

                                                𝐻 =
௣೘ೌೣ

஺
                                                                  (2) 

where Pmax is the maximum load applied and A is the projected area of indentation contact. A is 

dependent on the contact depth of the indenter according to the indenter area function [30,31]. 

Vickers micro-indentation (Clark CM-100AT, Clarke Instruments Ltd, UK) was performed on the 

top polished surfaces. To obtain an average hardness value of the composite, a large load of 1 kgf 

with a dwell time of 15 s on a micro-hardness tester was used. At least 20 indentations were 

performed on each coating system. 

2.2. Erosion test   

SPE tests were carried out using a custom-built gas-blast erosion system based on the 

specifications of ASTM standard G76-13 [32,33]. Prior to erosion tests, the top surfaces of 

coatings were mechanically ground, and polished using 9, 3 and 1 µm diamond pastes followed 

by 0.05μm colloidal silica. Angular Al2O3 particles of 20 to 70 µm size were used as erodent 

particles (Fig. 2). Al2O3 particles have an average hardness of 13.5 ± 0.3 GPa. Back pressure of 

the abrasive blasting unit was adjusted in order to control particle velocity and its dependence on 

back pressure was tested using a double-disk time-of-flight technique. A particle velocity of 60 ± 

6 m/s was obtained using 69 kPa air pressure in the nozzle. The particle feed rate was determined 
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by altering the unit’s shaker amplitude. The erosion test unit was turned on for a few minutes while 

the sample was shielded by a covered shutter to stabilize the feed rate. Once feed rate was stabilized 

at 0.8 ± 0.1 g/min, the test was started. The erodent powder was filled into the hopper and fed to a 

tungsten carbide nozzle with an inner diameter of 1.14 mm and a length of 36 mm. Working 

distance between the sample holder and the nozzle was kept constant at 20 mm.  

 

Fig. 2 Morphology of erodent Al2O3 particles 

The impact angle was adjusted by turning the sample holder at two different angles of 

impingement (30 and 90). All erosion tests were performed at room temperature and 25% 

relative humidity. ASTM G76 standard recommends a 600 s test length (without piercing the 

coating) to establish the steady-state erosion rate. In this study, each test was performed for 1800 

s (30 min) to better ensure steady state. At least three repetitions were made per experimental 

condition to evaluate the experimental error of the measurement. Before and after the test, samples 

were ultra-sonic cleaned in acetone and ethanol baths for 5 minutes, dried, and scanned using a 

non-contact optical profilometer (NewView 8000, Zygo instruments, USA) to obtain profiles of 

the wear tracks. The erosion rate was calculated by normalizing the measured volume loss by the 

mass of erodent particles causing weight loss (i.e., testing time × particle feed rate). In order to 

investigate erosive wear mechanisms, eroded surfaces and cross sections of wear scars were 

investigated using an SEM (FEI Quanta 600, Thermo Fisher Scientific, USA). 
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3. Results 

3.1. Coating characterizations  

Figure 3 shows micrographs of cross-section and top surface of Ni coatings. Mostly 

spherical particles, which are likely mechanically trapped, and deformed particles were observed 

for cold sprayed Ni(7) particles (Fig. 3c). However, for cold sprayed Ni(25) particles, highly 

deformed and flattened particles (see Fig. 3d) were observed. Surface morphologies were 

consistent with internal porosity measured from cross-sections, with 1.3 ± 0.4 % for Ni(25) 

coatings and 3.8 ± 0.5 % for Ni(7) coatings. However, Ni(7) coatings showed a higher micro-

hardness (345 ± 17 HV1) than the Ni(25) coatings (215 ± 15 HV1), even though they were slightly 

more porous. Figures 4a and b show ECC images of cross-sectioned Ni coatings. A non-uniform 

microstructure was observed for both coatings. Near particle interfaces, grains are ultra-fine, while 

the central region of the particles contains a relatively coarse structure. This was reported in 

previous studies and is due to an inherent feature of cold spray, where particle interfaces experience 

ultra-high strains, strain rates and adiabatic shear instability while particle interiors experience 

