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Peel Strength of Thermal Sprayed Coatings

M. Sexsmith and T. Troczynski

For the thermal spray industry to progress, informative and reliable coating evaluation techniques are
needed. Measurement of adhesion is an important function, and existing tests have severe limitations.
The peel adhesion test (PAT) was adapted to thermal spray coatings (TSC) from the adhesives industry.
In this test, a thin metal foil is coated by thermal spraying. The foil is then peeled off the coating at a con-
stant speed. The force required for separation is monitored as a function of crack position. The force is
than converted into a peel strength that is equivalent to the energy required for separation. The adhesion
of a range of different TSCs was measured in the form of spray pattern profiles and uniform coatings. Re-
sults were compared with the ASTM standard for TSC adhesion measurement, the expected range of in-
terface toughness, and the Vickers hardness of the coating. Comparisons indicate that the PAT is self
consistent, and it produces results comparable to other toughness measurements. The peel test was used
to determine interface toughness in the range of 10 to 60 J/m2 for ceramic coatings, 150 to 250 J/m2 for
cermet coatings, and 160 to 300 J/m2 for metal coatings.

1. Introduction

ADHESION of thermal spray coatings is an important problem
facing engineers who design coated components. Adhesion is
affected by a host of variables including powder and torch pa-
rameters, surface preparation, and substrate heating. An under-
standing of how these variables interact is necessary for coating
users to have confidence in the product. Traditional adhesion
measurement techniques are useful to compare coating quality,
but are limited in their use for predictions. A new peel adhesion
test is proposed to address the need for a more informative test.
A fundamental problem in investigating adhesion is to define or
select a parameter that characterizes the strength of an interface.
Normally the choice of parameter is limited by the accepted
tests (Ref 1), and it is difficult to convince a conservative in-
dustry that a new parameter is a better measure of adhesion.
Because of these constraints, an adhesion test should meet
certain requirements. The test should be easy to perform and
should not require expensive equipment or sophisticated
analysis. Industry will not be willing to accept sophisticated
tests that require substantial employee training or capital in-
vestment. The tested component should represent the actual
components sprayed. Most destructive tests are performed on
coupons that have a very different size and shape than the en-
gineered components. The test should be sensitive only to ad-
hesion and not to other closely related variables such as
residual stress. This will aliow the effects of these other vari-
ables to be understood independently. The measured parame-
ter should be useful in predicting service limitations. Thus,
the cause of failure in the test should be understood so that a
theory describing the failure process can be used to predict
the failure of an engineered component.

The variables that affect bonding must be identified to under-
stand adhesion. With most adhesive systems, this list includes
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three categories. The first category is the chemical compatibility
of the two materials. This is usually characterized by the types of
chemical bonds that can form between them. In systems where
one material was liquid at the time of bonding, the chemical in-
teraction with the surface is characterized by the wetting angle.
Low wetting angle interfaces would be more strongly adherent
than high angle interfaces. The cleanliness of the surface is very
important in determining wetting angle and, thus, the bonding.
The second category is the mechanical nature of the interface. In
thermal spraying, the surface is grit blasted before coating to
provide a rough surface onto which the coating can mechani-
cally lock. Grit blasting disturbs any layer on the surface and ex-
poses the more active material underneath. The impact of the
particles assists in this interlock process, and processes with
high speed particles tend to produce better bonding. The surface
ductility controls the nature of this roughening process. The
third category is the loading on the interface. The applied exter-
nal loads can be aggravated by the internal residual stresses gen-
erated during processing. The residual stresses are caused by
rapid quenching of the particles and by the large thermal gradi-
ents produced during spraying. For thick coatings, the residual
stresses can be high enough to fail the coating either by spalling
or cracking.

2. Peel Testing of Adhesion

An adhesion test should have the predictive ability of the
fracture mechanics tests and the simplicity of the force based
tests. The peel test has both qualities. Several standard test con-
figurations exist (Ref 2, 3). Many studies on the mechanics of
the test system were undertaken (Ref 4-7) because of its wide-
spread use in the adhesives industry. In a peel test, a thin adher-
end is pulled from its substrate, in this case a coating, with a
fixed geometry. The crack propagates in a stable manner at the
peel speed. Figure 1(a) shows the basic principle. The force re-
quired to continue cracking is monitored as a function of crack
position and time. The peel test produces a force versus dis-
placement curve that represents the adhesion of the coating. The
resulting peel strength represents the incremental energy per
unit width per increment peeled and has the units of N/m. This is
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equivalent to the surface energy with units of J/m°. Because very
little energy is stored in the bent foil, crack propagation is stable
and controlled by the displacement of the sample.

