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Thermal spray coatings composed of a variety of carbide sizes and cobalt contents 
were sprayed with a high energy plasma spray system. The size of the carbides used fell 
into three rough groupings, micrometer scale carbides (1-2 pm), submicrometer (700-300 
nm), and nanoscale (- 100 nm). The feedstock powder was evaluated in terms of their 
size distribution, external morphology, internal morphology, and initial carbide size. Two 
different fixtures were used in spraying to evaluate the effect of cooling rate on the wear 
resistance of the coatings. The microstructures of the sprayed coatings were examined 
using optical metallography, SEM, FESEM, TEM, XRD and chemical analysis. The 
coatings were evaluated in low stress abrasive wear by the ASTM G-65 Dry Sand Rubber 
Wheel test. Furthermore, the porosity and hardness of the coatings were evaluated. The 
cobalt content was found to be the predominant influence on the wear rate of the coatings. 
The decrease in the carbide size was not found to effect the wear rate of the coatings. 
Coatings sprayed on the 'hot' fixture were found to have slightly improved wear resistance 
as compared to coatings sprayed on the 'cold' fixture. The wear rates of the coatings were 
found to be a function of the WC/Co volume ratio. 



The Abrasive Wear of Plasma Sprayed Nanoscale 

Tungsten Carbide-Cobalt (WC-Co) 

1.0 INTRODUCTION 

Thermal spray coatings can be used to modify the surfaces of materials. Through 

the use of sprayed coatings it is possible to have combinations of material properties that 

might not otherwise be possible. In general, the mechanical strength and fracture 

toughness are being provided by the substrate while the coating provides protection 

against environmental degradation processes including wear, corrosion, erosion, 

biological or thermal attack. Through the use of coatings it is possible to improve the 

resistance of the base material to surface degradation, thereby extending service life, 

reducing down time, frequency of repairs, and the need for replacement parts. One of the 

common properties that coatings are used to modify is wear resistance. One of the most 

common coating materials used for wear resistance is tungsten carbide-cobalt (WC-Co). 

A recent development in WC-Co materials has been the reduction of the size of the 

carbides to the nanoscale. This reduction in carbide size has the potential to substantially 

improve the properties of the composite. This study focuses on the abrasive wear 

resistance of plasma sprayed coatings containing different carbide sizes and cobalt 

contents. 



1.1 Introduction to Materials 

The tungsten carbide-cobalt (WC-Co) system was originally developed in 

Germany during the early 1920's by Schroter [I, 21. Powders of tungsten carbide and 

cobalt were mixed and dense parts prepared by compacting and heating the mixture above 

the melting point of the binder. Today the majority of the composite is still prepared by 

liquid phase sintering. The WC-Co materials have been used in a variety of applications, 

most well known is the use in wear coatings and cutting tools. For most applications 

WC-Co is sintered from a green ceramic to a near net shape. 

The success of the system is due in part to near perfect wetting of the WC 

particles by the cobalt binder phase in liquid phase sintering [I]. Considerable research 

has been undertaken to improve the properties of this system. This effort has focused on 

either the altering of the matrix [3-81 or the WC grain size [9-131 to maximize the 

relevant properties of the composite. While there has been a considerable amount of 

research on WC-Co, much has been focused on sintered structures. Nanoscale grains 

have been shown to have higher strengths and hardness then the same materials with 

larger grains as predicted by the Hall-Petch equation[14-221. This increase in the strength 

and hardness of the material will result in improved abrasion resistance 1231. 

1.1.1 Formation of WC 

Tungsten carbide (WC) melts incongruently and therefore cannot be produced by 

melting, as shown in Figure 1.1. The preferred way to produce WC is the reaction of pure 

tungsten powder with carbon black of low ash content. The tungsten powder used in 

cemented carbide technology is usually produced by the reduction of the tungsten 

trioxide, tungsten hydratic acid (H2W04) blue tungsten oxide (W,O,,) or ammonium 

paratungstenate (5NH3a 12W03a5H,0). Coarse and polycrystalline WC Powders (particle 

size >2 pm) are obtained from coarse tungsten powders ( >6 pm) at relatively high 



carburization temperatures of about 1 600°C, while fine and essentially monocrystalline 

WC of less than lum in size is produced from submicrometer W powders at 1350- 

1400°C. 

The NanodyneTM process [ 1 1 - 131 by which nanoscale carbides are produced is a 

spray conversion process. This is fundamentally different from the conventional 

reduction processes mentioned previously. The essential process is comprised of three 

unit operations: an aqueous solution mixing operation in which the final composition of 

the powder is established; a spray drying which converts the aqueous precursor solution 

to an easily fluidized solid solution powder having good flow characteristics; and a 

gaslsolid reaction operation that converts the precursor powder to a nanostructured WC- 

Co powder in a high temperature fluidized bed reactor. 

The first step in the process, mixing and aqueous solution, determines the final 

composition of the powder. Early production relied on compound formation to achieve 

the atomic scale mixing of the tungsten and the cobalt that was desired. For example, the 

chemical compound Co(en),WO, where en= ethlenediamine, was precipitated from the 

solution and used as a precursor to form nanostructured WC-23Co powder. The 

discovery that amorphous solid solutions could be created allowed the WC-Co to be 

prepared in non-stoichiometric ratios. The range of attainable cobalt percentages is 3% to 

30% but for most practical applications the cobalt contents from 6% to 18% are 

produced. [l 11 

The activity of the carbon is controlled in the final step of the process, a gaslsolid 

carburization reaction, by varying the potential of the CH,/H, gas environment in the 

fluidized bed and by controlling the reaction temperature. It is possible to control the 

WC+ p Co composition by controlling the carbon activity. 



1.1.2 Properties of WC 

There are a number of other carbides that could be used instead of WC in a 

cemented carbide. Table 1.1 shows the relative hardness of various carbides. It is clear 

that WC (2200HV) is not as hard as T ic  (3000HV) or VC (2900HV). Even though other 

carbides are harder, WC-Co is used in more than 90% of all cemented carbide 

applications [I]. The properties of a variety of carbides is shown in Table 1.1. The most 

significant property of WC is its high elastic modulus, which at 696 GPa is almost double 

that of the other carbides. Tungsten carbide's high modulus of elasticity combined with 

it's ability to undergo plastic deformation at room temperature, as well as the near perfect 

wetting with Co, make WC the best compromise. 

Tungsten carbide's crystalline structure is a simple hexagonal lattice of tungsten 

atoms with the carbon atoms located either at 113,213, and 112 positions or at 213, 113, 

and 112. The cla ratio is nearly one (a=0.29065 nrn, c=0.28366 nm). An analysis of the 

slip traces around hardness indentations in single crystal WC indicated that the slip planes 

are of the (1 100) type with slip directions of <1120>, <1123> and <0001>. These slip 

systems and a number of others have been observed in TEM studies.[l, 24-28] Unit 

dislocations with Burgers vectors <0001>, 1/3<1120> and 1/3<1 123> have all been 

observed and claimed to be glissible on a number of different planes. 

1.1.3 Phase Diagrams of WC 

The phase diagrams are a necessary starting point for an understanding of the 

phase composition of the coatings. The phase diagrams show the narrow range of phase 

stability of the WC + Co region, as well as some of the other possible phases that might 

occur due to the decarburization of the WC, (Figures 1.2-1.4). These isopleths show the 

very narrow range of carbon contents in which WC-Co can be obtained from melting. 



In general the phases that are seen in the sprayed material are on the carbon deficient side 

of the isopleth. The width of the phase field for 6% Co is 44.6-45.2 at.%C at its 

maximum. The boundaries at 10 wt% Co are 41.4-42.4 at.%C. The boundaries for the 

16wt% Co are 37.5 to 38.1 at.%C. The region of interest in the binary phase diagram is 

the WC+L phase field which transforms to WC + Co. In this narrow range it is possible 

to perform liquid phase sintering and yield a structure that has only WC and Co. Excess 

carbon results in formation of graphite. Carbon deficiency results in formation of the eta 

phase, W2Co,C. In general, all the carbon deficient phases are of the form M,C or M,,C. 

The exact ratio of W to Co and C will vary based on processing of the material. 

The isopleths (Figures 1.2-1.6) focus on the narrow range of phase stability of 

WC for cobalt weight percentages that are relevant to work done in the thesis. 

Furthermore the WC-Co isopleth, Figure 1.5, gives a much broader view of the regions of 

phase stability complementing the individual Co wt% isopleths.The C-Co-W ternary 

diagram at 1 800°C shows the solid solubility limits of WC in cobalt at high temperature, 

which is particularly relevant to the plasma spray process (Figure 1.7). 

1.1.4 Cobalt 

Cobalt exists in one of two phases, either a fcc with a lattice parameter of 

a = 0.35447 nrn, or as a hcp structure with parameters of a = 0.2505 nrn and c = 0.4060 

nrn. The equilibrium structure of cobalt at room temperature is hexagonal close packed, 

with the hcp to fcc phase transformation occurring at 422OC [24]. However, the amount 

of hcp cobalt which forms on cooling from a high temperature fcc is dependent on the 

purity and grain size of the starting material; impure cobalt and/or large cobalt grains will 

inhibit the fcc to hcp reaction from going to completion. Subsequent deformation of the 

fcc material below 390°C will push the reaction to completion. In the WC-Co composite 



the cobalt binder shows an increase in flow stress with the addition of C and W which 

appears to be more important than the fcchcp ratio in determining strength. The increase 

in the flow stress of the binder was about 100 MN m-2 for each 1.0 atomic% addition of 

either W or C [24]. 

1.1.5 The Rule of Mixtures 

One way to evaluate the properties of a composite material is through the rule of 

mixtures. This rule states that the properties of the composite will be a mix of the 

properties of the individual components. This is frequently used in polymer matrix 

composites (PMC) and is just as applicable to metal matrix composites (MMC). A 

statement of the rule of mixtures based on the hardness of the WC-Co System would be 

as follows, where HV is hardness in vickers and V, is volume fraction: 

One of the assumptions of the rule of mixtures is a perfect interface between 

matrix and reinforcement. While this assumption works well in the homogenous sintered 

materials, sprayed coatings are inhomogeneous and do not always have perfect interfaces, 

especially between splats. To accurately model the properties of the sprayed composite it 

would be necessary to include several other phases such as porosity and oxides, and the 

effects of the various interfaces. 



A number of researchers have attempted to relate the hardness of the composite to 

grain size and volume fraction [29, 301. The Vickers hardness of the composite could be 

determined by the following equation where H,, and H,, are the in-situ hardness of the 

WC and cobalt phases respectively, V,, is the volume fraction of the carbide grains and C 

is a contiguity factor: 

In a sintering operation there are two parameters that are important that are not 

generally considering in plasma sprayed applications. These parameters are contiguity 

and binder mean free path. In order to be able to reference the data that has been 

collected over the years for the sintered product it is necessary to understand some of the 

parameters that are important in the sintered product even though they are not generally 

considered for the thermally sprayed product. 

At this time there are no articles on thermal spraying that have looked at the 

parameters which are frequently considered to be the controlling factors in determining 

the physical properties of the cemented carbides. These assumptions make it necessary to 

understand the parameters and how they relate to sintered and sprayed material. This 

information makes it possible to use of the vast body of information on the sintered 

product. The contiguity of the sample is determined by a mean linear intercept method. 

Contiguity is defined as follows, where N, is the number of carbidelcarbide interfaces 

intersecting a unit length test line, and N, is the carbidelmatrix interfaces: 



Binder mean free path is defined as the following, where d is the grain size of the 

carbide particle, V, is the volume fraction of the binder phase, and C is the coefficient of 

contiguity: 

1.1.6 Sintered Nanoscale Material 

The nanometer size of the WC grains increases the solubility as well as the 

diffusivity of the WC in the cobalt matrix [22]. In some small regions the cobalt matrix 

has been found to be amorphous [32]. The alloy strengthened binder phase, combined 

with the small carbide grain size gives the sintered nanostructured WC-Co composites 

high hardness with high fracture toughness. This has implications on the behavior of a 

WC-Co microstructure under abrasive wear conditions. 

The abrasion resistance of the conventional materials increases linearly with the 

hardness; while that of the nanostructured materials is higher than predicted by hardness 

alone [33]. To a first approximation, the wear abrasive resistance increases linearly with 

the hardness of the materials. Departures from this were observed in the sense that the 

sliding wear rate increases with the higher WC content and larger grain size [34]. The 

sliding wear resistance of conventional sintered WC-Co composite depends on cobalt 

content and grain size of the composite [34]. In a conventional sintered WC-Co, wear 

occurs on a very small scale and no conventional fracture, plastic deformation or 

uprooting of carbide grains is observed. Jia proposed a mechanism for nanoscale WC-Co 

in which material is removed by dislocations sliding across the carbide grains followed 



by the removal of the material at the steps on the surface created by the emerging 

dislocations [32]. There has been considerable TEM work done on WC which helps to 

explain this proposed mechanism. Jia theorized that these observations explained the 

formation of steps on wear surface of the nanoscale WC grains. 

In the conventional sintered WC-Co there is a noticeable improvement in the 

sliding wear resistance of the composite when the grain size of the WC is large. In sliding 

wear, it has been observed that the cobalt matrix can be worn away from the surface and 

the sides of the grains and still hold the particles if the grains are large enough. A rough, 

not quite connected, surface of WC is presented to the wearing surface. Larger carbides 

and lower cobalt contents create a surface which is predominantly WC, protecting the Co 

matrix. 

The cobalt mean free path is the predominant microstructural parameter in the 

abrasion process of sintered nanoscale WC-Co. The mechanism for the abrasive wear of 

the composite is dominated by the removal of the binder material. Fragmentation or 

uprooting for the carbide grains is the second step in the abrasion process. In low stress 

abrasion there was no indication of how the binder was removed; while under high stress 

abrasion evidence of binder extrusion was obsewed [32]. Under abrasive conditions, Jia 

concluded that decreasing the carbide grain size is more effective in increasing the wear 

resistance than lowering the cobalt content. The nanoscale WC-Co retained very good 

surface uniformity in the process of surface plastic deformation which significantly 

enhances the high stress abrasion resistance by decreasing the material extrusion and 

carbide fragmentation. The move to the nanoscale has at least two positive effects: one is 

reducing the material removal by carbide fracture and the second is the increase in the 

resistance to microfiacture of the nanoscale carbide relative to a conventional carbide. 



1.2 Sintered vs. Thermally Sprayed Nanoscale WC-Co 

All of the work by Jia and Fischer involved sintered WC-Co, therefore 

extrapolating to thermally sprayed coatings would be difficult. One of the important 

differences between sintering and spraying are the temperatures involved and the time 

spent at temperature. It is difficult to retain the nanoscale grain size of the WC during 

sintering. Fang and Eason, on the effects of sintering on the nanostructured material, 

indicate that most of the particles are less the 200 nm in size though occasionally there 

are WC particles as large as 600 nm [12]. The driving force for densification of the 

nanoscale material is approximately 20 times higher than in the conventional material. 

Furthermore, they found that even after an extremely short time (five minutes) there had 

already been a significant increase in the nominal size of the WC grains. They theorized 

that the process by which this growth was taking place was coalescence; where WC 

grains that are in contact reorient themselves and when their grain boundaries match, the 

grain boundary moves through the grains. 

Grain growth can be limited through the use of VC additions to the material. VC 

slows down the growth of the WC grains so that they only reach their thermodynamically 

stable size during sintering. The exact mechanism for this inhibition of growth is not 

known, though it is assumed that VC interferes with the alignment of the WC grains. 

The plasma spray process allows these thermodynamic limitations on minimum 

grain size to be avoided due to the very short time that the material is at temperature. 

Another important consequence of the short time at temperature is that a large portion of 

the matrix is amorphous. Only a small portion of the matrix is amorphous in the sintered 

material. While in thermally sprayed WC-Co coatings the matrix ranges from partially 



to completely amorphous [35,36] there does not seem to be enough peak broadening 

in the XRD spectra to indicate that the amorphous material is common in sintered 

WC-Co [32]. The amorphous regions are reported to be approximately 43% W unlike the 

rest of the matrix which has approximately 20% W dissolved in it. 

In thermal spraying, the molten cobalt dissolves the smaller WC grains and 

becomes supersaturated with W and C. In the literature on thermal spraying, there is a 

significant body of work that recognizes the incidence of nanometer size particles that are 

developed as a result of the spraying. It has been assumed that these extremely small 

crystals are the result of the dissolution of the smaller carbides in the cobalt during the 

spraying process and then precipitation of the small WC particles during solid state 

cooling. The exact composition of these very small particles is not known, though it is 

assumed that they are one of the W-Co-C compounds [37]. 

Many of the principles which govern how sintered cermets behave are not 

applicable to the thermally sprayed coatings since the two differ greatly in terms of micro- 

composition and microstructure. Furthermore, the exact mechanism by which thermally 

sprayed WC-Co coatings are formed is not clearly understood, and there have been many 

different theories proposed. It can be stated, however, that the final coating will probably 

have suffered carbon loss during the deposition process and will likely contain phases 

which were not present in the starting powder [38]. 

One of the fundamental differences between the sintered and the sprayed coating 

(in terms of their microstructure), are the WC/WC interfaces. Sintered WC-Co with high 

values of Contiguity (C) may have a continuous interlinked network of WC grains. This 

network is often referred to as a skeleton and as such represents an important load bearing 

element in the structure. It is now generally accepted from TEM studies that WCIWC 



interfaces exist in the sintered material [25]. Not every WC particle takes part equally in 

the skeleton structure and it has been proposed that the sintered material is comprised of a 

partially connected structure with the number of grains participating in the long range 

continuous network being determined by the product of CV,,. 

1.3 Effects of the Nanoscale Carbides on the Cobalt Matrix 

The Hall-Petch relationship for metals predicts an increase in hardness as the 

grain size decreases. This relationship has been shown to work well for metals with grain 

sizes in the millimeter range. The applicability of this relationship to ceramics and 

nanoscale materials has been questioned [39]. The Hall-Petch relationship would predict 

that a reduction in grain size would substantially increase the hardness of the cobalt 

matrix. The data on Ni-W electrodeposited alloys indicates that there is a minimum size 

for the strengthening effects of the Hall-Petch relationship [39]. As grain size decreases, 

the percentage of the grain that is in the grain boundary increases. Some researchers 

indicate that the size of the grain boundary increases significantly in nanoscale grains. In 

nanoscale grains, the grain properties are governed by the properties of the grain 

boundary and not the grains themselves. Thus grain boundary slip should become the 

major means of deformation at small sizes. There is a minimum grain size, below which, 

an inverse Hall-Petch relationship is observed. The increase in the intercrystalline volume 

is so large at nanoscale grain sizes that it swamps out the strengthening effect of the small 

grains. The hardness of very small grains could be predicted by the following: (and 

shown graphically in Figure 1.8 for Equations 6-8) 

( d -  D) vyic=l-[ ] 



where: 

d = grain diameter 

D = grain boundary thickness 

H, = the hardness predicted by Hall-Petch 

tj = triple junction 

ic = intercrystalline 

gb = grain boundary 

Part of the reason for the drive to understand nanoscale grains are the properties 

predicted by the Hall-Petch relationship. Lee and Gurland [30] originally investigated the 

relationship between the Hall-Petch relationship and the rule of mixtures as it might apply 

to sintered WC-Co. Equations 10 and 1 1 predict the hardness of the WC and Co. They 

can be substituted into Equation 9 to calculate a theoretical hardness based on the grain 

size of both WC and Co. In these equations an important parameter in calculating the 

hardness of the Co is not the grain size but the cobalt mean free path. In the sintered 

material it is assumed that the actual grain size of the cobalt will be on the order of a 

millimeter. The hardening effects of the cobalt are due to the constraint of the carbides 

rather than the true grain size. 



C = contiguity 

d = grain size (mm) 

A = cobalt mean free path 

Milman, et al. have expanded on this work to include submicrometer and 

nanoscale WC grains as well as temperature effects [40,41]. The focus of their work was 

the observed decrease in hardness with increasing temperature which they approximated 

by a Hall-Petch type relationship. They reported that up to about 600°C, the decrease in 

hardness with increasing temperature appears to be mostly due to a decrease in the 

intrinsic hardness of the individual phases. Above 600°C the decrease in hardness appears 

to be mostly due to easier slip transfer across grain boundaries. Finer grained alloys 

(0.6 pm), have been found to preserve their hardness at high temperature better than 

coarser grained alloys (2.6 pm). Equations 12-17 were used by Milman et al. to calculate 

the hardness of the WC-Co composites. Equation 12 shows the hardness of the 

composite as it was effected by grain size. 



Where, 

V = volume fraction 

C = contiguity 

K = material specific hardness factor 

H = hardness 

m = matrix 

Milman, et a1.[40] found that the contiguity factor did not change much with carbide size 

but changed with the cobalt fraction. This provides a simplifying assumption that allows 

Where , 

The simplifying assumption in Equation 17 works for the data gathered by Milman. 

Other studies have found the value for B to be between 0.2-0.4. The value of the 

simplifying assumption in Equation 17 is that it allows an easy comparison between 

cobalt mean free paths for materials with different carbide sizes. It should also be noted 

that the calculated values for cobalt mean free path tend to differ from the measured 

values. 



