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Thermally sprayed WC-Co is widely used as a wear-resistant coating for a variety of applications. Al- 
though it is well established that thermal spray processes significantly affect chemistry, microstrueture, 
and the phase distribution of WC-Co coatings, little is known about how these changes influence wear re- 
sistance. In this study, the microstructure and wear behavior of sintered and thermally sprayed WC-Co 
materials are examined. Powders of WC-12 wt% Co and WC-17 wt% Co were pressed and sintered, as 
well as thermally sprayed by high-velocity oxy-fuei (HVOF), air plasma spray (APS), and vacuum plasma 
spray (VPS) techniques. Results indicated considerable differences in the resulting mierostructures, me- 
chanical properties, and wear resistance. The thermally sprayed coatings showed anisotropic fracture 
toughness, whereas the sintered materials did not. It was also shown that a combined mechanical prop- 
erty/microstructure parameter, based on considerations of indentation fracture mechanisms, can be used 
in most cases to describe abrasive and erosive wear resistance of thermally sprayed WC-Co materials as 
follows: 

Wear resistance a(K~/~HI/9(S~) 
t,-q~ 

where KIc is the indentation fracture toughness, H is hardness, and V~f "~ is the volume fraction of cobalt. 
This relationship provides a means for assessing wear resistance of WC-Co coatings intended for indus- 
trial applications requiring abrasion and/or erosion resistance. 

1. Introduction 

THE characteristic high hardness and wear resistance of ther- 
mally sprayed WC-Co materials have made them the material of 
choice for use as protective coatings in a variety of industrial ap- 
plications. These cermets combine the hard, brittle WC and duc- 
tile Co phases in various proportions and grain sizes to produce 
materials with a wide range of physical properties. It is weft es- 
tablished that, for sintered cemented carbide materials, the co- 
balt content and WC grain size in combination control strength, 
hardness, and fracture toughness.ll31 Similar observations have 
beer~ made regarding thermally sprayed WC-Co coatings. {4,51 

The microstructure of thermally sprayed WC-Co is strongly 
dependent on powder characteristics and processing condi- 
tions.[6-Sl Thermal spray conditions and spray environment (in- 
ert, low pressure, etc.) affect the extent of decarburization, 
degree of melting, and therefore the microstructural charac- 
teristics of the coating and its performance. Considerable vari- 
ations in porosity, carbide content, and mean free path of binder 
arise due to differences in powder particle size, starting carbide 
size, and method of powder manufacture. Many researchers at- 
tribute variations in physical properties of thermally sprayed 
WC-Co to the decarburization of WC through an oxidation 
process.[6,8-1tlThe work of Rangaswamy and Herman {t21 has 
underscored the importance of microstructure in determining 
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the wear properties of thermally sprayed WC-Co coatings. 
These authors identified WC grain size, mean free path of co- 
bait, porosity, and carbon content as important microstructural 
parameters that influence the physical properties and perform- 
ance of WC-Co coatings. They have further shown that, in the 
case of plasma-sprayed coatings, higher carbon content, lower 
mean free path, and denser coatings offer superior resistance to 
abrasion and particle erosion.[~2~ 

Recent developments in high-velocity oxy-fuel flame spray- 
ing (HVOF) have enabled the production of coatings with mini- 
mal porosity and decarburization.[4,5,13.14lNerz et a/.[4,13} have 
compared the microstmctures of HVOF, high-energy plasma, 
and conventional plasma-sprayed WC-12 wt% Co coatings. 
They concluded that the plasma-sprayed coatings show a larger 
degree of decarburization compared to the HVOF coatings. This 
further translated into lower abrasion resistance. 

