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Instrumented Tensle Adhesion Tests on
Plasma Sprayed Thermal Barrier
Coatings

Christopher C. Berndt

Abstract. Tensileadhesion tests (TATs) which are normally utilized for industrial quality
control procedures have been usad for research purposes to examine failure mechanisms of
plasma sprayed coatings. This work is applied to two layer coatings (NiCrAlY or NiCrAlZr
bond coat with a yttria stabilized zirconia ceramic overlay) which are tested in tension per-
pendicular to the surface. The mechanica behavior of the bond coat and ceramic overlay
were not measured separately. However, the specificcomponent of the coating which sustains
the mgor deformation is related to the failure locus and enables an empirica determination
of the bond coat and ceramic overlay deformationsto be postulated.

It has been determined that adhesive failure within the bond coat exhibits greater failure
gtrain than cohesivefailure of the ceramic overlay. This view lends support to the commonly
accepted understanding of these intermediate coatings being highly compliant. The absolute
extension exhibited by failures which occur only through the ceramic coating (i.e., cohesive
failure) is greater than that of adhesive failure because the ceramic coating is much thicker
than the bond coat.

The stress vs. extension data can be expressed in terms of stressvs. strain, and hence the
modulus of the coating components approximated to be about 100 MPa. This vaue is severa
orders in magnitude lower than that previoudy reported in the literature and the technical
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reasons for this discrepency are discussed.

INTRODUCTION

Tensile adhesion test (TAT) methodology (1] has ap-
plication in measuring the bond strength of thermally
sorayed coatings. The bond strength which is deter-
mined by this means is highly variable [2] for any
nomindly identical group of coatings and can not be
relied on as being indicative of the true materia prop-
erty of adhesion. It is appropriate for the TAT to be
critically examined since this property, among others,
is used to assess the relative merits of candidate coat-
ings during the early stagesof their development.
There are two mgjor shortcomings of the TAT. Of
prime importance is that the precise forces are not
known throughout the deformation of the coating, and
that these primarily tensile forces may bear little re-
lationship to the biaxial compression and radial ten-
sion forces which are exerted on the coating during
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its service life [3] as a thermal barrier coating. An-
other test feature is that the fracture mode may be
atypical of that exhibited by coatingsduring their ser-
vice life, and the value of tests whereby the failure
mechanism is not reproduced can be questioned. In a
like fashion there is often variability in the fracture
modes of nominally identically prepared TAT speci-
mens (4.

A TAT procedure was adopted in the present study
despite these shortcomings with the intention of fo-
cussing on the coating deformation. In this fashion
the structure /property relationshipsaf coatingswhich
were intended for thermal barrier applications were
investigated.

INSTRUMENTED TENSILE ADHESION
TESTS

Materials and Method

The U-700 aloy specimens were in the shape of ap
proximately 13 mm radius disks which were 6 mm
thick and with an edge radius of 3 mm. The disk shape
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of the specimen facilitated the application of a two-
layer coating system over its entire surface of 20.6
cm'. This geometry also enabled two TATS to be per-
formed on each specimen. The bond coat material was
either NiCrAlY (i.e., Y active) or NiCrAlZr (i.e.. Zr
active) and 0.13 mm thick. The ceramic overlay was
of ZrO,-8 wt.%Y,0; and nominally 0.38 mm thick.
Two different bond coat materials were used to pro-
duce coatings which would be expected to have dif-
ferent mechanical properties. Some of the coatings were
also subjected to heat treatment at 1150" C to further
enhance differences in their behavior. Table 1 sum-
marizes the various types of coatings and their heat
treatment conditions. The results which are included
in this table will be discussed later.

The pull-off bar was manufactured from mild steel
and had a contact diameter of 25.4 mm against the
coated specimen. The adhesive, Scotchweld, was cured
a 110° C for 70 min. An alignment jig was manu-
factured so that the coating surface and bonding por-
tion of the pull-off bar could be precisely held in a
paralel orientation during the curing cycle. It should
be noted, in passing, that the most recent develop-

ment with regard to TAT specimen preparation is'to
use an aerospace thin film adhesive which is known
as FM73 (a3M product). This adhesive is quite easy
to handle and permits the various components of the
specimen to be easily aligned [4]. A pull-off ring was
incorporated into the specimen assembly prior to the
gluing procedure. The pull-off ring enabled a tensile
force to be applied to the coating.

Standard tensile adhesion testing procedure does
not measure the specimen extension since only the load
a failure is required to calculate the failure stress.
However, in these tests the extension was accurately
measured with two clip gauges which were positioned
on oppositesidesof the specimen (Fig. 1). Knife edges,
in the form of cut up blades, were glued to the pull-
off ring and the pull-off bar so that the clip gauges
could be attached. The average extension between both
clip gauges was used to calculate the gross extension
of the specimen.

