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Application of Fracture Mechanics to the

Interpretation of Bond Strength Data
from ASTM Standard C633-79

W. Han, E.F. Rybicki, and J.R. Shadley

The debonding specimen used in ASTM Standard C633-79 has a nonuniform stress distribution at the in-
terface between the coating and the substrate.]’] This means that bond strengths determined according
to the standard could be significantly lower than actual strengths. A new specimen, 50% longer than the
standard specimen, was developed to alleviate this problem. The elongated specimen has a uniform stress
distribution that is equal to the uniform stress assumed by ASTM Standard C633-79. Thus, bond
strengths obtained using the elongated specimen are higher and more representative of the actual bond
strength than estimates obtained from the standard specimen. In this work, a procedure is developed to
transform the existing bond strength values obtained using the C633-79 Standard specimens to the more
representative bond strength values that would be obtained if the tests were repeated using the elongated
specimens. A combination of finite-element analyses and laboratory test data is used to identify the rela-
tion between the bond strength values of standard specimens and those of elongated specimens. Exam-
ples are presented and the procedure is verified by comparisons with bond strength data for Colmonoy

No. 6 and aluminum oxide coatings.

1. Introduction

BOND strength is an important property of thermal spray coat-
ings. It is a measure of the ability of the coating to adhere to the
substrate. One widely used bond strength test in United States
industry and research is the ASTM Standard C633-79, entitled
“Standard Test Method for Adhesion or Cohesive Strength of
Flame-Sprayed Coatings.”[2"6) According to the ASTM Stand-
ard C633-79, tests are performed by first applying the coating to
the end of a25.4 mm (1 in.) long by 25.4 mm (1 in.) diameter cyl-
inder of the substrate metal. The coating surface is bonded to the
end of another cylinder of the same material and geometry, as il-
lustrated in Fig. 1. The force to pull the cylinders apart is re-
corded. The bond strength is the ultimate bond stress calculated
by dividing the force to pull the cylinders apart, by the area of the
254 mm (1 in.) diameter cylinder. In a successful test, de-
bonding occurs between the coating and the substrate or within
the coating.

Akey assumption in the procedure is that the stress distribu-
tion is uniform over the interface between the coating and the
substrate. In a previous work,[!] it was found that the ASTM
Standard C633-79 specimen has a nonuniform stress distribu-
tion at the interface between the coating and the substrate.
Therefore, somewhere on the interface, the stress is higher than
the average stress. This means that bond strengths determined
according to the standard could be significantly lower than ac-
tual strengths.
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The design for a new, elongated specimen was presented in a
previous work.[!l Because of the uniform stress distribution,
bond strength estimates obtained using elongated specimens are
higher than estimates obtained from standard specimens. There
is a sizeable amount of bond strength data obtained using the
ASTM (C633-79 specimens. Although it would be desirable to
redo all of the tests using an elongated specimen, it is expensive
and time consuming. Therefore, the goal of this work is to de-
velop a procedure to transform the existing bond strength values
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Fig.1 ASTM C633-79 self-aligning test fixture and specimen.
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obtained from the C633-79 Standard specimens to more repre-
sentative values that would be obtained, if the tests were re-
peated using the elongated specimens.

2. Approach

The approach to meeting the goal of determining bond
strengths of elongated specimens from standard specimen data
involves a combination of finite-element analyses and labora-
tory tests. A key ingredient to the approach is the selection of a
fracture criterion to represent debonding of the standard speci-
men. The same criterion is assumed to hold for the elongated
specimen. Based on the fracture criterion and finite-element
analyses, a relation between the bond strength of the elongated
specimen and the bond strength of the standard specimen is de-
veloped. This relation allows the prediction of the bond strength
of the elongated specimen from the bond strength of the stand-
ard specimen. The predictive capability is evaluated using data
for elongated and standard specimens for selected coatings. The
approach is described in the following five steps.

In the first step, two criteria for debonding of the standard
and elongated specimens are selected to be evaluated. These cri-
teria are the energy release rate, &y, and the maximum stress. In
the second step, finite-element models of the standard specimen
and the elongated specimen are developed, including debonding
cracks between the coating and the substrate. A loading to simu-
late the testing machine force is applied to each finite-element
model. In Step 3, the two criteria are evaluated for the standard
and elongated specimens for many cases representing a range of
values of Young’s modulus of the coating, coating thickness,
and Poisson’s ratio of the thermal spray coating. In Step 4, the re-
sults of Step 3 are compared to identify the relation between the
bond strengths of the standard specimen and the elongated
specimen. In the fifth step, the relation identified in Step 4 is
used to predict the bond strength of the elongated specimen us-
ing the bond strength of the standard specimen. Comparisons
between the predicted debond strengths and experimental data
for the elongated specimen are made to evaluate the method for
two different coatings and an epoxy.