The estimation of cobalt mean free path does not take into account processing variables 

and due to this tends predict cobalt mean free paths that are smaller then the measured 

values. To be certain of cobalt mean free path it is necessary to measure it for the sample 

in question. 

1.4 Thermally Sprayed WC-Co 

Thermal spray is a broad category of coating application techniques. Some of the 

similarities between the techniques are that they all involve high temperatures which are 

used to cause partial or full melting in the feedstock and some kind of accelerating gas jet. 

The feedstock can be liquid, powder or wire or some combination of all three. The 

molten or partially molten feedstock material is accelerated towards the substrate, where 

it is quickly quenched to a solid. These molten or partially molten of material tend to 

pancake out before solidification and form thin nominally circular deposits and are 

generally referred to in the literature as 'splats'. Splat formation after droplet 

impingement onto the substrate surface has important influence on the development of 

the structure and properties of the sprayed coating [42,43]. Coating-substrate adhesion is 

most strongly influenced by splat formation [44-461. Depending on the cooling rate and 

whether the splat is a single phase material or a multiphase material, the grains in the 

splats themselves will either be columnar or cellular [47,48]. Entrained gases, unmelted 

and oxidizes particles, and voids are mixed with the particle splats and between splats, 

and tend to degrade the coating properties because they provide points of stress 

concentration during surface loading that will act as crack initiation centers [49]. 

Particles with sizes substantial larger than the mean size do not melt completely to their 

core and thus do not spread appreciably on impact. In their wake porosity can build up as 

well as trains of other only partially melted particles. This porosity will detrimentally 

effect the mechanical properties of the coating [50, 5 11. Particles with sizes substantially 

smaller then the mean size may be vaporized in flight, or undergo other unwanted 

transformations due to overheating. 



Specific thermal spray techniques vary greatly in their temperature ranges, 

velocities and deposition rates. For the deposition of WC-Co coating two techniques are 

most frequently used, plasma spray and high velocity oxygen fuel (HVOF). Plasma spray 

runs at a much higher temperature than HVOF, with plume temperatures of 15,000°K 

versus 3,200°K [49,52]. 

The spray system that is used in this research is a high energy plasma system. 

Like all plasma spray systems the heat source is an arc generated thermal plasma where 

the plume reaches temperatures in excess of 1 5,000°K. It differs from conventional air 

plasma systems in that it has a much greater gas flow rate and is capable of much higher 

velocities. This reduces particle dwell time in the plume and presumably limits 

degradation of the feedstock. The velocity range of the plume is high subsonic to 

Mach 3. The resultant coating structure of the plasma spray process is governed by 

kinetics and not thermodynamics. The reason for this is the high cooling rate of the 

molten feedstock, which is on the order of lo6 C per second. This results in the 

feedstock material being at temperature for extremely short times even though the plume 

is at a very high temperature. 

1.5 Wear of thermal sprayed coatings 

The vast majority of the literature on the wear of WC-Co coatings involved the 

coatings being sprayed with the HVOF process. This means that the bulk of the literature 

on the wear of thermal sprayed coatings is not directly applicable to plasma sprayed 

coatings. However, the trends that the various authors discuss provide background and 

context to better understand the plasma sprayed coatings. 



Usamani, et al. reported that the ideal grain size of the WC particles varies for 

different wear regimes for sprayed WC-Co [lo]. Fine grain sizes provide the best 

combination of hardness and toughness for relatively hard grades, however for soft 

grades the opposite is true. Sampath, et al. has reported that a decrease in the carbide size 

in the starting powder leads to an increase in the carbide decomposition [48]. A finer 

carbide size distribution in the starting powders leads to an increase in the W,C phase in 

the coating. Coatings with finer carbides show higher hardness and lower indentation 

fracture toughness. This trend is similar to a trend observed in conventional sintered 

WC-Co cermets. 

The abrasion resistance of the sprayed coating is dominated by the fracture 

toughness of the coating as opposed to its hardness. Sampath, et al., came to the 

conclusion that the abrasion resistance of the coating followed an inverse trend with 

hardness, which is the opposite of the trend observed in sintered WC-Co [48]. The 

reasons for this inversion of the traditional hardness wear resistance trend was the greater 

anisotropy and decomposition in the sprayed coatings. 

Under sliding wear conditions carbide size was found to have only a minor effect. 

Coatings with the fine carbide grain size distributions fractured primarily by matrix crack 

propagation with minimum "tortuosity." The fracture in coatings with large carbides 

occur by propagation of cracks at the carbidelmatrix interface and into the carbide. Most 

of the cracks were observed to initiate at pores or on the interface. 

The binder phase has been reported by various authors to be amorphous, 

nanocrystalline, or microcrystalline [37, 53-55]. The differences in the crystallinity of the 

binder phase are probably due to differences in the cooling rate of the different coatings. 



The amorphous and nanocrystalline resulting from the higher cooling rate and the 

microcrystalline binder phase resulting from a lower cooling rate. The degree of 

crystallinity in the binder may also be dependent on the amount of W and C dissolved in 

the binder phase. 

1.6 Carbide Degradation 

There are three major mechanisms for the degradation of the carbide, two 

involving decarburization and a third involving oxidation. Decarburization is a high 

temperature reaction and would only be occurring in the plume during spraying. The high 

velocity of the high energy plasma spray system decreases dwell time of the powder in the 

plume to a few tenths of a millisecond [56]. It has been shown that substantial 

decarburization still occurs. 

In the thermal spray process it is common to develop carbon deficient phases in 

the coatings that were not present in the starting powder. The following reactions are 

some of the suggested steps in the decarburization of WC [56].  



The first three reactions are thought to only occur on the surface of the particle. 

These reactions proceed at a very slow rate until liquid WC is present. The second three 

reactions are diffusion limited and occur primarily in the presence of liquid Co and solid 

WC. The melting and boiling points of the materials are such that a significant loss of Co 

could also occur when the powder is heated sufficiently to melt the carbide. These two 

reactions result in different types of compounds being formed in the coating. The first set 

of reactions (Eq. 18-20) will result in the presence of W in the coating. The second set of 

reactions (Eq. 21-23) would result in the formation of one of the eta carbides. In both 

reactions, oxygen plays a significant role. 

The work by Khan compares the phase decomposition of WC-Co when sprayed 

by air plasma spray (APS) and vacuum plasma spray (VPS) [54]. The APS had 

significant amounts of decarburization with W2C, W, and phases present. Whereas, the 

VPS showed no traces of W2C or W in the coating. This suggests that oxygen plays a 

role in decomposition of the carbide during spraying. 

Jarosinski concluded that finer carbides produced coatings with higher hardness 

and lower surface roughness [57]. Jarosinski also concluded minimization of carbide 

degradation and maximization of fine carbides in the coating were mutually exclusive. 
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Usmani thought that the WC grain size strongly effected the kinetics of dissolution during 

spraying, and thus strongly effect the nature of the resulting microstructure; i.e. large 

carbides tend to undergo less decomposition during spraying than fine carbides [lo]. 

Wang, et al. stated that the use of air cooling increased the decarburization in the 

spraying of WC-Co powders with plasma or detonation gun [ 58 ] .  The decarbonization 

seems to occur mostly during and after the powders in the flame strike the substrate. The 

increase in the decarburization due to air cooling indicates that at least some of the 

decarburization is occurring on the substrate after the splats have landed. 

1.7 Oxidation of WC 

While decarburization occurs in the plume at high temperatures, WC can also be 

decomposed through a lower temperature oxidative mechanism. There are two stable 

oxides WO, and WO,, with WO, being the most stable at room temperature and pressure. 

Roebuck, et al. showed the potential for oxidation of the WC particles [59-621. It was 

found by Roebuck et al. that the temperature of oxidation of the carbides was related to 

the size of the carbides. The isochronal experiments showed oxidation of the WC 

particles at temperatures as low as 390°C for submicrometer carbides. Roebuck 

calculated a decreasing activation energy for the oxidation reaction as a carbide size was 

reduced [60]. However, it seems more likely that the decrease in reaction temperature 

was actually related to the increased surface area of the carbides. Table 1.2 shows the 

relative increase in the surface area of the carbides as the size of the carbides are reduced. 

The oxidation reaction of the WC to WO, is shown by the following equation: 



Other investigations on the oxidation behavior of WC and WC-Co have focused 

on the presumed upper temperature limit due to oxidation at 500°C. Nolan, et al. discuss 

the oxidation of WC-Co coatings at 450°C in air [63]. Webb, et al. suggested that at 

higher temperatures the oxidation rate for WC can be greater than that of W (700°C- 

1000°C). Warren noted at temperatures of over 400°C there is a marked increase in the 

thickness of the oxide film [64]. Tungsten-Carbide (WC) had a thinner oxide layer at low 

temperatures due to its covalent bonding. Warren's data indicates that WC slowly 

oxidizes in water and the oxide on the sample's surface breaks down revealing a fresh 

layer of WC. Test results of the water used in the experiment showed significant traces of 

W, which indicates that the WO was dissolving and not being regenerated by the solution. 

1.8 Heat Treatments of WC-Co 

There have been a number of studies that examined the effect of heat treatment on 

the sprayed WC-Co composite. These studies are usehl for two reasons; heat treatments 

can be used to improve the properties of the coatings, and, as noted by Roebuck, it is 

possible through rapid cooling to suppress the development of certain phases [24]. The 

heat treatment studies will give insight into some of the phases that were suppressed due 

to the rapid quenching of the coatings. 

A variety of different heat treatments have been studied. Some of the post spray 

heat treatments that have been investigated were heat treatments in inert atmospheres [37, 

65, 661, vacuum annealing [36,67,68], flame heating, and laser remelting [68] [37]. Guo 

claimed that of all the treatments possible, vacuum heat treatment had the greatest effect 

on the properties in terms of the highest density, strongest bond, and lowest residual 

stress. 
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Work by Nerz compared WC-12Co coatings sprayed with HVOF and high energy 

plasma using DTA. They found that there was a strong exothermic reaction in the 

coatings at 853OC for HVOF coatings and 860°C for high energy plasma sprayed 

coatings. Since the feedstock did not exhibit this exotherm, they concluded that this 

reaction was due to the recrystallization of the binder phase. Chemical analysis of the 

coatings revealed that both of the coatings contained the same percentage of carbon, 

though XRD revealed that there had been more decarburization of the carbides in the high 

energy plasma sprayed coating. There was also a reduction in the percentage of cobalt in 

the high energy plasma sprayed coating; this was thought to be caused by the greater 

temperature involved in the high energy plasma spraying process. XRD after DTA 

showed the presence of large amounts of eta carbides and a recrystallized matrix. 

Li, et al. performed DTA and DSC of sprayed WC-18Co [37]. The DTA work 

showed exothermic reactions at 671°C and 831°C while the DSC showed a reaction 

occurring at 600°C. They argued that the lower exothermic reaction in the DTA 

investigation corresponded with the DSC results and was attributed to the 

recrystallization of the amorphous binder phase even though a very fast scanning rate of 

4"/minute was used. After the annealing at 600°C, XRD showed that the diffuse 

diffraction halo was no longer present. It is also interesting to note that both free carbon 

and eta carbide were present in the same sample. The eta carbide and the free carbon are 

on opposite sides of the WC phase field in the phase diagram. The presence of both is 

either a fluke or indicates that there is a great deal of local inhomogeneity in the samples. 

This is not unexpected in a sample generated with a thermal spraying technique but is a 

testament that the system is very complex and that mutually exclusive phenomena can be 

occurring in a sample in different locations at the same time. The exotherm at 83 1 "C was 

thought to be the reaction of the cobalt with the W and C to form the eta carbide. They 

argued that the 853°C exotherm reported by Nerz was not a recrystallization but a 

compound formation reaction. 



The differences in the work done by Nerz and Li may be due to the different annealing 

times that they used. Nerz used times ranging from five minutes to one hour while Li 

annealed for six hours. Nerz commented that the recrystallization was temperature and 

time dependent and so differences are not unexpected. 

Schweke, et al. annealed HVOF coatings at 400°C, 500°C, 600°C, 700°C, and 

800°C for one hour and studied the changes in the microstructure and hardness [66]. 

Both Schweke and Li found that heat treatment between 600°C and 800°C resulted in the 

formation of M,,C, and the transformation of M6C to M,,C. They also noted that W and 

WC precipitated in the matrix. The peak hardness of the coatings was achieved after 

annealing at 600°C. 

Stewart performed vacuum annealing heat treatments of HVOF coatings 

containing micron and submicrometer carbides at 250°C, 550°C, 600°C, 800°C, and 

1 100°C. The heat treated coatings showed improvement in the wear resistance, even at 

temperatures as low as 250°C, which resulted in a 35% improvement in the wear 

resistance over a conventional coating. The nano-WC-Co coating did not show an 

improvement in the wear resistance until 600°C. Stewart related this to the precipitation 

of eta carbides. Furthermore it was found that the maximum hardening of the coatings 

was achieved at 600°C as well as maximum improvement in wear resistance [69]. No 

phase change occurred before 600°C according to the XRD results, however, after 600°C 

there was a reduction in the intensity of the amorphous halo and new peaks corresponding 

to Co6W,C appeared. The nanocarbides also showed greater decomposition of the WC 

and subsequent decarburization during flight in spraying. The decomposition reaction 

was more pronounced in the nano-WC-Co due to the small size of the carbides. Stewart 

concluded that while the nanoscale carbides improved the sintered material, the greater 

decomposition of the carbides in thermal spraying resulted in the loss of those 

improvements. 



1.9 Abrasive Wear 

Abrasive wear can be divided into two body and three body wear processes. The 

terms high stress and low stress abrasion are used as further classification. In high stress 

abrasion, the abrasive particles are crushed during the process, in low stress abrasion 

these particles do not fracture. Abrasive wear resistance is not an intrinsic property of the 

material, but depends on tribological system [70, 711. Misra and Finnie have shown that 

many variables affecting abrasive wear resistance are the same for two body and three 

body abrasion [72]. With increasing depth of indentation of the abrasive particles, the 

volume properties of the wearing material becomes increasingly important. The abrasives 

themselves have several factors which are used in evaluating the type of abrasive; these 

are hardness, acuteness, shape, size, and wear resistance [71]. 

For this study only three body low stress abrasive wear was evaluated. Even in 

this very specific wear process there are a number of variables: relative hardness of the 

abrasive to the surface, the shape of the abrasive, (sharp or rounded) and the size of the 

abrasive. ASTM-G65, the recommended dry-sand-rubber-wheel (DSRW) abrasion test 

procedure, specifies the use of 50-70 Ottowa silica sand and specifies the load at which 

the tests should be performed. However, different researchers have studied the effects of 

changing some of these variables. 

Stewart performed a series of modified DSRW tests in which the abrasive type, 

abrasive size, and load were varied [69]. The materials tested were HVOF sprayed WC- 

Co with micron and submicrometer carbide sizes. He found that the wear rate increased 

with an increase in abrasive size and load. Alumina and silica were used as abrasives, 

with the alumina found to cause greater wear than the silica. Larsen-Basse suggested that 

the WC-Co cennets exhibited a scale effect [73]. If the hardness of the WC is taken as 

2400 HV and the harness of the cobalt as 125 HV then, depending on the exact 

composition, the cermet may have a hardness in the range of 800-1500HV. 



The hardness value which determines whether a specific abrasive acts as hard or soft 

abrasives becomes dependent on the size of the area of contact between the abrasive and 

the cermet. For example, under low loads and fine grit sizes, an individual abrasive grain 

will be in contact with only one or, at most, a few carbide grains at a time. Under 

conditions of a larger abrasive size and greater load , the bulk hardness of the composite 

becomes the controlling factor because now the contacting surface includes a substantial 

number of carbide grains. Therefore, it is possible that a medium hardness abrasive like 

Al,O, can be either a hard or a soft abrasive depending on size and loading conditions. 

The mechanisms involved in the three body abrasive wear situation depends on 

whether it is hard or soft abrasion. In the hard abrasive case, mass removal is high and 

the material is removed by plastic extrusion from grooves formed in the surface. In the 

soft abrasive case, wear rates are much lower and a different mechanism is in operation; 

the binder is preferentially removed leaving carbides unsupported to crack and fall out. In 

soft abrasion, the binder extrusion is the rate controlling step and the wear rate can be 

related to the binder free path [73]. 

1.10 Equal Pressure vs. Equal Wear 

Khruschov and Babichev published some of the earliest research relating abrasive 

wear resistance to the structure of heterogeneous materials 1741. Their results showed a 

linear relationship between the wear resistance and the volume fraction of hard phase 

present. Khruschov concluded that abrasive wear resistance of heterogeneous materials 

was the sum of the phases volume fraction multiplied by that phase's abrasive wear 

resistance. In later work Khruschov noted that his wear relationship significantly 

overpredicted the wear resistance of ceramic-containing composites [75]. Garrison 

concluded that Khruschov's rule was valid when wear is proportional to load and was not 

valid for conditions when wear is proportional to pressure [76]. 



The equal wear (EW) and equal pressure (EP) theory is based on proposed 

micromechanisms involved in the wear process and results in two equations expressing 

linear and inverse rule of mixtures [77-791. The two wear modes, EW and EP, constitute 

upper and lower limits of the wear resistance of a composite or a multiphase material, 

provided that assumptions of the model are fulfilled [78]. The two models relate the 

distribution of the load across the phases to the wear rate. The equal pressure process is 

defined as the condition in which each phase is loaded uniformly. The equal wear 

process is defined as the condition in which both phases wear at the same linear rate with 

the reinforcement phase carrying the greater portion of the load. The micromechanisms 

that this derivation is based on provides insight into the wear of multiphase materials, 

which are worn in the equal wear mode, produce flat wear scars, each phase has been 

worn the same amount. Materials that worn in the equal pressure mode produce a rough 

wear surface where the harder phase stands out above the surface of the matrix. 

Materials that are worn in the equal pressure mode tend to be strongly influenced by the 

matrix properties of the composite. A small increase in the properties of the matrix can 

result in a significant increase in the wear resistance. The wear of sprayed coatings has 

been shown to follow at least some version of Archard's wear equation which states that 

an increase in load increases the wear rate. Archard's wear equation is stated in equation 

25, and restated in equation 26 in terms of the load specific wear rate. Equation 27 is 

Khruschov's wear equation, restated in terms of load specific wear resistance. 

Equation 28 is the equal pressure equation in which each phases of the composite is 

loaded equally. 



Archard's wear equation 

Where V is the volume loss caused by wear, S is the sliding distance, L is the load, and H 

is the hardness of the worn material. K is a material constant that depends on the wear 

system and the material being worn, k is K/H or the load specific wear rate, R is the load 

specific wear resistance or llk, and A is the nominal contact area, 

for EW for multiphase materials: 

while for EP for multiphase materials: 

Figure 1.9 shows the relationship between Eqs. 27 and 28. 



The WC-Co coating worn with DSRW tester is going to be in the EP mode 

several reasons: 1) the size of the reinforcement is much smaller than the wearing 

particle, 2) three body abrasive wear with a compliant rubber wheel allows conformity of 

the surfaces, and 3) unfragmented reinforcing particles may be removed as a part of larger 

wear debris and, since they are removed without direct contact against the abrading 

particles, they have no practical effect on the wear resistance for the matrix or the load 

distribution. When the matrix surrounding the reinforcing phase is removed by wear, the 

particles are gradually exposed to higher stresses and gradually receive diminished 

support from the matrix. At some point the particles either fracture or loosen and 

subsequently are easily removed from the surface. 

The wear of sprayed coatings have been shown to follow at least some version of 

Archard's wear equation which states that an increase in load increases the wear rate. 

Archard's and Khruschov's wear equations work best for monolithic heterogenous 

materials. Wayne and Sampath developed a relationship for wear in abrasive and erosive 

conditions specifically for sprayed coatings [9, 3 11. In this equation, K,, is the indentation 

fracture toughness, H is hardness and Vf,, is the volume fraction of cobalt: 

T I C  

Wear resistance = (K,,"' H'/~)(*) 
1- v c o  

This equation provides a means for assessing the wear resistance of sprayed WC-Co 

coatings intended for industrial applications requiring abrasion and erosion resistance. 

The indentation fracture toughness (IFT) is determined through the following equation, 

where H is the Knoop microhardness (GPa) under a 10-Kg load, D is the diagonal for the 

Vickers indentation (micrometer), and C1 is the total crack length: 



1 . 1  Conclusions 

The use of nanoscale carbides open new opportunities in thermal sprayed WC-Co, 

as well as presents new challenges. The nanoscale material has the potential to 

significantly enhance the properties of the coating. However, due to their small size, the 

carbides would also be more prone to diffusion controlled degradation. The optimism 

that accompanies any new material must be tempered with the knowledge of previous 

materials and where constraints lie. Nanoscale materials do offer new opportunities for 

improvement in properties but they are still governed by the same basic laws. To 

evaluate the effect of the nanoscale carbides on the abrasive wear of WC-Co a 

combination of carbide sizes of cobalt contents were sprayed using the high energy 

plasma spray system. These coatings were evaluated using the dry sand rubber wheel 

abrasion test to measure the effect of change of cobalt composition and carbide size. 