Several studies have examined the relationship between 
feedstock powder characteristics, process condition, and wear 
resistance of thermally sprayed WC-Co coatings. [631 It has been 
shown that hardness[151 and abrasion resistancel7t can be related 
to the microstructure of thermally sprayed WC-Co. Early at- 
tempts to correlate hardness and scratch test measurements on 
WC-Co coatings were unsuccessful and led to the conclusion 
that these techniques could not be used as a basis for developing 
a universal criterion for wear resistance. {161 Abrasive and ero- 
sive wear processes involve material removal by fracture and/or 
plastic flow associated with surface penetration and cutting ac- 
tion by hard particles. 117] Recent work has shown that the abra- 
sion and erosion resistance of sintered WC-Co materials can be 
correlated to a combined microstructure/mechanical property 
relationship, which accounts for the WC grain size, cobalt con- 
tent, and binder mean free path.J18,19] Because the microstruc- 
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ture of thermally sprayed WC-Co controls the fracture behavior, 
and that fracture describes, in part, the wear behavior, then it fol- 
lows that the microstructure of WC-Co coatings should dictate 
the abrasion and erosion resistance. In this article, the wear re- 
sistance of sintered and thermally sprayed WC-Co materials 
subjected to diamond abrasion and gas-jet A120 3 particle ero- 
sion are examined and the applicability of a combined micros- 
tructural/mechanical property relationship is assessed as a 
means of predicting wear resistance. 

2. Material Characterization and 
Experimental Methods 

Two compositions of WC-Co thermally sprayed powders--  
WC-12 wt% Co and WC-17 wt% Co---were used in this study. 
The characteristics of the powders are listed in Table 1. Powders 
were thermally sprayed (parameters are listed in Tables 2 and 3) 
onto degreased and grit-blasted mild steel substrates to a maxi- 
mum thickness of 400 pm using three thermal spray processing 
techniques: air plasma spraying (APS), vacuum plasma spray- 
ing (VPS), and high-velocity oxy-fuel spraying (HVOF). In ad- 
dition, the same powders were cold pressed and then sintered in 
a hydrogen furnace at 1375 ~ to obtain fully dense compacts. 
The materials were characterized using X-ray diffraction, opti- 
cal microscopy, immersion density, hardness, and fracture 
toughness. The Knoop microhardness was measured on cross 
sections polished through 1-~m diamond paste. Fracture tough- 
ness was also determined on polished cross sections using an in- 
dentation technique that used a Vickers indentation to generate 
cracks from the corners of the indent. [2~ The indentation frac- 
ture toughness (IFT) was then calculated using the following re- 
lationship: 

O.113 HD I/2 
[Fr  - [11 

[ lcLi  v~ 
where H is the Knoop microhardness (GPa), 10-kg load; D is the 

diagonal of Vickers indentation (~m); CL is the total crack 
length, which equals: 

4 

~ C,, 

t / = l  

and C, is the length of cracks emanating from each of the four 
comers of the Vickers indentations. 

The abrasive wear tests were carried out using a block-on- 
disk apparatus in which the disk was covered with a resin- 
bonded 30-~tm diamond plate. The WC-Co block surface was a 
square geometry (1.25 by 1.25 cm) that was tested with an ap- 
plied load of 1 kg for a total of 5 min. Abraded volume loss was 
caiculated using the weight loss measured at l-min intervals, di- 
vided by the density. Details concerning the abrasive wear test- 
ing apparatus and testing procedures have been previously 
reported.[ 181 

The particle erosion tests conformed to ASTM-G-76 meth- 
ods. In this test, a nozzle (0.9-mm diameter) isplaced 1 mm from 
the polished WC-Co surface (90 ~ orientation), upon which 50- 
~m A120 3 particles are then impacted at a velocity of 115 ms -l 
using an argon gas carrier. All tests were performed at room tem- 
perature for 15 s, corresponding to 1.6 g ofA120 3 abrasive being 
impinged on the sample without penetration to the steel sub- 
strate. The samples were then ultrasonically cleaned in metha- 
nol, and the volume of the eroded cylindrical hole was 
calculated from depth gauge readings and optical measurements 
of the diameter. 