The peel test essentially measures the average adhesion
along the line of the crack tip. As the crack progresses, a differ-
ent portion of the interface is loaded. The test can be used to map
the adhesion in the direction perpendicular to the crack front by
measuring the load as a function of crack position. This allows
the detection of surface inhomogeneities that affect adhesion.
Resolution of the test depends on the size of the area of foil that
is loaded, which in turn depends on the geometry of the peel test.
Peel testing traditionally has been used to measure the adhesion
of tapes and glue (Ref 4-6), and most manufacturers of adhe-
sives list the peel strength of their products alongside lap shear
and tensile strength. Because of the simplicity of the test, at-
tempts have been made to apply the peel test to other coating
systems. In the microelectronics industry, a peel test is used to
evaluate the bonding of metal films to ceramics (Ref 8). The test
also was applied to thin film coating systems where the coating
is peeled from the substrate (Ref 7). In these tests, the coating it-
self is peeled from the substrate. The peel stresses and forces de-
pend largely on the coating properties, and stable peeling was

not always possible.
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Among the available peel tests, two basic forms exist. They
are similar in terms of sample preparation and procedure but can
generate very different crack tip stresses. In the first form, the
compliant adherend is peeled from the substrate at a specified
angle. In most cases, the angle is 90° (T-peel) or close to 0° from
the substrate plane. The shape of the adherend is controlled by
its properties and the properties of the interface and substrate.
The stress intensity at the crack tip and the amount of plastic
work performed to bend the adherend for a given peel load is a
function of all the materials properties of the system and the peel
angle. This geometry is very similar to a double cantilever beam
test. One beam, though, is extremely compliant, and the other
beam is infinitely stiff. In the second form (used in this work),
the compliant adherend is bent around a rotating mandrel (Fig.
1b and c); therefore, the shape of the deformed adherend is con-
trolled. The tensile force in the adherend is measured in this test.
The strains in the adherend conforming to a mandrel are usually
much smaller than in the free peeling tests. In this case, the
amount of plastic work depends on the adherend properties only
and can be controlled by changing the mandrel size. The stress
intensity at the crack tip depends on the properties of all of the
materials involved, but because of the smaller strains, the me-
chanical description of the system is simpler.
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Fig.1 Principles of the PAT (a) peeling around a mandrel. (b) PAT sample preparation. (¢) PAT loading jig, and (d) PAT calibration through peeling of

a free foil
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3. Peel Adhesion Test (PAT) for Thermal
Sprayed Coatings (TSC)

Several experimental procedures of the PAT were developed
in this work. They are all described in detail in previous publica-
tions (Ref 9-12); thus, only a brief description of PAT is given
here. Several new procedures were developed to coat and test a
thin foil to adapt the peel test to the TSC. The geometry of peel-
ing has a significant effect on the failure of the interface. By
changing the foil loading, the state of crack tip stress changes,
and thus, the measured parameter may change its meaning. For
a constant peeling geometry, however, the type of stress is not
expected to vary much with the level of adhesion (Ref 5). It is
easier to control the geometry with a mandrel-type test (Fig. 1b
and c); thus, the geometry used was based on the ASTM D 3167
floating roller peel test.

The loaded region should be small to ensure controlled crack
propagation along the interface. A small radius mandrel (6.35
mm diam) was used to maximize foil strain at the interface
within a small, well-defined region. Thin foils reduce the
amount of plastic work dissipated in the test and make it easier
to ensure that the foil conforms to the mandrel. Thin foils, how-
ever, are fragile and difficult to handle. Several foil thicknesses
were examined. The PAT, at the current state of development,
works for foils between 50 and 250 m, and a 75 pm foil was the
easiest to use.