3. Debonding Criteria

3.1 Energy Release Rate Criterion

The energy release rate has been used successfully as a frac-
ture criterion for debonding of epoxy-based composite materi-
als.[7:8] Several authors have used a fracture mechanics
approach, based on linear elastic fracture mechanics to charac-
terize the bond strengths of thermal spray coatings. For exam-
ple, fracture test specimens have been used to produce the Mode
1 or opening mode of debonding using a double cantilever beam
specimen(®] and the Mode I or shear mode of debonding.[10!

The energy release rate, denoted by 4, is one of the fracture
criteria in linear elastic fracture mechanics and is defined as the
energy released per unit area of new crack surface created by
crack growth. There are three modes of crack growth: Mode I,
the opening mode; Mode II, the shearing mode; and Mode III,
the tearing mode. This work focuses on #;, the energy release
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rate for Mode I, which for isotropic materials and plane strain
conditions, can be expressed as:

(K)* 2
1~ Ea . v3) E((sl (_ni)%fz‘“’ geometry) .

where K7 is the stress-intensity factor for Mode I; E is Young’s
modulus; v is Poisson’s ratio; G is the average applied stress; ais
the crack length; and fla, geometry) is a function of the crack
length and the geometry of the specimen.

Because different materials are involved, the equation for the
energy release rate can be written as:

by = (K)*F? = oX(na)F* (21

where F = F(a, geometry, Ep, V,, E,, V) and the subscripts b and
¢ denote the base metal and the coating. It is important to note
that, because the geometry of the standard specimen is different
from that of the elongated specimen, the function fla, geometry)
in Eq 1 for the standard specimen is different from the function
for the elongated specimen. The same statement applies to the
function F(a, geometry, Ep, vy, E,, v.) in Eq 2. Fracture occurs
when #p reaches a critical value, denoted by %y, When de-
bonding occurs, #1in Eq 2 becomes }y., and:

Jblc‘r = (chr)2 F? = (Gir)z(na)Ff [3]

bier = (Ky,)" F, = (03, (na)F; [4]

where F is the function of the geometry and the material prop-
erties for the standard specimen, and F is the function of the ge-
ometry and the material properties for the elongated specimen.
The term o3, is the debond stress for the standard specimen, and
a¥¢, is the debond stress for the elongated specimen. The critical
value of energy release rate, by, is a material property. There-
fore, dividing Eq 4 by Eq 3 and taking the square root of the re-
sult gives:

¢ F
o _Cs
e 5]

or

of _ F (a, geometry, E,,u,,E ,u)

—= 6
ol F,(a, geometty, E,,u,,E  u) (6]

After F;and F, are determined, Eq 6 can be used to find the rela-
tion between o, and a¢,. Then, the debond strength of the elon-
gated specimen, o%,, can be predicted from the debond strength
of the standard specimen, ¢%,, from Eq 6.

3.2 Maximum Stress Criterion

The axial stress distributions obtained from the finite-ele-
ment models are shown in Fig. 2. Four characteristics about the
stress distributions at the interface can be seen from Fig. 2. First,
for both the standard and the elongated specimens, there is a
steep stress gradient at the interface near the specimen edge. The
second is that the highest stress occurs at the outer radius of the
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Fig.2 Axial stress distributions at the coating/base metal interface.

specimen. The third is that the stress distribution for the elon-
gated specimen is more uniform than that for the standard speci-
men. The last characteristic is that bond stress at the edge (outer
radius) is higher for the standard specimen than for the elon-
gated specimen. It is noted that both stress distributions shown
in Fig. 2 have an inflection point near the free edge. This is a
common free edge effect observed in laminated materials. The
effect is the result of the (1) different material properties, E and
v, for the coating, substrate, and epoxy and (2) the requirement
to satisfy force and moment equilibrium near the free edge.