Table 1 Powder  Characteristics 

Characteristic WC-12 wt% Co WC-17 wt% Co 

W, wt% ...................................... 82.4 78,4 
C, wt% ....................................... 5.4 4,8 
Co, wt% ..................................... 12.5 16.6 
Average WC size, gm ................. 1.5 4.3 
Average particle size, gm ........... 34.5 32.4 

3. Results 

Figure 1 compares the optical micrographs of the metal- 
lographic cross sections of WC-12 wt% Co and WC-17 wt% Co 
materials processed by sintering, HVOF, APS, and VPS tech- 
niques. These microstructures reveal differences in the WC 
grain size distribution, extent of porosity, and the presence of 
carbide-deficient cobalt pools. All microstructures were cor- 
roborated using scanning and backscattered electron micros- 

Table 2 Spray Parameters  

Material WC-12 wt% Co WC-17 wt% Co 
Deposition technique APS VPS APS VPS 

Gun (Plasma Technik) ............................................... FF F4-MB 
Nozzle diameter, mm ................................................ 6 
Current (A)/voltage (V) ............................................. 650/70 
Argon flow, slpm ...................................................... 73.5 
Helium flow, slpm ..................................................... 90 
Hydrogen flow, slpm ................................................. 
Carrier argon flow, slpm ............................................ 417 
Chamber pressure, mbar .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Spray distance, mm ................................................... 100 
Powder feed rate, g/min ............................................. 30 

PT F4-VB PT F4-MB PT F4-VB 
7 6 7 

700/61 600/77 650/57 
45 50 50 
79 150 20 
. . . . . .  3 
2 4.5 3 
64 45 
350 130 375 
40 40 40 
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Figure I Light micrograph of cross-sectioned WC-Co materials. 

Table 3 High-Velocity Oxy-fuel Spray Parameters  

HVOF system Jet Kote(a) 

Fuel (propylene) ................... 
Oxygen ................................ 
Carrier (argon) ..................... 
Spray distance . . . . . . . . . . . . . . . . . . . . . .  
Feed rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.55 MPa (55% flow) 
0.86 MPa (813% flow) 
0.45 MPa (50% flow) 

15cm 
2.5% rpm 

(a) Jet Kote is a trademark of Thermadyne Stellite, St. Louis, Missouri, 

copy. Summarized below is a detailed interpretation of the mi- 
crostructures. 

3,1 W C - 1 2  w t %  C o  

The micrographs of the WC-12 wt% Co APS and VPS coat- 
ings reveal considerable porosity. The AsPS coating contains par- 
tially melted particles, cobalt pools, and a predominantly fine (1 
to 2 [am) carbide grain size. The VPS coating also shows poros- 
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Table 4 Density and Phase Analysis of Sintered and 
Thermally Sprayed WC-Co 

Material Density, Phases 
condition g/cm ~ Major Minor 

WC-12 wt% Co 
Powder . . . . . . . . . . . . . . . . . . . . . . . . . .  WC W2C, Co 
SIntered ...................... 14.05 WC Co 
APS ............................ 13.12 W2C, WC W, Co 
VPS ............................ 13.18 WC W2C, Co 
HVOF ......................... 13.56 W2C, WC W 

WC-17 wt % Co 
Powder . . . . . . . . . . . . . . . . . . . . . . . . . .  WC Co 
Sintered ...................... 13.68 WC Co 
APS ............................ 13.54 W2C, WC W, Co 
VPS ....... . . . . . . . . . . . . . . . . . . . . . . . .  WC W2C, W, Co 
HVOF .. . . . . . . . . . . . . . . . . . . . . . . . . . .  W2C, WC W, Co 

ity; however, the pores are smaller in dimension compared to the 
APS coating. The carbide distribution is uniform, with no evi- 
dence of cobalt pools. The immersion densities of WC- 12 wt% 
Co APS and VPS coatings are similar (Table 4), suggesting that 
some of the large porosity observed in the APS coating mi- 
crograph may have resulted from polishing. The HVOF coating 
has a higher immersion density and a uniform, fine carbide dis- 
tribution in the deposit (Fig. 1). The sintered material shows a 
wide variation in carbide grain size with no apparent porosity. 
The larger carbide grains are due to coarsening that occurred 
during liquid phase sintering. 

X-ray diffraction analysis (Table 4) revealed considerable 
presence of W2C and W phases in the APS and the HVOF coat- 
ings in addition to the WC phase. The matrix contained dis- 
solved tungsten. Contrary to this, the VPS coating and the 
sintered material show little or no decomposition of the WC 
phase, resulting in mainly WC and Co phases in their micro- 
structures. The larger degree of decarburization in this set of 
HVOF coatings may be attributed to oxidizing conditions in the 
flame. 

