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Study of Fracture and Erosive Wear of 
Plasma Sprayed Coatings 

D.Z. Guo and L.J. Wang 

Double cantilever beam (DCB) and short bar (SB) specimens were used to determine the critical strain 
energy release rate (GIc) of plasma-sprayed coatings of  ZrO2-base ceramic and WC-Co coatings. Erosion 
rates were measured for various erosive conditions. By comparing the Glc data and erosion rate (Ev) data 
with X-ray diffraction and fractographic analysis, fracture and erosion mechanisms of plasma-sprayed 
coatings were proposed. Based on the erosion models for brittle materials, a proportional relationship be- 
tween the erosion rate, Ev, and GIc was derived as follows: 

Evoc(~]l/4x(Glr 

where H is hardness. An increase in GIC leads to a decrease in Ev. The exponent value o f -2 /3  of Gtc was 
confirmed by the experimental data. 

1. Introduction 

PLASMA spraying has been widely used in many branches of in- 
dustry such as aviation, aerospace, energy and chemical engi- 
neering, etc.,[ 1-4] to improve surface properties and to prevent 
premature failure of components. The surface coatings of com- 
ponents in gas turbines, missile propellers, and fluidized beds 
are subjected to erosive wear by impingement of solid particles 
as well as elevated temperature corrosion. Sometimes, erosive 
wear is the decisive factor that limits the development of other 
material properties. Hence, research on coating erosive wear has 
practical significance. 

In evaluating mechanical properties, fracture mechanisms, 
and related factors for coatings, the fracture mechanics method 
is superior to the conventional tension adhesion tests (TAT) in 
terms of distinguishing physical characteristics. McPherson et 
al.[1,2,5,6] chose the double cantilever beam (DCB) method to 
measure the critical strain energy release ratel7,8] of  thermal 
sprayed coatings. 

Evans correlated erosive wear of brittle materials to the frac- 
ture toughness of the bulk ceramics. [9,1~ Levy[ 3,4,11,12] con- 
ducted tests on the erosive wear of thermal sprayed coatings, 
mainly with respect to intrinsic factors such as the fineness of 
powders, porosity, hardness, bonding force, and extrinsic fac- 
tors such as erodent and environment. The above work did not 
address the relationship of fracture toughness and erosive wear 
resistance of coatings, modeling of fracture mechanisms, and 
mathematical expressions in detail. 

It is assumed that the fracture mechanics method can be ap- 
plied to describe the erosive wear resistance of coatings, be- 
cause these coatings are usually more brittle than their 
corresponding bulk materials. In the present study, ZrO2-based 
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ceramic and WC-Co cermets were used as coating materials. 
The double cantilever beam and short bar (SB) methods were 
chosen to determine the critical strain energy release rate, GIc. 
The SB method was first introduced to determine GIc. The ero- 
sive wear test was conducted in a customized erosive wear ma- 
chine. The erosive wear process, fracture of  coatings, and the 
qualitative correlation of fracture toughness with erosive wear 
are discussed in this article. 

2. Experimental Procedure 

2.1 Coating Materials 
Four materials were adopted for the research (Table 1). The 

processing procedures followed the manufacturers' recom- 
mended plasma spraying parameters. 

2.2 Erosive Wear Test 
The principle of the customized CMS- 100 erosive wear ma- 

chine is based on a vacuum chamber and free-falling abrasive 
materials that impinge on four rapidly rotating samples fixed on 
a rotating wheel. The vacuum eliminates the mechanical effects 
of air on impact velocity and impact angle. [13] The erosive wear 
panels (0.45% carbon plain-carbon steel) were 25 x 10 mm and 
5 mm thick. The thickness of coatings, 5, was held at 0.2 to 0.3 
mm. The noncoated faces of  the samples were shielded with 
0.05 mm thick copper foil. 

