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ABSTRACT 
A fracture mechanics approach to the adhesion of plasma wrayed coatings provides insights into the mechanism of ad- 

hesion. Thus the strain energy release rate for adhesive or cohesive failure may be related to microstructural features of coat- 
ings Plastic deformation of coating lamellae and the e ffecriveness of con tact between impinging. droplets and the substrate 
or previously solidified material are important factors in determining coating properties. 

1 INTRODUCTION 
A primary requirement for any protective coating is  

good adherence to the substrate and the adhesion of plasma 
sprayed coatings has been a topic of considerable interest 
for some time. There has been little agreement however 
between the proponents of various theories for the mecha- 
nism of adhesion and the subject remains controversial. The 
bonding mechanisms a t  the coating substrate interface have 
been classified [ I ]  as mechanical (associated with mechan- 
ical interlocking of particles to the roughened substrate), 
physical (Van der Waal's forces) or chemical (interdiffusion 
between coating and substrate). These theories have been 
largely conjectural with limited experimental evidence and 
they have not been successful in explaining many features 
of the behaviour of plasma sprayed coatings, for example 
the reason why metallic subcoats improve the adhesion of 
ceramic coatings. 

A new approach to the problem has recently been 
developed which shows promise of a better understanding 
of the adhesion of plasma sprayed coatings [2-41. This 
places emphasis on the difficulty of removal of the coating 
and i s  based on measurements of the energy associated with 
the propagation of cracks along the coating substrate inter- 
face (separation at the interface) and also at the coating- 
subcoat interface or within the coating itself. The experi- 
mental techniques used are based on those of classical frac- 
ture mechanics and the parameters determined are then 
related to microstructural factors controlling mechanical 
behaviour. 

The fracture mechanics approach is based on an 
energy balance criterion for crack growth in a solid body 
[5].  As a crack grows the mechanical energy decreases and 
the surface energy increases; the equilibrium condition is 
given by dU/dQ = 0 where U is total energy and Q is the 
crack length. The elastic strain energy (UE) can be calculat- 
ed if it i s  assumed that Hooke's law is obeyed and is  given 
by UE = %F2C where F is the tensile force and C is the 
elastic compliance. The strain energy release rate per unit 
width of crack front can be defined as G = -dUE/dQ, so 
that G = WF2 dC/dQ for constant force. There is a critical 
value of strain energy release rate (G,) for a cracked body 
a t  which the crack extends and this can be regarded as the 
fracture toughness of the material. For a completely brittle 
material the area of crack surface produced during advance- 
ment of the unit width crack i s  associated with a surface 
energy of 2y so that G, = 27. In most material however 
there are other contributions to G, (plastic deformation, 
microcracking) so that it is  usually much greater than 27. 

There are a number of experimental techniques av- 
ailable which allow the fracture toughness parameter, G, to 
be determined. The work described in the present paper 
makes use of the double cantilever beam method to deter- 
mine values of G for crack propagation within plasma 
sprayed composite specimens. 

2 EXPERIMENTAL PROCEDURE 
Mild steel substrates 150 x 20 x 6 mm were grit blast- 

ed with alumina along the narrow edge and plasma sprayed 
with AI2o3-2.5% Ti02 (Metco 101), Ni-4.5% Al (Metco 
450) and mild steel (Metco 91) using a Plasmadyne SG-1B 
(SI) gun with the conditions shown in Table 1. 

Composite coatings of Al2O3 on a Ni-AI subcoat 
were also prepared. 

A support bar with the same dimensions as the 
specimen, and grit blasted along one edge, was attached to 
the coating using an epoxy adhesive layer (Araldite D 
with hardener 951) 1-2 mm thick as shown in Figure 1. 
Care was taken to produce a sound, defect free bond. A 
groove was machined in the vicinity of the coating substrate 
interface to control the crack path (along the interface or 
within the coating) and a saw cut, 0.2 mm wide, was intro- 
duced, as shown in Figure 1 to start the crack. The speci- 
men was loaded in tension, through holes in the cantilever 
arms, at a cross head speed of 0.1 mm min-I and the dis- 
placement of the arms measured using an extensometer pos- 
itioned across the initial saw cut.The specimen was strained 

TABLE 1 PLASMA SPRAYING CONDITIONS 

Coating Material Deposit Gas Flow Power 
Thickness Rate Input I (mml I ~ m i n - l  I k w  