The selection of a suitable substrate is critical because of the
limited number of available foil materials. The thin foil test sub-
strate should behave mechanically and chemically like the bulk
substrate. Because of the wide variety of substrate materials
sprayed, it is impossible to find a single foil type that would rep-
resent the bonding to these materials Since most of these materi-
als are not available in a thin foil form, a 302 stainless steel foil
was chosen as a substrate in this work. Several other foils, in-
cluding pure nickel (Ni), brass, and aluminum (Al),were exam-
ined to explore the effect of substrate material on bonding. The
brass and Al foils were difficult to work with, and while it was
possible to use them, they were not tested extensively. The pure
Ni foil was an excellent substrate for this test.

Peel tests require that one adherend is sufficiently compliant
and that little energy is lost to bending the adherend compared to
the bonding energy. To provide mechanical backing and a ther-
mal sink, the PAT foil was soldered to a copper block (Fig. 1b)
and grit blasted with 100 grit A1,0O5 at 560 kPa (80 psi) at a dis-
tance of 80 mm at 45° from the surface. This grit blasting angle
was maintained constant for all the PAT samples presented in
this work. A further PAT study+s planned to determine the effects

Table1 Summary of representative test data

of grit blasting conditions on peel adhesion of the TSC. Care was
taken to grit blast each sample in an identical fashion. The coat-
ings were applied using several different torches to allow arange
of coating processes to be explored. Previous reports (Ref 9, 11)
included PAT results for coatings produced using traditional ra-
dial injection plasma torches. In this work, the coatings were
produced using two axial injection plasma torches (Axial ITI by
Northwest Mettech, Richmond, B.C. V6V 1M3, and AxiJet by
Metcon Services, Abbotsford, B.C. V2S 1M3) and Rokide oxy-
gen/acetylene torch by Norton, Worcester, MA (1615-0008.
The powders and coating types sprayed at each facility were dif-
ferent; thus, comparisons between them are inappropriate.

Two types of samples were sprayed for each coating type.
The first sample, the “profile sample,” is prepared by holding
the torch stationary and moving the substrate along one axis.
A Gaussian-shaped band of coating is formed; it is repre-
sented schematically in Fig. 1(b). This geometry allows the
variation in adhesion between different portions of the plasma
stream to be measured. The second type of sample was an ordi-
nary “uniform coating.” Thickness of the uniform coatings,
equivalent to the maximum thickness of the profile coating, is
provided in Table 1. In addition to the peel test samples, several
mild steel bars and ASTM C 633 (Ref 13) cylinders were coated.
From these extra samples, other traditional evaluations could be
made, such as hardness, microstructure, and a comparative bond
strength test.

The sprayed samples were cleaned with alcohol and glued
using a thermoset epoxy (type EC1386, by 3M Corp., Saint
Paul, MN) to aclean, grit-blasted, 1 mm thick Al plate. Viscosity
of the epoxy was large enough to prevent penetration into po-
rous coatings, such as thermal barrier coatings. Lack of penetra-
tion of the epoxy into the coatings was confirmed by
microscopic observations (optical micrograph and scanning
electron microscope, SEM) of the polished sections. After the
glue was cured, the samples were placed on an electric hot plate
until the solder melted. The Al, glue, coating, and foil sandwich
were separated from the copper block (Fig. 1b), and the melted
solder was quickly brushed off the foil using steel wool. The
edges of the sandwich were ground parallel on a wet silicon car-
bide wheel to reduce the possibility of edge effects. The size of
the damage zone was minimized by grinding with successively
smaller grits. The sample was mounted in the jig (Fig. 1c), and
the starting tab was clamped into the jaw. The foil was pulled
from the coating at a constant rate of 2.5 mm/min. The load and
crosshead displacement were monitored and recorded digitally.
For each type of foil, a calibration was performed, as in Fig. 1(d).
It involved passing a sample with zero peel strength through the