3.2 WC-1 7 wt% Co 

This powder contains a higher cobalt content and a larger 
starting average WC grain size (Table 1). The APS coating cross 
section, shown in Fig. 1, reveals some porosity and large pools 
of the matrix. The VPS coating shows a uniform carbide distri- 
bution with porosity similar to that of the APS coating. The 
HVOF coating cross section shows very little porosity and uni- 
form distribution of the carbides and relatively smaller mean 
free path compared to the APS coating. The micrograph of WC- 
17 wt% Co sintered material shows no apparent porosity and a 
wide variation in carbide size distribution, similar to the WC-12 
wt% Co sintered material. X-ray diffraction analysis (Table 4) 
indicated substantial presence of W2 C and W phases in the coat- 
ings, in addition to WC phase, which is similar to the observa- 
tions in corresponding WC-12 wt% Co coatings. 

Table 5 gives the hardness and indentation fracture tough- 
ness (Kic) measurements on the coatings and the sintered com- 
pacts. There are two columns of Kic data on each of the coatings. 
The KIC parallel column refers to indentation fracture toughness 
values measured from cracks running parallel to the coat- 

Table 5 Mechanical Properties of Sintered and 
Thermally Sprayed W C - C o  

Indentation fracture 
Material Hardness(a), toughness (Kic)(b), MPa~m 
condition GPa Parallel Perpendicular 

WC-12 wt% Co 
Sintered ...................... 11.9• 
VPS ............................ 4.5 + 0.7 
APS ............................ 7.9+_0.9 
HVOF ........................ 9.8• 

WC-17 wt% Co 
Sintered ...................... 10.6_+0.2 
VPS ............................ I0.1 _+0.5 
APS ............................ 9.4_+0.9 
HVOF ........................ 10.4• 

7.8• 7.2• 
1.2•  5.1• 
1.6• 9.7• 
1.1• 11.1• 

9.5• 9.6• 
4.1• 11.3• 
1.5• 13.5• 
0.9• 9.7• 

(a) Hardness number, 300-g Knoop (n = 5,ff =-+ r) (r = 1 standard deviation). 
(b) Indentation fracture toughness (n = 5, x = -+ r) parallel and perpendicular 
refer to surface plane of substrate, 10-kg Vickers load. (c) Vickers load reduced 
to 5 kg. 

ing/substrate interface. The KIc perpendicular column refers to 
indentation fracture toughness values measured from cracks 
running perpendicular to this interface. It is clear from Table 5 
that the sintered materials are isotropic in fracture toughness, 
whereas the thermally sprayed materials show considerable an- 
isotropy in fracture toughness. Such anisotropic physical prop- 
erties of thermally sprayed coatings have been reported by 
Nakahira et al. [21] The low toughness direction is parallel to the 
interface and is thought to be the result of weak bonding be- 
tween splats (low cohesive strength). The highest resistance to 
crack propagation is observed to be perpendicular to the coat- 
ing/substrate interface, and these are the values that have been 
chosen for the correlation studies in this article. 

Sintered WC-12 wt% Co materials, used for both metal cut- 
ting and mechanical seals, typically have values of fracture 
toughness IFT -_- 8 MPaxUm-m and hardness KHN ~ 14 GPa. The 
values of fracture toughness (5.1 to 13.5 MPaxVmm) and hardness 
(4.5 to 11.9 GPa) obtained on thermally sprayed coatings show 
that these materials possess mechanical properties approaching 
those of sintered WC-Co material, For reference, the Knoop mi- 
crohardness of cobalt metal is =3 GPa, whereas binderless, 
dense polycrystalline WC is =23 GPa. As shown in Table 5, for 
fracture toughness measurements, the Vickers load was reduced 
in some cases to obtain the appropriate crack morphology. This 
load is accounted for in the fracture toughness calculation, and 
the various values can therefore be compared. 