The abrasive material was 80 to 100 mesh quartz sand of0.15 
to 0.2 mm diameter, and with a hardness of  1050 to 1160 HV. 
The erosive impact velocities, VE, were 30, 50, and 70 m/s. The 
impact angles of  30 ~ and 90 ~ were chosen to contrast material 
properties of toughness and brittleness under erosive wear con- 
ditions. Test specimens were rinsed in alcohol and acetone and 
then dried. Weight loss was measured to 1 x 10 -4 g sensitivity. 
The steady erosive wear rates of coatings were calculated by the 
following expressions. The weight of erosive wear rate, Ew, is 
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Table 1 Properties of plasma-sprayed coatings 

Hardness, Powder 
Powders Contents, wt% HRC Density size 
ZrO2-5CaO ............................................................... 5% CaO, bal ZrO2 32-45 5.20 -140mesh + 101am 
ZrO2-8Y203 ............................................................. 8% Y203, bal ZrO2 35-45 5.10 ... 
WC- 12Co (Metco 71VF-NS) .................................... 12% Co, bal WC 58 13.80 -45 + 5 p.m 
WC-17Co (Metco 73F-NS-1 ) ................................... 17% Co, bal WC 55 12.20 -53 + 10p.m 
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Fig. 1 Specimen geometry and extensometer placement for the dou- 
ble cantilever beam (DCB) method of finding coating fracture tough- 
ness. 

AWt 
E., = ~ (g/g) [H 

where AWt is the weight loss of the coating, and We is the weight 
of the erosive particle. The volume of erosive wear rate, Ev, is 

E w 
E v = - -  (ram 3/g) [21 

P 

where p is the density of the coating material. 

2.3 Measurement of Critical Strain Energy Release Rate 

2.3.1 Specimen Preparation 

The Gtc  of the coatings was measured using the DCB speci- 
men shown in Fig. 1 and the SB specimen shown in Fig. 2. Both 
types of specimens were made by putting a hotset epoxy resin 
film between the coated and uncoated matching surfaces of two 
halves of the specimen, tightening the two halves firmly, and 
then holding the specimen in an oven at 180 ~ for 3 h. The notch 
for the specimen was cut before the gluing procedure. The coat- 
ing thickness should be greater than the penetration thickness of 
the glue and usually a coating thickness greater than 0.25 nun 
was required. 

The test was considered invalid if crack growth occurred in 
the mixed lamellae of the glue and coating. The types of fracture 
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Fig. 2 Specimen geometry and extensometer placement for the short 
bar (SB) method of finding coating fracture toughness. 

can be divided into three groups--cohesive fracture (C type) 
where the crack grows inside of the coating lamellae, adhesive 
fracture (A type) where the crack grows along the interface be- 
tween the coating and the substrate, and mixed fracture (A + C 
type) where both of the above fractures coexist. 

2.3.2 Double Cantilever Beam Method 

According to linear elastic fracture mechanics (LEFM), GIc 
can be obtained by the compliance calibration: 

p2 dC [3] 
Gt - 2B da 

where Gtis the strain energy release rate of crack propagation; P 
is the imposed load on the specimen; C is the specimen compli- 
ance along the loading line; a is the length of the crack; andB is 
the thickness of the specimen. The tests were carried out on an 
Instron 1195 tensile machine at a loading rate of 0.05 mrn/min. 
Unloading was performed when the load displacement (P - A) 
curve deviated from a straight line. Figure 3 shows a series 
of P - A curves. The calibration procedures are described below. 

Three uncoated glued samples were taken as calibrating sam- 
pies because of the minor difference in dC/da calibration for 
coated and uncoated specimens. [1] TS-A20 fractomats were 
glued on the surfaces along the gluing direction. Athree-pen X - Y  
recorder was used to simultaneously record the P - A curve and 
voltage variation-displacement (AV- V) curve of the fracto- 
mat. [14] The compliance, C, at crack length, a, is equal to the re- 
ciprocal of the slope in unloading the straight line portion of the 
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Fig. 3 Multiple deflection versus load (A versus P) data established 
from the DCB method. 
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Fig. 4 Crack length versus compliance (a versus C) calibration curve 
for the DCB method. 

previous P - A curve. A series of C versus a data was thus ob- 
tained. Figure 4 shows the regression lines for the data: 

0.6 (a - 0.02 ) 
C(a) - exp (28.759 a) [4] a 

dC I28.759 a 2 - 0.575 a + 0.02 / [5] 
da - 0.6 exp (28.759 a) ~ a2 

) 

The correlation coefficient was 0.989. The calculation method 
for Glc is as follows. The compliance corresponding to the un- 
loading portion of each P - A curve was taken from the P - A 
curves in Fig. 3. The value of a was obtained from Eq 4. Glcwas 
then calculated using Eq 5 to find dC/da and hence applying Eq 3. 

2 . 3 . 3  S h o r t  B a r  M e t h o d  

According to the compliance calibration method of fracture 
mechanics, G;ccan be given by: 

p 2  

G 1 = - ~  Y(oO [6] 
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Fig. 5 Geometrical factor versus normalized crack length (Y-ct) cali- 
bration curves for the SB method. The parameter t~ is dimensionless. 

where 

1 1 1 - ~  ao a 

where C is the compliance of the specimen along the loading 
line; B, ct o, a, and Ware shown in Fig. 2. 