Coating Coating ASTM bond Peel strength, N/m
type Sprayer thickness, mm HV300 strength, MPa Stainless steel foil  Ni foil
Cr,04 Metcon 0.080 822 >70 40 193
Cr,04 Rokide 0.128 1067 >70 36 254
Cr,0, Mettech 0230 NA 45 NA NA
NiCr-Al,04 Rokide 0300 247 46 280 486
Fe bond coat Mettech 0121 123 >70 213 718
Titanium Metcon 0080 247 >70 224 967
WC-Co Metiech 0080 780 >70 162 659
WC-Co Metcon 0.140 548 46 227 132
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jig; that is, a ““free” grit-blasted foil that was not attached to a
substrate. The nonzero “'peel strength” in this case (Fig. 1d) ac-
counts for the work of plastic deformation of the peeled foil, the
alignment dead weight, and the frictional losses in the loading
system. The level of variation of 10 N/m on this peel strength
curve represents the expected level of experimental noise in the
PAT. Any variation beyond this level originates in real variation
in the peel strength and can be traced to interfacial faults. All
data in Fig. 2 to 8 were obtained by subtracting the respective
calibration curve from the raw data obtained from the tests.

The following section shows that typical short range (<1 mm
of peel distance) variations of peel strength for TSC are within
+50 N/m. The long-range variations of peel strength for TSC (10
to 20 mm of peel distance) could reach 400 N/m, reflecting the
major effects of particle velocity and temperature, and residual
thermal stresses in the coating on adhesion. The contribution of
plastic deformation of the foil to the peel work was modeled and
calibrated; these results are detailed in a separate work (Ref 10).
From the load-displacement curve, the peel strength was calcu-
lated as a function of crack position.

4. Results of PAT for Various TSC

The peel curves for representative samples of the coatings
studied in this work are compiled in Fig. 2 and 3 for WC-Co
TSC, Fig. 4 and 5 for Cr,03, Fig. 6 for Ti, and Fig. 7 and 8 for
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bond coats. Table | summarizes the representative results. For
comparison, the peel strength of a uniform coating is averaged
over 30 mm of peeling. This arbitrary distance was chosen be-
cause it is larger than the usual width of the spray pattern and,
thus, is larger than the scale of the expected variability. For pro-
file coatings, the entire curve must be reported because the vari-
ation is important. Many peel tests were performed on a variety
of coatings on both Ni and stainless steel substrates. To elucidate
the significance of each curve, two examples are discussed in
terms of how they indicate coating quality and process features.

4.1 PAT Results for WC-Co TSC

Figures 2 and 3 show the peel curves for a WC-17wt%Co
coating sprayed by the axial injection torch on Ni (Fig. 2a for
uniform coating and Fig. 2b for profile sample) and stainless
steel (Fig. 3a for uniform coating and Fig. 3b for profile sample).
Figure 2(a) shows the peeling curve for the uniform coating
sample on Ni. The initial position of the torch axis was at 40 mm,
and the torch traversed toward decreasing position coordinate.
Note that the adhesion drops in the direction of the torch trav-
erse, from ~800 to ~600 N/m. This drop is accompanied by a vis-
ible color change on the fracture surface. The drop is likely due
to longer exposure time of the low adhesion region to the spray
environment. The surface would have been exposed to more of
the fume in the spray booth than the regions covered earlier. Tt
consists mainly of original powder fines, entrapped dust, and

Metcon WC-Co Profile on 003 Ni Foil
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condensed material from evaporated particles. Note that the ef-
fect of gradually decreasing peel strength in the direction of
torch traverse is observed only for relatively high adhesion, for
example, 600 to 700 N/m for WC-17wt%Coon Ni (Fig. 2a). The
same coating on stainless steel (Fig. 3a) or ceramic coatings on
various substrates (Fig. 4a and c. Fig. 5a) exhibit much lower ad-
hesion across the peel distance, and no particular trend is ob-
served.