much less deformation [34,35]. As-received, both Ni powders had relatively large grain sizes of 1 

to 10 μm (not shown here). After spraying, the Ni(7) coating had cell structures with average size 

of 280 - 360 nm, which were observed near particle interfaces and are known to occur by 

dislocation re-arrangement [35]. High strain and high strain rate deformed microstructures are 

often characterized with dislocation cells, in which dislocations are trapped into low energy 

configuration to minimize the energy per unit length of dislocation line [36,37]. For the Ni(25) 

coating, cells were significantly coarser with sizes of 5 - 7 µm. Nevertheless, at some interfacial 

regions, a fine microstructure of 300 - 400 nm was observed. Nano-indentation was used to 

measure hardness of Ni coatings. The representative load-displacement curves are given in Fig. 

4c. The average nano-hardness of 3.4 ± 0.3 GPa for Ni(25) coating was measured, while for Ni(7) 

coating it was significantly higher (4.8 ± 0.7 GPa).  
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Fig. 3 Cross-section morphology of (a) Ni(7), (b) Ni(25) coatings and top-down morphology of 

(c) Ni(7) and (d) Ni(25) coatings. 

 

Fig. 4 ECC imaging of (a) Ni(7) and (b) Ni(25) coatings, (c) representative load-displacement 

curves typically obtained from the specified coatings. 

Ni-WCNi composite coatings properties including porosity and MFPs between WC 

particles are listed in Table I. Ni(7)-WCNi coatings were slightly more porous than Ni(25)-WCNi 
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at a given WC content in coatings. Lower MFPs between WCNi particles, as well as, lower 

porosity was obtained with increasing WC content in composite coatings. Figure 5 shows 

micrographs of cross-sectioned Ni(25)-WCNi composite coatings. Similar microstructure in terms 

of the WCNi splats morphologies and MFP between WCNi particles (see Table I) was obtained 

for the two Ni(7)- and Ni(25)-WCNi composite coatings. As can be seen in a higher magnification 

view of WCNi particles (Fig. 5d-f), higher compaction of WCNi particles was observed in 

composite coatings with high WC content. With increasing WC content in coatings, porosity of 

coatings was decreased, except above 50 vol.% WC. Slightly higher porosity that is obtained in 

Ni(25)-55WCNi and Ni(7)-54WCNi coatings, was due to cracking and debonding of splats [19].      

Table I Characteristics of cold-sprayed Ni and Ni-WCNi coatings. 

Sample designation ‘Matrix-WC vol.% 

WCNi’    

Porosity (%) MFP (µm) 

Ni(25) 1.3 ± 0.4 - 

Ni(25)-18WCNi 1.0 ± 0.3 39 ± 4 

Ni(25)-28WCNi 0.4 ± 0.2 29 ± 4 

Ni(25)-39WCNi 0.4 ± 0.1 19 ± 1 

Ni(25)-55WCNi 0.5 ± 0.4  15 ± 3 

Ni(7) 3.8 ± 0.5 - 

Ni(7)-13WCNi 1.9 ± 0.2  36 ± 5 

Ni(7)-30WCNi 0.5 ± 0.2 31 ± 3 

Ni(7)-43WCNi 0.4 ± 0.1 22 ± 4 

Ni(7)-54WCNi 0.9 ± 0.2 18 ± 3 

 

Retention of WC and microhardness of coatings are shown in Fig. 6a and b, respectively. 

WCNi particles retention mechanism in Ni(7)-WCNi coatings was discussed in detail in a previous 

work [19]. Results here showed that using coarser Ni particles did not change significantly the WC 

recovery into coating. Retention of WC was similar when comparing Ni(7)-WCNi to Ni(25)-

WCNi coatings (Fig. 6a). For both composite systems, WC content in coating was close to that of 

the initial feedstock composition, except above 60 vol.% WC in initial feedstock, in which higher 

retention was obtained for Ni(25)-WCNi coatings. Using Ni(25) as matrix, 63 vol.% WC in 
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feedstock powder yielded in 55 vol.% WC in coating. To obtain similar WC content in coating, a 

higher WC percentage, around 76 vol.%, was needed, when spraying using Ni(7).  