Finite-element analysis for the problem with four noded
isoparametric elements will provide finite values of the stress.
The maximum stress from the finite-element model, however,
will have some dependence on the size of the finite elements at
the interface near the free edge. Thus, the same size element was
used for the finite-element models for the standard and elon-
gated specimens. The ratio of the maximum stresses at the inter-
face between the standard specimen and the elongated specimen
can be evaluated. The applied stress and the maximum bond
stress can be related as follows:

Op=0 AppH(geometry, properties) 7

where op is the maximum bond stress at the interface; H is a
function of geometry and material properties of the specimen,
and Gp, is the average applied stress on the interface. For the
standard and elongated specimens,

Oy = Oy H, {8]
o'g = o'epp H, 9]

The ultimate bond stress is 6y, When the maximum bond
stress at the interface, o, of the standard specimen or the elon-
gated specimen reaches Oy, debonding occurs. At debonding,

5 —_— 5 e —_ €
O, = O,,and0y =0, [10]
Therefore,
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oUlr = Gf:rHsanchlt = o-irlie (11]
or
Hs
X — € -’ —
6crl{s - 0-crlie G, =0 H [12]
e

After H; and H, are determined, Eq 12 can be used to
find the relation between the debond stress of the standard
specimen, 65,, and the debond stress of the elongated specimen,
o ¢, Therefore, Eq 12 can be used to predict of, from knowledge
of 6f,.

4, Finite-Element Model and Sensitivity
Analyses

4.1 Finite-Element Models

A finite-element model was developed for both the standard
specimen and the elongated specimen to evaluate the energy re-
lease rate and maximum stress at the interface between the coat-
ing and the substrate. The finite-element model for the elongated
specimen is similar to the standard specimen model, except the
specimen is longer. Figure 3 shows the standard specimen test
configuration and the axisymmetric finite-element model of this
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Fig.4 Energy release rates versus crack length for standard and elon-
gated specimens.

structure. Because the focus of this work is on the interface be-
tween the coating and the substrate, the grid is more refined in
the regions containing the epoxy, the coating, and the contigu-
ous substrate. The thickness of the finite-element layer nearest
the interface is 0.0635 mm (0.0025 in.). A tensile force of 13.34
kN (3000 1b) was applied to the model, as illustrated in Fig. 3.

The finite-element models for both the standard specimen
and the elongated specimen have double nodes at the interface
between the coating and the substrate. An axisymmetric crack at
the interface edge between the coating and substrate was simu-
lated. Crack growth was represented by uncoupling the double
nodes to make the crack longer. Energy release rates were evalu-
ated using the modified crack closure integral described in Ref
11. Using a finite-element model of the test specimen containing
a crack of length a, the energy to close the crack a small amount,
Aa, is calculated. The energy release rate is then evaluated by di-
viding the energy to close the crack by the area of crack surface
closed. Curves of the energy release rate, b, versus crack length
for the same applied load can be determined for both the stand-
ard specimen and the elongated specimen. At a crack length of
zero, the maximum stress can be determined from the axial
stress distribution across the interface between the coating and
the substrate.

4.2 Sensitivity Analyses

Sensitivity analyses were conducted to determine the effect
of ranges of values of the properties of the coatings on the energy
‘release rate and the maximum stress. The value of Young’s
modulus and Poisson’s ratio for the epoxy used in this study are
3.45 x 103 MPa (0.5 x 10 psi) and 0.34, respectively.[1%13]The
coating properties selected for the sensitivity analyses are
Young’s modulus, Poisson’s ratio, and coating thickness. Be-
cause coating properties are not generally available, a range of
property values was selected. The range of Young’s modulus se-
lected was 69 x 10> MPa to 276 x 103 MPa (10 x 10° to 40 x
10% psi). The range of Poisson’s ratio was 0.2 to 0.4, The range
of coating thicknesses was 0.127 to 0.508 mm (5 to 20 mils).
Preliminary studies indicated that the effect of Poisson’s ratio of
the coating was not very significant. Therefore, the value of
Poisson’s ratio used in this study was 0.3.
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Fig. 5 Axial stress distributions at the coating/substrate interface for
different coating properties.

Table1 Ratio of the energy release rate geometry factors
for standard and elongated specimens

Ratio, N/m (Kips/in.)
1.75 x 107 3.50x10 7.01 x 107
EXT (100) (200) (400)
o 1.209 1.207 1.205

It was also noted that the value of Young’s modulus multi-
plied by the coating thickness can be used as a single parameter
for sensitivity analysis. This finding reduced the number of
curves required to present all of the sensitivity analysis results
(Fig. 4 and 5).

In Fig. 4, the vertical axis shows the energy release rate, and
crack length is shown on the horizontal axis. The load was a con-
stant force of 13.34 kN (3000 1b). The upper three lines are for
the standard specimen, and the lower three lines are for the elon-
gated specimen. Changes in the slope of the energy release rate
values versus crack length curves shown in Fig. 4 at about 0.2
mm are the result of the free edge effect in the stress distribution
shown in Fig. 2. As can be seen from Fig. 4, for a fixed crack
length and for the same load, the energy release rates for the
standard specimen are higher than the energy release rates for
the elongated specimen. Because it is assumed that failure oc-
curs when the energy release rate reaches a critical value, this
implies that the standard specimen will fail at a lower applied
load than the elongated specimen.

