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ABSTRACT

Fracture toughness measurements have been performed on plasma-sprayed
coatings. The intrinsic fracture toughness of plasma-sprayed coatings may
be ascertained by means of a double cantilever beam (DCB) test. Emphasis is
placed on calibration of the specimen geometry. Representative values for
alumina coatings are presented.
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INTRODUCTION

It is difficult to measure the mechanical properties of plasma-sprayed
coatings. There are a large number of destructive tests which may be used
to determine the adhesion quality of plasma-sprayed coatings (Berndt and
McPherson, 1979). They may be broadly classified as either tensile, shear,
and fracture mechanics.

The tensile adhesion (or "bond strength") test is most frequently reported
in the Tliterature and is the method followed by the American Society for
Testing and Materials (ASTM, 1969). A major problem is that the exact
nature of the tensile forces can not be closely controlled and they do not
necessarily reproduce the stress conditions which are imposed on the coating
during its service life. This is usually manifested by a locus of failure
which is unrepresentative of the usual service failure mode. There is also
the more fundamental question of whether fracture strength, alone, can be
attributable to the adhesion quality of the coating.

There is no standard method for carrying out shear tests and it is difficult
to compare results from separate studies. The methods (Zakharov and
colleagues, 1970; Suhara, Kitajima and Fukada, 1974) essentially involve
applying a tangential force (i.e., parallel to the substrate surface) to
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promote coating failure. A major limitation is that the locus of failure
and hence the strength measurement is controlled by the geometrical
arrangement of a bushing which transmits force to the coating. Another test
(Rykalin and Kudinov, 1976) has measured the force to shear individual
particles from a substrate with a micro-knife. These workers “defined a
strength parameter which related the extent of particle interface reaction

to .increasipg particle pressures and temperatures which were experienced
during coating deposition. '

Fracture mechanics tests are dissimilar to the tests which have been
described above because they are carried out under controlled test
conditions. Therefore the shape of the load versus extension curve is of
critical importance in determining the materials properties of coatings. It
should be emphasized that the “strength parameter" in this case is either
G1C or ch. The determination of fracture toughness properties of a coating

has the advantage of conveying important information about the mechanism(s)
of failure (Berndt and McPherson, 1981). The present work describes DCB
tests; the double torsion method met with limited success (Berndt and
McPherson, 1980).

EXPERIMENTS

It s necessary to incorporate the plasma-sprayed coating into the
configuration of a fracture mechanics specimen (Fig. 1); as has been done
for thick films (Becher and Newell, 19775 Bascom and Bitner, 1977; Pabst and
Elssner, 1980). The concept of a DCB configuration, which has previously
been used to test adhesive joints (Mostovoy, Crosley and Ripling, 1967), was
used. The specimen preparation has been described previously (Berndt and
McPherson, 1980). Essentially the coating was deposited onto a grit blasted
substrate of surface dimensions approximately 6mm x 156mm. This sample was
bonded with a commercial epoxy (Araldite D with Hardener HY951) to a support
bar of similar dimensions. The composite specimen was machined flat on both
faces to remove features created during the epoxy-casting process. If
necessary the specimen was grooved to promote different failure modes.

ALL DIMENSIONS IN mm

GROOVE
40 PRECRACK T0 PROMOTE
{:%Arms COHESIVE
FAILURE

SUPPORT \ COATING
EPOX:/ SUBSTRATE

GROOVE

TO PROMOTE
ADHESIVE
FAILURE

GROOVES TO
POSITION
EXTENSOMETER
ARMS

Fig. 1. DCB specimens used for compliance calibrations and fracture
toughness testing of plasma-sprayed coatings.
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The specimen was subjected to tensile forces through a clevis-pin
arrangement and the extension measured with a strain gauge attached to the
free ends of the DCB. In the following discussion the "loading point
compliance" refers to measurements at the pins of the experimental
arrangement (i.e., directly on the tensile axis). On the other hand the
"extensometer compliance" was measured at the ends of the DCB where the
extensometer was positioned. The total extension of the grip and specimen
assembly could be measured by knowing the crosshead displacement rate and
the time elapsed. Precracking was carried out with a jeweller's saw cut of
width 0.2mm. It is crucial to point out that the deflection measured at the
extensometer must be used in conjuction with a simple mathematical scaling
expression to derive the displacement at the loading point.

RESULTS AND DISCUSSION

Development of Fracture Toughness Equation

The fracture toughness formulae that are used for DCB's must be modified
since the extension was not measured at the tensile axis of the experimental
arrangement. Figure 2 illustrates the types of DCB deformation that may be
possible during a test and indicates that this modification to the fracture
toughness formula also infers a specific model. For example the ratio of
the extensometer to the loading point compliance is a constant for all crack
lengths if the DCB deformation is described by Fig. 2a. That is:

Extensometer Compliance o total specimen length (1)

E
Loading Point Compliance CLP

specimen length under load

156 / (156-22)
= 117

If the beams do not bend significantly (as shown in Fig. 2b) then the
compliance ratio becomes;

e P2 10 £ (2)
CLP L
where L = crack length (m)

The 1loading point compliance was directl measured by attaching an
extensometer to fixtures which were aligned axially to the loading force.
The deflection at the usual extensometer position on the ends of the DCB
arms was simultaneously measured. Rotation and shear at the crack tip
(Mostovoy, Crosley and Ripling, 1967) was minimized by manufacturing a mild
steel specimen with no adhesive joint. A comparison of the compliance
ratios for 4 artifical cracks is shown in Table 1 where the "theoretical
value" 1is calculated from -equation 2. Thus the modelling of DCB
deformation, in this experimental case, is thought to incorporate bending of
the DCB arms as shown in Fig.2c.
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Fig. 2. Bending modes of DCB specimen.
(a) Rigid arms (equation 1).
(b) Cantilever beams originating at the crack tip (equation 2).
(c) Rotation of cantilever beams at a point beyond the crack tip.