There exists a Ymin for the Y(c 0 versus ~ curve shown in Fig. 
5. Ymin can be obtained by letting dY/d~ = 0, based on the Y ver- 
sus ~ curve obtained from the specimens with ~ = 0.4 to 0.85. 
The result is Ymin = 87.478 -6 rn/N. Therefore, Glc can be calcu- 
lated from G;c = PZm Y~n/W, when Ymin and the maximum load, 
Pm, are known. 

2.4 Microscopic Analysis 

The fracture surface and erosive wear surface were examined 
using a JSM-35C Scanning Electron Microscope. A D/rnax-3a 
X-ray diffractometer was used to determine whether partially 
stabilized ZrO2 exhibits phase transformation during the frac- 
ture and erosion processes. Following Evans, the fraction of 
monoclinic ZrO 2 can be evaluated by: 

Fm - ]g(lll ) [7] 

lT(lll ) +/MOll ) 

where Fm is the fraction of the monoclinic phase (M); and IM(111) 
and IT(111) are the diffraction intensities of (111) plane of the M 
and Tphases, respectively. 

3.  R e s u l t s  

Experimental data are shown in Table 2 for various erosive 
conditions. Each data point represents an average value of three 
points each from at least two specimens. The values of fracture 
toughness are given in Table 3, where GIC is the average value 
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T a b l e  2 E r o s i o n  t e s t  r e s u l t s  o f  v a r i o u s  c o a t i n g s  

VE 30m/s  50m/s  70m/s  
aE 30 90 ~ 30 90 ~ 30 90 ~ 

Ew Ev Ew Ev Ew Er  Ew Ev Ew Ev Ew Ev 

ZrO2-5CaO .... 2.80 5.41 %66 14.80 5.56 10.74 15.08 29.13 . . . . . . . . .  
ZrO2-8Y203 .. 6.35 12.45 14.13 27.80 19.30 37.84 39.65 77.75 44:3 86.86 ... 
wc-12Co ...... 0.01 0.47 1.02 0.70 0.70 0.54 2.01 1.56 1.59 1.23 4.23 3~28 
wc-17Co ...... 0.87 0.71 1.23 1.00 1.80 1.46 2.32 1.89 2.44 1.98 4.69 3.81 

Note: E w x 10 4 g/g. E v x 10-2mm3/g. 

Table  3 Cr i t i ca l  s t r a i n  ene rgy  re l ease  r a t e  (GIc),  in  J i m  2 

ZrO2-SCaO ZrO2-8Y203 wc-12Co wc-17Co 

Gic 
SB ......................................................... Fracture mode(a) 

AG/c 
G~c 

DCB ...................................................... Fracture mode(a) 
AG/c 

(a) C refers to cohesive mode; A refers to adhesive mode. 

124.17 62.45 31.98 604.09 404.32 205.25 
C A A C C A 

13.2 10.2 15.8 153.5 46.6 49.8 
40.7 3 2 . 5  . . . . . .  

A A . . . . . .  
19.1 1 1 . 0  . . . . . .  
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Relation of vertical impact velocity versus erosion rate (In { V E • sin[cxE] } versus In { EV}) for (a) zirconia and (b) tungsten carbide-cobalt coat- 

for each  coat ing and  A G l c i s  the dis t r ibut ion deviation.  The  frac- 
ture m o d e  is also presented.  Each data  point  for the  short  bar  

me thod  is the m e a n  va lue  of  4 to 6 specimens,  whereas  the  data 

points  for the DCB methods  are the mean  values of  20 to 30 data 
readings  f rom three specimens.  

The  fo l lowing re la t ionships  can b e  concluded f rom Tables  2 

and 3. T h e  G t c a n d  the  erosion res is tance  of  the Z r O  2 coat ing at  
var ious eros ive  condi t ions  are lower  than those of  the W C - C o  
coating.  The  magni tude  sequence o f  G/c  coincides with that  of  

the eros ion res is tance  in the  order o f  the  four types of  coat ings;  

i.e., W C - 1 2 C o ,  W C -  17Co, ZrO2-5CaO,  and  ZrO2-8Y203.  This  
t rend qual i tat ively indicates  that increas ing  the f racture  tough-  
ness of  the coat ing is beneficial  to increas ing its eros ion resis- 
tance. 