Another important finding of these analyses is that the ratio
of the energy release rate of the standard specimen to that of the
elongated specimen is almost constant for a fixed crack length.
Therefore, the ratio of geometry factors for the standard speci-
men and the elongated specimen can be determined. The results
based on the finite-element analyses are shown in Table 1. As
shown, for E (Young’s modulus) X T (coating thickness) equal
to 1.75 x 107, 3.50 x 107, and 7.01 x 107 N/m (100, 200, and
400 103 Ib/in.), the ratio of the geometry factor of the standard
specimen to the geometry factor of the elongated specimen is
about 1.21.
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Table2 Ratio of the maximum stress geometry factors for
standard and elongated specimens

Ratio, N/m (Ki?s/in.)
1.75 x 10’ 3.50 x 10" 7.01 x 10’
EXT (100) (200) (400)
27 S 1.219 1.216 1.21

In Fig. 5, the vertical axis is the axial stress at the coating/sub-
strate interface, and the horizontal axis is the radius. The applied
load is a force of 13.34 kN (3000 Ib) for all cases. The three dot-
ted lines are for standard specimens with different coating prop-
erties, and the three solid lines are for elongated specimens with
different coating properties. As can be seen in Fig. 5, for the
same applied load, the axial stress distributions within a group of
specimens (either standard or elongated specimens) are close.
However, a large difference exists between the axial stress dis-
tributions of the standard specimens and the elongated speci-
mens. This difference implies that the effect of coating
properties on axial stress distributions is not very significant.
However, the geometry factors cause a difference in axial stress
distributions among standard specimens and elongated speci-
mens.

A similar finding of these analyses is that the ratio of the cor-
responding maximum axial stress between the standard speci-
men and the elongated specimen is almost independent of
coating properties. Therefore, the ratio of geometry factors be-
tween the standard specimen and the elongated specimen can be
determined. The results based on the finite-element analysis are
shown in Table 2. As can be seen, for E (Young’s modulus) X T
(coating thickness) equal to 100, 200, and 400 (103 1b/in.), the
ratio of the geometry factor of the standard specimen to the ge-
ometry factor of the elongated specimen is about 1.21.

5. Prediction of Bond Strength for
Elongated Specimens

Using the energy release rate as the fracture criterion, from
Eq 6, the relation between the bond strength of the standard
specimen and the elongated specimen was found to be

ot = 0%, [13]

Also based on the finite-element analyses:

F

5
|2

Fi
€

=121 [14]

Therefore, using the ratio of the geometry factor of the standard
specimen to that of the elongated specimen, the bond strength
for the elongated specimen can be predicted from the bond
strength data of the standard specimen by the equation:

of =1216° [15]
cr cr

Using the maximum stress as the fracture criterion, Eq 12 gives:
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HS
ot = % 6]

Based on the finite-element analyses:

H _
" - 121 . [17]

e

Therefore, using the ratio of the geometry factor of the standard
specimen to that of the elongated specimen, the bond strength
for an elongated specimen can be predicted from standard speci-
men data using:

o¢ = 1210, [18]

Comparing Eq 15 and 18, it can be seen that, using either the en-
ergy release rate criterion or the maximum stress criterion, the
bond strength of the elongated specimen is predicted to be ap-
proximately 1.21 times the bond strength of the standard speci-
men.

6. Comparing Bond Strength Data and
Predictions

6.1 Bond Strength Data

Two coatings were selected for testing. One was aluminum
oxide, which was applied with the Rokide process. The other
was Colmonoy No. 6, which was applied with the Jet Kote I
process. The composition of Colmonoy No. 6 is 0.50 to 1.00
wt% C, 12.00 to 18.00 wt% Cr, 2.50 to 4.50 wt% B, 3.50 to 5.50
wt% Si, 3.50 to 5.50 wt% Fe, 0.20 wt% Co max, and 65.00 to
75.00 wt% Ni. For each coating, five standard specimens and
five elongated specimens made of 1018 carbon steel were
bonded together using a 3M epoxy designated EC-1386. For
comparison, five blank standard specimens and five blank elon-
gated specimens were also bonded together using epoxy EC-
1386. The procedure delineated in ASTM Standard C 633-79
was followed, and alignment was provided by the double swivel
self-aligning fixture shown in Fig. 1. Alignment of the test speci-
men was found to be uniform around the circumference to
within 1.5%.[14] Tensile loads were applied to the specimens us-
ing a Materials Testing System (MTS 810), and ultimate loads
were recorded. The bond strength (ultimate bond stress) of the
epoxy was calculated using the ultimate force divided by the test
section cross section area. Bond strengths of the two coatings
and the epoxy, as determined by this procedure for both the
standard and elongated specimens, are presented in Table 3. The
mean values of ultimate bond stresses presented in Table 3 show
that the elongated specimens have higher ultimate bond stresses
than the standard specimens for the two coatings and epoxy. No
intention is made to draw conclusions about variability in the
test results.