Abrasive wear resistance of the WC-Co materials is plotted 
in Fig. 2(a). The sintered materials show the highest resistance to 
abrasion, with HVOF coatings somewhat lower by comparison. 
The plasma-sprayed coatings (APS and VPS) show signifi- 
cantly lower abrasion resistance. Noteworthy is the similarity in 
wear performance of WC-12wt% Co and the WC-17 wt% Co 
coatings in light of microstructural differences. 

Figure 2(b) shows the erosion resistance of the various WC- 
Co materials. No apparent pattern is observed on the erosion 
performance of the various coatings. The WC-12 wt% Co 
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Figure 2 (a) Abrasive wear resistance of WC-12 wt% Co and WC-17 wt% Co. (b) Erosive wear resistance of WC-12 wt% Co and WC-17 
wt% Co. 

HVOF coating and the sintered compact show the highest ero- 
sion resistance. 

4. D i s c u s s i o n  

The physical properties of thermally sprayed WC-Co coat- 
ings are related to their complex microstructures. The key mi- 
crostructural differences between the various WC-Co materials 
used in this study are porosity, mean free path of binder, and car- 
bide grain diameter. Porosity plays a deleterious role in WC-Co 
coatings by reducing the cohesive strength, adhesive bond, and 
the hardness of the coating. This result is apparent when the mi- 
crostructures in Fig. 1 are compared with their corresponding 
fracture toughness and hardness values (Table 5). 

4.1 Abrasion 
The nature of the abrasion process in WC-Co alloys clearly 

involves plastic deformation and fracture. It had been shown 
earlier[ ts] that the abrasive wear resistance of Si3N 4- and A1203 - 
based ceramics is dominated by brittle fracture and can be de- 
scribed by the mechanical property parameter K~H 1/2. In the 
same study, the abrasion resistance of sintered WC-6 wt% Co 
materials, with nearly equivalent hardness to the ceramics, was 
more appropriately approximated by Ir �89 In a subsequent 

" ' I C ' "  " 

paper, the importance of including a microstructural parameter 
to account for cobalt content and binder mean free path was 
identified as:llg] 

Wear resistance cxK~H Z l = - - /  tDw~) [2] 

It is important to note that the calculation of mean free path (~.) 
in WC-Co materials assumes that the cobalt alloy binder sur- 
rounds each WC grain, defined as: 

{3] 

and as such is a consequence of the WC grain size (D~c) and the 
volume fraction of cobalt (V~~ This study has shown that the 
abrasive and erosive wear resistance of sintered WC-Co cermets 
was proportional to the combined microstructure/mechanical 
property parameter: 

[4] 

over a wide range of WC grain sizes and cobalt contents.Dgl 
The abrasion resistance results shown in Fig. 2(a) do not 

show a strong dependence on the volume fraction of cobalt. The 
interrelationship between the microstructure and mechanical 
properties of thermally sprayed WC-Co materials has as an 
added complexity--the differences in deposition techniques, 
which can alter the chemical composition of WC and cobalt 
binders (therefore k) and subsequently wear resistance. In addi- 
tion, the splat-type microstructures created during thermal 
spraying lead to anisotropic fracture toughness and further vari- 
ations in wear resistance. Nevertheless, the current approach has 
been to correlate the resulting mechanical properties of ther- 
mally sprayed WC-Co to measured wear resistance. Figure 3(a) 
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contains a plot of abrasive wear resistance versus the struc- 
ture/property parameter: 

~o 

These data show that, in spite of a wide variance in physical 
properties, cobalt content, WC grain size distribution, and wear 
resistance, an approximate correlation is obtained for sintered 
and thermally sprayed WC-Co materials. The WC-17 wt% Co 
APS and VPS coatings (coded as E and F) show consider- 
able divergence from the abrasion parameter correlation, and it 
is generally believed that variations in measurements of micro- 
hardness and fracture toughness arising from microstructural in- 
homogeneities, carbide dissolution, and anisotropy may 
account for some of the observed differences. 