The adhesion profile of the coating (Fig. 2b) shows a much
larger variation than the uniform coating. The adhesion curve is
symmetrical about the spray pattern center (position =0 mm)
where the deposit is thickest. In the peripheries, the adhesion
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Fig. 4 PAT results for chromium oxide sprayed by Rokide torch (a)
uniform coating on Ni, (b) spray profile on Ni. and {¢) umform coating
on stainless steel
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slowly increases as one moves toward the center and reaches a
maximum of 1000 N/m at 7 mm from the center. The adhesion
then drops to 580 N/m in the center. This pattern may be due to
the expected increase in residual stress with coating thickness.
In the periphery, the coating is thin, and residual stresses are low.
The peel strength increases toward the center due to the better
processing of particles in more central parts of the pattern (Ref
14) but begins to decrease when residual stresses become large
enough to assistin interfacial cracking. A second explanation is
that the spray process has not been properly optimized for adhe-
sion and that the majority of the particles traveling through the
central portion of the pattern are too hot or fast to bond properly.
These observations are not possible with any other test method.
The uniform coating of WC-17wt%Co on stainless steel (Fig.
3a) exhibits a peel strength of ~200 N/m. which is at least a fac-
tor of 3 lower than the same coating on Ni. The profile sample in
Fig. 3(b) shows a much smaller variation in the peel strength of
the center and periphery as compared to the Ni substrate.

4.2 PAT Results for Chromia TSC

Figures 4(a) and (b) show the peel strength curve for a
Rokide chromia coating sprayed onto a Ni foil. As expected for
a brittle ceramic, it shows a much lower interfacial fracture en-
ergy than the metal and cermet coatings. The uniform coating
curve (Fig. 4a) shows a constant bonding across the whole sam-
ple of ~220 N/m. Some small scale variations are present, which
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show no pattern. The profile shown in Fig. 4(b) shows that adhe-
sion at the edges of the profile (16 mm)is high and is very close
to the level of adhesion of the epoxy used to bond the coatings to
the Al plate. The coating is very thin in these regions, and the
glue penetrates to the interface. As the coating becomes thicker,
the adhesion drops as less glue is able to penetrate, and eventu-
ally penetration stops at coordinates £10 mm. The minimum ad-
hesion is ~140 N/m. The adhesion then begins to rise close to the
center of the profile. The majority of the mass of the coating
(~90%) is the region of rising adhesion. This is likely due to
the optimized processing of the particles that travel through
the central portion of the flame. The effects of residual
stresses on peel adhesion are not noticeable for this coating.
The peak level of adhesion occurs at the center of the profile and
is ~260 N/m. The adhesion of the uniform coating (Fig. 4a) is
much closer to the profile maximum than the profile minimum.
This indicates that when producing uniform coatings, a small
amount of “periphery particles” is mixed with a large amount of
“center particles” to avoid influencing the adhesion strength of
coatings. The same Rokide chromia coating uniformly depos-
ited on stainless steel (Fig. 4¢) exhibits significantly decreased
adhesion, oscillating between 0 and 100 N/m. This is consistent
with the above data for WC-17wt%Co. Figures 5(a) and (b) il-
lustrate the peel adhesion of plasma sprayed chromia on Ni and
stainless steel foils. The results are in a range similar to that of
the Rokide system, especially regarding the low level of adhe-
sion on stainless steel. Compare Fig. 5(b) and 4(c).
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4.3 PAT Results for Titanium TSC

The PAT results for thermal sprayed Ti coatings are illus-
trated in Fig. 6(a) and (b) for Ni substrate and Fig. 6(c) and (d)
for stainless steel substrate. The pattern of adhesion strength of
the uniform Ti profile in Fig. 6(a) is similar to the one taken for
WC-Co cermet in Fig. 2(a). Specifically, the strength of the coat-
ing deposited at the initial location of the torch (e.g., at position
25 to 30 mm) averages ~1100 N/m, to subsequently decrease to
800 to 900 N/m along the path of the torch. The respective
sirength of the profile Ti coating also is shaped similar to the cer-
met; the strength of the central region oscillates between 1000
and 1200 N/m and exhibits strong local variation in adhesion.
Similar coatings deposited on 302 stainless steel foil produce
significantly lower adhesion; thatis, 150 to 300 N/m for the uni-
form coating (Fig. 6¢) and 100 to 200 N/m for the central part of
the profile (Fig. 6d).