 

Fig. 5 (a) Cross-section morphology of (a) Ni-13WCNi, (b) Ni-43WCNi, (c) Ni-54WCNi. (d), 

(e), and (f) are high magnification views of (a), (b), and (c) respectively. White arrows indicate 

porosities. 

 

Fig. 6 WC content in the coating versus WC content in the feedstock, (b) Vickers micro-

hardness versus WC content in the coating. 

Micro-hardness testing showed that incorporation of 20 vol.% WC or less into Ni did not 

improve the hardness of the Ni-WCNi coatings compared to the pure Ni coatings. As the WC 

content in the coating increased further, the micro-hardness increased. This was related to reduced 

porosity and MFPs between WCNi particles and increased coating density in high content WC 
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coatings, all of which can increase the load-bearing capacity [17,18]. Moreover, higher compaction 

of WCNi particles, which could improve adhesion between WC fragments and Ni binder, was 

achieved as higher WC contents were sprayed (see high magnification images in Fig. 5). The 

Ni(25)-WCNi showed a lower hardness when compared to Ni(7)-WCNi for a given WC content 

in coatings, despite being slightly denser. The lower hardness of the Ni(25)-WCNi coatings can 

be attributed to the softer Ni(25) matrix.   

3.2. SPE testing 

The volumetric erosion rates for Ni and composite coatings versus WC content in coatings 

are presented in Fig. 7. Erosion rates of Ni(7) was lower, as compared to Ni(25) coatings by a 

factor around 35 and 48% at 30 and 90 impact angles respectively. At 30 impact angle, as shown 

in Fig. 7, erosion rate did not change much with incorporation of WCNi particles up to 30 

vol.%WC. Erosion rates of Ni(25)-WCNi were higher than those recorded for Ni(7)-WCNi at a 

given WC content in coatings. Addition of around 40 and 55 vol.% in Ni(7) and 55 vol.% in Ni(25) 

led to significant drop (80-85%) in erosion rates, where the erosion rates of the two composite 

systems approached around the same values. Under normal impacts, addition of WCNi into Ni(25) 

was found to slightly decrease the erosion damage, only around 20% and it was independent of 

WC content. For Ni(7)-WCNi coatings, no notable change of erosion rates at normal impact was 

detected by incorporation of the hard phase.  

 

Fig. 7 Variation of erosion rate with WC vol.% tested at (a) 30 and (b) 90 impact angle. 

Scatter bars indicate the standard deviation of 6 repeat measurements. 
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For both Ni coatings, the erosion rate at 30 was higher than that at 90, indicating ductile 

erosion, in which materials removal predominantly takes place by plastic deformation (i.e. cutting, 

ploughing, etc). Similar characteristics of ductile erosion was recorded for Ni-WCNi composite 

coatings up to 30vol.% WC. While for Ni-WCNi composite coatings with WC content of 40 and 

55vol.%, erosion rates at 90 was slightly higher than that at 30. This indicates a transition in 

erosion mechanism from ductile to brittle behavior [3,4] and will be discussed in more details in 

the section 4.  

3.3. Analysis of the worn surface and subsurface  

3.3.1. Pure Ni coatings 

SPE behavior of Ni(7) was reported in an earlier work [25]. In this study, SPE of Ni(25) 

was compared to that of Ni(7). Micrographs of Ni worn surfaces are presented in Fig. 8, for both 

impact angles. For both coatings, at 30, worn surface morphologies exhibited materials removal 

by cutting and ploughing (Fig. 8a and b). At normal impacts, features associated with crater and 

lip formations was observed on the worn surfaces (Fig. 8d and e). Similar results were reported in 

previous studies on SPE of metallic materials, where the material removal is mainly due to the 

micro-cutting and ploughing action of the erodent particle at low impact angle. Whereas, lip 

formation, strain hardening of lips and subsequent cutting/fracture of these lips in the form of thin 

platelets are active material removal modes under normal impact [38,39].  
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Fig. 8 SEM micrographs of worn surfaces of (a) Ni(7), (b) Ni(25), and (c) subsurface of worn 

Ni(25) coatings after 30 min erosion test at 30 impact angle, worn surfaces of (d) Ni(7), (e) 

Ni(25), and (f) subsurface of worn Ni(25) coatings after 30 min erosion test at 90 impact angle. 