The WC- 12 wt% Co coatings have a smaller volume fraction 
of cobalt and a finer grain size and show equal or lower resis- 
tance to abrasion than the WC-17 wt% Co coatings. Addition- 
ally, the VPS coating has retained most of the WC phase, yet 
shows poor mechanical properties and abrasion resistance. Po- 
rosity appears to be the major problem in this set of VPS coat- 
ings. The origin of this porosity may be attributed to a high 
substrate coating system temperature during VPS deposition 
(>800 ~ Large thermal expansion mismatch between the 
steel substrate and the coaling (almost a factor of two) can lead 
to substantial residual stresses in the coating, of particular sig- 
nificance in the case of the low-cobalt alloy. High temperature 
may also cause recrystallization and phase transformations in 
the matrix and reduce hardness. 

These results suggest that coating porosity and cohesive 
strength may dominate other factors such as WC grain size and 
cobalt content. An interesting feature of the present correlation 
is that both hardness and fracture toughness measurements in- 
corporate factors such as porosity, particle/matrix bond, WC 

grain size, and mean free path. An attempt has been made to ex- 
press the abrasion resistance of plasma-sprayed WC-Co coat- 
ings in an unambiguous, quantitative manner as a function of 
mechanical properties and microstrueture. 

4.2 Erosion 

The erosion resistance of sintered and HVOF-sprayed WC- 
Co materials shows that reducing the cobalt content leads to im- 
provements in erosion resistance (Fig. 2b). The opposite 
behavior, although to a lesser extent, was obtained by APS and 
VPS spray techniques, which contained larger porosity_ These 
variations in wear resistance would be anticipated from the gen- 
erally lower values of hardness and fracture toughness created 
by APS and VPS spraying (Table 5). However, it is not apparent 
that hardness or fracture toughness--as independent parame- 
t e r s -would  correlate to erosion resistance. In fact, attempts to 
correlate hardness to wear resistance often lead to erroneous 
predictions. Figure 3(b) is a plot of erosion resistance versus the 
combined microstructure/property parameter: 

3/~ % " f  
(KIcH) 11 _V~ffo I 

This plot, which contains results obtained on thermally 
sprayed WC-Co and sintered materials, shows that, in spite of 
significant variations in composition and thermal processing, a 
correlation can be Obtained. The established relationship, al- 
though demonstrated to be generally valid for WC-Co materials, 
has been shown to provide fairly accurate predictions for sin- 
tered WC-Co materials with controlled microstructures. []91 In 
this prior study, it was shown that the highest erosion resistance 
was achieved with binderless WC and the least with pure cobalt 
metal. Clearly, the reduction of cobalt content in WC-Co materi- 
als, and consequently the reduction of mean free path (X), moves 
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Figure 4 

(a) 

(b) 
(a) WC-17 wt% Co, APS as polished prior to testing arid (b) WC-17wt% Co, APS after erosion test. 

(a) (b) 

Figure 5 Schematic representation of erosion damage zone and 
relation to mean free path (~.) between WC grains. The symbol 
"O" represents WC grains. 

sintered material toward higher erosion resistance. It is notewor- 
thy that in the prior study, Ugt erosion resistance increased in a 
nonlinear fashion as k approached zero. The much higher ero- 
sion resistance of sintered WC- 12 wt% Co can be attributed to a 
number of factors: (1) the significantly lower value of X com- 
pared to all other materials in this study and (2) recrystallization 
and grain growth during sintering. The test methodology used 
herein may have also played a role insofar as the coating erosion 
test duration was limited by the time required to reach the sub- 
strate (typically 30 s), whereas prior tests[l 9] with sintered mate- 
rials lasted 3 min. 

Figure 4 compares scanning electron microscopy (SEM) mi- 
crographs of the surface of the polished (as-sprayed) and eroded 
surfaces of the WC- 17 wt% Co APS coatings. It is clear from the 
polished surface micrograph (Fig. 4a) that there is considerable 
segregation of carbides in the APS coating. The eroded APS sur- 
face in Fig. 4(b) shows large deformed areas and indications of 

plastic deformation and fracture. The lack of WC microstructur- 
al features indicates the ease of removal of both WC and cobalt- 
rich binder. It is clear that variations in microstructure can lead 
to increased erosion resistance; however, with 17 wt% cobalt 
content, only small improvements can be expected up to the 
level of the WC-17 wt% Co sintered material (Fig. 2b). 