Table 1.1. Some properties of refractory carbides used in cemented carbides. 

Table 1.2. Increase in surface area of carbides as size decreases for a constant volume 
of carbide. 

Modulus 
of elasticity 

GN mm2 
45 1 
34 
352 
422 
338 
285 
373 
533 

696 

Carbide 
Tic  
ZrC 
HfC 
VC 

NbC 
TaC 

Cr,C, 
Mo,C 

WC 

Nominal carbon 
content (wt%) 

20.05 
11.64 
6.30 
19.08 
1 1.45 
6.23 
13.33 
5.89 

6.13 

Carbide Size 

1 Pm 

250 nm 

100 nm 

10 nm 

Microhardness 
HV (50g) 

3000 
2700 
2600 
2900 
2000 
1800 
1400 
1500 

(0001) 2200 
(1010) 1300 

Crystal 
Structure 

fcc 
fcc 
fcc 
fcc 
fcc 
fcc 

orthorombic 
hexagonal 

hexagonal 

Relative surface area 

1 pm2 

16 pm2 

100 pm2 

10,000 pm2 

Melting Point 
("c) 
3100 
3400 
3900 
2700 
3600 
3800 
1800 
2500 

2800 



Weight Percent Carbon 

Figure 1.1. Binary phase diagram of W-C [go]. Reprinted with permission from ASM 
International. 



C-Co-W 6 wt.% Co verticd section 

Figure 1.2. Isopleth of WC-Co at 6 wt% Co [81]. Reprinted with permission from 
ASM International. 
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Figure 1.3. Isopleth of WC-Co at 10 wt% Co [81]. Reprinted with permission fiom 
ASM International. 



16 wt.% Co vertical section 54Gur 

Figure 1.4. Isopleth of WC-Co at 16 wt% Co [81]. Reprinted with permission from 
ASM International. 
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Figure 1.5. Binary phase diagram of WC and Co [81]. Reprinted with permission fiom 
ASM International. 



Figure 1.6. Binary phase diagram of WC-Co [gl]. Reprinted with permission fkom 
ASM International. 
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Figure 1.7. Ternary phase diagram of WC-Co [81]. Reprinted with permission from 
ASM International. 
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Figure 1.8. Intercrystalline volume of a material versus grain diameter, 
V, is intercrystalline volume, V,, is the volume of the grain boundaries, 

V, is the volume of the triple junction. 

1 Percentage Matrix 

Figure 1.9. The relative wear resistance, Equal Wear (EW) 
and Equal Pressure (EP) modes. 



2.0 EXPERIMENTAL 

2.1 Introduction 

The experimental process and procedure description is divided into two major 

sections: microstructural characterization and performance evaluation. The emphasis of 

the thesis was on microstructural characterization and hence those associated processes 

make up the bulk of the techniques that were used. A substantial effort was made to 

completely evaluate the powders that were used to make the coatings. A full examination 

of the feedstock was deemed necessary in order to gain a better understanding of the 

relationships between the starting material, spray parameters, and the properties of the 

coatings. 

2.2 Powders 

The WC-Co powders were obtained from several different sources and were 

manufactured using a variety of techniques. In general, the powders were agglomerated 

masses of small carbides held together with cobalt. The characterization of the powders 

included powder size analysis, done by SEM or with a particle size analyzer, chemistry, 

and X-ray diffi-action. Some of the powders had very poor flow characteristics. These 

powders were dried, sieved, or had flowing agents added as deemed necessary to ensure 

reasonable dry flow characteristics. 



2.3 Substrates 

The substrates used for spraying consisted of flat 114"~ 1 "x 4" cold rolled mild 

steel coupons. These specimens were cleaned and grit blasted with chilled iron shot no 

more than one hour prior to spraying. This was done to create a clean, roughened surface 

on the substrate to increase coating adhesion. Immediately prior to deposition of the 

coatings, the substrates were cleaned with acetone to assure an oil and dust free surface. 

2.4 Plasma Spray Equipment 

Plasma spraying was performed with a 200 kW PlazJet high energy plasma spray 

system. This plasma spray system consisted of an energy source, gas source, plasma gun 

and a control system. The energy source consists of two 100 kW rectified DC power 

supplies connected in series. The operating range of the system was 200-500 volts and 

100-500 amps. The system is capable of using a number of different plasma gases: argon, 

helium, nitrogen and hydrogen. In this study only nitrogen and hydrogen were used. The 

gas flow rates were controlled with inline flow meters. The maximum gas flow was 

18 cfm at 200psi. A schematic of the plasma gun illustrating the water and gas flow paths 

is shown in Figure 2.1. One descriptive deposition parameter which was the standoff 

distance was measured from the nozzle exit of the gun to the surface of the substrate. In 

almost all cases the standoff distance was 200 mm. The injection angle of the powder was 

45 degrees. The powder feeder, a Miller Thermal Rotohopper, used was set at 10 rpm and 

a gas flow rate of 1 cfm. Coating thickness was controlled by the number of passes. 

The traverse speed of the gun was approximately 30 cm per second. 



2.5 Fixtures 

Two different fixtures were used to control the degree of cooling of the substrates. 

Substrates in the 'cold' fixture were cooled from the back side with compressed air as 

well as being cooled from the front side with nitrogen (Figure 2.2). The cold fixture 

could hold two samples. Behind each substrate were five holes, in the centerline of the 

bar, distributed symmetrically over the length of the substrate. No attempt was made to 

regulate the air pressure which was nominally 70 psi. 

The hot fixture consisted of a 0.5m long piece of angle iron which had small 

blocks to loosely hold the substrates in place (Figure 2.3). The substrates in this case 

were cooled from the front side with either compressed air or nitrogen. 

2.6 Metallography 

In order to characterize the coating and the powder microstructures, they were 

prepared for metallographic examination. The metallographic coating samples were either 

cross sections of the as-deposited coating or cross sections of the coating through the 

wear scar after testing. The wear scar samples were cut so that the surface viewed would 

be the middle of the wear scar parallel to the direction of abrasive flow. The coating 

sample cross sections were prepared by first cutting the samples with an abrasive saw. 

The cut samples were then vacuum impregnated with cold mount epoxy and auto- 

polished. The steps used in auto-polishing were: 120 grit S ic  until planar, followed by 30 

seconds at 240,400, and 600 grit Sic. They were subsequently polished with 6 pm 

diamond grit, followed by 1 pm diamond grit for 1 to 2 minutes. The final step was the 

application of a 0.05 pm silica attack etchant for 1 minute. 



The powder samples were vacuum impregnated with cold mount epoxy. These 

samples were hand polished to planarity with 120 grit then quickly polished with 400 and 

600 grit Sic  papers, followed by 6 pm and 1 pm diamond, and a final polish using 0.05 

pm silica attack etchant, 

2.7 Image Analysis 

Computer based image analysis was performed to measure the porosity of the 

as-sprayed coatings. The Definitive lrnageTM was the image analysis system used in the 

course of this work. An Optical metallograph was connected to a digital camera which 

captured the images and imported them into software which was designed for making 

metallographic measurements. The analysis was performed at 400x, 500x, or lOOOx 

depending on the coating thickness. A minimum of image modification was done to 

insure that the values acquired were real as opposed to artifacts of the image processing. 

The sprayed coating contained at least three different phases, matrix, carbides and 

porosity. The smallest carbides used in this study were not individually resolvable with 

optical microcopy. 

2.8 Scanning Electron Microscopy 

A Ziess DSM-960 SEM was used to image the samples in both secondary electron 

and backscattered electron imaging modes. Several different types of samples were 

analyzed in the SEM, as well as the powders, coating cross sections, wear scars, and wear 

scar cross sections. Two different types of powder samples were examined with the 

SEM. The first was a sample of the as-received powder placed on a carbon adhesive. The 

overall morphology of the powders was gathered with these samples. The second type of 

powder sample was a polished cross section of the powders. These sample were used to 

assess the internal morphology of the powders as well as the as-received carbide size. 



The coating cross sections examined in the SEM were prepared as described in 

the metallography section. These samples were coated with 200-400 angstroms of Au/Pd 

before they were imaged in the SEM. The coating cross sections were used to gather 

information about the effects on the microstructure with respect to the spray parameters. 

Furthermore, in backscatter electron imaging, porosity and carbides could be clearly 

distinguished from the matrix. This allowed the size and distribution of the carbides in 

the coating to be assessed. The wear scar specimens were cleaned with air to remove any 

loose debris from their surface. The worn bars were then examined without being coated 

and the wear scar cross sections were prepared as described in the metallography section. 

The structure near the wear surface of these samples were examined. 

2.9 Microhardness 

A Leco DM-400 microhardness tester with a Knoop microhardness indenter was 

used to make microhardness indentations in the polished metallographic samples. A 

300-500g load with a 15 second dwell time was used. The hardness indentations were 

made with the long axis of the indent being perpendicular to the coatinglsubstrate 

interface. This resulted in the indent intersecting as many splat-to-splat boundaries as 

possible. 

2.10 Transmission Electron Microscopy 

A Hitachi H800 200 Kev STEM was used to examine some of the samples which 

were imaged in bright field mode. The purpose of the imaging was to determine the size 

of the carbides. Both powder samples and coating samples were prepared. The powder 

samples were prepared by first crushing the powder with a mortar and pestle, and then 

etching the crushed powder with nitric acid in methanol in an ultrasonic bath for 30 

minutes. A carbon-coated copper grid was then used to skim the surface of the solution to 

gather the small particles held on the surface. This grid was washed with methanol and 



placed in the TEM. 

Other coating samples were prepared with ion milling. Both conventional ion 

milling and focused ion beam milling were used to prepare samples of the coatings. The 

focused ion beam milling was done with a FEI 610 Focused Ion Beam workstation. The 

preparation for samples that were milled with either the conventional or focused ion beam 

was identical. The samples were first cut from the bulk coating. They were then 

mechanically ground to less than 150 pm and then milled to electron transparency. 

2.11 Dry Sand Rubber Wheel Abrasive Wear Test 

The sprayed coatings were tested using a Dry Sand Rubber Wheel (DSRW) 

abrasive wear test machine, a three body low stress abrasive wear test. The procedure 

used was slightly modified from ASTM Standard G-65. The procedure was modified in 

that a small number of revolutions, typically 200, were run and then the weight change 

was measured. This procedure was carried out step-wise throughout the abrasion test. 

The stopping point of the test for these coating was at least 1000 revolutions or when the 

coating had worn through. The force on the sample was 130 Newtons. The abrasive used 

was 50-70 mesh Ottawa silica sand. The wheel was set to run at 200 rpm. In calculating 

the volumetric wear rate, density values were assumed. Figure 2.4 shows a schematic 

drawing of the DSRW machine. 

2.12 X-Ray Diffraction 

X-ray diffraction was performed using Cu Ka radiation with a Norelco X-ray 

Diffractometer. Two types of samples were examined: the as-received powers and the 

sprayed coatings. The coatings had been sprayed on standard sample bars which were cut 

down to 2" lengths so they would fit in the sample fixture of the XRD. The coatings were 

not removed from the substrates. In none of the coatings examined did the XRD 

penetrate to the substrate. 



2.13 Chemical Analysis 

Chemical analysis was pertormed on a small number of the coatings. The 

elements that were expected were h, C, Co, and 0. The Carbon was analyzed with a 

LECO CS-444 carbon analyzer. ~ k e  amount of Co, W and 0 in the coatings was assessed 

with an ARL Spectrospan VI direct current plasma optical emission spectrometer. In the 

latter samples were dissolved in a mixture of nitric and hydrofloric acid and this solution 

then diluted with distilled water. Furthermore, in order to assure that only the WC-Co 

coatings and not the steel substrates were examined, the coating samples were 

magnetically separated before analysis. 

2.14 Field Emission Scanning Electron Microscopy 

The powder cross sections and a small group of wear scars were examined using a 

LECO 982 FESEM. Due to the sensitivity of this microscope to surface coatings, the 

majority of the powder cross sections were coated with carbon rather than Au/Pd. The 

wear scar samples were not coated. The FESEM had a high enough resolution such that 

individual carbides could be resolved. 
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in 
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Figure 2.1. Schematic of high energy plasma spray gun. 



Figure 2.2. High cooling rate fixture.

Figure 2.3. Low cooling rate fixture.
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Figure 2.4. Schematic of the Dry Sand Rubber Wheel abrasive wear test machine. 



3.0 RESULTS 

The powders used for thermal spraying in this study were obtained from a 

number of different sources and were of a variety of carbide sizes. The size of the 

carbides was of primary interest. Cross sections of all of the feedstock powder particles 

were made in order to directly observe the size and morphology of the carbides. 

Furthermore, not all of the feedstock powders were designed to be thermal spray 

powders. As a result it was necessary to examine all the powders to determine their 

fitness as thermal spray powders. 

Scanning Electron Microscopy was used to examine the morphology of the 

starting powders and the images obtained were used to evaluate the shape and the range 

of sizes of the powder particles. The size distribution of the powder particles was 

determined with a LecotracTM powder size analyzer. The combination of the ~ e c o t r a c ~ ~  

distribution data and the SEM images reasonably characterized the powders particles. 

With the powder hlly characterized, the effects of changing the plasma spray 

parameters on the microstructure and properties could be considered. The microstructure 

of plasma sprayed WC-Co coatings result from a combination of the spray parameters 

and the starting powder. The influence of the microstructure on the properties of the 

coating will be more fully addressed in the discussion section. The porosity, hardness and 

wear rate of each of the coatings will be reported here. 



3.1 Powders 

Three different methods were used to determine the characteristics of the 

powders. SEM observations of the powder morphology were made. SEM and FESEM 

observations of the polished powder cross sections were performed. Most of the powders 

were analyzed with a LecotracTM powder size analyzer. The data of powder size analysis 

and the images taken together helped develop a fair understanding of the powders. 

There were two different particles that were of great interest, the powder particles 

and the carbide particles. The SEM morphology images and the LecotracTM data were 

used to characterize the as received thermal spray powders due to the information they 

provided on the powder particle size. The powder cross-sections were primarily used to 

evaluate the size of the carbide particles in the powders as well as providing information 

on the internal morphology of the powders. 

Images of the powder and coating cross-sections come primarily fiom the SEM 

even though all of the powders, coatings and cross sections were also observed using 

optical microscopy. In general, the SEM images were of higher resolution with greater 

depth of field and were included in preference to optical microscopy images. FESEM 

images were used to observe the carbide size and internal morphology of the powder 

cross sections. The following subsection presents results of the individual powders. 



3.1.1 Powder Particle Morphology 

Metco 2004TM 

This was the only commercially available thermal spray powder in the study. As 

such it was frequently used as a baseline from which to judge the other powders. 

Figures 3.1-3.3 shows the powder consisting of solid, nominally spherical or oblong 

particles with a relatively tight size range. The majority of the particles fell in the size 

range of 10-70 pms with no fines. 

This powder, though not commercially available, was designed for thermal 

spraying. Figures 3.4-3.6 show a spherical nonporous powder with an average powder 

particle size estimated at 30 pm. The size range appeared to be 10-50 pm. This powder 

showed a narrow distribution with few fines. 

~ a n o d ~ n e ~  12 wt% Co Large 

The large cut of the powder was found to contain particles ranging from 

20-100 pm. Figures 3.7-3.9 are images of the Large cut of the NanodyneTM 12 wt% Co. 

The images showed a spherical porous powder, with an average particle size of 75 pm. 

The particle size distribution was narrow and few fines were in evidence. This powder 

and the  anodyne^^ 12 wt% Co Small were dramatically different from the other 

NanodyneTM powders in that they had fewer shattered particles and the particles appeared 

to be solid. 



NanodyneTM 12 wt% Co Small 

The smaller cut of the  anodyne^^ 12 wt% Co (Figures 3.10-3.12) also had a 

narrow size distribution ranging from 10-50 pm of a spherical porous powder. This 

powder did not have a significant amount of fines in evidence and the powder particles 

appeared to not be hollow. 

The as-received  anodyne^^ 15 wt% Co powder consisted of porous particles, 

with a significant amount of fines. The average particle size was estimated at 50 pm 

(Figures 3.13-3.15). This powder was fhther sieved to remove the excess fines and to 

narrow the powder size distribution. The sieved powder can be seen in Figures 3.16-3.18. 

This powder had a nominal range of particles sizes from 2-250 pm, Figures 3.19- 

3.21. This powder consisted of a mixture of flakes and spherical particles with a very 

high percentage of fines. The broken spherical particles appeared to be of low density 

and highly porous. 

This powder had a very small average size and a large amount of fines, 

Figures 3.22-3.24. This powder was a reprocessed NanodyneTM power. The original 

NanodyneTM powder was found to be unsprayable and was subsequently sent to 

1nframatTM for re-constitution in hopes of yielding a sprayable powder. InframatTM used a 

plasma spray particle consolidation method which reduced the average particle size. 



The original low density and/or flake NanodyneTM particles were condensed into 

nominally dense, spherical particles by liquid metal (Co) surface tension forces. The 

InframatTM powder also contained a reasonable number of fines, as it is presumed that the 

original NanodyneTM powder contained a reasonable number of fines. The 1nfi-amatTM 

powder was found to flow well. 

Osram-Sylvania - 12 wt% Co and - 18 wt% Co 

The two Osram-Sylvania powders had very similar powder morphologies. 

Both were spherical, nonporous powders with an estimated average particle size 

of 40 pm. Neither of these powders had any significant amount of fines. 

Figures 3.25-3.27 show the images of the 12% Co and Figures 3.28-3.30 show the 

powder images of the 18% Co powder. 

3.1.2 Powder Cross Sections 

All powders were mounted and polished to 0.05 pm and examined in the SEM to 

determine the internal structure and to estimate the carbide size. Two images of each of 

the powders were taken; one to show internal structure; another to show carbide size. 

Table 3.1 shows a summary of WC grain size and Table 3.2 shows powder characteristic 

relevant to thermal spray. Images of the powder cross sections of selected powders were 

taken with the FESEM and show the size and distribution of the carbides. 



Metco 2004 12 wt% Co 

The Metco 2004 powder was the only conventional powder sprayed in this study 

and, as such, it clarifies some of the differences between the powders. Figures 3.31 and 

3.32 show a wide range in the size of the prismatic carbides. There appears to be cobalt 

between most of the carbides and to be very little porosity in the powder particle. 

Figure 3.33 shows the carbides which range from 3 pm to 200 nrn in size and are 

surrounded by cobalt. 

The distribution of the carbides in the NanomyteTM can be seen in Figures 3.34- 

3.36. The micrometer-sized carbides are interspersed with submicrometer and nanoscale 

carbides. The images show the distinct mixed sizes in this powder. FESEM work 

confirmed that the powder was a mix of micrometer and submicrometer carbides. 

s anodyne^ 12 wt% Co Large 

The cross section of the Large Cut of the NanodyneTM 12 wt% Co was more 

typical of the images taken with the FESEM. Figure 3.37 is a secondary electron image 

of the powder at 3000X. This image shows the abundance of small carbides, with no 

large pores in the powder particle itself. The small pores that can be seen in the image 

may be due to pull out of the carbides that occurred during the polishing of the sample. 

Figure 3.38 focuses on the carbides, showing that they are submicrometer in size. Figures 

3.39 show individual carbide clusters which appear to be attached to particles of cobalt. 



~ a n o d ~ n e ~ ~  12 wt% Co Small Cut 

Figures 3.40-3.42 show the clustering of the carbides, which was identical to that 

observed in the   anodyne^^ 12 wt% Co large powder. In Figure 3.42 discreet nanoscale 

carbides can be seen in the cobalt. Some of the carbides in this powder were as small as 

50 nm, however, it appears that most of the carbides were in the submicrometer range. 

Osram-Sylvania 12 wt% Co 

The Osram-Sylvania - 12 wt% Co powder examined in FESEM showed carbides 

that were submicrometer in size, ranging from 200-300 nm, (see Figures 3.43 and 3.44). 

The cross sectional images revealed that the spray particles contained very small internal 

pores with an occasional large pore. 

Osram-Sylvania 18 wt% Co 

Figure 3.45 shows the cross section of a single powder particle. This image 

revealed that the powder was porous, having a number of small internal pores with an 

occasional large pore. The grey areas in this image are the regions of cobalt that are free 

of carbides. Figure 3.46 shows the carbides as mostly being in the range of 200-300nm 

but with carbides both significantly larger and smaller. 



Figure 3.47 shows this powder to have particles that are spherical, porous and 

widely ranging in carbide size. Figure 3.48 shows the carbides to have both prismatic and 

rounded morphologies. The carbide size can be seen to range from less than 100 nm up 

to 750 nm, though most of the carbides appear to be in the 200-400 nm range. There does 

not seem to be any cobalt holding the clusters of carbide particles together. 

This powder shows large clusters of carbides and a large amount of porosity, see 

Figure 3.49. A higher magnification image of the carbide clusters shows carbides ranging 

from 200-750 nrn in size, see Figure 3.50. The average size appeared to be about 500 nm. 

Figure 3.5 1 shows a combination of solid and hollow spheres along with shattered 

bits of powders. Furthermore, this image highlights the porous nature of this powder. 