Compliance Calibration
The mechanical properties, as measured above, in-
clude the deformation of the coating, epoxy, sub-

Table 1. Summary of Specimen Heet Treatments and Test Dad

Active Bond Coat Number of 1 Failure Stress Failure Extension Gradient
Specimen Code Species Hour Cycles Failure Mode® (X 10° Pa) (x107* m) (x10° Pam™)
07B Y 0 e 19.8 34.8 526
24A Y 0 m 18.5 1.6 9156
08B Y 0 e 17.6 176.5 101
24B Y 0 a2 16.7 22.0 821
40B Y 0 m 15.8 19.7 855
07A Y 0 a2 15.4 22.0 700
08A Y 0 a2 14.1 117.7 113
40A Y 0 m 13.6 36.2 321
33B Y 8 a2 119 21.2 458
33A Y 8 a2 1.4 7.9 13
17A Y 22 a2 8.8 15.1 483
17B Y 22 a2 7.5 24.3 340
16A Zr 0 al 15.4 12.7 1420
32A Zr 0 al 15.4 48.3 266
16B Zr 0 al 11.4 36.9 324
32B Zr 0 al 10.5 18.1 585
09A Zr 6 c 14.9 42.1 349
41B Zr 6 c 12.7 42.8 273
25A Zr 6 c 11.9 60.0 197
25B Zr 6 ¢ 11.4 249 447
09B Zr 6 c 10.1 36.9 260
41A Zr 6 c 7.9 27.0 290

The adjustment for the compliance calibration has been carried out on a point-for-point basis (refer to the text).

*al —adhesive (substrate /bond coat)
a2— adhesive (bond coat)
c— cohesive
m—mixed mode
e—epoxy
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Fig. 1. Schematic of tensile adhesion test apparatus. The
two clip gauges are attached between a collar (which fits
around the coated specimen) and the pull-off bar (whichis
glued to the coating).

strate, and pull-off bar. The deformation of the com-
ponents which are not related to the coating system
can be measured on an uncoated specimen which is
solely used for the purpose of calibrating the system.
Seven specimens were tested in this manner and Fig-
ure 2 shows a plot of the stress versus average exten-
sion for these calibration specimens. Figure 2 also
shows the maximum and minimum values of exten-
sion a each stress level to present the accuracy of the
compliance calibration. The absolute accuracy of the
average compliance curve is about 30% of the ex-
perimental range of all observations. However. when
a measure for central tendency, such as the standard
deviation. is used as an error measurement then the
accuracy of the compliance curve is about * 15% for
stress levels greater than 5 MPa.

During testing the specimen assembly was first
loaded to about 400 N to alow "bedding-in" of the
specimen into the fixtures. The specimen was then
unloaded to about 250 N so that it would remain aligned
with respect to the tensile axis. At this stage the two
clip gauges were readjusted to zero and then the spec-
imen loaded to failure. Therefore, it may be observed
that the stress/extension curve for the average com-
pliance calibration does not pass through the origin
(Fig. 2).

The load/extension properties of the uncoated
specimen can be subtracted from the mechanical
properties which are exhibited by the coated speci-
men. Therefore, the mechanical properties of coating
as well as any thermal-processing-induced effects upon
the substrate were ascertained. The compliance curve
approximates a straight line. However, significant er-
rors can evolve if the compliance subtraction is car-
ried out by assuming thisfit, especially at low stresses
where a dlight change in curve shape can be observed
(Fig. 2). Therefore, the compliance data was sub-
tracted from the tensile adhesion test data on a point-
for-point basis, for up to 47 points, in intervals of
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222.7 N (i.e., 50 Ib). It is most likely that the failure
stress will not occur at an integral value of the force
interval, and therefore the last value of the compli-
ance curve was interpolated by assuming a linear fit
between the end point values of the compliance data.
The final correction to the stress/extension data con-
cerns trandating the data to suit zero force at the or-
igin. It should be emphasized that the stress/exten-
sion deta presented in this paper have been manipulated
by the methods described above and thus represent
the properties of only the coating or any thermal-pro-
cessing-induced effects upon the substrate.

RESULTS

Twenty-two tensile adhesion tests were carried out and
asummary of the stress/extension resultsis presented
in Table 1. The fracture morphology was determined
by examination of the specimen surfaces with the un-
aided eye and follows the terminology illustrated in
Figure 3. The primary failure modes of interest may
be defined as cohesive and adhesive. Adhesive failure
occurs either within the bond coat (type 2) or at the
interface between the substrate and bond coat (type
1). Cohesive failure occurs entirely within the ce-
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Fig. 2. Compliance calibration data for tensile adhesion test
specimens. The average compliance; as well as the mini-
mum and maximum values for 7 uncoated specimens. is
shown.
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Fig. 3. Schematic of failure mode descriptions.
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ramic coating, and mixed mode failure is defined as
a combination of the adhesive and cohesive modes.