Figure 5 is a schematic representation of how an eroding 
A120 3 particle interacts with microstructures that correspond to 
lower (Fig. 5a) and higher (Fig. 5b) cobalt contents. The shaded 
region indicates a singular contact damage zone that involves 
both WC and metal binder (Fig. 5a), whereas Fig. 5(b) shows the 
possibility of isolated erosion of binder, leading to easy removal 
of  the wear-resistant WC grains. An important microstructural 
factor influencing erosion is the mean free path of the binder. 
The sintered WC-12 wt% Co material, in general, has a lower 
mean free path compared to that of  sintered WC-17 wt% Co, 
which translates into better erosion resistance. Although this is 
also applicable to plasma-sprayed coatings, porosity, intersplat 
strength, and carbide/matrix bond strength become overriding 
factors in determining erosion resistance. Rangaswamy[ 61 has 
studied the erosion properties of plasma-sprayed WC-Co coat- 
ings with a 45 and 90 ~ impingement angle. He concluded that 
macroporosity and microporosity played a significant role in 
lowering the erosion resistance of the coating. More recently, 
Mehan and Rairden [231 demonstrated this effect by plotting the 
erosion rate as a function of volume porosity for several WC-Co 
thermally sprayed coatings and were able to obtain a continuous 
curve of erosion rate with porosity. Another noteworthy micro- 
structural effect is that the APS and HVOF coatings, even with 
large cobalt pools, display good resistance to erosion. Carbon 
loss and carbide decomposition effectively increase the mean 
free path of the binder. Both APS and HVOF coatings show 
higher mean free path than the VPS and sintered materials. The 
dissolution of W and C in the matrix causes substantial increase 
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in the hardness of the matrix and may compensate for the de- 
creased carbide content in APS and HVOF coatings. 

r "- [19] In the previous study on sintered WC-Co mate ials, it was 
shown that the abrasion and erosion characteristics were corre- 
lated to hardness, fracture toughness, and volume fraction of co- 
balt. These samples were homogeneous with no porosity and 
strictly WC and Co phases in the microstructure. In the ther- 
mally sprayed coatings, additional differences arise due to po- 
rosity, lamellar structure, and metastable phases such as W2C, 
W, and CoxWxC compounds. Although hardness and fracture 
toughness measurements take into account some of these differ- 
ences, it is anticipated that this can explain some of the minor 
discrepancies in the correlation in this study. This is an area for 
further investigation. 

5. Conclusions 

The microstructure, mechanical properties, and wear resis- 
tance of thermally sprayed and sintered WC-Co materials were 
examined. The study has shown that the wear resistance of ther- 
mally sprayed WC-12wt% Co and WC-17wt% Co materials to 
diamond abrasion is not strongly affected by the cobalt content, 
whereas the wear resistance to gas jet A120 3 particle erosion is 
more prominently controlled by the cobalt content. The abrasive 
and erosive wear resistance of thermally sprayed WC-Co is de- 
pendent on porosity, mean free path of binder, and carbide grain 
size. The wear results obtained in this study can be understood 
on the basis of mechanical properties and microstructure. For 
coatings, a porous structure causes poor intersplat bond, which, 
in turn, lowers the hardness and fracture toughness. It has also 
been shown that a derived mechanical property/microstructure 
parameter can be used in most cases to describe abrasive and 
erosive wear resistance of thermally sprayed and sintered WC- 
Co materials as follows: 

Wearresistance ~ lc ) ' 1  - V~f ~ 

This relationship provides a means for assessing wear resis- 
tance of WC-Co coatings intended for industrial applications re- 
quiring abrasion and erosion resistance. This further suggests 
that coating selection and specification should be based on fun- 
damental properties of the deposit rather than on a process or 
composition-based methodology. 

The influence of anisotropic physical properties, particularly 
fracture toughness, in thermally sprayed WC-Co coatings is of 
significance and should be further investigated with regard to 
coating quality control and performance. 
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