Figure 3.52 and 3.53 shows the bright carbides (due to the high average Z) against the 

dark porosity. This powder had a very high porosity in the powder itself. Figures 3.53 

and 3.54 show the globular shape of the cobalt and carbides. The carbides in these 

images seem to be forming around the cobalt creating a coral-like pattern for the internal 

structure of the powder. While carbides in the nanoscale range are present in this powder, 

there were also a large percentage of particles in the submicrometer range. The extreme 

friability of this powder can be explained by its internal structure, with the large empty 

volume of the powder surrounded with a very fine structure of cobalt and carbides. 



Figure 3.55 shows the distribution of the carbides in this powder. The powder 

particles have a large amount of porosity spread evenly throughout the particle. Clusters 

of carbides appear to be more discreet in this powder than in NanodyneTM 15 wt% Co A. 

The carbides do not seem to have the same coral like appearance. There even appears to 

be areas where cobalt is binding the carbides together. The carbide size is shown in 

Figures 3.56-3.57 and ranges from 50-200 nm. The average size appears to be about 

100 nm. 

3.1.3 ~ e c o t r a c ~ ~  Particle Size Analysis 

The particle sizing data, measured by l,ecotracTM , was more accurate at 

assessing the powder size distribution than the SEM morphology images. There was a 

tendency with SEM observation, in the case of the powders with a large percentage of 

fines, to significantly under estimate the percent of fines in the powder. A summary of 

the following LecotracTM data can be found in Table 3.3. 

Metco 2004 12 wt% Co 

The powder size distribution of the Metco 2004 WC-12 wt% Co with the micron- 

sized carbides is shown in Figure 3.58. The particle size distribution ranges fiom 10-75 

pm. The most common particle size was 26 pm which accounted for 17% of the total 

powder volume. The powder distribution fiom 15-37 km accounted for 80% of the 

powder particles. This is a narrow distribution with a high percentage of the particles in 

what is considered a reasonable spraying size range. 



~ a n o d ~ n e "  12 wt% Co Large and Small 

There were two "cuts" of the submicrometer NanodyneTM WC-12Co. The larger 

cut was for conventional plasma spray and the smaller cut was for HVOF. The larger of 

the cuts had a mode particle size of 75 pm, Figure 3.59. Due to the sieving operation, 

this powder did not contain particles less than 10 pm in size. The distribution ranged 

from 25-100 pm. Particles in the range of 55-85 pm were 65% of the total particles. The 

distributions of the smaller cut can be seen in Figure 3.60. The mode of the particle size 

distribution was 65 pm. Particles in the range of 45-75 pm accounted for 58% of the 

powder particles. 

Osram-Sylvania 18 wt% Co 

The Osrarn-Sylvania 18 wt% Co powder particle size range was approximately 

15-60 pm, see Figure 3.61. The mode for this particle size distribution was 30 pm. The 

size range for 20-45 pm contained 89% of the powder particles. 

The NanodyneTM 5 wt% Co powder sizes distribution can be seen in Figure 3.62. 

This, like the other powders that did not yield acceptable coatings, had a wide particle 

size distribution, 10-1 50 pm. The mode particle size was 90 pm. The particle size range 

of 75-1 00 pm contained 30% of the all the particles. 
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Infiamat 8 wt% Co 

The Infiamat 8 wt% Co powder sizes distribution can be seen in Figure 3.63. 

This powders that did not yield an acceptable coating though it had a narrow particle size 

distribution, 4-40 pm. The mode particle size was 15 pm. The particle size range of 

5-25 pm contained 60% of the all the particles. Over 60% of the powder particles were 

less then 10 pm in size. 

NanodyneTM 15 wt% Co A powder particle size distribution can be seen in 

Figure 3.64. This powder had a particle size range fiom 10-200 pm. The mode particle 

size was 62 pm. The particle size range of 50-90 pm contained 35% of the particles. 

This powder, unlike the NanodyneTM WC-15 wt% Co B, did not contain nanoscale 

carbides and no sieving operating was attempted to narrow the particle size distribution. 

Nanodyne" 15 wt% Co B 

The NanodyneTM 15 wt% Co B powder that contained nanoscale carbides had a 

particle size range from 1 to over 100 pm in size, Figure 3.65. The mode of the particle 

size distribution was 75 pm. The particle size range of 55-85 pm contained 40% of all 

the particles. This powder was sieved and the sieved powder had particles that ranged in 

size fiom 25-1 00 pm, Figure 3.16-3.18. The mode of this distribution was 75 microns 

while 80% of the particles were in the size range from 55-85 pm. 



3.2 Coating properties 

The data showing various coating properties are presented powder by powder and 

properties of coating sprayed on the hot fixture and cold fixture are presented together 

and are summarized in Table 3.4. 

3.2.1 Coating Porosity 

Figures 3.66-3.72 show the porosity of the coatings. The porosity of the coating 

was in the lower range for plasma sprayed coatings, 2-5%. The NanomyteTM powder was 

the one exception to this trend. Coatings made from the NanomyteTM powder had a 

porosity volume fraction up to 25%. The porosity in the NanomyteTM was not due to 

voids in the coating but large areas of pullout. This was presumed to be due to an 

instability in the plume during the deposition as there was no evidence in the powder 

images of powder characteristics that would give rise to such a large variation from 

the norm. 

3.2.2 Coating Hardness 

Figures 3.73-3.79 shows the hardness of the coatings. The hardness of the 

coatings ranged from a low of 680 Knoop to a high of 1200 Knoop. The hardness varied 

with the percentage of cobalt; increasing the cobalt decreased the hardness. 

3.3 Coating Wear Rate 

The following section has been designed to help the reader examine the wear data. 

Dry sand rubber wheel (DSRW) testing had been shown to work well at predicting the 

relative ranking of materials under low stress abrasive wear [82, 831. 



Depending on the actual wear conditions, the wear rate of the materials will change, 

however the ranking of the coatings should not change for low stress abrasive wear 

conditions. A coating that performs better than another coating in this test will, in general, 

perform better over the range of low stress abrasive wear conditions. 

Figures 3.80-3.86 shows the wear rates of the coating obtained in the DSRW 

abrasive wear test with Ottawa silica sand. This data was the most important of the three 

data sets; coating porosity, coating hardness and coating wear rate, as the utility of the 

coatings was evaluated in terms of wear rate. There was substantial variation in wear rate 

within a single powder depending on the gas parameters used. 

Metco 2004 12 wt% Co 

The Metco 2004 12 wt% Co powder was chosen as a standard to which the other 

coatings were compared. Coatings made fiom Metco 2004 had lower wear rates when 

sprayed on the hot fixture then sprayed on the cold fixture (Figure 3.80). The lowest hot 

fixture wear rate for the Metco coating was 0.0023 mm3/m, while the lowest wear rate for 

this coating sprayed on the cold fixture was 0.003 1 mm3/m. This wear rate was among the 

lowest achieved for any of the coatings. In real applications only coatings with good wear 

resistance would be of interest, so all of the coatings sprayed were compared with the 

best results for the conventional material. The 6 cfm hot fixture condition was chosen to 

be the baseline to compare the performance of the coatings. 

The Metco 2004 12 wt% Co powder had very reasonable powder flow 

characteristics and contained micrometer-sized carbide particles. The hot fixture wear 

rates in all of the compared conditions resulted in better wear rates than the cold fixture 

coatings, see Figure 3.80. The best wear rate for both the hot and cold fixture was the 

high nitrogen spraying condition. The lower nitrogen primary gas flow condition with the 

addition of hydrogen resulted in a decrease in the wear rate due to over melting and 



decomposition of the powder in flight. The effect of gas flow on the wear rates was 

limited, and was attributed to powder characteristics; namely the combination of a narrow 

particle size distribution and an average particle size well suited for plasma spraying. The 

final characteristic of this powder that made it less sensitive to spray parameters than the 

other powders was the fully dense powder particles. These characteristics were not shared 

with all of the other powders. Many of the powders had wide particle size distributions, 

low particle densities, andlor average sizes that were too small to work well in the time- 

temperature regime of high energy plasma spraying. 

Actual spray parameters established for a commercial application are likely to be 

different than the ones used in this study. Factors such as the deposition efficiency, 

adhesion strength, porosity, hardness, or toughness of the resulting coating may be more 

important for the particular application than wear resistance alone. That being said, this 

study focuses on the wear resistance of the coatings. Further study would be required 

correlate the effect of carbide size and cobalt percentage with these other factors. 

It was found when that spraying with 6 cfm nitrogen plasma gun primary gas on 

the hot fixture was the best condition for the NanomyteTM powder with a wear rate of 

0.0029 mm3/m, which is about 25% worse than the wear rate of the conventional powder 

(Figure 3.81). The rest of the coatings sprayed on the hot fixture all fell into a narrow 

range of values. The highest wear rate on the hot fixture was 0.0036 mm3/m, which is 

55% higher wear rate than the conventional powder. Coatings sprayed on the cold fixture 

were distinctly inferior to the coatings sprayed on the hot fixture for this powder. The 

lowest wear rate obtained for the cold fixture was 0.0036 mm3/m. The addition of 

hydrogen increased the wear rate to 0.0047 mm3/m, which is double the wear rate of the 

conventional powder. 



The ~ a n o m y t e ~ ~  powder had a mixed mode carbide size distribution containing 

both micrometer and nanoscale sized carbides. There was very little difference in the 

wear rate of the coating due to changes in the gas conditions for coatings sprayed on the 

hot fixture, see Figure 3.8 1. For all conditions, the hot fixture resulted in a better wear 

rate than the cold fixture. The wear rate did not change dramatically with the conditions 

sprayed. 

 anodyne^ 12% wt% Co Large 

This coating showed low wear rates when sprayed with or without hydrogen on 

the hot fixture, Figure 3.82. A wear rate of 0.0024 mm3/m is not meaningfully different 

than the lowest wear rate for the conventional powder. The 6 cfin spraying condition for 

this powder resulted in the highest wear rate rather than the lowest wear rate as was found 

in the conventional powder. This could be attributed to the large average size of the 

particles and the range of the spray conditions. Differences between the large and small 

cut will be discussed later. Cold fixture wear rates were 0.0028 mm3/m for all the 

conditions except for the highest the enthalpy conditions which had a wear rate 

of 0.0025 mm3/m, a 22% and 9% increase in the wear rate over the hot fixture results. 

This powder showed very little difference between the wear rates of the coatings 

sprayed on the hot fixture or cold fixture, Figure 3.82. The differences in wear rate were 

small enough in all cases that the differences are within the experimental variation. This 

powder had consistently good wear rates regardless of gas parameters, including 

conditions with hydrogen added to the carrier gas. The reason for the lack of distinction 

between the hot fixture and cold fixture as well as the overall good wear rates can be 

attributed to the powder characteristics. The powder had a narrow, reasonable particles 

size distribution with a high mode particle size, essentially a "plasma" cut. The larger 

powder particle size assured that the powder did not undergo the overheating as did the 

smaller particles. 



ÿ anodyne" 12% wt% Co Small 

This coating showed very consistent wear rates. For the hot fixture, most of the 

wear rates were about 0.0032 mm3/m, a 40% increase in the wear rate when compared to 

the conventional powder, see Figure 3.83. Coatings sprayed on the cold fixture had a 

range of 0.0030 mm3/m to 0.0035 mm3/m over the range of conditions sprayed. This 

represents an increase in the wear rate by 27% and 48%, respectively over the 

conventional Metco 2004 coating. Coatings sprayed on the cold fixture with the addition 

of hydrogen to the plume had better wear rates than coatings sprayed without hydrogen. 

The wear rates of the cold fixture for this powder were as good or a little bit better 

than the hot fixture, see Figure 3.83. As was shown in Figure 3.1 1 and 3.8, this powder 

had a higher percentage of hollow particles than the larger cut of the same powder. This 

may have exacerbated the differences between the two powders. 

Osram-Sylvania - 12 wt% Co a 

The wear rate of this coating sprayed on the hot fixture with 6 cfm nitrogen 

condition was 0.0023 mm3/m, which was identical to the wear rate of the conventional 

Metco 2004 coating, Figure 3.84. This was distinctly better than the rest of the wear rates 

for the hot fixture. The highest wear rate of a coating sprayed on the hot fixture was 

0.0040 mm3/m, a 74% increase over the Metco 2004 coatings. Cold fixture results 

showed an increase in wear rate similar to the hot fixture. The lowest cold fixture wear 

rate was also the 6 cfm spraying condition. In this case the wear rate was 0.0029 rnm3/m, 

a 25% increase in the wear rate over the hot fixture. The highest wear rate for the cold 

fixture was 0.0054 mm3/m, 135% higher than the conventional Metco 2004 coatings. 



The Osrarn Sylvania powder had a very narrow distribution of powder size. The 

hot fixture wear rates were always better than the cold fixture wear rates, though not 

significantly different when sprayed with the high nitrogen conditions, see Figure 3.84. 

In a reversal of the general trend, the porosity of the coating sprayed on the hot fixture 

was lower than the coatings sprayed on the cold fixture. The porosity values for coatings 

sprayed on the cold fixture averaged around 4.5% for all of the conditions sprayed, 

see Figure 3.70. 

Osram-Sylvania - 18 wt% Co 

The lowest wear rate of this coating sprayed on the hot fixture was 0.0041 mm3/m 

which is a 75% higher wear rate than the Metco 2004 coating, Figure 3.85. The highest 

wear rate for the hot fixture was 0.0064 mm3/m, a 175% higher wear rate. The coating 

sprayed on the cold fixture had higher wear rates than similar coatings sprayed on the hot 

fixture. The lowest wear rate for this coating sprayed on the cold fixture was 0.0056 

mm3/m, the highest was 0.0082 mm3/m, 136% and 247% higher than the Metco 2004 

coating respectively. 



There was very little distinction in the lowest wear rates between the hot and cold 

fixtures for these coatings, Figure 3.86. The lowest wear rate for this coating was 

0.0032 mm3/m, sprayed on the hot fixture, which resulted in a 40% higher wear rate than 

the Metco 2004 coating. The highest wear rate was 0.0048 mm3/m, 108% higher wear 

rate than the Metco 2004 coating. 

This powder did not show any distinctive trend in wear rate between the hot and 

cold fixture, Figure 3.86. The difference in the two fixtures was greater in the case of the 

porosity. The nitrogen-only spray condition resulted in large differences between the hot 

and cold fixture, in the most extreme 5.8% vs. 1.4% porosity, see Figure 3.72. The 

reason for the large difference in porosity between hot and cold fixture was probably due 

to oxidation of the carbides. Coatings on the hot fixture were cooled with compressed 

air; the coatings made with the cold fixture were cooled with nitrogen. Work by Roebuck 

et al., has shown that the temperature for the oxidation of the carbides decreases with 

decreasing size [59-62, 841. The oxides have relatively poor properties and would pull out 

during polishing, resulting in higher apparent porosity. The 6 cfin condition sprayed on 

the cold fixture was 20% harder than the same condition sprayed on the hot fixture as 

well as being 20% harder than the 5 cfm condition with the cold fixture, see Figure 3.81. 

3.4 Chemical and Phase Analysis 

Since a large number of coating powders were sprayed, it was not possible to fully 

examine each and every coating. Four coatings were chosen for W h e r  analysis. These 

coatings were selected because they had the lowest wear rate of the coatings in their 

group. Since the largest change in the wear rate was linked to the change in wt% Co, 

coatings that represented a range of cobalt contents were chosen, as well as the 

conventional powder to be used as a benchmark. 



The coatings selected were Metco 2004 12 wt% Co, Osrarn-Sylvania - 12 wt% Co, 

Osram-Sylvania - 18 wt% Co, and ~ a n o d y n e ~ ~ - 1 5  wt% Co B. These coatings allowed 

for differences in cobalt content as well as in carbide size to be examined. The coatings 

underwent x-ray diffraction and in-depth chemical analysis, beyond the analysis that the 

rest of the coatings underwent. 

3.4.1 Chemical Analysis 

Chemical analysis was performed on coatings sprayed on the cold fixture and the 

chemistry data illustrated several phenomenon. The magnitude of the loss of carbon in 

the spraying process was apparent , see Table 3.5, as well as the effectiveness of the 

addition of carbon to the feedstock powder as means for limiting the carbon loss, see 

Table 3.6. Furthermore, the chemical analysis revealed that the weight percentage of 

cobalt in the coatings was slightly different than expected based on the weight percentage 

of cobalt in the starting powders, Table 3.7. 

3.4.2 X-ray Diffkaction 

Cobalt absorbs copper Ka radiation and due to this interaction the peaks for Co 

are weaker than would be expected for the amount of cobalt in the specimens. The 

amorphous character of the matrix further broadens this weak peak, and as a result there 

was no discernable cobalt peak in the sprayed coatings. When examining the powder the 

cobalt peak was easily seen. 

X-ray Diffraction of the Powders 

The X-ray diffraction data for the Metco 2004, Osram-Sylvania - 12 wt% Co and 

Osram-Sylvania - 18 wt% Co powders show the expected peaks for WC and Co with no 

other phases being present, Table 3.8. The NanodyneTM 15 wt% Co powder was 
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anomalous in that it had no cobalt peak. The spray drying method used to produce the 

NanodyneTM 15 wt% Co powder in non-stoichiometric ratios, like 15 wt% Co, resulted in 

amorphous cobalt being produced. The amorphous nature was the reason that the cobalt 

in the powder cross sections had a globular appearance. 

X-ray Diffraction of the Coatings 

The qualitative nature of the analysis, along with the lack of a cobalt peak in the 

sprayed coating, limits the information that can be gained from the XRD data. The 

presence or absence of phases can be seen and discussed with some certainty. The 

relative amount of the phases can only be qualitatively discussed in terms of the 

degradation that the WC has undergone, Table 3.9. 

The previous heat treatment research [36, 37, 65,66 ,67, 681 would indicate that 

at least some of the phases that may be in a heat treated coating might not develop in the 

sprayed coating due to the thermal cycle. Most of the phases that are that are seen in heat 

treated coatings but not seen in sprayed coating contain cobalt. In the spraying process, 

the cobalt is expected to melt and then be quenched rapidly. The temperature was high 

enough in many of the spray conditions that considerable melting of the carbides occurred 

as well. Work by both Jia and Stewart [33, 351 showed a high percentage of W dissolved 

in the matrix. This would impede phase formation, as W diffuses slowly. The phases 

that are reported to form in WC-Co alloys, all involve W, Co and C in specific ratios. 

There is likely not enough time in the spraying process for large scale mixing of all the 

elements necessary to form an eta phase in large enough amounts to be detected by XRD. 



3.5 Transmission Electron Microscopy of Coatings 

The TEM images of the nanoscale carbides in the matrix can be seen in Figure 

3.87 and 3.88. The carbides were found to be in the expected size range (- 100 nm) and 

to have very distinct rectangular shaped crystals. The matrix around the carbides is glassy 

and there are few if any carbidelcarbide interfaces. Figure 3.89 is of a region of matrix 

that was free of carbides. The diffraction pattern obtained from the area seen in Figure 

3.89 was clearly amorphous (Figure 3.90). The TEM images show that the matrix in the 

coating was glassy in nature resulting in diffuse rings in the diffraction pattern. These 

images, combined with the lack of a cobalt peak in the XRD data, indicates that the 

matrix was amorphous in all the coatings tested. The matrix was likely to have been 

amorphous in all the coating as the coatings tested were generally the lower enthalpy 

conditions. 

3.6 Hot vs. Cold Fixture Coatings 

The most sprayable powders were sprayed on both a hot fixture and a cold fixture 

as previously described in the experimental section. The ~ a n o d ~ n e ~ ~  5 wt% Co and the 

InfrarnatTM reconstituted 8 wt% Co were not sprayed on both of the fixtures because a 

reasonable coating could not be achieved with these powders. These powders had very 

poor powder characteristics, i.e. size and distribution of the powder particles, which 

yielded very thin coatings. Even though wear data was collected on these coatings, it is 

not reasonable to directly compare them with the other powders as the feedstock 

characteristics were so far out of the range required for plasma spray. However, it is of 

potential interest that the WC-5 wt% Co powder was sprayed and did create a coating. 

This implies that with the right powder characteristics a reasonable coating could be 

created with the high energy plasma spray system using powders with as little as five 

weight percent cobalt. 



Thermal behavior of the substrates on the fixtures was examined. A 

thermocouple was welded to the backside of a sample bar and was used to measure the 

maximum temperature that the substrates achieved during spraying. The room 

temperature at the time of the test was 22.2" C. For all of the thermocouple tests the 

primary plasma gas flow of 5 cfm N, was used with a standoff distance was the standard 

200 mm. 

The samples were first passed over a single time to determine the effect on the 

substrate of a single pass. The sample was allowed to cool back to room temperature and 

then passed over 50 times by the plasma with no powder being added to the plume. The 

sample was once again allowed to cool. The sample was then passed over by the plume 

another 50 times by the plume with the powder feed so that a coating was deposited. This 

procedure was repeated for both the hot and cold fixture. 

The thermocouple data is summarized in Table 3.10. The most important 

difference between the hot and cold fixture is peak temperature of the substrate when the 

coating was deposited. The temperature was measured from the backside of the substrate 

so instead of representing the maximum temperature of the coating, it represents the 

temperature that the coating was quenched to. The hot fixture yielded a maximum 

temperature of 5 12" C, whereas the cold fixture showed a maximum temperature of 

145" C. The 367" C difference between the two was enough to effect some of the 

properties of the coatings. 