Analysis of subsurface microstructure of Ni(7) in a previous work [25] revealed embedding 

of erodent particles into Ni worn surfaces, which was more frequently observed on 90  impact 

angle, as compared to 30, and caused a shielding effect against severe erosion loss. More severe 

wear for Ni(25) was consistent with higher erosion rate, at some regions where deep craters were 

formed. Subsurface analysis of Ni(25) (Fig. 8c and f) revealed embedding of Al2O3 particles, more 

frequently observed under 90 angle of incidence, similar to Ni(7) coatings. The features on the 

worn surfaces for both coatings implied typical damage of ductile erosion, which is consistent with 

the angular dependence of erosion rates.   

3.3.2. Ni-WCNi composite coatings  

To investigate the surface damage on the composite coatings due to Al2O3 particle erosion, 

worn surfaces were analyzed by SEM. Cutting and ploughing of Ni matrices was observed that 

was similar to erosion of pure Ni coatings. From worn surface morphologies, that were obtained 

on the central regions of wear scar, it is difficult to determine the prevailing mechanism due to 
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substantial number of impact events and combined mode of erosion mechanism. Therefore, the 

“halo” regions on worn surfaces, where there were only a few impact events, were analyzed. Figure 

9 shows the surface morphology in the halo regions of wear scars for Ni(7)-WCNi coatings at 30 

impact angle. It is evident that Ni was preferentially worn away. The WCNi particles were also 

eroded, however, the type of damage was found to shift from knocking-out of WC fragments from 

the surface at low content WC to combined dislodgment and micro-cracking of WC fragments for 

high WC content composites (Fig. 9). Similar shift in erosion mechanism was observed for WCNi 

particles in Ni(25)-WCNi coatings (not shown here). This implies that densification and improved 

adhesion between WC fragments/Ni binder, may contributed to improved erosion resistance, in 

addition to WC incorporation itself. Figure 10 shows the surface morphology on the halo regions 

of the wear scars for Ni(7)-WCNi coatings at 90 impact angles. Lips formation for Ni matrices 

was observed. At low WC concentrations, WCNi particles behaved ductile, as evidenced by the 

indentation marks of erodent particles with no sign of cracking on the worn surfaces. However, 

cracking of WC particles was recorded with increasing WC contents in coatings (Fig. 10). Similar 

observations were made for WCNi particles in Ni(25)-WCNi coatings under normal impacts.  

 

Fig. 9 SEM micrographs of worn surfaces of (a) Ni(7)-13WCNi, (b) Ni(7)-43WCNi, and (c) Ni(7)-

54WCNi coatings after 30 min erosion test at 30 impact angle. (d), (e), and (f) are high 

magnification views of (a), (b), and (c) respectively. Impact direction was from left to right. 
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Fig. 10 SEM micrographs of worn surfaces of (a) Ni(7)-13WCNi, (b) Ni(7)-43WCNi, and (c) 

Ni(7)-54WCNi coatings after 30 min erosion tested at 90 impact angle. (d), (e), and (f) are high 

magnification views of (a), (b), and (c) respectively. Impact direction was normal to the plane. 

 

Fig. 11 SEM micrographs of worn surfaces of (a) Ni(7)-54WCNi, (c) Ni(25)-55WCNi, after 30 

min erosion tested at 30 impact angle, (b) BSE high magnification view of (a). Subsurface 

microstructure of Ni(7)-54WCNi tested at (d) 30, (f) 90 impact angles. (e) high magnification 

view of (d). For 30 impact angle, impact direction was from left to right. 



17 
 

Another interesting observation was the presence of a few deep and large craters (Fig. 11a 

and c) for the highest WC content coatings, both Ni(7)-54WCNi and Ni(25)-55WCNi, detected at 

both angles. Subsurface images of Ni(7)-54WCNi worn surfaces revealed crack propagation along 

WCNi boundaries (Fig. 11d and f). The removal of large patches of materials, following subsurface 

crack propagation, can be related to the slight increase of erosion rates at both angles, when 

compared to Ni-40WCNi.  