TABLE 1. Compliance Ratio For 4 Crack Lengths

Crack Length CE/CLP CE/CLP
-3
x 10 " m theory experimental
17.6 2.25 2.17
39.3 1.56 1.88
59.3 1.39 1.19
89.7 1.25 1.04

The extensometer compliance fitted an empirical equation
i -4 1.989
Cp=2.108 x 107" x L (3)

whigh_showed a coefficient of variance of 0.99 over 57 trials (i.e., 57
artificial crackﬁ]engths) involving 4 calibration adhesive joints.
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The critical strain energy release rate can be determined from
[ T %
G = e— x — 4
18 W oL
where G1C = critical strain energy release rate (J m—z)
P. = critical force (N)
EE = specimen compliance change with crack length
dL

On combining equations 2, 3 and 4 the coating fracture toughness may be
evaluated from

P2 6.3 x 1074 x 11-989 2.108 x 1074 x 12-989 "
G = X - 5
1c 12 x 1073 (22 x 1073 + L) (22 x 1073 + )2

System Compliance

The extension between loading points may also be measured during a test from

knowledge of the cross head speed (2.5 x 107° m min_l) and the time elapsed.
However a major complication arises because this measurement also
incorporates deformation of the load train. Thus (Clausing, 1969)

Cr = Cs *+ Cp (6)
where CT = total compliance
CG = grip compliance
CLP = load point compliance

A comparison of these system deformations is shown in Fig.3. The "load point
compliance" of an uncracked specimen will approach zero so that Cq can be

estimated as 2.75 x 107/ m N°! from Fig.3. The expression "E x W x Ci"

where E is the Young's modulus and W is the specimen thickness, is a measure
of rigidity for the load-train assembly. For the mild steel specimen used
in this work: E x Wx C, = 280. A value of 600 is representative of a
soft (load controlled) mé%hine whereas a hard (displacement controlled)
machine has a value of 1.5. In the case of these experiments the conditions
are soft and the geometric stability factor varies from +5 to -5.

The compliance equation of Mostovoy and others (1967) may be generalized in

2

the form C = 3T 7 x) (L + «a L0)3 + (g h? x L) (7)
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Fig. 3. Comparison of CE, CLP and CT for a mild steel DCB specimen
which does not incorporate an adhesive joint.

compliance (mN~1)

crack length (m)

Young's modulus (Pa) 4

moment of inertia of one cantilever arm (m")
specimen height (m) :

offset of 0.6h due to beam rotation at the crack tip

where

C
L
E
I
h
L

muwnnonon

[A*Ne)

h"L = correction for shear

The additional term "o " is an empirical constant which implies bending
beyond the crack tip and "g " is another constant which accounts for
displacement and shear at the crack tip. Several sets of data for this
compliance relation with =2 and g=2 or 6 are shown in Fig. 4. It is
seen that the theoretical compliance corresponds closely to the experimental
results when o and g are greater than unity. This indicates that the
cantilever arms bend significantly beyond the crack tip and that the
adhesive is deformed. Therefore it would be expected that the terms o and
B could be related to the specimen dimensions and material properties of
the adherends and adhesive (Mostovoy and colleagues, 1967); however this has
not been attempted in the present study.

Fracture Toughness of Alumina Coatings

Fracture toughness values of alumina coatings which have been evaluated by
this method are shown in Table 2. Cohesive failure occurs entirely within
the coating whereas substrate-interfacial failure occurs at the interface
between the substrate and coating. The term adhesive failure refers to
failure between two plasma-sprayed coatings; such as a bond coat and a
ceramic overlay. A major advantage of this method is that the crack path

2551

10 | .
MOSTOVOY et al il
100 -
EXPERIMENTAL (TRUE LOADING POINT)
90 |- ODIFIED MOSTOVOY =2, B=2 =

FIED MOSTOVOY o=2,B=6

~ @
g 3 3
1 T T

CRACK LENGTH (mx10-3)
s
1

Lo -
30 —
i
20+
10F =
0 1 I | 1 1 1 1 1 1 1 1 1 1 m
6 é L 6 8 10 12 1% 16 18 20 22 24 26 28 30
COMPLIANCE  (m N-1x10-7)
Fig. 4. Experimental compliance versus crack length
functions compared to various theories.
TABLE 2. Fracture Toughness of Alumina Coatings
Failure Gyjg mpnge Fie TSR siahdara
Mode Jm-z Jm—z Deviation
. cohesive 16-27 21 5
substrate-interfacial 10-15 12 5
(mild steel substrate)
adhesive 35-95 58 16

(Ni-A1 bond coat)

ntrolled b rooving of the DCB specimen to promote different
?§¥1Jﬁ; ;gdZS. Otheg w%rk, no% reported here and in progress, poncentratea
on the fracture morphology of coatings and relates the adhesion strengt
value to the mechanism of cracking. The fracture mechan1qs technxque
presents a fundamental quantitative parameter re]a?ed ﬁo coating adhes1on
which provides a more satisfactory basis for investigation of the mechanism
of adhesion than the tests previously employed.
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CONCLUSIONS

A fracture mechanics approach and verification of the testing technique have
been outlined. Detajled analysis of the DCB compliance indicated that, in
the case of these experiments, the loading conditions were soft. This
decreases cracking stability and is clearly one experimental factor which
can be changed to improve test reliability. The results indicate that the
fracture mode may be controlled and that the various modes have distinctive
strain energy release rates. This method provides a scientific means for
examining the adhesion of plasma-sprayed coatings which 1is based on
fundamental understanding of the adhesion mechanism, i
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