Samples sprayed on the cold fixture were obviously quenched to a lower 

temperature and maintained at a lower temperature. Another difference between the hot 

and cold fixture was the amount of time that the coatings were at temperature. The 

deposition of the coatings took 2-3 minutes. The thermocouple data was collected on the 

back side of the substrates, therefore the actual temperature experienced by the coatings 

was likely higher. The temperature may have been high enough on the hot fixture that 



eta phase, as discussed in the heat treatment literature, could have started to form. The 

cold fixture would have suppressed these transformations by cooling the coatings to a 

temperature below which the transformation would not have occurred in the time 

available. The matrix in these samples may not have had time to develop grain structure 

and would presumably be softer than the matrix of the coatings sprayed on the hot fixture. 

This resulted in the cold fixture samples having higher wear rates than the hot fixture 

samples sprayed with the same powder and conditions. 

3.7 Wear of Heat Treated Coatings 

Heat treated samples clarified the observation that the difference in the wear rates 

between the hot and cold fixture was related to the time that the coatings were at 

temperature. The heat treated coatings showed significant improvement in wear 

resistance over the non-heat treated coatings, Figure 3.9 1. The wear rate of the heat 

treated bars was improved, in the best case, to the same wear rate as the same coating 

sprayed on the hot fixture. The change in the wear rate of these coatings indicated that 

the difference in the wear rate between the hot and cold fixture was an effect of the 

thermal history of the coatings as they were cooling. 

As discussed by Axen et al., a small change it the matrix hardness can have a 

great effect on the wear resistance [77]. The heat treatment data would suggest that the 

only difference between the hot and cold fixture is the quenching in the latter of the 

matrix such that there was not enough time for any matrix structure to evolve, yielding a 

loss in properties. This loss in matrix hardness would be expected from other data on 

amorphous materials, and materials that show an inverse Hall Petch relationship [ 8 5 ] .  As 

was shown in Figure 3.92, there is a bow wave of material that builds up in front of the 

carbides as material is removed from behind the carbide. Any increase in the strength of 

the matrix, or in its resistance to carbide removal of the carbide could substantially 

improve the wear resistance of the coating. While the wear rate of the heat treated 



coatings was not improved beyond that of the coating sprayed on the hot fixture, it seems 

that with further refinement of the heat treatment procedure this may be possible, 

especially if the coatings were heat treated in vacuum and not in air. There was 

significant amounts of oxidation on the surface of the heat treated coatings. Vacuum heat 

treatment would overcome this problem. Furthermore, Guo et al., suggested that of all 

the heat treatments available, that vacuum annealing resulted in the best properties in 

WC-Co coatings [68]. 

3.8 Large vs. Small Powder Size 

The NanodyneTM 12 wt% Co powders were received as two different "cuts" of the 

same powder. The larger cut, was designated 'Large'. The smaller cut, 'Small', was meant 

for HVOF spraying. The LecotracTM data illustrates the differences in the size 

distribution of the powders (Figures 3.59 and 3.60). Since these powders were fiom the 

same powder batch, the differences between the coatings produced with these powders 

can be attributed to the differences in their size distributions. 

The Large Cut had better wear rates than the small cut in both hot and cold 

fixtures, though the differences in the wear rate between these coatings was not large for 

any specific condition, see Figures 3.93 and 3.94. The porosity differences between the 

two cuts fabricated on the hot and cold fixtures filters out some of the differences 

between the powders. Whereas, the Large Cut had the same porosity in the hot and the 

cold fixture, the Small Cut had a large difference between porosity in the hot fixture and 

the cold fixture, Figure 3.69 and 3.70. The drop in porosity in the Small Cut indicates a 

greater degree of melting or increased impact velocity yielding a higher penetration 

degree in the Small Cut than in the Large Cut. The microstructure of the coatings made 

from the Large Cut showed less than full melting, Figure 3.95. This is manifested by the 

relatively low hardness and high porosity values in the coating made with the Large Cut. 



Lack of melting is associated with lowered splat-splat adhesion. The DSRW test was not 

sensitive to splat-splat adhesion, so the increase in the amount of the carbides preserved 

in the coating gives a slightly better resistance for the Large Cut over the Small Cut. 

3.9 Osram Sylvania 12 wt% and 18 wt% 

Two other powders that were of interest due to their similarities were the powders 

produced by Osram Sylvania. These powders had nearly identical size distributions and 

average carbide sizes. Due to these similarities, it was assumed that the only difference in 

the coatings was due to the cobalt content. The 18 wt% powder's lowest wear rates was 

twice as high as the lowest wear rate for the 12 wt% powder, Table 3.4. This was the 

largest difference in wear rate between any of the coatings. It was expected that as the 

cobalt percentage was increased the wear rate would also increase. A 200% increase in 

wear rate was not expected. The volume percentages of cobalt was 23% for the 12 wt% 

and 38% for the 18 wt%, only 15% volume difference. Khruschov's equation (Eq. 27), 

predicts a 15% change in the wear rate between coatings produced with the two powders. 

The change in hardness for the two coatings sprayed on the cold fixture for the same 

spray conditions was approximately 150 HK, which was the difference predicted. 

The Osram-Sylvania - 18 wt% Co coatings consistently had the highest wear rates 

of any of the thick coatings, see Figure 3.85. Not only was the average wear rate higher 

but the range of the wear rates was also greater. The difference between the hot fixture 

and the cold fixture was distinct in the nitrogen-only conditions and less so in conditions 

with hydrogen. Photomicrographs show a high degree of overmelting in the wear scar for 

the coatings sprayed with hydrogen, see Figure 3.96. The melting and decomposition of 

the carbides in this case was likely responsible for the lack of difference in the wear rates 

in the coatings sprayed with hydrogen. 
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Though the wear rate was lower with the hot fixture, the porosity fiaction was lower with 

the cold fixture. The hardness of the coatings tended to be higher under low enthalpy 

spraying conditions, with the hot fixture in most conditions having slightly higher 

hardness values, see Figure 3.78. 



Table 3.1. Tungsten Carbide grain size in the powder particles. 

Powder 

Metco 
12 wt% Co 

NanodyneTM 
6 wt% Co 

pp - - 

WC Particle Size Range 
(nanometer) Wt% Co 

5 

12 

12 

8 

NanodyneTM 
5 wt% Co 

200-1,500 
, 

NanodyneTM ~ 

1 

12 wt% Co Small 

 anodyne^^ 
12 wt% Co Large 

InframatTM 
8 wt% Co 

1,000-2,000 

200- 1,000 
-- - 

300-500 

300-500 

pp 

100-300 

Osram-S ylvania 
18 wt% Co 

Osram-Sylvania 
12 wtOh Co 

12 

6 

200-1,200 

200-1,200 

18 

12 

NanodyneTM 
15 wt% Co 

10-100 15 



Table 3.2. Thermal spray powder characteristics. 

"0 110 NO Fines easy 1 
12 wt% Co 

Spray Particle 
Lot No. 

1 10 to 70 No Fines Easy 1 
12 wt% Co 

.- -- --7- 

Size 
Range 

Metco 9 to 140 No Fines 
17 wt% Co 

easy 

NanodyneTM 10 to 100 Many Fines Poor 1 Monly I+ also 2 ,3 ,6  
15wt%Co 1 
- -- - 

- . . 

d 

1 to 205 Few Fines 1 OK 
12 wrh Co 

.- -- 
I --- 

NanodyneTM 50 to 200 Many Fines 
6wt%Co 1 1 1 poor 
-- -- - - 

Structure Fines tClm) 

Thick-walled Spheres 

5 to 200 Almost all fines Poor 
-- - I 

I 
Powder Flow 

10 to 50 Few Fines 
12 wt% Co Small 

Easy 
-- 

NanodyneTM 
12 wt% Co 

Large 

lnfiamatTM 
8 wt% Co 

' No Fine% Easy 1 
--- - I 2t020 ' 

20 to 110 

Osram-Sylvania % co 10 to 70 No Fines 
1 -- 

1. Solid spheres 
2. Thin-walled spheres 
3. Thick-walled spheres 
4. Multi-layered spheres 
5.  Porous spheres 
6. Thinithick-walled spheres fill with small particles or debris 

Few Fines Easy 

Easy 

I 

Osram-Sylvania 
12 wrh Co 

Mostly 5, also 2,3,4, 6 

l o t070  1 No Fines 1 
I 



Table 3.3. Powder particle size by LecotracTM and SEM observation. 

Mode 
Particle Size 

Powder Type ~ (Pm) 

Range ' Range Around 
of Particle Sizes the Mode 

(CLm) 1 (%I 

Micrometer Carbides 

Metco 
12 wt% Co I 

Submicrometer Carbides 

NanodyneTM 
12 wt% co Large ~ 

NanodyneTM 
12 wt% Co Small 
-- 

Osram-S ylvania 
12 wt% Co 

Nanoscale Carbides 
- -- - . -- 

T--- 

I I I 

estimation from SEM observations 



Table 3.4. Wear rate, porosity, hardness of the coatings. 

Powder 
Hardness 

(HK) 
676.4 
680 

971.9 

1077 
1077 

1030 
1194 
1097 

Fixture 
Wear Rate 
(mm3/m) Porosity 

5N 112 H - 

NanomyteTM 

Condition 
(CFM) 

0.00256 
0.00236 
0.00278 

0.00273 
0.00407 

0.00354 
0.003 12 
0.00329 
0.00378 

- j :  5.5 N-112 H 0.00361 1 

7 N2 
6 N2 
5 N2 

6N2 1H 
5N2 1H 

6 N  __ 

M e t c o - r - -  

- 

.- 

- 

- - 

Metco 2004 

21.6 
20.9 
17.3 

2.5 
2.4 

8.8 
8.3 
4.4 

I 5.5 N 
- .- 

h o t  
- 

- 

cold 

6.7 7.9 
947 
1073 1095 

0.00467 3.8 

12wt%Co - 
- -- 0.00293 
-- 5N?!-. 0.00298 1.- - 4N 0.00359 - - -- 

-- . -- 6N 1 1 2 ~  - 0.0029 

11.1 806 
5.5 98 1 
2.2 945 
3.3 
5.3 

22.6 
ppp 

3.3 

0.00309 

0.00358 
0.00412 I 

- 5N 112H 
- 

Nanomytem 

1 1004 
936--- 

812 
916 
n.a 
n.a. 
n.a 

776 
962 
11 13 
n.a. 
997 

6N 
5N 

- 

12 wt% Co 

-- - 

4N 

cold 

0.00406 19.0 
0.00475 22.6 
0.00435 24.7 

0.00343 
0.00248 
0.00324 
0.0024 

- 0.00241 
989 

-- 

NanodyneTM 
12 Wtoh Co - Large 
cut _ -  

- 

- 

3.5 
3.7 
1 .O 
5.7 
2.2 

-- 4N112H 

hot 

-- 

- - 
 anodyne^ 
12 wt% Co - Large 
Cut -- --- 6N cold - 0.0029 

- 0.00282 

- - ! 0.0028 

0.00372 

6N 112H 
5N 112H 

6N 
5N 
4N .- 

- - -- - - 

_ - -- -- - 

6.5 

6N 112H 
5N 112H - 

7.5 867 

- --- - 6N 1 1 2 ~  - - - - 

5N 112H 

5.5 
2.0 

1064 
1019 

0.0028 4.7 
0.00253 2.9 

1065 
1022 



Table. 3.4. Continued. 

Hardness 
(Kp) 

945 
1163 - - 
1098 -_ - 
1110 
1116 
-- 

1010 
979 
1043 
1033 
1002 

1019 
1139 _ 

99 1 - 
- 1158 

n.a. 

1200 
1052 
1121 
997 
920 

1041 

Condition Wear Rate 
Powder - Porosity 

NanodyneTM 
12 wt?? Co 

6N small C u t -  - - - _ _  - 0.00327 5.7 
5N 0.00328 3.8 

- 

4N . - -- - - - 0.004 18 3.1 

- - - -- - - - 6N 1/2H 0.00308 5.4 

- 5N 1 / 2 ~  __ - _  0.00357 3.5 
- --- - - - - 

NanodyneTM 
12 wt?A Co 
Small Cut 6 N  - -  

-- - --- . -. - 

cold . -- 

-- -- - 0.00406 
- --- 

5N 1 / 4 ~  - n.a 
-7- 

7.0 1 1015 

- - 

_ _- 0.0035 

-- - 

- 

-. 

- 

Osram-Sylvania 
12 wt% Co- 

2.7 
5 .O - 

5.6 
0.003 

0.00344 
0.00301 
0.00295 

0.00226 
0.00309 
0.003 17 
0.00267 
0.00395 

0.00289 
0.00332 
0.00472 
0.00366 
0.00538 

972 
865.5 

4.3 
2.1 
1.5 
1.7 

1.5 
3.7 
0.9 
1.2 
1.4 

4.8 
5.1 
4.4 
4.8 
4.3 

/5N - 

3.6 n.a. 
I 

I 

4.1 1108 
3.5 98 1 
2.0 854 
2.6 1 854 
1.7 1 88 1 

5N 1/2H 0.0064 

6.6 

-- hot 

18 wt% Co -- hot_ - 

-- 

- -  - 1  - 

- --- - - - - 

-- - -- 

- -- - - - - 

Osram-Sylvania 
12 wt% Co cold -- 

- 

- -- - --- 
-- - -  .- 

---- 

Osram-S ylvania 

- 

Osram-Sylvania 
18 wt% Co 

- - 

. - 

--- - 

4N - 

6N 1/2H 
- 

.- 5N 1/2H 

6N 

+ 5N - 0.00438 

5N - 

4N 
- 6N 1/2H 

5N 1/2H _ 

- -- 

6N -_ 
5N 
4N _ 
6N 1/2H_ - 

5N 1/2H 

- -- - 
4N 

. - 4N 1/2H 0.00609 

cold 5N 0.00557 

--4?J 
5N 1/4H 
5N 1/2H 
4N 1/2H 

0.00703 
0.00821 
0.00693 
0.00742 



Table 3.4. Continued. 

Condition Wear rate 
Powder A Fixture (CFM) (mm3/m) - 

NanodyneTM 
15 wt% Co- 

-- - -- 

-- 

- - 

NanodyneTM 
15 wt% Co 

-- - 

-- - - 

I Hardness 
Porosity 1 (Kp) 

I 
5.0 , 1014 
5.9 ! 1041 
4.0 n.a. 
1.4 11 11 
1.9 1096 

2.3 ~ 1217 
1.6 1 1024 

-- - 

3.4 

hot 6N 0.00325 

-- 5N - - 0.00393 
4N 0.00485 
6N 112H 1 - 0.003 18 

97 1 
6N 112H 

0.00391 

0.00401 
0.00357 
0.00468 
0.00369 

-- - I 5N 112H 
T 

1.4 
5N 112H 

cold 
.- 

1029 

6N 
5N - 

4N -- - 

0.00445 1.8 1014 



Table 3.5. Carbon content of selected coatings. 

Table 3.6. Osram-Sylvania - 18 wt% Co sprayed on cold fixture with carbon added 
to feedstock powder. 

--- 

Actual wt%C 
-- - - - 

Ideal wt%C 
.- 

Difference wt%C 

Percentage carbon lost 

Table 3.7. Chemistry of selected coatings sprayed on the cold fixture. 

Osram-Sylvania Osram-Sylvania 
18 wt% Co 
- - 

12 wt% Co 

2.53 
--- 

1.76 

5 .O 5.3 

2.47 3.54 
--. 

49% 67% 

Carbon added to powder 
- 

wt % C in coating 

Increase in wt% C 
remaining in coating 
per addition of lwt% C 

Percentage Carbon Retained 

Metco-2004 
12 wt% Co 

3.65 

5.3 

1.65 

Owt% 

2.53 

0 

- 

49% 

1 Osram-Sylvania Osram-Sylvania 
Elements 18 wt% Co 
- 

12 wt% Co 

1.76 

Co wt% 
- - 

12.19 

0 PPm 
- - 

5 70 

WWtOh 80.49 84.00 

NanodyneTM 
15 wt% Co 

1.68 

5.2 

3.52 

30% 67% 

1 wt% 

2.80 

0.27 

56% 

Metro-2004 
12 wt% Co 

3.65 

NanodyneTM 
15 wt% Co 

1.68 

2 wt% 

3.02 

0.22 

60% 

-up 
12.39 13.70 

1070 1920 

83.69 82.95 

3 wt% 

3.16 

0.14 

63% 

4wt% 

3.29 

0.13 

65% 



Table 3.8. Phases detected in the as-received powders by XRD. 

Table 3.9. Phases detected in the sprayed coatings by XRD. 

Powder 
. 

Metco-2004 
12 wt% Co 
-- 

Osram-Sylvania 
12 wt% Co 

- - 

Osram-Sylvania 
18 wt% Co 

Nanodynem 
15 wt% Co 

-- 
Coating 

Metco-2004 
12 wt% Co 

- - -- - -- 

Metco-2004 
12 wt% Co 

-- 

Osram-Sylvania 
12 wt% Co 

Osram-Sylvania 
12 wt% Co 

Osram-Sylvania 
18 wt% Co 

Osram-Sylvania 
18 wt% Co 

NanodyneTM 
15 wt% Co 

NanodyneTM 
15 wt% Co 

WC ' W,C 
- -. 

Yes No 
I 
I 

yes ~ No 

- --- 

Yes No I 

W 

No 

No 

No 

No Yes 

. -- 
Fixture 

hot 

Co 

Yes 

Yes 

Yes 

No No 

WC 
-- - w2c - 

Yes Yes 

W 

No 

-. - - J - -- -- I 
cold Yes Yes 

- 

hot Yes Yes 

- - 

cold Yes Yes 

Co 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

- 

hot 

cold 

hot 

-- - 

cold Yes No 

I 

- 

Yes 

Yes 

Yes 

-- 

Yes 



Table 3.10. Thermocouple readings from Hot and Cold fixture. 

Fifty Passes 
Coating 

14.5 "C 

512 "C 

-- . .. - 
First Pass 

..-- - 

Cold Fixture 60 "C 
- - -- - -- - 

Hot Fixture 135 "C 

Fifty Passes 
Plasma 

104 "C 
- 

443 OC 



Figure 3.1. SEM image of Metco 2004 WC-12 wt% Co powder, 50X.

Figure 3.2. SEM Image of Metco 2004 WC-12 wt% Co Powder, 200X.
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Figure 3.3. SEM image of Metco 2004 WC-12 wt% Co powder, 1000X.

Figure 3.4. SEM image ofNanomyteTMWC-12 wt% Co powder, SOx.
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Figure 3.5. SEM image ofNanomyteTMWC-12 wt% Co powder, 200X.

Figure 3.6. SEM image ofNanomyteTM WC-12 wt% Co powder, lOOOX.
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Figure 3.7. SEM image ofNanodyneTMWC-12 wt% Co large cut, sox.

Figure 3.8. SEM image ofNanodyneTMWC-12 wt% Co large cut, 200X.
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Figure 3.9. SEM image ofNanodyneTMWC-12 wt% Co large cut, 1000X.

Figure 3.10. SEM image ofNanodyneTMWC-12 wt% Co small cut, 50X.
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Figure 3.11. SEM Image ofNanodyneTMWC-12 wt% Co small cut, 200X.

Figure 3.12. SEM image ofNanodyneTMWC-12 wt% Co small cut, 1000X.
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Figure 3.13. SEM image ofNanodyneTMWC-15 wt% Co, as received, at 50X.

Figure 3.14. SEM image ofNanodyneTMWC-15 wt% Co, as received, at 200X.
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Figure 3.15. SEM image ofNanodyneTMWC-15 wt% Co, as received, at 1000X.

Figure 3.16. SEM image ofNanodyneTMWC-15 wt% Co, sieved, at 50X.
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Figure 3.17. SEM image ofNanodyneTMWC-15 wt% Co, sieved, at 200X.

Figure 3.18. SEM image ofNanodyneTMWC-15 wt% Co, sieved, at 1000X.



Figure 3.19. SEM image ofNanodyneTMWC-5 wt% Co, at 50X.

Figure 3.20. SEM image ofNanodyneTMWC-5 wt% Co, at 200X.
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Figure 3.21. SEM image ofNanodyneTM WC-5 wt% Co, at lOOOX.

Figure 3.22. SEM image of InfrarnatTMWC-8 wt% Co, at 50X.
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Figure 3.23. SEM image of InframaeMWC-8 wt% Co, at lOOX.

Figure 3.24. SEM image of InframaeMWC-8 wt% Co, at lOOOX.
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Figure 3.25. SEM image of Osram Sylvania WC-12 wt% Co, at SOX.

Figure 3.26. SEM image of Osram Sylvania WC-12 wt% Co, at 200X.
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Figure 3.27. SEM image of Osram Sylvania WC-12 wt% Co, at IOOOX.

Figure 3.28. SEM image of Osram Sylvania WC-18 wt% Co, at 50X.

98



Figure 3.29. SEM image of Osram Sylvania WC-18 wt% Co, at 200X.