 

4. Discussion 

4.1. Cold spray deposition of Ni and Ni-WCNi coatings  
 

Ni-WCNi coatings were cold-sprayed using two different size distribution of Ni powders 

and varying amounts of WCNi in the feedstock. The WCNi particles retention and their 

distribution and morphologies were not influenced by the size of Ni powders. However, properties 

of the coatings did change with WC content and also with the size of Ni powder used. The expected 

trend of increased hardness with increasing WCNi was observed. This was due to the fact that 

WCNi particles were more densified upon impact, suggesting an improvement in adhesion of these 

particles. Lower MFPs between WCNi particles, and improved adhesion between WC and Ni 

binder would naturally enhance hardness of coatings with high WC content.     

 

The effect of the size of the Ni powder in the feedstock on the coating properties, requires 

and exploration of the coating microstructure, which was also discussed in detail in a previous 

work [19]. Comparing Ni(7) and Ni(25) particles,  Ni(25) particles underwent more severe plastic 

deformation compared to Ni(7) particles during spraying. Previous studies showed that shear 

instability in smaller metallic particles can be hindered because of higher cooling rates during 

impact and intensified strain-rate hardening [40]. Ni(25) coating featured a coarser microstructure 

compared to Ni(7) coating. This may be explained by a higher driving energy for restoration 

mechanisms in highly deformed Ni(25) particles during cold-spraying, where the initial increase 

in dislocation density at some regions is dynamically restored. Whereas, for finer size Ni(7), the 
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extent of plastic deformation is significantly lower, and thus, there is insufficient energy to activate 

restoration mechanisms. Another possible reason can be the lower dissipation rate of gas heat 

transferred to Ni(25) particles during cold-spraying, which means the deposited particles spend 

more time at higher temperature and can undergo restoration more readily. Micro- and nano-

hardness testing showed Ni(25) coatings were softer than Ni(7) coatings, due to coarser 

microstructure, despite being slightly less porous. In coarser cells of Ni(25) coatings, there is less 

hindrance to the dislocation movement and thus resulting in lower resistance to plastic deformation 

and lower hardness when compare to finer microstructure in Ni(7) coatings. Addition of WCNi 

particles to Ni matrix densified the coatings for both composite systems, however, it didn’t 

influence microstructure of Ni matrices. Nano-hardness testing on Ni matrices of composite 

coatings showed similar values that were obtained for pure Ni coatings. On a larger scale 

indentation, micro-hardness of composite coatings with WC content above 20 vol.% was higher 

than that of pure Ni coatings. Ni(7) and Ni(7)-WCNi coatings were harder than Ni(25) and Ni(25)-

WCNi coatings at a given WC content in coating, due to more refined matrix microstructure.     

 

4.2. SPE behavior of Ni and Ni-WCNi coating coatings  
 

Ni and Ni-WCNi coatings were subjected to SPE tests. It was found that Ni(7) coatings 

were more wear resistant when compared to Ni(25) coatings, under both impact angles. 

Examination of cross sections and surfaces of eroded Ni coatings suggested that the erosion occurs 

through ductile mechanisms. Higher resistance to plastic deformation and cutting action of erodent 

particles in Ni(7) coatings, due to their higher hardness when compared to Ni(25), led to lower 

erosion rates. The similar mechanisms were maintained for Ni matrices in Ni-WCNi composite 

coatings. In fact, no considerable influence on Ni matrices erosion was recorded when WC was 

added. This could be due to weak bonding between Ni and WCNi particles in cold-sprayed 

coatings, where WCNi bonded to matrix by mechanical interlocking. Another crucial factor that 

must be considered is the homogeneity of the material with respect to the contact area of the 

abrasive particles. In erosive wear, the influence of the reinforcement contents is highly dependent 

on the wear conditions. The “scale of individual contacts” [3] has a key effect on the erosion 

behavior of MMCs. A large contact area of the abrasive particles compared to the scale of the 
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material microstructure defines material as homogeneous and vice versa, small contact area of the 