Ni4.5% Al (Metco 450) 0 .5 -2 .0  1 :: 1 ; 1 18 
AI2O3-2.5% Ti0 (Metco 101 1 0.5 3 1 
Mild Steel (Metco 91 ) I lmO 1 2 8 1  - l l7 

TABLE 2 STRAIN ENERGY RELEASE RATE (G) FOR 
VARIOUS COATINGS AND FRACTURE TYPES 

Coating 

Mild Steel 

Ni-AI 

AI2O3-Ti02 

Failure Type 

Adhesive 
Cohesive 

Adhesive 
Cohesive 

Adhesive 
Adhesive to 
N i-AI su bcoat 
Cohesive 

Range 

78- 143 
1 55-375 

(> 1000) 
109-472 

10-1 5 

35-95 
16-25 

G ( ~ m - ~ , )  -- 
Mean Standard 

Deviation 

GROOVE 
TO PROMOTE 
COHESIVE 

SUPPORT T ? l L u R E  COATING '>;PI ,EPOXY/ SUBSTRATE 

'moov~ 
TO PROMOTE 
ADHESIVE 
FAILURE 

" Monash University. 
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FIG 1 CONFIGURATION OF DOUBLE CANTILEVER 
BEAM COMPOSITE SPECIMEN 



FRACTURE . TOUGHNESS 

FIG 2 PROBABILITY PLOT OF FRACTURE TOUGH- 
NESS DATA (GI 

until a constant load was achieved, representing crack 
propagation, and then unloaded. This procedure was repea- 
ted several times for each specimen. The critical strain 
energy release rate, G, i s  given by 

where F, = critical force (N) 
W = crack width (M) 
c = specimen compliance (mN-I ) 
IZ = crack length (m) 

To determine G the change of specimen compliance 
with crack length must be known. A calibration curve of 
specimen compliance versus crack length was construc- 
ted using specimens with artificial cracks of known length. 
For the configuration used this gave 

A series of G values was found for each specimen 
from the peak force values and the compliance determined 
from unloading lines. 

The fracture surfaces were examined by scanning 
electron microscopy to determine the nature of the fail- 
ure and to distinguish between cohesive fracture (within the 
coating) and adhesive fracture (in the vicinity of the sub- 
strate coating interface). 

3 RESULTS 
A wide range of values of G was obtained for each 

mode of failure and material as shown in Table II. Adhesive 
failure of Ni-AI was difficult to obtain and only one ex- 
tremely high value (>I000 Jm-2) was observed. Cumula- 
tive probability plots of the data showed bimodal distribu- 
tions for AI2O3-Ti02 and steel coatings with the two 
branches of the plot corresponding to adhesive or co- 
hesive failure respectively, as shown in Figure 2. 

Scanning electron microscopy of fracture surfaces 
showed that failure in all cases had occurred predom- 
inantly between lamellae (of which the coating i s  made up 
by impact and solidification of impinging molten droplets) 
or between the lamellae and substrate. The only significant 
difference observed between the coatings was that the cera- 
mic fracture surfaces showed evidence of brittle fracture of 
lamellae whereas the metallic coatings showed evidence of 
plastic deformation of lamellae. 

FIG 3 FRACTURE SURFACE OF PLASMA SPRAYED 
A12 03-Ti02 COATING SHOWING SEPARATION 
BETWEEN LAMELLAE AND FRACTURE WITHIN 
LAME LLAE 

FIG 4 FRACTURE SURFACE OF PLASMA SPRAYED 
MILD STEEL COATING Sl-lOWING SEPARATION 
BETWEEN LAMELLAE AND DEFORMATION OF 
LAMELLAE 
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4 DISCUSSION 
The values of G observed for the various coatings are 

consistent with their observed service behaviour, that is, 
both the cohesive and adhesive values for the ceramic are 
lower than the values for the metallic coatings. The adhes- 
ive G for the ceramic and the steel coatings were lower than 
for cohesive failure, that i s  failure tends to occur a t  the 
coating-substrate interface rather than within the coating. 
The adhesive G for Ni-AI on steel is  very high. The G values 
for failure at the interface between AI2O3-Ti02 and a Ni-AI 
subcoat are higher than for adhesive or cohesive failure of 
the ceramic coating on steel. The G values obtained there- 
fore appear to be measuring the "adhesion" of the various 
coatings. 

The higher G values for metallic coatings than for 
ceramics can be explained by dissipation of energy dur- 
ing plastic deformation of the lamellae in the former, an 
effect which cannot occur in the latter. The adhesion of 
ceramic coatings is therefore intrinsically lower than metal- 
lic coatings. 