4.4 PAT Results for Bond Coats

Figure 7 illustrates the peel strength of Ni-Fe-Al AMDRY
959 composite bond coat (Sulzer Plasma Technik, Inc., Troy,
MI) sprayed on Ni (Fig. 7a and b) and on stainless steel {Fig. 7c
and d) using an axial injection torch. Similarly, as for any other
coating, the test foil was separated exactly along the interface
between the bond coat and the substrate. The strength values os-
cillate within 600 to 800 N/m for the uniform coating on Ni (Fig.
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Fig.7 PAT results for plasma sprayed iron-base bond coat' (a) uniform coating on Ni, (b) profile coating on Ni, (c) uniform coating on stainless steel,

(d) profile coating on stainless steel

7a) and 300 to 500 for the central part of the profile (Fig. 7b). The
same uniform bond coat on stainless steel ranges in bond
strength from ~250 to 0 N/m, along the torch traverse distance
(Fig. 7c). The central part of the profile bond coat on stainless
steel also had strength of 200 to 300 N/m (Fig. 7d).

Figures 8(a) and (b) represent the results of the PAT for
alumina uniformly deposited on Rokide NiCr bond coat, us-
ing the Rokide torch and Ni and stainless steel foils. Because
the foil was separated exactly along the interface between the
bond coat and the substrate, these results are classified into
testing the adhesion strength of bond coats. Consistent with
all the previous results, the peel bond strength on Ni is higher
by at least a factor of 2, as compared to the peel bond strength
on stainless steel (i.e., 400 to 600 N/m versus 150 to 300 N/m,
respectively).

5. Discussion

Several general observations about the peel test and the TSC
are drawn from the results of this study. The peel test propagates
a crack exactly along the coating substrate interface in a control-
led, unique manner that can detect the location of bonding flaws,
bonding changes with substrate material, and the required en-
ergy for failure. The detected parameter is self-consistent and
can be correlated with other test results. The peel curves are not
smooth, continuous curves and show significant variations. The
test apparatus could be expected at worst to generate variations
of 10% (Fig. 1d) . This would include measurement system
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noise, drift, and frictional variations. The variations larger than
this must be considered significant, although there is no clear re-
lationship between these variations and the crack propagation
characteristics or microstructural features of the coating, sub-
strate, or interface. Occasionally, large surface defects were vis-
ible, and these were correlated to the features of the peel curve.
The noise is possibly indicative of a slip-stick type of crack
propagation. The crack can only propagate a short distance be-
fore the stresses drop below the level required to continue crack-
ing. Alternatively, the noise may reflect the variation in bond
strength on a small scale.

At the outset of this study, it was expected that, due to the
large differences in coating properties across the spray patiern,
large differences in properties would exist in the adhesion of the
coating. These variations should coincide with the torch path
and thus be periodic in the torch traverse direction. A second
possibility was that, on the first set of passes, the poorly process-
ed periphery particles would land first and cause a lower adhe-
sion than would be found in the center of the profile. The peel
test did not indicate any long-range periodic changes in adhe-
sion, and the adhesion of a uniform coating was not significantly
lower than the maximum adhesion of the profile. Examination
of the adhesion profiles indicates that the centers of the profiles
generally have lower adhesion than the edges, especially for me-
tallic and cermet coatings. This is likely due to the increased re-
sidual stress in the thicker, hotter portion of the profile. Thus,
strategies for improving adhesion should be based on reducing
residual stress rather than improving the processing of periphery
particles.

Journal of Thermal Spray Technology
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Fig. 8 PAT results for Al oxide on NiCr bond coat sprayed by Rokide torch (a} uniform coating on Ni and (b) uniform coating on stainless stee}

Fig.9 The substrate side of the interface fracture surface: (a) Ni substrate and (b) stainless steel substrate Both exhibited brittle fracture, but the Ni foil
1s qualitatively more ductile

The peel strength essentially represents the failure energy per
unit area in terms of J/m?, and it can be compared to the fracture
toughness of coating interfaces. Several researchers (Ref 15-17)
compiled a limited set of interfacial fracture toughness, Gy, val-
ues for various coating systems from double cantilever beam
(DCB) tests, which produce mode I (opening) stress at the crack
tip in homogeneous materials. Because the peel test has a sig-
nificant amount of mode II (sliding) stress at the crack tip, the re-
sults are not comparable as would be desired. Additionally, for
the DCB fracture tests, the crack paths were usually through the
coating or close to the interface, whereas PAT consistently
causes failure on the interface. Caution should be employed in
their interpretation. However, these differences should not sig-
nificantly affect the range of possible values. Table 2 shows the
typical range of values found for the DCB test and the peel test
for both Ni and stainless steel foil. The peel strengths are gener-
ally of the same order of magnitude as the reported toughness for
the steel substrate, but are at the higher end of the range. The
toughness values for the Ni substrate are much higher than the
other values by an approximate factor of 3.