The  eros ion rate at the erosion angle  ct e = 90 ~ is h igher  than 
that  at (x E = 30 ~ It therefore  behaves  in a brit t le manne r  and 

agrees wi th  exist ing results  for  p lasma-sprayed  coat- 
ings. [3,4,11,12,15] The macrof rac tography of  SB and  D C B  speci- 

mens  also exhibi ted a bri t t le nature. 

Using  the  vertical impac t  velocity (Ve_L = VE sin aE) to char- 

acterize the  inf luence of  impact  veloci ty  on the eros ion rate of  
coatings,  the  In Ev - In VE-L curves  at var ious  a e  are presented in 

Fig. 6. The  l inear relat ion obta ined  is consis tent  with  the behav-  
ior of  the bu lk  ceramic materials,  where  m is a cons tant  and  is re- 

ferred to as the velocity exponent .  The  magni tude  of  m reflects 
the veloci ty sensitivity of  the  coat ings  for  erosive  wear. The  gen- 

eral t rend is that the lower  the G/c  value,  then the h igher  the m 
value. 
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Fig. 7 Cohesive mode of fracture for WC-12Co coatings. 

Fig.8 Cohesive mode of fracture for ZrO2-5CaO coatings. 
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Fig. 9 Schematic of coating erosion. (a) Initial impact of the particle 
against the substrate and the so-formed crack features. (b) Coating re- 
moval and cracking that results in erosion. 

Very similar results for Gtc were obtained by both the DCB 
and SB methods. The dominant fracture mode of the DCB speci- 
men was adhesive for ZrO2-based materials, but mixed modes 
were also present. For SB specimens of ZrO2-5CaO and WC- 
17Co, the adhesive and cohesive fracture modes appear. The Gic 
of the cohesive mode is almost twice that of the adhesive mode. 
This is similar to the results reported in Ref 5 and 6. 

4. Discussion 

4.1 Test Method of Gtc for Coatings and Fracture Fea- 
tures 

Many theoretical and practical problems in the fracture me- 
chanics measurement of coatings remain to be solved. For the 
determination of GIc, the DCB and SB methods have their own 
merits. The former can provide several Gzc values from a single 
specimen, and one can obtain a statistical evaluation of reliabil- 
ity of coatings, but the experimental technique is more difficult 
and has many factors that can cause error. With the latter, one 
specimen provides one GIc value, and the scatter of data is rather 
narrow. The experiment and calculation is simple and straight- 
forward if Ymin has been calibrated. In this author's opinion, the 

better way is to combine the above two methods for directing 
coating design and processing technique optimization. 

The same fracture mode in both methods of Gm determina- 
tion was confirmed by identical microcharacteristics. Figures 7 
and 8 exhibit the cohesive type of fracture for WC-12Co and 
ZrO2-5CaO coatings. The void pitting at the lamellae interfaces 
and the fracture interfaces can be distinguished. This is attrib- 
uted to the concentration of voids at the interfaces of lamellae. 
No plastic deformation was observed, and this implies that 
cracks propagate along the lamellae boundaries of the coating 
where the crack growth resistance is low. There also appears to 
be some steps due to lamella fracture (Fig. 7 and 8). Thus, the 
main fracture mechanism of the coating is brittle fracture and 
validates G/c measurements using LEFM. 

4.2 Surface Features of  Eroded Coatings 

The erosion rate of WC-Co and ZrO2-base coatings is higher 
than that of their corresponding bulk materials and is caused by 
the presence of lamellae and voids in the coatings which may 
break apart and crack. These features are more distinct for the 
ZrO2-8Y203 material. Even at a low erosion angle (a E = 30~ 
no plastic erosion features such as ploughing were observed, 
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and it is evident that brittle fracture dominates the fracture proc- 
ess. Figure 9 schematically illustrates the erosion process of a 
brittle, porous ceramic coating. Solid particles impinge on the 
coated surface and produce compressive stress, brittle fragmen- 
tation of lamellae, and densification of porosity. During particle 
impact, the fragment concentrated region is formed. 

Figure 9(a) exhibits similar effects on the surrounding mate- 
rial as the indentation method of fracture toughness measure- 
ment. The impact energy of particles is converted to the energy 
needed for lateral and radial crack propagation in the surround- 
ing material. The lateral cracks prefer to initiate along the lamel- 
lae boundaries where more voids exist. The intersection of 
lateral cracks with radial cracks leads to the removal of the ma- 
terial, as shown in Fig. 9(b). From this point of view, the erosion 
of the coating is a successive process consisting of a series of 
material removed by brittle fracture. Hence, erosion resistance 
can be physically related to the fracture toughness of the mate- 
rial. 