The role of a metallic subcoating in improving the ad- 
hesion of ceramics can also be explained along similar lines. 
Failure in the vicinity of the bond-coat interface results in 
dissipation of energy by deformation of the metallic lamel- 
lae as the crack passes between lamellae in both layers, an 
effect which cannot occur a t  the interface between a cera- 
mic and solid metallic substrate. Thus G for failure between 
the subcoat and ceramic is considerably higher than G for 
ceramic sprayed directly onto steel and the overall adhesive 
behaviour of the composite coating i s  enhanced. 

The Ni-AI coating provides interesting results because 
G, (adhesive) on steel i s  so mugh higher than G, (cohesive). 
The excellent bonding characteristics of sprayed composite 
Ni-AI are well known and this has been explained by forma- 
tion of a metallurgical bond between the substrate and 
coating [51, although a definite reaction layer has not been 
observed in other work [7].  The very high G, compared 
with G, however suggests that such a metallurgical bond 
does not occur to the same extent between lamellae. In 
view of heat transfer considerations between impacting par- 
ticles and substrate [8] it i s  difficult to see how ah observa- 
ble reaction layer could be formed between the substrate 
and spreading particle in the time available unless the exo- 
thermic reaction between Ni and Al continued at a high 
temperature whilst the droplet was actually spreading. This 
would suggest however that a similar bond should be form- 
ed between lamellae. An alternative explanation for the ef- 
fectiveness of the bond between Ni-AI and steel could be 
the alumino-thermic reduction of the thin forming intimate 
metallic content [8].  This could not happen between lamel- 
lae within the coating because frozen particles would be 
covered by a thick AI2O3 film. 

Theories of adhesion suggest that, if wetting takes 
place between liquid and substrate, the molecular inter- 
actions after solidification are sufficient to explain the 
observed adhesive strength. Thus poor adhesion i s  as- 
sociated with limited interfacial contact [S ] .  There seems 
little doubt that good wetting i s  a necessary condition but 
there is some controversy as to whether i't i s  a sufficient 
condition [ l o ] .  

The simplest type of coating behaviour to consider 
is the cohesive failure of alumina for which there i s  no 
problem with oxide films between lamellae, as there is for 
metals; the liquid should wet the previously solidified 
solid, and the solid is very brittle so that plastic deforma- 
tion effects can be ignored. The measured value of G - 
20 Jm-2 for cohesive failure of the alumina coating may be 
compared with results from fracture experiments [ I l l  of 
sintered alumina of -- 40 Jm-2. These are of course not 

directly comparable because sintered alumina consists of 
a-AI2O3 whereas the coating is yAI2O3, and the coat- 
ing has a lamellar structure which m~ght tend to give 
higher G values than sintered AI2O3 because of crack 
branching. Nevertheless, this comparison suggests that 
good contact i s  made over a large proportion of the ap- 
parent area between lamellae and the fracture properties are 
controlled by defects at the interface. Indeed some recent 
studies by transmission electron microscopy of ion beam 
thinned transverse sections of AI2O3 coatings have shown 
regions of good contact and regions in which small gaps 
(<0.1 pm wide) exist between adjacent lamellae [12]. 
These defects between lamellae probably arise from ineffec- 
tive flow of gas from the interface between rapidly spread- 
inging molten droplets and previously solidified material 
[8]. The lower values of G, for AI2O3 on steel are consist- 
ent with less effective wetting. 

In the case of mild steel and Ni-AI coatings the very 
low G, compared with that expected for the bulk mater- 
ial i s  consistent with poor contact between lamellae be- 
cause of oxide and entrapped gas. On the other hand the 
very high G, for Ni-AI on steel suggests that good contact 
has been achieved between steel and the impinging drop- 
lets, an effect which may be due to chemical interaction 
between the molten droplet and oxide film on the steel 
surface. 

4 CONCLUSIONS 
The fracture mechanics parameters (G, and G,) for 

plasma sprayed coatings provide a guide to their fracture 
behaviour in practical situations and may be interpreted in 
terms of energy dissipation processes during crack propa- 
gation. Thus plastic deformation of lamellae during frac- 
ture of metallic coatings provides a process for energy dis- 
sipation which results in a higher resistance to cohesive and 
adhesive failure than for ceramic coatings. Similarly the 
previously unexplained ability of metallic subcoats to 
improve the adhesion of ceramic coatings may be rationalis- 
ed in terms of energy dissipation by plastic deformation as 
a crack propagates in the vicinity of the interface bet- 
ween ceramic and subcoat. 