In all cases, the peel strength for the Ni foil was much higher
than for the stainless stecl foil. The foils were prepared and
sprayed in exactly the same manner; thus, some material differ-
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Table2 Comparison of fracture energies

DCB test, PAT on stainless steel, PAT on Ni,
Coating type Jm? Jm? Jjm?
Ceramic 10-100 10-60 175-275
Cermet 20-60 150-250 600-750
Metal 80-350 160-300 450-980

ence must account for this difference. The increased peel
strength may be due to the difference in the substrate chemistry.
If this were the case, the difference would not likely occur with
all of the different coating materials. The peel strength on Ni foil
was always higher, During thermal spraying, molten splats cool
in approximately 1077 s (Ref 18). This is commonly used as an
argument that no chemical reactions have time to occur, so the
bonding of the TSC is independent of chemistry. A second pos-
sibility is that the lower yield strength and higher ductility of Ni
allowed it to deform more easily upon particle impact, creating
a better roughness during grit blasting and a better mechanical
fit during spraying. This ductility also could reduce the residual
stress level. During peeling, the extra energy required to deform
the surface asperities would be reflected in a higher interface
fracture energy and a more ductile fracture surtace. SEM photo-
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graphs of the fracture surfaces resulting from PAT (Fig. 9) show
that both Ni and stainless steel substrates had a brittle fracture
pattern, although the Ni substrate has more signs of ductile de-
formation on a local scale. If the ductility of the Ni substrate
drastically improves the bond strength, as indicated by the peel
test, then it offers a strategy for improving bond coat materials.
This hypothesis, however, must be confirmed with other tech-
niques. Currently, most thermal sprayed bond coats are complex
alloys that are inherently less ductile than pure metals. A more
ductile bond coat may improve bonding. Pure Al or other corro-
sion-resistant ductile metals thus may be useful bond coats in
some applications.

The question of why the crack propagates along the interface
and not some other lower energy path, such as through the coat-
ing, is difficult to answer. The special geometry of the test is
likely the cause. Because of the small mandrel size, high foil
strains are concentrated in a small region. The difference in the
ability of the materials on each side of the interface to accommo-
date strain causes the stress field to be concentrated close to the
interface. Models of the peel test (Ref 3, 4) indicate that the peel
test geometry causes stress fields that force the crack to propa-
gate along the interface. The crack follows the local lowest en-
ergy path, which is the interface. In this case, the “extra”
toughness may come from the mechanisms that occur due to the
rapidly increasing strains behind the crack tip. This explanation
is overly simple, and a better understanding of crack propaga-
tion along highly strained rough interfaces is necessary. The ex-
perimental data, however, indicate that high energies are
measured and that failure occurs exactly at the interface. This is
a significant advantage of using the PAT for adhesion strength
evaluation of the TSC.

Many coatings were tested, and it is possible to correlate the
peel strength with both hardness and tensile bond strength. Table
1 summarizes the results of each test for several coatings. A gen-
eral quantitative relationship between tensile bond strength de-
termined through the tensile adhesion test (TAT) and peel
strength determined through the PAT is not currently available,
but as tensile bond strength increases, the peel strength should
also increase. Because many of the TAT samples failed in the
glue, indicating TAT strength >70 MPa, it is not possible to
evaluate this relationship. The peel test is capable of testing
coatings with much higher bond strengths than the TAT, such as
those produced by the new generation of thermal spray process-
es. A second consistency check is that, in general, the peel
strength on Ni should increase when the stainless steel peel
strength increases; see Fig. 10(a). It is not possible to develop a
relationship between the two peel strengths, but in most cases,
they increase with each other.