Figure 3.30. SEM image of Osram Sylvania WC-18 wt% Co, at 1000X.
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Figure 3.31. FESEM image of Metco 2004 WC-12 wt% Co powder cross section,
3000X.

Figure 3.32. FESEM image of Metco 2004 WC-12 wt% Co powder cross section,
3000X.
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Figure 3.33. FESEM image of Metco 2004 WC-12 wt% Co powder cross section,
10000X.

Figure 3.34. FESEM image ofNanomyteTMWC-12 wt% Co powder cross section
2000X.
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Figure 3.35. FESEM image ofNanomyteTMWC-12 wt% Co powder cross section
30000X .

Figure 3.36. FESEM image ofNanomyteTM WC-12 wt% Co powder cross section
100000X .
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Figure 3.37 FESEM image of NanodyneTMWC-12 wt% Co, large cut powder cross
section, 3000X.

Figure 3.38. FESEM image ofNanodyneTM WC-12 wt% Co, large cut powder cross
section, 30000X.
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Figure 3.39. FESEM image ofNanodyneTMWC-12 wt% Co, large cut powder cross
section, 100000X.

Figure 3.40. FESEM image ofNanodyneTMWC-12 wt% Co, small cut powder cross
section,30000X.



Figure 3.41. FESEM image ofNanodyneTMWC-12 wt% Co,
small cut powder cross section, 30000X.

Figure 3.42. FESEM image ofNanodyneTMWC-12 wt% Co,
small cut powder cross section, 100000X.
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Figure 3.43.

Figure 3.44.
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FESEM image of Osram Sylvania WC-12 wt% Co powder cross section,
2000X.

FESEM image of Osram Sylvania WC-12 wt% Co powder cross section,
30000X.



Figure 3.45.

Figure 3.46.
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FESEM image of Osram Sylvania WC-IS wt% Co powder cross section,
3000X.

FESEM image of Osram Sylvania WC-IS wt% Co powder cross section,
30000X.
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Figure 3.47. FESEM image of InframatTMWC-8 wt% Co powder cross section, 3000X.

Figure 3.48. FESEM image of InframatTMWC-8 wt% Co powder cross section,
30000X.



-- --- -----------

109

Figure 3.49. FESEM image ofNanodyneTMWC-5 wt% Co powder cross section,
3000X.

Figure 3.50. FESEM image ofNanodyneTMWC-5 wt% Co powder cross section,
30000X.



Figure 3.51.

Figure 3.52.
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FESEM image ofNanodyneTMWC-I5 wt% Co, powder A cross section,
500X.

FESEM image ofNanodyneTMWC-I5 wt% Co,powder A cross section,
3000X.
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!:

Figure 3.53. FESEM image ofNanodyneTMWC-15 wt% Co,powder A cross section,
30000X.

Figure 3.54. FESEM image ofNanodyneTMWC-15 wt% Co,powder A cross section,
10000X.
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Figure 3.55. FESEM image ofNanodyneTMWC-15 wt% Co powder B cross section,
3000X.

Figure 3.56. FESEM image ofNanodyneTM WC-15 wt% Co powder B cross section,
50000X.
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Figure 3.57. FESEM image ofNanodyneTMWC-15 wt% Co powder B cross section,
100000X.
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Figure 3.58 LecotracTMpowder size analysis of Metco 2004 WC-12 wt% Co powder.



Figure 3.57. FESEM image of NanodyneTM WC-15 wt% Co powder B cross section, 
100000X. 

0.1 1 10 100 1000 
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Figure 3.58 LecotracTM powder size analysis of Metco 2004 WC-12 wt% Co powder. 
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Figure 3.59. LecotracTM powder size analysis of NanodyneTM WC-12 wt% Co, Large 
cut powder. 

10 

Microns 

Figure 3.60. LecotracTM powder size analysis of NanodyneTM WC-12 wt% Co, Small 
cut powder. 
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Figure 3.61. LecotracTM powder size analysis of Osram Sylvania WC-18 wt% Co 
powder. 
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Figure 3.62. LecotracTM powder size analysis of NanodyneTM WC-5 wt% Co powder. 
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Figure 3.63. LecotracTM powder size analysis of reconstituted WC-8 wt% Co by 
InfrarnatTM. 

~ Microns I 

Figure 3.64. LecotracTM powder size analysis of ~ a n o d ~ n e ~ ~  WC-15 wt% Co A, 
powder. 
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Figure 3.65.
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LecotracTMpowder size analysis ofNanodyneTMWC-15 wt% Co B, un-
sieved powder.
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Figure 3.66.
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Porosity of Metco 2004 WC-12 wt% Co, hot fixture and cold fixture.
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Figure 3.68.
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Porosity ofNanomyteTMWC-12 wt% Co, hot fixture and cold fixture.
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Porosity of NanodyneTM 12 wt% Co Large Cut, hot fixture and cold
fixture.



Figure 3.69.

Figure 3.70.
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Porosity ofNanodyneTM12wt% Co Small Cut, hot fixture and cold
fixture.
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Figure 3.71.
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Porosity of Osram-Sylvania 18 wt% Co, hot fixture and cold fixture.

0

6N 5N 6N1I2H 5N 1I2H4N

I- Hot FjxMe . Cold Fixture I

Figure 3.72. Porosity ofNanodyneTM15 wt% Co, hot fixture and cold fixture.



1200

1000
0..

~ 800'"'"
~ 600

"0

@ 400
::r:

200

0

Figure 3.73.
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Hardness of Metco 2004 WC-12%Co, hot fixture and cold fixture.
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Figure 3.74. Hardness ofNanomyteTMWC-12%Co, hot fixture and cold fixture.
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Figure 3.76.
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Hardness ofNanodyneTM12wt% Co Large, hot fixture and cold fixture.
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Figure 3.78.
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Hardness of Osram-Sylvania 12 wt% Co, hot fixture and cold fixture.
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Hardness of Osram-Sylvania 18 wt% Co, hot fixture and cold fixture.
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Figure 3.79.
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Figure 3.80.
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Hardness ofNanodyneTM15wt% Co, hot fixture and cold fixture.
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Wear Rate of2004 WC-12 wt% Co, hot fixture and cold fixture.
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Figure 3.81. Wear Rate ofNanomyteTMWC-12%Co, hot fixture and cold fixture.
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Figure 3.82. Wear Rate ofNanodyneTM12 wt% Co large cut, hot fixture and cold
fixture.



126

------

0.01

0.008

..§ 0.006
Me

e 0.004

0.002

0

6N 6N l/2H 5N 1/2H5N 4N

I- HotFixture. ColdFixtureI

Figure 3.83.
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Wear Rate ofNanodyneTM12 wt% Co small cut, hot fixture and cold
fixture.
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Wear Rate of Osram-Sylvania 12 wt% Co, hot fixture and cold fixture.
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Wear Rate of Osram-Sylvania 18wt% Co, hot fixture and cold fixture.
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Wear Rate of NanodyneTM15 wt% Co, hot fixture and cold fixture.



Figure 3.87.

Figure 3.88.
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TEM image of sprayed coating showing we particles in matrix, 50000X.

TEM image of sprayed coating showing we particles in matrix, 100000X.



Figure 3.89. TEM image of matrix showing glassy appearance, 30000X.

Figure 3.90. Diffraction pattern of matrix from Figure 3.90.
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Figure 3.91. Wear rate of non-heat treated NanodyneTM15wt% Co coatings compared
to those heat treated for one hour at 2000 C (A-C) and 4000 C (D-F).

Figure 3.92. FESEM image ofNanodyneTMWC-15 wt% Co powder B cross section
30000X, showing ductile flow in matrix.
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Figure 3.93. Wear Rates of Large vs. Small NanodyneTM12 wt% Co, hot fixture.
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Wear Rates of Large vs Small NanodyneTM12 wt% Co, cold fixture.



Figure 3.95.

Figure 3.96.
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Optical photomicrograph cross section ofNanodyneTM12 wt% Co, Large
Cut showing less then full melting, 200X.

SEM micrograph of the wear scar for Osram-Sylvania 18 wt% Co sprayed
with hydrogen resulting in the melting of carbides.



4.0 DISCUSSION 

The focus of this thesis was the microstructural characterization and abrasive 

wear behavior of WC-Co plasma sprayed coatings. The discussion will focus on a 

number of variables that influenced the wear rate of the coatings. The discussion consists 

of four areas of interest; microstructure, reduction/oxidation, property comparisons and 

wear. The various powders and coatings in this study were compared. The effect of 

hydrogen, oxygen, and carbon were examined . The relationships between trends in the 

hardness, porosity and wear rates for the coatings were examined. Finally, the abrasive 

wear mechanism is discussed, and a potential wear relationship is presented. 

4.1 Coating Microstructure 

Both microstructure and properties of the sprayed coatings were examined. 

While all of the coating were observed optically and many were examined with the SEM. 

It is not possible or even desirable to hlly document the microstructure of all the 

coatings. The cross sections that are shown illustrate the characteristic microstructure 

of the coatings as well as some of the changes that occur based on the spraying 

conditions. The coating properties examined were hardness and wear rate. 



4.1.1 Coating Microstructure 

There were a variety of microstructural features of interest in the coating, porosity, 

unmelted particles, overmelted particles, etc. However, the focus of this work on the 

wear properties of the coatings. So the coating images emphasize the carbides and the 

matrix. Of particular interest are the effect of hydrogen on the coating microstructure and 

the carbide-rich and carbide-poor regions. 

As the carbide size decreased it was not always possible to distinguish the 

individual carbides in the coatings with optical methods. However, in all of the coatings 

shown sprayed in the nitrogen-only condition, there were easily visible regions of 

carbides. The addition of hydrogen to the plume, with the same amount of nitrogen 

resulted in a significant decrease in the size and frequency of the carbide-rich regions 

when compared to the nitrogen only condition. In the case of the Osram-Sylvania - 

18 wt% Co coating sprayed with hydrogen there does not appear to be any carbide-rich 

regions remaining (Figure 3.96). Images of the wear scar in BSE mode show that there 

are areas that are of high Z value that no longer have discrete carbides. Carbides are 

shown to be standing proud from the matrix in all cases. The increase in the amount of 

non-discrete carbides was expected to increase the material loss due to the relative 

softness of these phases. 

Carbide-rich and carbide-poor regions differ in the amount and type of wear. In 

the carbide-rich regions it can be seen that the carbides stand proud and that the matrix is 

removed around them. This creates a surface of hard carbides. Where there are fewer 

carbides it can be seen that there is an increase in the abrasive wear of the surface. The 

wear scar can be thought of as an image of wear arrested. Different regions of the scar 

show different morphology. These morphology can be thought of as being spread over 

the area of the wear scar in a random way. This is not strictly true, as there will be some 

regions of preferential deposition due to the way the powder was fed into the plume. 



135 

It has been shown by various authors that distribution in the plume of powder particles is 

effected by the particle loading, stochastic particle interactions and particle size 

distribution and morphology. The effects of the location of the injectors, their angle in 

respect to the plume, the carrier gas velocity, and gravity cannot be neglected either. 

The coating microstructure is such that interpenetrating skeletons of carbide and 

cobalt do not occur. This is the major difference between the sintered and sprayed 

coatings, and the lack of a 3-D carbide skeleton limits the achievable properties of the 

coatings. For example in the sintered WC-Co hardness of 2200 HV have been reported, 

in the sprayed coatings the highest hardness achieved in this study was 1200 HK,,,. 

The lack of long range carbidelcarbide interfaces limits the potential hardness and 

wear resistance of the coatings. It is not unexpected that the values of the hardness and 

wear resistance do not compare to the values achieved in sintered material. The isolated 

nature of the carbides in the sprayed coatings means the carbides act more like particulate 

reinforcements rather than providing the structure as they would in a sintered material. 

Both Stewart and Usmani [lo, 691 observed a decrease in the wear resistance of 

the coating with a decrease in the carbide size. Harvey et al. [86] suggested in their work 

that there was a direct correlation between the high wear rates and the high levels of 

amorphous W-C-Co phase in the ribbon like structures (melted decarburized WC). The 

reason that there was a decrease in the wear resistance with decreasing carbide size was 

due to the greater degradation of the carbide of the smaller carbides. With careful control 

of the spraying process it is possible to create coatings that are no worse than a 

conventional coating with the same weight percentage carbide. 



4.2 Reducing Agents 

It was thought in developing this investigation that reducing the degree of 

decarburization in the coatings might result in significant improvement in the properties 

of the coatings. This was approached by adding carbon and hydrogen. Carbon was added 

to a powder with good flow characteristics to act as a getter for the oxygen entrained in 

the plume. Hydrogen was added to the plasma gas and was intended to produce reducing 

conditions in the plume, limiting decarburization and potentially improving the coating 

properties. The following reactions are some of the possible steps in the decarburization 

of the tungsten carbide. 

As mentioned in the introduction the first set of reactions (Equations 3 1-33) are 

thought to only occur on the surface of the particle. These reactions proceed at a very 

slow rate until liquid WC is present. The melting and boiling points of the materials are 

such that a significant loss of Co could also occur by the time the powder is heated 

sufficiently to melt the carbide. The second set of reactions (Equations 34-36) would be 

diffusion limited and occur primarily in the presence of liquid Co and solid WC. These 

two sets of reactions result in different types of compounds being formed in the coating. 



The first set of reactions will result in the presence of W in the coating. The second set of 

reactions would result in the formation of one of the eta carbides. In both reaction 

sequences, oxygen plays a significant role. The reducing agents were intended to limit 

the role of oxygen in the material. The reaction that was assumed to have occurred with 

the carbon in the plume was: 

These reactions serve two purposes: they remove oxygen from the plume which limits 

the amount of oxygen available for the decarburization; and the presence of the CO and 

CO, could serve to limit the forward reactions of Equations 3 1-33. However, due to the 

time scale and the turbulence/fluid dynamics of the plume, equilibrium is never reached 

and so the reverse reaction may not occur. 

It was expected that the amount of carbon added was insufficient to cause an 

increase in the amount of carbon in coating. CO and CO, formation reactions would 

change the balance of the decarburization reactions by removing oxygen from the plume, 

therefore, limiting the oxygen assisted decarburization of the coating. The inclusion of 

carbon had two effects. There was a decrease in the amount of decarburization. The 

addition of carbon to the powder decreased the coating thickness. It was assumed that 

1 to 4 weight percent of carbon would not make a significant difference in the way the 

coating was formed. However, the addition of carbon resulted in a large decrease in the 

coating thickness, limiting the usefulness of a carbon addition. Figure 4.1 shows a slight 

improvement in the wear rate of the coatings when compared to the same conditions 

without the addition of carbon, also see Table 4.1. 



It was unclear why there was such a large drop in the deposition eficiency with 

the carbon addition. The addition of the carbon lowered the mass of powder flowing into 

the plume, which would have decreased the relative deposition efficiency. The 

combustion of the carbon may have also caused some scattering as the powder was 

injected into the plume. If different spraying conditions, or a different equipment set up 

had been used, it may be possible to achieve the improvements in the wear rate with the 

addition of the carbon without the decrease in deposition efficiency. The amount of 

carbon in the WC-Co powders was in the 5.0-5.3 wt% range, shown in Table 3.5. It was 

assumed that there was no free carbon in the powders, and this was supported by the fact 

that the XRD did not detect free carbon. Many of the powders were sintered and 

agglomerated and as such any free carbon would have formed graphite. 

The amount of carbon expected in each of the coatings will vary by the amount of 

cobalt in the starting powder. There is 6.12 wt % carbon bound in stoichiometric WC. 

All of the WC in the starting powders were assumed to be stoichiometric. This seemed to 

be reasonable assumption to make in light of the narrowness of the phase field as 

evidenced by the phase diagram (Figure 1.1). Table 3.5 shows the 'ideal' amount of 

carbon in the starting powders, the amount of carbon that was detected in the coating, and 

the amount of carbon that was retained. The trends shown in Table 3.5 were as expected. 

Higher cobalt contents, larger carbides and full coverage of the carbides resulted in a 

minimization the of carbon loss [36,66,69]. With those criteria, the conventional 

material would be expected to have the minimum amount of carbon loss and only 30% of 

the carbon was lost. The coating made from the powders containing the nanoscale 

carbides had the characteristics to maximize the carbon loss; i.e. small carbides and a 

porous powder morpohlogy with poor carbide coverage. This particular powder had lost 

67% of the carbon in the spraying process. The carbon loss in the coating with 

submicrometer carbides was higher than might be expected especially in the case of the 

12 wt% Co powder, which also lost 67% of carbon. The 18 wt% Co powder faired better 

with only a loss of 49% of carbon. 
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The comparisons of the phase degradation done by XRD show that there is much 

less degradation in the case of vacuum plasma sprayed WC-Co coating when compared to 

coatings sprayed in atmosphere. So it was assumed that the carbon is lost in the plume, 

following the reactions presented by Finke et al. 

The Osrarn Sylvania WC-18 wt% Co powder which had carbon added to the 

feedstock also was analyzed for carbon. The addition of carbon to the feedstock powder 

decreased the loss of carbon in the coatings. This was either due to a suppression of the 

decarburization reactions by giving the oxygen another source of carbon to react with or 

due to the actual addition of carbon to the coating. 

The carbon added to the feedstock powder in this study was carbon black not 

crystalline graphite. Where the carbon added to the feedstock powder went is uncertain. 

Carbon sublimes at 3652' C, which is a higher temperature then was experienced by the 

powders that formed the coatings. The small size of carbon could have allowed greater 

acceleration of the particles so that they would not have had enough time in the plume to 

cause sublimation and might have been included in the coating. Conversely, the very 

small size of carbon also means it has a large amount surface area with which to react 

with the entrained oxygen. A third scenario is that the carbon black was too small to 

efficiently enter the plume, at the injection angle used for the powders, and a majority of 

the carbon bounced back out of the plume. Neither the optical nor SEM observations of 

the cross sections of these coatings revealed the presence of carbon inclusions, though it 

is possible that the carbon was removed during the polishing process. 

The commonality in the carbon loss results can be linked to a combination of 

factors; the morphology of the particle, the cobalt content of the particle, and the size of 

the carbides in the powder. 



The conventional powder had the most carbon retained in the coating. Furthermore, the 

XRD traces of the coatings made from this powder show very little phase degradation 

(Table 3.9). There is a slight presence of the W,C but no evidence of tungsten, although 

Co-W solid solution would not show up in XRD. Both Stewart and Jia observed regions 

in the matrix that had 20-23wt% W. The chemistry data, Table 3.7, also did not show a 

large drop in the amount of W in the coatings corresponding with the loss of carbon. 

The submicrometer WC powders were very similar powders with only the cobalt 

composition differentiating them. The expected trend of higher cobalt composition 

showing less decarburization was observed. However, without more testing it is difficult 

to understand the significance of this trend. 

The powder containing the nanoscale carbides had the greatest amount of carbon 

loss. The small size of the carbides meant that it had the largest surface area of carbides. 

Degradation of the carbides is controlled by diffusion. More surface area means that 

there was more surface area to react with and this, combined with the decrease in the 

diffusional distances, means that reactions would occur faster. The effect of the reduction 

in carbide on the surface area of the carbides assuming the same total volume is 

illustrated on Table 1.2. 

The FESEM observations of the cross sections of the powder containing 

nanoscale carbides show a very porous powder with poor coverage of the carbides by 

cobalt, Figures 3.56 and 3.57. This further increases the surface area of the carbide 

available for reaction. The XRD of this powder differed from the rest in that it did not 

produce a cobalt peak in the diffraction pattern. This suggests that the cobalt in the 

starting powder was amorphous which explains the odd globular shape of the cobalt 

around the carbides. The high porosity, poor cobalt coverage, and small carbide size all 

contribute to the carbon high loss in the resulting coating. 



4.2.1 Hydrogen 

The use of hydrogen in the plume was investigated as a means to eliminate the 

decarburization of the powder in flight by creating a reducing atmosphere in the plasma 

jet. The reaction mechanisms for the formation of W2C and W were presented 

previously. The removal of carbon from WC only occurs when the particles are exposed 

to high temperature and oxygen for a significant time. Finke et al. [56] suggested that the 

reactions would not proceed at a significant speed until the WC melted. Images of the 

coatings sprayed with nitrogen and hydrogen when compared to the coatings sprayed only 

with nitrogen, show fewer carbides. There were fewer carbides observed in the coatings 

that were sprayed with N2/H2 versus N, only. This was assumed to be due to the 

increased temperature that the particles would experience with the addition of hydrogen 

to the plume. This would be mainly due to the increase in the thennoconductivity of the 

plume with the inclusion of hydrogen. This would have increased the heat flux to the 

particles leading to increased melting of the carbides in the plume, which could decrease 

the wear resistance of the coatings either through the formation of the W,C and W or 

through dissolution of the WC into the matrix [35, 871. 

The increase in the temperature and thermoconductivity of the plume with the 

addition of hydrogen promotes the overheating of the powder particles. As a result, the 

net effect of the addition of hydrogen to the plume was a decrease in the wear resistance 

of the coating due to the loss of WC particles. The predominate morphology of the 

decarburized carbides was much more rounded than the carbides in the starting powder. 