The interfaces between lamellae or between lamellae 
and substrate must be regarded as the "weak links" in det- 
ermining G, and G, so that attempts to improve the mech- 
anical behaviour of coatings should be aimed a t  improving 
effective interfacial contact. This i s  limited in plasma spray- 
ing because of adsorbed or entrapped gases and oxide films. 

REFERENCES 
Gerdeman, D.A., and Hecht, N.L., "Arc Plasma Technology 
in Materials Science" (Springer-Verlag, New York, 1972). 
Berndt, C.C., and McPherson, R., 9th Int. Thermal Spray- 
ing Conf., The Hague (1980) preprint Vol, p. 310. 
Berndt, C.C., and McPherson, R., "Materials Science Res- 
earch", Vol. 14 (Eds.) J. Pask and A. Evans, Plenum Press, 
New York. 1981. p. 619-628. 
Berndt, C.C., and McPherson, R., Trans. Instn. Engrs. Aust, 
ME6 (19811, 53-58. 
Lawn, B.R., and Wilshaw, T.R., "Fracture of Brittle Solids" 
(Cambridge University Press, Cambridge, 1975). 
Longo, F. N., Weld. Res. Supplement, 45, 66s (1 966). 
Knotek, O., Lugscheider, E., Cremen, K.H., and Lehrstuhl, B., 
9th Intl. Thermal Spraying Conf., The Hague, 1980, pre- 
print Vol. p. 281. 
McPherson, R., Thin Solid Films, 83, (1 981 1, 297-31 0. 
Huntsberger, J.R., "Treatise on Adhesion and Adhesives", 
Vol. I, (Ed) R.L. Patrick (Edward Arnold, London, 1967) 
p. 119. 
Bikerman, J.J., "The Science of Adhesive Joints" (Aca- 
demic Press, New York 1968). p. 137. 
Davidge, R.W., in "Fracture Mechanics of Ceramics", Vol. 
2 edited by R.D. Bradt, D.P.H. Hasselman and F.F. Lange 
(Plenum Press, New York, 19741, p. 447. 
McPherson, R., and Shafer, B.V., Thin Solid Films in press. 

Australian Welding Research, December 1982 



CONFIDENTIAL 

To Members Until July 1983 
ISSN 0045.0960 

AUSTRALIAN 
'---- I= -- DING 
RESEARCH 

DECEMBER 1982 

VOLUME 11 

CONTENTS 
1 Photoelastic Determination of Stress Intensity Factors - AWRA Contract 53 

By N. L. Svensson 

10 Variations in the Chemical Composition and Generation Rates of Fume from Different 
AC Arc Welding Conditions - AWRA Contract 90 
By R. K. Tandon, P. T. Criw, J. Ellis and R.S. Baker 

15 Testing of Standardised Connections - AWRA Contract 76 

Fq By L. Pham and D.S. Manse// 

/23 Adhesion of Thermally Sprayed Coatings - AWRA Contract 81 
By C.C. Berndt and R. McPherson 

Implant Testing of Steels - AWRA Contract 74 
By J.B. Wade 

Basic Concept of Codes for Welded Construction 
By J.B. Wade andA. Vetters 

Strength Characteristics of Adhesive Joints in PVC - AWRA Connact 69 
By Yue Chee Yoon 

Effect of Deliberately Induced Damage on the Burst Performance of LPG Cylinder 
By A.J. McLeod 

Stress Corrosion Cracking in  the Weld Metal, Heat Affected Zone and Base Metal of a Line Pipe 
Weld - AWRA Contract 65 
By B.G. Ackland and B. W. Chew 

Effect of Diameter and Thickness on Hot Tapping Practise - AWRA Contract 84 
By J.B. Wade 

The Effect of Fillet Weld Termination on Cyclic Strength of Longitudinal Fillet Welded Joints 
in  Aluminium - AWRA Contract 68 
By J.A. Lewis 

Fracture Toughness Properties of Some Australian Electroslag Welds - AWRA Contract 91 
By J. Barclay 

Weld Variability - AWRA Contract 96 
By D.S. Mansell 

The Welding of Reinforcing Steel - AWRA Contract 64 
By D.J.H. Corderoy and H. Pearson 

Published by THE AUSTRALIAN WELDING RESEARCH ASSOCIATION 
118 Alfred Street, Milsons Point, NSW 2061. Telephone 922-3711 