A commonly used parameter for evaluating the general qual-
ity of a coating is Vickers hardness. This parameter reflects the
properties of the coating material, the degree of porosity, the co-
herency, and the degree of microcracking. Because the effects of
these are all combined in a complicated manner, it is not a very
useful measurement for engineering predictions. The results of
Vickers hardness testing (300 g load) are compiled in Table 1.
Results indicate that harder coatings tend to adhere less well
than softer coatings. This is consistent with the general wisdom
about resistance to fracture of materials and, in particular, coat-
ings. The lines in Fig. 10 indicate the trends although correlation
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is rather poor, especially for Ni substrates. For both the soft Ni
substrate and the hard stainless steel substrate, adhesion de-
creases as the coating hardness increases (Fig. 10b). The same
figure confirms clearly that the two different substrate materials
have very different surface conditions, which strongly influence
adhesion strength. These observations indicate that the peel test
produces self-consistent results that fit with the current state of
knowledge about coatings.

6. Conclusions

Several conclusions are drawn from the above development
and the results of the PAT for TSC. The PAT data indicated sev-
eral features of the TSC that are not possible to obtain by any
other method. The peel test provides more information about
how a coating can fail than most other destructive tests. Itis thus
a useful tool when doing developmental work on a coating. It al-
lows the defects or regions of low adhesion to be precisely lo-
cated and thus allows them to be studied for their cause.
Repeatable measurements of the variations in adhesion within a
coating were achieved that allow the test to be used for coating
evaluation and comparison. The observed details of the vari-
ations may lead to a better understanding of the mechanism of
failure along the coating/substrate interface. Failure occurs in
the PAT exactly along the interface; thus, the test is a true reflec-
tion of adhesion and not the cohesion of the coating. Because the
test is not limited by the strength of an organic bonding agent, it
is capable of testing the adhesion of the high strength coatings,
which previously were not testable.

The peel test results must be consistent with what is known
about adhesion for the peel test to be accepted. The peel
strengths measured here agree with other measurements of in-
terfacial fracture toughness, Gyc, and are considered reasonable.
Itis believed that the peel test produces stress intensities similar
to those encountered in coating service. The peel strength de-
creases with an increase in hardness. This is consistent with the
fact that hard materials tend to fail in a low-energy brittle man-
ner. The peel strength is consistent with itself in that the peel
strength on one substrate increases with the peel strength on an-
other. This is despite the fact that adhesion to the ductile Ni foil
was much higher than adhesion to the hard stainless steel foil by
about a factor of 3. As this is not likely due to chemistry, the duc-
tility of the Ni substrate is likely the cause of the enhanced adhe-
sion. This indicates that ductile bond coats may be advantageous
over some of the harder alloys.

The peel test can also be useful as a quality assurance tool.
Itis less sensitive to sample size and alignment than the TAT
(according to ASTM C 633), and it provides a more reliable
evaluation of the coating quality. PAT is relatively easy to
perform when compared to sophisticated fracture mechanics
tests; thus, spray shops can do their own testing. The condi-
tions of the test produce a stress intensity at the crack tip that
is very similar to the type of stresses expected at an interface
under bending loads or in-plane residual stresses. Therefore,
the test causes failure in a manner similar to the typical causes
of failure in coating applications. The peel strength measured
in the PAT is thus more useful in predicting service con-
straints than the TAT, most fracture mechanics tests, or ultra-
sonic adhesion measurements.
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The peel test can be improved. A major criticism is the need
to solder the foil substrate to a back plate. A scheme is being de-
veloped to allow the foil to be held and cooled during spraying
without solder. This would allow the testing of substrates that
are difficult or impossible to solder, such as titanium. It would
also reduce the preparation time associated with the test. To ac-
complish this, thicker foils and larger bending mandrels would
be needed. A second improvement would be the development of
a simple bench top testing jig, which does not require the expen-
sive tensile machine and data acquisition system. A scaled-down
version of the existing system would be adequate. This 1s cur-
rently the subject of continued development of the PAT.

The peel test has proven to be a useful adhesion measurement
technique for the TSC. It has several advantages over conven-
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tional testing tcchniques that make it useful for both quality as-
surance and developmental testing. The results can be related to
the parameters of fracture mechanics and are thus useful in pre-
dictive work. Further work is needed to develop a complete me-
chanical description of the system, to use the test result to
improve the spraying process, and to determine the relationship
between the test results and the performance of the coatings.
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