4.3 Relationship of Erosion Rate (Ev) to Fracture Tough- 
ness (G/c) 

Assuming that an erosion pit due to particle impact has a 
hemispherical shape (Fig. 9b), then its volume is proportional 
to: 

E ~  o~ c21 , h [8] 

where C 1 and h are the lateral crack length and depth at a given 
erosion condition, respectively. The lateral crack length, C l, is 
proportional to the radial crack size, Cr.[9,1~ 

E v ~ Cr 2. h [9] 

Referring to Evan's theory for bulk c e r a m i c s ,  [9,10] where h and 
target material hardness H could be related as: 

h2~: (1//4) 1/2 [10] 

The driving force for crack extension during projectile impact is 
the dynamic tensile stress field, and the resistance to crack 
propagation is determined by the fractural toughness of the ma- 
terial. Evans [l~ suggested that the correlation of radial crack 
size, Cr, with fracture toughness, K/c, of a material can be given 
by: 

Cr o~ K~lc~3 [11] 

and 

1 /2  
KIc ~ (GIc ) [12] 

also 

( )-1./3 [13] Cr ~ G/c 

Substitution of Eq 10 and 13 into Eq 9 gives: 

E v ~ (I/H) TM �9 (G/c)-z'3 [14] 
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Fig. 10 Relationship of fracture toughness versus erosion rate (E V 
versus GIC ). 

Figure 10 illustrates the relationship of lnE v versus lnGtc for the 
four coatings. Ev and Glc exhibit an exponential relation. The 
slopes of the straight lines (m) are about -2/3 and indicate that 
these experiments fit, reasonably well, the above assumed deri- 
vation. 

Increasing Gtc leads to an increase in the erosion resistance 
of the coatings. This can be further explained in terms of energy 
consumption. Both processes of fracture and erosion include 
crack propagation along lamellae boundaries, and both expend 
energy. The former comes from extrinsic loading; the latter from 
the dynamic energy of the particles. The coating with higher Gtc 
has (1) higher energy needed for crack initiation and propaga- 
tion, (2) better energy transfer to the surrounding lamellae and 
substrate, and (3) secondary crack formation (for WC-Co coat- 
ings) which consumes energy. These three aspects of the energy 
balance within the coating enhance the erosion resistance. 

4.4 Factors lnfluencing Gtc and Ev  of  Coatings 

Fine lamellae, low porosity, and high toughness are benefi- 
cial for increasing the Glc and erosion resistance of a coating. 
The WC-Co coatings are superior to ZrO2-base coatings. This is 
attributed to the following factors: finer powders, higher den- 
sity, addition of Co as the adhering agent, and higher toughness 
of the lamellae. X-ray diffraction analysis indicates that the 
tetragonal phase transformation in two types of ZrO2-base coat- 
ings is less than that in the bulk ZrO2 ceramic. This occurs be- 
cause cracks in coatings usually grow along lamellae 
boundaries, which need less energy and reduce tetragonal phase 
transformation. 

5. Conclusions 

Double cantilever beam and short bar methods can both be 
used to measure the GIc of plasma-sprayed coatings. The WC- 
Co coatings exhibit a higher Gtc than ZrO2-base coatings. The 
common fracture process in the four types of coatings is crack 
growth along interlamella boundaries. The thickness of lamellae 
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porosity, and toughness  of  lamellae affect  the Gm value. The 
W C - C o  coat ings  are more  erosion-resis tant  than ZrO2-base 
coatings.  This  is consis tent  with the G m values.  The  erosion 
process  in br i t t le  coat ings consis ts  of  the format ion of  frag- 
men ted  regions  by  impact  energy, the bri t t le deformat ion of  sur- 
rounding  lamellae,  and the  removal  of  fractured regions  of 
lamel lae  due to lateral crack formation.  

Based  on  the  combina t ion  of  fracture and  erosion measure-  
ments  for  coatings,  the relat ionship be tween  E v and Gtc can be 
formula ted  as: 

E v ~ I l l l / 4 . ( G l c ) - 2 / 3  

E v w i l l  therefore  be decreased by increas ing Glc. T h e - 2 / 3  expo- 
nent  of  the fracture toughness  term was conf i rmed f rom these 
exper iments .  
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