6.2 Predicted Elongated Specimen Bond Strengths And
Data

Using either Eq 15 or Eq 18, the predicted debond strengths
for the elongated specimen were calculated and are shown in Ta-
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Table3 Ultimate bond stress

Ultimate bond stress, MPa (psi)
Specimen Aluminum oxide Colmonoy No. 6 Epoxy EC-1386
No. Standard Elongated Standard Elongated Standard Elongated
31.34 (a) 46.42 (@) 56.50 72.81
25.55 48.09 40.09 4254 55.55 74.51
27.51 41.95 37.91 41.93 60.77 71.74
29.15 44.05 38.78 49.84 55.13 69.63
(@) 29.97 38.91 61.47 58.38 72.00
28.39 41.02 40.42 48.95 57.27 72.14
4117) (5949) (5862) (7099) (8306) (10,463)
(a) Incomplete bonding
Table4 Average data and predicted bond strengths of elongated specimens
Prediction Test data Difference,
MPa psi MPa psi %o
AlUMINUM OKIAE ...ceocvoeene s s e crae e et et s see e 34.35 4982 41.02 5949 16.25
Colmonoy No.6.... 48.91 7094 48.95 7099 0.07
EPOXY crevvevreeresvenssteanesanee st s srascmsseres caos st sesssveneass soeseneeenan 69.30 10,050 72.14 10,463 3.95

Force
Prediction N

[) Test data W
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0 : :
Colmonoy #6 Al Oxide Epoxy

Fig. 6 Comparison of data and predicted ultimate bond stresses for
the elongated specimens.

ble 4. Figure 6 shows a graph of the predictions and test data. As
shown, for the Colmonoy No. 6 coating, the predicted bond
strength agrees with the test data to within 0.1%. For Epoxy EC-
1386, the difference between the predicted value and the test
data is less than 4%. For the aluminum oxide coating, the differ-
ence between the predicted bond strength and the test data is
16.25%.

7. Summary and Conclusions

In previous work, it was shown that the ASTM Standard
C633-79 specimen produced stresses along the bonded interface
that were not uniform as assumed in the procedure. A more rep-
resentative specimen for evaluating bond strength was devel-
oped. Because a large database exits for the standard specimen,
the purpose of the current work is to develop a means to estimate
the bond strength that would result from the elongated specimen
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based on the existing standard specimen data without redoing
any tests with the elongated specimens. Using two fracture cri-
teria, finite-element analyses and debond test data showed two
interesting and practical results. One result was that both predic-
tions and data indicate that a reasonable estimate of the bond
strength can be determined by multiplying the bond strength ob-
tained from the standard specimen by a factor of 1.21. The sec-
ond result is that, based on the debond criteria and data used in
this work, it appears that the factor of 1.21 is independent of
coating modulus, thickness, and Poisson’s ratio, if both the
standard specimen and the elongated specimen have the same
material properties, thickness, and are equally well bonded.
Thus, it is not necessary to know the modulus, Poisson’s ratio,
thickness, or defect size of the coating to use the method pre-
sented here as long as they are assumed to be the same for both
the standard specimen and the elongated specimen.

It should be noted that, although the conclusions presented
here agree with the data, there are three assumptions in develop-
ing the procedure that should be taken into account when apply-
ing the factor of 1.21 to a variety of coatings. One is the
assumption that linear elastic fracture mechanics is applicable
and that the energy release rate and the maximum stress are valid
debonding criteria. Another is that the properties of the standard
specimen (modulus, Poisson’s ratio, coating thickness, and
crack length) are the same for the elongated specimen. The third
assumption is that quantities not included in the analysis, such as
residual stresses, have the same effect on the standard and elon-
gated specimens. Finally, although the factor of 1.21 appears to
be a convenient way to transform the standard specimen data to
the elongated specimen data, it is recommended that future de-
bond tests be done with elongated specimens for other coatings.
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