The most obvious example of this can be seen by comparing the carbides in the starting 

powder of the Metco 2004 powder with the carbides in the wear scar of the coating, 

(Figures 3.32, 3.33, and 4.2 and 4.3). The carbides in the starting powder were prismatic, 

the carbides in the coatings were more rounded. From these images it is clear that there 

was sufficient heating in the plume to melt some of the carbides. 



The work done on sprayed WC-Co coatings has indicated that the loss of carbon 

is not detrimental in terms of wear resistance until the carbon loss exceeds 60% [66]. The 

loss of WC carbide is partially compensated by increasing the hardness of the matrix by 

the dissolution of W and C. This observation again illustrates the importance of the 

matrix properties. 

4.3 Oxidation of Nanoscale Carbide Powders 

Though no quantitative studies were performed, the NanodyneTM WC- 15 wt% Co 

powder containing the nanoscale carbides was found to react in a furnace at 300°C. 

The submicrometer and micrometer carbide containing powders did not react at the same 

temperature. The reacted powder changed in color from black to green and, over time, 

eventually turned blue. This was assumed to indicate that the powder was transforming 

from the carbide to a mixture of WO, (yellow) and WO, (blue), and finally transforming 

completely to WO,. In general the literature on the oxidation of WC discusses the 

formation of WO,, and does not mention the fonnation of WO, [59,60,84]. Roebuck's 

experiments ran to completion and as such the thermodynamically stable tungsten oxide, 

(WO,) was the only oxide of interest. In other work focusing on the oxidation of WC-Co, 

WO,, Co,O, (black), Co304 (black), and CoWO, (blue) were all identified with XRD 

[88]. Another study by Lofaj found that oxidized WC-Co formed WO,, and COO (pink) 

in the oxidized layers but did not note any presence of any other oxides [89]. The 

formation of WO, would be slightly favored over the formation of WO, on a per mol of 

oxygen basis their energies of fonnation are -379kJ vs -356kJ. However, per mol of WC, 

the energy of formation at 800°C for WO, is -534 kJ vs -379 kJ for WO,, [90,91]. The 

increased particle surface reactions with decreasing carbide size agrees well with the 

findings of Roebuck et a1 in their studies of the oxidation of WC [59,60, 841. 



4.4 Property Comparisons 

The effect of hardness and porosity on wear and each other was evaluated. The 

data set was inclusive of all of the acceptable coatings sprayed and thus represents a wide 

range of spray conditions. The data has substantial scatter and few trends were observed. 

The effect of the different spray conditions on the various powders made it difficult to 

evaluate the inter-relationships between material properties (hardness and porosity) and 

extrinsic behavior (wear). Due to the large amount of scatter in the data, it is unclear as 

to the degree that the decomposition of the carbide had on the properties of the coatings. 

4.4.1 Porosity vs. Hardness 

The hardness of the coatings is plotted against their porosity in Figure 4.4. Only a 

weak relationship between the hardness and porosity of the coatings is observed. There is 

a wide range of hardness for the same amount of porosity in coatings with similar carbide 

sizes, and cobalt contents. There does seem to be a general, if broad, trend toward lower 

hardness with increasing porosity. Figure 4.5 shows the same data constrained to the 

12 wt% Co powders. Coatings sprayed on the hot fixture had higher hardness for the 

same nominal amount of porosity as coatings sprayed on the cold fixture. The large solid 

powder had a lower hardness than the small solid powder sprayed on the hot fixture. 

Coatings using the large and small solid powder as feedstock sprayed on the cold fixture 

had nearly the same porosity and hardness. The Osram-Sylvania - 12 wt% Co powder 

showed the unusual trend of having nearly constant porosity and widely varylng hardness. 

The data would indicate that there is not a strong relationship between hardness 

and porosity. However it must be pointed out that there are flaws with the way the 

porosity was measured in this study. The polishing process was standardized for all 

coatings which had a wide range of microstructures. At least some of the porosity 

measured by image analysis was caused by pullout. So the real amount of porosity in the 



coatings may have been lower than the measured amount. This was a much more 

significant problem with coatings that containing micrometer carbides that did not have 

full melting of the splats, i.e. Metco 12 wt% Co, and the ~ a n o m ~ t e ~ ~  powders. 

4.4.2 Porosity vs. Wear Rate 

Figure 4.6 illustrates the relationship between the porosity on wear rates in the 

coatings. The range of porosities in these coatings was not so great as to overly effect the 

wear rate of the coatings. The 18 wt% Co coatings did show an anomalous trend of 

decreasing wear rate with increasing porosity. The reason for this trend is unclear, 

although, the low porosity coatings may have had lower porosity due to excessive 

melting. This trend may mean that the deposition conditions were not sufficiently 

optimized for the 18 wt% Co powders. Figure 4.7 shows the porosity wear rate of the 

coatings containing submicrometer carbides and 12 wt% Co and there was a broad 

clustering of wear rates regardless of porosity. Most of the coatings tended have 

porosities of less than 5 percent, which may not be large enough to distinguish between 

them in low stress abrasive wear. At high loads, with harsh abrasives, the porosity would 

be expected to effect the wear rate by providing crack initiation centers. However, the 

dry sand rubber wheel abrasion test with Ottawa silica sand was not severe enough for 

that to be apparent. 

4.4.3 Hardness vs. Wear Rate 

Wear equations by Archard and Khruschov assume some relationship between 

hardness and wear rate. Under classical abrasive wear theory it was expected that, as the 

hardness of the coating increased, the wear rate of the coating would decrease. Figure 4.8 

is a plot of hardness vs. wear rate for all of the coatings. This plot shows that there is not 

a strong relationship between hardness and wear rate, or at least not a simple one. With 

only the 12 wt% Co coatings plotted (Figure 4.9), the data shows a weak relationship 



between hardness and wear rate. The highest hardness coating and the lowest hardness 

coating did not have a substantial difference in their wear rate, even though the difference 

was 425 HK,,,. The weakness of the hardnesslwear rate relationship may be due in part 

to the wide range of powder characteristics. To examine that possibility, the two Osram- 

Sylvania powders were plotted against each other (Figure 4.10). As shown in Figure 

4.10, a relationship between hardness and wear rate is more evident. However, the 

softest Osram-Sylvania - 12 wt% Co coating was not much softer than the softest 18 wt% 

Co coating; yet had twice the wear rate. This suggests that the relationship between 

hardness and wear rate is more complicated than expected from simple abrasive theory as 

depicted by Khruschov's wear equation. 

4.4.4 Hardness and Porosity 

The coatings in general had hardness values between 900 and1200 HK,,. There 

was not a strong relationship between hardness and porosity even for coatings with the 

same carbide size sprayed on the same fixture (Figure 4.1 1). The data does not tend to 

show the expectation that lower porosity results in higher hardness. The lower porosity 

coatings tended to be coatings sprayed with hydrogen in the plume and, as previously 

noted, the addition of hydrogen to the plume caused overmelting. The lower porosity 

coatings tended to have a larger percentage of matrix phase, which due to the diffusion of 

W into the matrix, may have been harder then the pure cobalt would have been. 

However, the increase in hardness of the matrix was overshadowed by the decrease in the 

number of carbides in the coatings. Furthermore, the coatings were very heterogenous, 

with both carbide-rich and carbide-poor regions that varied in hardness. That variation in 

hardness may have swamped out any effect of porosity on the hardness of the coating. 

What was not observed was a trend for the coating containing smaller carbides to 

be substantially harder than the larger carbide containing coatings. The predictions of the 

Hall-Petch relationship, that the nanoscale carbide containing coating should be harder 



than the coatings containing micrometer or submicrometer carbides was not seen within 

the data set. The increased hardness of the nanocarbides has been reported in the case of 

the sintered material [32,92]. The absence of an increase in hardness in the case of the 

small carbides in a thermally sprayed coating was likely due to the relative percentage of 

matrix and the lack of WC/WC interfaces. 

Sintered nanoscale WC-Co has been shown to have an increase in the hardness 

and wear resistance over sintered WC-Co with conventional sized carbides. Sintered 

WC-Co has been described as being comprised of two interpenetrating skeletons; one 

comprised of WC and the other comprised of Co. TEM studies have shown that WCIWC 

bonds are present in sintered materials. In the sprayed material these bonds are much less 

common and never are able to develop to the same extent as in the sintered material. The 

sintered material could be thought of as a three dimensional fiber reinforced composite. 

The sprayed material, due to the lack of W C N C  bonds, would be better described as a 

particulate reinforced composite. Another way of thinking about this difference is via the 

contiguity (C), which is used to calculate the properties of sintered WC-Co. In sprayed 

WC-Co the contiguity is much lower then in sintered WC-Co, in fact almost zero. This 

can be seen in the images of the carbide-rich regions of the worn coatings, where there is 

clearly significant spacing between the carbides. In small regions of the coatings, there 

are regions that have very high concentrations of carbides and the carbides appear to be 

butting up next to each other. In t h s  case there could be W C N C  bonding, but these 

regions are rare in the sprayed coating. 

The rule of mixtures which can be used to estimate the hardness of the 

composites, predicts that the increase in the cobalt content should decrease the bulk 

hardness of the coating. Calculation of hardness for the sintered WC-Co, due to the 

effects the WC skeleton, has the additional factor of contiguity. Sprayed coatings are 

better modeled as a particulate reinforced composites and as such the standard rule of 

mixtures in more applicable. The rule of mixtures in the latter case would be a linear 



relationship between the hardness of Co and the hardness of WC and their relative 

volume percentages. There is a 15 volume percent difference in the amount of WC 

versus Co in the 18 wt% and the 12 wt% coatings. The rule of mixtures would predict 

that there would be 15% difference between the hardness of the two coatings. Due to the 

large amount of variability in the hardness data, this was difficult to observe. The 

coatings made from the 18 wt% powders were not noticeably softer than the coatings 

made from the 12 wt% powders in the best cases. 

4.5 Abrasive Wear 

There are numerous factors that influence the abrasive wear of the coatings. 

This thesis focused on the carbide size and cobalt content. The effect on the wear 

resistance due to the reduction in the carbide size was the initial motivation for this study. 

Cobalt content in sintered WC-Co cennets controls several important properties. In 

sintered WC-Co, the cobalt content controls the fracture toughness of the material. 

However, this is less studied in WC-Co coatings. Thus the relationship between the 

cobalt content and the carbide size should be critical in determining the fitness of the 

coating for a particular application. 

The raw wear data has been presented in the results section. In this section the 

effect of selected variables on the wear rate will be evaluated. The SEM and FESEM 

images of the wear surface will be used to explain the wear mechanism. The equal 

pressure and equal wear modes that were presented in the introduction will be further 

discussed. Finally, a model for predicting the wear of the coating under low stress 

abrasive wear will be presented. 



4.5.1 Effect of Carbide Size on Wear 

The initial reason for looking at the fine grained WC was for the potential 

improvement in the wear resistance of the WC-Co coatings. Figure 4.12 shows the best 

wear rates for each of the powders that produced reasonable coatings sprayed on the cold 

fixture. The wear rate range for the 12 wt% Co coatings was 0.003 1 to 0.0029mm3/m, 

see Table 4.2. The coatings with micrometer size carbides had slightly higher wear rates 

than the coating with submicrometer carbides for the same initial percentage of cobalt. 

However, the difference was so small as to be well within the expected range due to 

experimental error (* 10%). A powder with good spraying characteristics, whether it 

contained micrometer or submicrometer carbides, resulted in low wear rates with no 

substantial drop in wear rate as the carbide size decreased. The powder containing a 

reasonable percentage of nanoscale carbides had intermediate to poor spraying 

characteristics and, they had a higher wear rates than the coatings containing micrometer- 

size carbides for comparable spray conditions. 

A comparison of the best hot fixture wear rates revealed a change in this trend, 

Figure 4.13. As discussed in an earlier section, there was an decrease in the wear rate of 

the coatings from the cold fixture to the hot fixture. The exact reason for this decrease in 

the wear rate was not clear, but all coatings made from powders containing 12 wt% Co 

tended to have very similar wear rates. The range of values for the wear rates for these 

coatings were 0.0024 to 0.0022mm3/m, which is a small enough range that all the values 

must be considered identical see Table 4.3. 



4.5.2 Wear Scar Topography 

Images of the wear scar were taken with both the SEM and FESEM. Only 

coatings sprayed on the cold fixture were imaged. The images show the microstructures 

of the coatings from a surface perspective, rather than in cross section. The 

microstructural features seen in the cross section can be related to the features seen in the 

wear scar in a qualitative way. The cross sectional images showed both rich and poor 

carbide regions. These regions are evident in the wear scar images as well. The wear 

scar images reveal differences in coatings and help explain the change in the wear rate 

between the different coatings. There were several features that are of importance in the 

microstructure of these coatings: unmelted particles, carbides surrounded by matrix, and 

overheated splats in which the carbides have melted. Due to their aspect ratio some 

microstructure features are more evident in the wear scar than in the cross sections. 

Coatings made from the conventional powder containing micrometer sized 

carbides and the powder containing the nanoscale carbides were compared. Both groups 

the coatings were sprayed on the cold fixture and had the lowest wear rate for their group. 

Splat size depended on the condition and the size of the powder particle. In some cases 

there was a very wide range in powder sizes and the resultant splats varied in size. In 

general though, the splats were 10 to 20 pm wide and less then 2 pm thick. The images 

(Figures 4.14-20) show a small area of a single splat. 

4.5.3 Field Emission Scanning Electron Microscopy of Metco 2004 

The image in Figure 4.14 shows the carbide-poor region, small scale wear grooves 

and wear debris. The regular shaped object in the center of the images is probably an 

uprooted carbide sitting on the surface of the coating. Figure 4.15 shows a cracked 

carbide. Figure 4.16 shows the worn topography in a carbide-poor region, where the 



central feature is a high Z material containing tungsten and a previously melted and 

decomposed carbide. Also of note are the cracks around the feature, so while it is 

wearing at a higher rate than the other carbides it is still fracturing the surrounding 

matrix. Figure 4.17 shows a carbide-rich region in the coating. There were numerous 

fractured and unfractured carbides. Figure 4.18 focused on a particular carbide from the 

previous image, clearly showing the fracturing in the carbide. Also of note in this image 

is the dark line around the carbide indicating that the carbide is not fully bonded to the 

matrix. It is possible that this was due to the difference in the thermal expansion of the 

materials, the cobalt receding from the carbide as it cools, the fractured carbide was 

loosening from the matrix, or the matrix was deforming around the carbide. 

4.5.4 Field Emission Scanning Electron Microscopy 

of ~ a n o d ~ n e ~ ~  15 wt% Co 

Figure 4.19 shows the ductile feature of the wear scar, where the matrix material 

has moved around the carbides. The carbides seem to be acting like particle in a fluid 

flow, where there is bow wave in front of the particles and a wake behind. The scratches 

are on a very fine scale (less then 60 nm), the size of the carbides (=: 100 nm) or less. 

Also observed was a regularly shaped pore, which is likely where a carbide was plucked 

from the matrix. A few carbides were seen to be standing proud and these carbide-rich 

regions did not show any other signs of wear. 

Figure 4.20 shows a wear groove where a carbide has been removed from the 

matrix. The groove continues intersecting a small group of carbides. The carbides show 

no evidence of damage from the groove running through their midst. However, they do 

not stop the groove either as it continues on the other side of the carbides. The carbides 

seem to be resistant to wear as the scratches continue on the other side of the area covered 

by the carbides. 
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This suggests that these coatings, with the carbide-rich and carbide-poor regions, are only 

highly wear resistant in the carbide-rich regions. The carbide-poor regions around the 

carbide-rich regions are not protected at all due to their proximity to the carbide-rich 

regions. 

The coatings were made up of splats melted from powder particles that had 

experienced a wide range of temperature conditions. The coating was a large scale 

average of all of these splats. Depending on the conditions that the individual powder 

particle experienced, an area of high carbide density was the result of either unrnelted or 

undermelting, which retains the most carbides but does not adhere well. Overmelting of 

the splats resulted in melting of the carbides and loss of cobalt. This resulted in splats 

with high Z value, indicating W or W,C and a lack of cobalt. The degradation of the 

carbides has been related to poor wear resistance by Stewart and Qiao [35, 69, 89,93, 

941. The abrasive particles in this case are small enough that the carbide-rich regions are 

not providing any protection to the carbide-poor regions. The idea that the abrasive 

particles would be supported by dozens if not hundreds of carbides appears to hold true 

for the small particle wear. This is not to say that the silica sand is not being supported 

by hundreds of carbides for the contact area is just too large for that not to be the case. 

However, the smaller wearing debris of uprooted carbides are able to wear the carbide- 

poor regions without being stopped by the carbide-rich regions. 

The wear scars illustrate the actual wear mechanism of the material. The use of 

the FESEM allowed for high resolution images of the micrometer and nanoscale carbides 

to be obtained. There were several general observations that could be made about the 

wear scar in all of the cases. It was assumed that the difference between the hot and cold 

fixture would be a question of the extent of the wear as opposed to a change in 

mechanism by which the wear occurs. The abrasive, in all cases, was Ottawa silica sand, 

50-70 mesh size. Figure 4.21 shows that the sand was in the 212-300 pms range. 



This sand was a 'rounded' sand with a narrow distribution of sizes. This images shows 

that the sand is not perfectly smooth, rounded is a description of the sand and is a relative 

term when compared to the other sand abrasives used by Avery [95-971. The sand has 

asperities that are much smaller than the size of sand particle [98]. A perfectly smooth 

sand particle would cause wear in the coating that would result in large grooves that were 

on the same size scale as the sand. The Ottawa silica sand is shown to not be perfectly 

smooth but have a significant amount of asperities on it's surface. Figure 4.22 is an 

asperity of the Ottawa silica sand broken off in a wear groove in steel. The wear groove 

in this case is approximately 10 micrometers in size, if the material were harder the size 

of the wear groove would be substantially reduced. The asperities on the silica sand are 

small enough that they could wear a single splat. There were not large areas of material 

removal corresponding to the size expected from wear caused by the whole grains of the 

Ottawa silica sand. 

What is revealed by the SEM and more clearly by the FESEM images was that 

grooves in the wear scar were much smaller than could be conveniently accounted for by 

just the wear of the Ottawa sand. The images show the submicrometer size of the wear 

grooves. The evidence suggests that the wear was not solely caused by the sand but also 

caused in some part by the removal of carbides from the matrix. The subsequent 

dragging of the carbides through the (relatively) soft matrix phase has been clearly shown. 

Figures 4.32,4.34 and 4.37 also showed a difference in the wear mechanism between the 

micrometer and nanoscale carbides. Some of the micrometer sized carbides in the wear 

scar were fractured and the nanoscale carbides observed in the wear scar did not show any 

sign of fracture. Rather it seemed that the smaller carbides were uprooted and pulled out 

of the coating. 



The coatings that had the lowest wear rates for the extremes of WC particle size were 

observed to see if there was an effect of carbide size on the wear mechanism of the 

coatings. None of the coatings observed showed evidence of wear grooves through the 

carbides. Though in the case of the worn coatings made with micrometer sized carbides, 

fracture and fragmentation was observed ( Figures 4.32,4.34 and 4.35). The matrix 

showed distinctive grooving and displacement of material in all of the wear scars was 

observed (Figures 4.3 1,4.36-37). In white cast irons with over 30 volume percent 

carbide the increase in the wear rate was due an increase in microcracking of the carbides 

[71]. A similar microcracking is seen in the micrometer scale WC particles. As the 

volume percent of cobalt is reduced it is expected that the same trend observed in white 

cast iron would be seen in WC-Co. At some point microcracking and spalling will 

become the predominant wear mechanism. No signs of cracking was observed in the 

nanoscale carbides. It should be possible to see an increase in wear resistance due to 

lower cobalt composition in th coating containing the nanoscale carbides without the 

microcracking that would otherwise limit the utility of a further decreasing percentage 

cobalt. Furthermore, a decrease in carbide size results in a decrease in the cobalt mean 

free path, for the same percentage cobalt. So whether the wear is controlled by 

microcracking or is controlled by mean free path the reduction in carbide size should 

result in the increased wear resistance. 

The wear scars did not show a large difference in the wear surface appearance 

between the micrometer, submicrometer and nanoscale carbide containing coatings. The 

wearing particle in this case is Ottawa silica sand, which is approximately 250 pm in 

diameter. The largest carbide observed was on the order of several micrometers in 

diameter, the smallest carbides were in the range of 100 nrn making them 200 to 2000 

times smaller than the abrasive, respectively. 



The size effect study by Misra and Finnie would indicate that the carbides in all cases are 

so much smaller then the abrasive that there would not be a change in the wear 

mechanism due to abrasive size [99]. A change in wear mechanism might be expected if 

the size ratios were substantially different, such a having smaller abrasives or larger 

carbides. 

4.5.5 Effect of Cobalt Percentage on Wear Rate 

The carbide size has been shown to not have a major influence on the wear rates 

once the variation in cobalt contents was taken into account. The powder that contained 

the nanoscale carbides was a 15 wt% Co. To compare the wear rate of the various 

carbide sizes, a way to compensate for the cobalt content had to be developed. The 

Osram-Sylvania powders (WC-12 wt% Co and WC-18 wt% Co) were very similar. Their 

powder size distribution and carbide size were essentially identical. This allowed for a 

comparison of the wear rates in which the only variable was the cobalt content. 