erodent particles when compared to the scale of microstructure lead to inhomogeneous wear 

behaviour of the material [3]. Previous studies reported that when a heterogeneous composite is 

subjected to wear, the binder phase will preferentially wear, and eventually the hard particles will 

fall out of the matrix, unless strong bonding between matrix and reinforcement particles prevent 

reinforcement dislodging too easily from the matrix [8,9,11-13,41]. In this study, the erodent 

particles were angular with the size from 20 to 70 µm; however, sharp grooving edges of the 

particles are much smaller. SPE of Ni-WCNi composite coating can be defined as heterogeneous, 

when the “scale of individual contacts” is concerned, i.e. smaller contact area than microstructure 

scales of the composite coatings, MFPs between WCNi particles in the present case. Considering 

the scale effect, the erosion performance of the coatings can depend mainly on one of the three 

factors: matrix, WCNi reinforcements or WCNi/Ni interfaces, i.e., which one is the “weakest link” 

in the structure concerning wear. Likewise, erosion of reinforcements, WCNi particles, is 

controlled by adhesion of WC fragments to Ni binder.  

At 30 impact angle, erosion rates measurements showed that up to 30 vol.% WC additions 

to Ni did not influence its wear performance. This is due to weak mechanical bonding of WCNi 

particles to Ni matrices as well as porosities which remained inside WCNi particles at low content 

WC coatings. A high concentration of WC of above 40vol.% was needed for a drop-in erosion 

rates for both composite systems assisted by a mechanism change from ductile erosion of matrix 

and knocking-out of WC fragments to intergranular crack propagation. This is supported by 

surface and subsurface observations (see Fig. 11), where crack propagation along WCNi 

boundaries caused deep and large craters. At high content WC coatings, linking between WC 

particles prevent crack arresting by Ni plastic deformation. Therefore, plastic strain, that is 

accumulated in WC, caused crack propagation along WCNi boundaries. A significant volume of 

material was detached from the surface when intersection existed among several cracks. Erosion 

rates of Ni(7)-40 and 55WCNi coatings were close to that measured for Ni(25)-55WCNi, despite 

different Ni matrices, which supports the view that erosion rate was controlled by the subsurface 

cracking of WCNi particles network.   
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Under normal impact angle, incorporation of WCNi particles slightly decreased erosion 

rate at low concentration of agglomerated WCNi particles. When subjected to erosive wear, 

compaction and deformation of WCNi particles near the contact area occurred through slipping 

and rotation of WC particles along the Ni binder. This is due to voids were present between WC 

particles, along with porosity inside the powders and Ni binder between WC agglomerates, which 

provide ductility. However, a high degree of compaction, achieved in high concentration of 

agglomerated WCNi particles, caused crack propagation due to strain accumulation.   

5. Conclusion  

Two size ranges of Ni, -10+4 (d50 = 7 µm) and -35+15 (d50 = 25 µm), were sprayed alone 

and mixed with WCNi powders. Solid particle erosion wear performance of Ni and Ni-WCNi 

composite coatings were studied. Ni(7) coatings were harder and more erosion resistant than 

Ni(25) coatings. The size of Ni particles did not change the WC retention to coating and the 

concentration of WC in sprayed Ni-WCNi coatings was similar, and close to that of the initial 

feedstock for both Ni powders. It was found that Ni-WCNi coatings can be tailored to contain 13-

55vol.% WC and display a varied hardness ranging between 225 to 550 HV1. Higher concentration 

of WCNi in initial feedstock led to more compaction of WCNi particles in the coatings. At low 

WC contents in coating, erosion performance was controlled by Ni matrices and WC knocking-

out from the surface. Whereas, a higher concentration of WCNi particles increased erosion 

resistance for low angles, due to improved resistance to dislodging and improved adhesion 

between Ni binder and WC fragments. For the highest WC concentration coatings, due to linking 

between WC particles, the crack propagation was not arrested by Ni deformation, which led to 

slight increase in erosion rate. The lowest erosion rate was identified in the coating that featured 

40 vol.% of WC in a fine Ni(7) matrix.  
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