Figures 4.17 and 4.18 show the lowest wear rate of the Osram-Sylvania powders. The 

difference in the wear rates was initially surprising. The doubling of the wear rate due to 

a change in 6wt% cobalt seemed out of place. The weight loss rate as a wear rate does 

not tell the whole story as there was a large difference between the densities of the 

materials. Even so, there was only a 15% difference in volume of cobalt between the two 

powders. Wear rate, as predicted by Khruschov's rule of mixtures for the wear rate of 

composites (Eq. 27), would predict that the difference in the wear rate between the two 

coatings would be between 18% to 23%. This range of wear rates was obtained by 

assuming the wear resistance of the carbide was 6 times and 60 times that of the cobalt, 

respectively. No matter how high relative wear resistance of the carbide phase was to the 

cobalt phase it is not possible with Khruschov's equation to get a difference greater than 

24% for the coatings in question. 
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The difference in the hardness between the carbide (2000 HK) and the abrasive 

(650 HK) is large enough for it to be reasonable to think that the carbide is not wearing at 

all or, at least, very little when compared to the matrix. Images from the previous section 

show the matrix material loss dominated. The ratio of the matrix area that is involved in 

the wear, to the carbide area that is immune to the wear, should give some insight into the 

relative wear rates of the coatings. 

A WC/Co volume ratio predicted coating wear in a reasonable fashion. This 

relationship should hold so long as the assumptions that govern it are not violated, most 

importantly that the carbide is not being worn, or worn at a much lower rate than the 

matrix. The WCICo volume ratio will predict relative wear rates so long as the abrasive 

is softer than the carbide. This means that this relationship cannot be used to predict the 

wear rate if another abrasive were used, such as S ic  or diamond. 

The expected relationship between the wear rate and cobalt mean free path is not 

evident in sprayed material. Using the WC/Co volume ratio to predict the wear rate of a 

12 wt% Co from the 15 wt% Co wear rate of 0.0032 mm3/m to 0.0022 mm3/m, which 

compares favorably to the wear rate of the 12 wt% Co coatings with the micrometer and 

submicrometer carbides. The lack of difference in wear rate as the carbide size in the 

coatings dropped indicates that cobalt mean free path was not a controlling factor in 

determining the wear rate of the coating. 

As the grain size of the carbide decreases, the binder mean free path will also 

decrease. As long as the volume percentage of the binder is the same there is a linear 

decrease in the binder mean free path as the carbide size is reduced. Work by Jia, et al. 

[32-34, 921 with a sintered nanoscale WC-Co showed a strong relationship between the 

mean free path and the wear rate of the material. Coatings sprayed in this study did not 

show the same relationship between the decrease in carbide size, hence mean free path, 

and the wear rate of the coatings. 



The reason for this discrepancy may be due to the heterogeneity of the sprayed coatings, 

with carbide-rich and carbide-poor regions, andfor the lack of WC/WC bonds which 

would imply a lack of a three dimensional skeleton of WC. 

4.5.6 Equal Pressure (EP) and Equal Wear (EW) Modes 

The two modes, EW and EP, constitute upper and lower limits of the wear 

resistance of a composite or a multiphase material, provided that assumptions of the 

model are fulfilled, as discussed in the introduction section. The theory is based on 

proposed micromechanisms involved in the wear process and results in two equations 

expressing linear and inverse rules of mixture. The dependence of the wear on the 

amount of reinforcing phase in the coatings change based on which mode of wear the 

coatings would experience. The micromechanisms in this derivation provide useful 

insight about the wear of multiphase materials and the role of the matrix and the 

reinforcing phase in the overall wear. 

Improvement in the strength of the matrix can have a dramatic improvement on 

the wear rate [77-791. A more wear resistant matrix improves the overall wear resistance 

of the composite, beyond the marginal increase in the composite's wear resistance due to 

the matrix contribution. Additionally, the harder matrix enhances the protection of the 

reinforcing particles by decreasing the risk of discrete removal i.e. digging out, loosening 

or cracking, consequently transforming the wear mode in the direction of the more 

favorable EW mode. Thus, despite the extremely large difference in the wear resistance 

between the matrix and the reinforcement in these composites, the relatively modest 

differences between the matrices can have a significant impact on the wear resistance of 

the composite. 



The WC-Co worn in low stress abrasive wear with the DSRW would be expected 

to be in EP wear for several reasons [77-791. The size of the reinforcement is much 

smaller than the wearing particle in all cases. Three body abrasive wear with the rubber 

wheel allows the conformity of the surfaces. Unfragmented reinforcing particles may be 

removed as a part of larger wear debris. Since they are removed without direct contact 

with the abrading particles they do not have an effect on the wear resistance for the matrix 

or the load distribution. When the matrix surrounding the reinforcing phase is removed 

by wear, the particles are gradually exposed to higher stresses and receive gradually 

diminished support from the matrix. At some point the particles either fracture or loosen 

and are subsequently easily removed from the surface. 

4.6 Volume wear relationships 

Since the rule of mixtures and the EP and EW wear equation are based on volume 

percentages, looking at these materials in terms of volume percentages may be more 

useful. To that end, Table 4.4 was constructed to equate the weight percentages and the 

volume percentages of the individual phases, and volume ratio of the phases. 

This table presents the idealized volume percentages in the coatings, which have been 

shown to vary from the actual volume percentages found in the coatings. The most 

significant departure from the ideal volumes, the overmelting of the carbides, has been 

shown to result in poor wear resistance. Properly chosen conditions would minimize 

overmelting and the coatings would approach the idealized volumes. 

Table 4.4 shows the problem of thinking about the properties of these materials on 

a weight percentage basis. The large difference in the densities of cobalt and WC results 

in a density ratio of 1 : 1.75. The effect that this has on the volume percentage of WC and 

Co relative to the weight percentage can be seen in Figures 4.23 and 4.25. 



Because the carbides are small and regular it is reasonable to assume that the 

volume percentages would also describe the relative amount of surface area of each of the 

phases. The final column in Table 4.4 is of the volume ratios in coatings. This was a 

usehl way to think about the surface of the coating as it was being worn. From the wear 

scar images it is clear that the carbides are standing proud and the cobalt is behaving in a 

ductile manner. While many of the physical properties can be predicted with the rule of 

mixtures and using the volume ratios, the wear rate has been shown to be more complex 

in its behavior. The WCICo volume ratio is an easy and quick way of thinking about the 

coating. In this instance it describes the relative volume of the highly wearing matrix 

phase to be the less vulnerable carbide phase. 

The data in Table 4.4 and in the following figures are based on ideal volumetric 

ratios (assuming no porosity). This means that they do not take into account any 

degradation of the material. The effect of increasing the amount of the matrix or 

decreasing the amount of carbide can be easily understood as changing the relative 

amounts of the matrix to carbide. The large difference between the wear rate of the 

Osram-Sylvania - 12 wt% Co and the Osram-Sylvania - 18 wt% Co can be explained in 

terms of the WCICo volume ratio. The difference in the volume percent carbide and 

cobalt is only 15%, but their WCICo volume ratios are 3.17 versus 1.59, almost exactly 

the 2:l ratio of their lowest wear rates. Figure 4.25 shows the WC/Co volume ratio 

versus Co wt% and Figure 4.26 shows the WC/Co volume ratio versus the Co volume 

percentage. These figures illustrate the effect of changing the amount of the cobalt in the 

composite with respect to the WCICo volume ratios. 

As was previously discussed, the difference between the Osram-Sylvania - 12 

wt% Co and the Osram-Sylvania - 18 wt% Co could not be explained with Khruschov's 

wear equation. For a variety of reasons already discussed, the coatings are not expected 

to be in EW wear but in EP wear. A generic curve for EP wear would create a curve very 

similar to the curve generated by the WCICo volume ratio, see Figure 1.9. Figure 4.27 is 



a plot of the actual versus the predicted wear rate of the coatings. The curve is the 

WCICo volume ratio, with the wear rate of Osram-Sylvania - 12 wt% Co was set to one. 

The percentages of cobalt were assumed to be the same as the starting powder. For these 

coatings, the chemistry data was collected and can be seen in Table 3.7. Figure 4.28 

shows the same curve with the actual cobalt content and not the expected cobalt content. 

While both of these curves were close, there is a near perfect match between the actual 

and the predicted wear rates. Figure 4.28 follows the same format for the same powders 

sprayed on the hot fixture. The predicted wear rate is very close to the actual wear rate 

for assumed wt% of cobalt. 

Chemistry data was not obtained for the coatings sprayed on the hot fixture, but it 

is very likely that the wt% of cobalt was not changed due to a change in the fixture. 

Figure 4.30 shows the actual versus predicted wear rate for the assumed corrected wt% of 

cobalt. The 15 wt% Co coating had a slightly higher wear rate than would be predicted. 

The WCICo volume ratio has been shown to be a reasonable predictor of the 

relative wear rates of the coatings. Figure 4.25 show the WC/Co volume ratio for the 

coatings from 1 wt% Co to 25 wt% Co. Using this ratio, it is possible to predict the 

relative wear rates of coating with cobalt wt% ranges from 5 wt% Co to 20 wt% Co. 

Figure 4.3 1 shows the predicted relative wear rates normalized to 12 wt% Co, where 

Figure 4.48 is a similar curve with the wear normalized to 18 wt% Co. 

The wear rate of a theoretical coating could be predicted through the use of the 

WCICo volume ratio. These plots have utility beyond the specific set of wear conditions 

used in this study. The relationship between the WCICo volume ratio is a relationship 

between the coatings and that can be applied to other wear conditions than the ones used 
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in this study; as long as the assumptions of the three body abrasive wear are not violated 

and that the abrasive was softer than the carbide. The harder the abrasive the flatter the 

EP wear curve will become as the difference in the relative wear resistance of the cobalt 

and the carbide decreases. 



Table 4.1. Osram-Sylvania 18 wt% Co powder with weight percentage of carbon 
added to feedstock. 

Table 4.2. Best wear rates of coating sprayed on the cold fixture. 

Condition Weight 

Table 4.3. Best wear rates of coatings sprayed on the hot fixture. 

Wear rate 
(mm3/m) 

0.00502 
0.00624 

I 0.00481 
0.00693 
0.0052 1 
0.00623 
0.03025 

-- (CFM) 
5N 

4N . 

5N 

- 4N 

-- 
Powder 

X t c o  2004 12 wt% co 
NanomyteTM 12 wt% Co 
Osram-Sylvanial2 wt% Co 
Osram-Sylvanial8 wt% Co 
NanodyneTM 12 wt% Co - Large Cut 
 anodyne^^ 12 wt% Co - Small Cut 
NanodyneTM 15 wt% Co 

Hardness 
(HK) 
1031 
958 
1017 
954 
1025 
994 
N/ A 

%Co added 
1% 
1% 
2% 
2% 

Wear Rate 
(mm3/m) 

0.00312 
0.00358 
0.00292 
0.00557 
0.0028 

0.00295 
0.00357 

0.00533 , 950 

I Wear Rate 
Powder ; (mm3/m) 

5N 3% 
4N - 3% 

Metco 2004 12 wt% Co 
NanomyteTM 12 wt% Co 
Osram-Sylvanial2 wt% Co 

sram-sylv:nial 8 wt% Co 
NanodyneTM 12 wt% Co - Large Cut 
NanodyneTM -. . 12 . wt% Co - -. Small Cut 
NanodyneTM 15 wt% Co 

5N 
4N 

0.00236 
0.0029 

0.00226 
0.00406 
0.0024 

0.00308 
0.003 18 

4% 
4% 



Table 4.4. Volume and volume percentages with respect to wt% Co. 

Volume 
Volume % Volume % ratio 

WC WC/Co 

1.77 98.23 
- 

55.37 

2% 1.02 3.58 96.42 26.90 

3% 94.57 17.41 

4% 92.68 12.67 

5% 15.06 90.76 9.82 

6% 88.79 7.92 

7% 1.05 14.84 

8% 

9% 

- 

1.06 

1.07 

13.22 

10% 
-- 

11% 

80.49 

78.29 

4.12 

3.61 

86.78 

14.74 15.27 

3.18 

2.81 

2.50 

2.23 

1.99 

1.78 

1.59 

1.43 

1.28 

1.14 

1.02 

6.57 

84.73 
--- 

82.63 14.63 
-- 

19.51 

21.71 

1.08 14.53 

12% 

13% 

5.55 

4.76 17.37 

1.08 14.43 

1.09 
pp 

1.10 

23% 

71.41 

69.01 

66.55 

64.03 

61.45 

58.81 

56.10 

53.32 

50.47 

14% 
-- - - 

1.11 , 14.13 
- 

15% 1.11 14.04 

47.54 

44.54 

41.46 

76.05 

73.76 

28.59 

30.99 

14.33 23.95 

1.17 13.31 0.91 

0.80 

0.7 1 

14.23 

52.46 

26.24 

16% 13.94 

55.46 

58.54 

A- 

- 

24% 
-- 

1.18 

25% 1.19 

-- 

13.23 
- 

13.15 

33.45 

35.97 

38.55 

41.19 

43.90 

17% 
-- 

18% 

1.13 13.85 

21% 

22% 

1.14 13.76 

13.67 

13.58 

1.16 

1.17 

19% 1.14 

13.49 46.68 

20% 
- 

13.40 

1.15 

49.53 



Table 4.5. WC/Co volume ratios relative to 12 and 18 wt% Co. 

WT% - 

1% 

2% 

3% 

WC/Co 
volume ratios 

relative to 12 wt% Co 

17 
- 

8.47 

5.48 

WC/Co 
volume ratios 

relative to 18 wt% Co 
34.74 

16.88 

10.92 

7.95 

6.16 

4.97 

4.12 

3.48 

4% 

5% 

6% 

7% 

8% 
-- 

- 
3.99 

3.09 

2.49 

2.07 

1.75 
I 

2.98 

2.59 

2.26 

1.99 

1.76 

1.57 

1.40 

1.25 

1.12 

1 .OO 

0.90 

0.80 

0.72 

0.64 

0.57 

0.50 

1.50 ?-+ 
10% 1.30 

11% 

12% 

13% 

14% 

15% 

16% 
- - 

17% 

1.14 

1 .OO 

0.89 

0.79 

0.70 

0.63 

0.56 

25% 

18% 0.50 

0.22 

19% 

20% 

21% 
- -- 

0.44 

0.45 

0.40 

0.36 

22% -1 0.32 

23% I 0.29 

24% 
-- 

0.25 
-- 



164

0.01

0.008

-e O.mJ
0'16

6 0.004

0.002

0

(JJ1o 1% 2% 3% 4%

I. 5CFMIJ4CFM]

Figure 4.1. Wear Rate ofNanodyneTM15 wt% Co with the addition of 1 to 4 wt%C
to powder.

Figure 4.2. SEM image of Metco 2004 WC-12 wt% Co cross section showing no
fracture in as sprayed carbides, 10000x



Figure 4.3.
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FESEM image of Metco 2004 WC-12 wt% Co wear scar showing
as sprayed carbides, 10000x.
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Figure 4.5. Hardness vs. porosity for coatings containing submicrometer carbides and
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Figure 4.8. Hardness vs. wear rate for all coatings and fixtures.
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Figure 4.11. Hardness vs. porosity for coatings containing submicrometer carbides and
12 wt% Co, cold fixture.

.
1100 -

j 1000

""
x .

x " "
x x.

x

::r:

900



,----

0.01

o.w
a o.em

",-- 0.007a
a 0.ffi5
* 0.005
~o.em
g5 0.crn

~ 0.002
0.001

0

Figure 4.12.

174

\\C- \\C- \\C- \\C- \\G \\G Nlm \\G

1M%Co 1M>/£o 1M>/£o lSWO/£o 12\\{O/£o 12\\{O/£o lS\\f/ill
nicrm nixed~ sthriJcn sthriJcn sthriJcn sthriJcn

brg: smill

Lowest wear rates for each of the coatings sprayed on the cold fixture.

0.01
o.w

a o.em

"'8 0.007a O.ffi5

*0.005
~ oem.
g5o.crn
~0.002

0.001
0

I

Figure 4.13. Lowest wear rates for each ofthe coatings sprayed on the hot fixture.

\\C- \\C- \\C- \\C- \\G \\G Nrn \\G
l2\\f>/iCo 1M>/iCo l2\\f>/iCo lSWO/iCo 12\W'/iCo 12\w>/iCo 15\\f/ill
mcrm nixed sU:nicrcn siliricrm sUnicrm SLinicrm

Erg: snn1l



175

Figure 4.14. FESEM image of Metco 2004 WC-12 wt% Co wear scar, 20000x.

Figure 4.15. FESEM image of Metco 2004 WC-12 wt% Co wear scar, 50000x.
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Figure 4.16. FESEM image of Metco 2004 WC-12 wt% Co wear scar, 50000x.

Figure 4.17. FESEM image of Metco 2004 WC-12 wt% Co wear scar, 10000x.
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Figure 4.18. FESEM image of Metco 2004 WC-12 wt% Co wear scar, 30000x.

Figure 4.19. FESEM image ofNanodyneTM15wt% Co wear scar, 50000x.
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Figure 4.20. FESEM image ofNanodyneTM15wt% Co wear scar, 50000x.

Figure 4.21. SEM image of Ottawa silica sand particles, 100X.
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Figure 4.22. SEM image of an Ottawa silica sand fragment wearing a groove
in 1040 steel, 500x.
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Figure 4.26. WC/Co volume ratio in the composite plotted against the cobalt volume 
percentage of the composite. 
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Figure 4.27. Actual vs. predicted wear rates for selected coatings sprayed on the cold 
fixture, normalized to Osram-Sylvania 12 wt% Co. 
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Figure 4.28. Actual vs. predicted wear rates for selected coatings sprayed on the 
cold fixture reflecting the amount of cobalt remaining in the sprayed coatings, normalized 

to Osram-Sylvania 12 wt% Co. 
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Figure 4.29. Actual vs. predicted wear rates for selected coatings sprayed on the hot 
fixture, normalized to Osram-Sylvania 12 wt% Co. 
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Figure 4.30. Actual vs. predicted wear rates for selected coatings sprayed on the hot 
fixture reflecting the amount of cobalt remaining in the sprayed coatings, normalized to 

Osram-Sylvania 12 wt% Co. 
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Figure 4.3 1. Predicted WC/Co volume ratio vs. Co weight percentage, 
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Figure 4.32. Predicted WC/Co volume ratio vs. Co weight percentage, 
normalized to 18 wt%. 



5.0 CONCLUSIONS 

Coatings composed of a variety of carbide sizes and cobalt contents were sprayed 

with a high energy plasma spray system. The feedstock powder was evaluated in terms of 

size distribution, external morphology, internal morphology, and initial carbide size. The 

microstructure of the sprayed coatings were examined, also porosity, hardness and wear 

rates of the coatings were evaluated. Two different fixtures were used to evaluate the 

effect of cooling rate on the coatings. SEM, FESEM, TEM, XRD, and chemical analysis 

were performed to further characterize the coatings. 

Cobalt content was found to be the major influence on the wear rate of the 

coatings. The lowest wear rates for coatings with the same cobalt content tended to have 

the same wear rate regardless of the size of the WC particles. The decrease in the carbide 

size did not affect the wear rate of the coatings. The wear rate was controlled by the 

amount of matrix in the coating. This was true for the range of cobalt compositions 

tested and would likely continue to be true for coatings tested in low stress abrasive wear 

with relatively soft abrasives where the abrasive cannot cause grooving in the 

reinforcement phase. 

Wear rates of the coatings were found to be related to each other by their WC/Co 

volume ratio. This volume ratio is approximately equal to the surface area ratio of the 

carbides to the matrix. The volume ratio provides a simple way to predict the change 



in wear rate due to changing cobalt compositions in the coatings. The 

reinforcementlmatrix volume ratio has been used in white cast irons to predict wear, 

though will not accurately predict wear rate relationships in sintered WC-Co. 

The wear mechanism was shown consist of removal of the matrix and crushing 

and lor discrete removal of the carbides for the micrometer sized carbides. The nanoscale 

carbides were never seen to exhibit micro-cracking of the carbides, the wear mechanism 

was discrete removal of whole carbides and matrix grooving. This evidenced by to the 

FESEM wear scar images which showed the ductile groves in the carbide-poor regions 

and no sign of grooving in the carbide-rich regions. 

The addition of hydrogen to the plume gas had the effect of increasing the amount 

of matrix in the coating by increasing the melting the occurred in the coating. This would 

be expected to increase the strength of the matrix by solid solution strengthening, but the 

decrease in the amount of carbides in the coating resulted in an overall decrease in the 

wear resistance. Carbon additions to the feedstock were found to decrease the loss of 

carbon from the coating. The utility of the additional carbon was overshadowed by the 

subsequent decrease in coating thickness. 

The hot fixture was shown to have improved wear resistance when compared to 

the same coatings sprayed on the cold fixture. This was attributed to the greater time at 

temperature that coatings sprayed on the hot fixture experienced. The coatings sprayed 

on the cold fixture that were heat treated, and in the best case had the same wear rate as 

the same coating sprayed on the hot fixture. 
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