The stress/extension data of each TAT approxi-
mately fitted astraight line. The minimum correlation
coefficient (R was 0.84 but was more typically above
0.95. Thedopedf thestress/extension plot isdirectly
proportional to the modulus of the coating. The pre-
cise numerical vaue of this modulus can only be de-
termined if the deformation zone of the coating in re-
sponse to the applied force is known. Thus, since the
coating strain cannot be ascertained with the infor-
mation presented S0 far, then the gradients of the stress/
extension data will be initially examined with a view
to studying trends between the various coatings. The
probability plot of these gradients (Fig. 4) reved a
bimodal distribution such that high values correspond
to adhesive failure, low vaues to cohesve failure, and
mixed mode failure is distributed over the entire range
of gradient values. There is some overlap in the fail-
ure morphology with respect to the gradient of the
stress/extension curve, and such trends are quite
common for mechanical property measurements on
thermally sprayed coatings. The stress/extension data
which exhibited the three lowest gradient values for
cohesive falure and the three largest vaues for ad-
hesive failure are shown in Figure 5 to illustrate these
extreme cases in failure morphology.

The two types of coatings examined had a 2rO,-8
wt% Y,O, overlay deposited onto either a bond coat
of NiCrAlY or NiCrAlZr. It is common experience
that plasma sprayed coatings degrade on being sub-
jected to thermd environments (5]. Therefore, it might
also be expected for their mechanical properties to
change. The propertiesof the coating change because
of bond coat oxidation which alters the stress pattern
within the coating. This aspect of modifying the coat-
ing characteristics was studied by selecting severa
specimens for heat treatment at 1150° C prior to ten-
sile adhesion testing. It was established that the fail-
ure mode, after heat treatment, was different for each
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Fig. 4. Probability plot of gradient valuesfor stress/exten-
sion data of plasma sprayed coatings.
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bond coat; being adhesive (type 2) for the Y-active
bond.coat (77.7Ni-16Cr-6Al-0.3Y in wt.%) and co-
hesive for the Zr-active (71.9Ni-14Cr-14A1-0. 1Zr) bond
coat. The data envelopes for each failure made are
indicated in Figure 6.

The mgor emphasis of the present work is to de-
termine whether different failure modes are represen-
tative of different material properties. Figures 5 and
6 show that cohesive falure modes are generdly ‘more
compliant” (i.e., extension/force is greater) than ad-
hesive failure modes if the deformation is assumed to
occur over the entire coating thickness. Therefore, the
cohesivefailure mode of the coating system exhibited
a lower modulus than adhesive failure. The limited
data (3 points only) for mixed mode failure encom-
passes both the adhesive and cohesive strength/ex-
tension fields; depending on the precise contribution
of each failure mode, and thisisindicated by adashed
curve which covers both of these fields.
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Fig. 5. Stress/extension plots of tensile adhesion tests to
illugrate adhesive and cohesive modes of failure.
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DISCUSSION

This work presents methods for the accurate deter-
mination of the stress/extension behavior of duplex
systems of plasma sprayed coatings which are sub-
jected to tensile stresses perpendicular to the substrate
surface. It is necessary to carry out a reliable com-
pliance calibration and the best way of using this cal-
ibration is by a direct point-for-point subtraction from
the tensile adhesion test data. The reproducibility of
the compliance data is satisfactory and has a relative
accuracy of about 15% about the mean value. The
error range could most probably be decreased by care-
ful monitoring of the epoxy thickness, but this extra
precaution was not warranted in the case of the pres-
ent study.

One mgor point to remember is that the tensile
adhesion test data has been pooled for both types of
bond coats and for the various pretreatment conditions
of the coating system. Both aspectsof the coating for-
mulation were varied to promote different failure modes
and these were observed to belong to different distri-
butions (Fig. 6) although there was some overlap. Not
too much emphasiscan be placed on the failure stress,
a least for the purposes of the present study, because
of the variable nature of coating preparation and the
limited results in terms of replicate tests.

The stress/extension data was used to establish
representativevaues of the gradient for each mode of
failure. The gauge lengthsfor adhesive, cohesive, and
mixed mode failure has been taken as the thicknesses
of the bond coat (0.13 mm). ceramic coating (0.38
mm), and coating system (0.5l mm), respectively.
Therefore, the modulusfor the coating in tension may
be found (Table?2). It should be emphasized that the
data reported in this work has support from similar
studies [ 6] where stress/extension gradients from 250
to 3120 Pa m™' were obtained for zirconia-8 wt%
yttria coatings. (Note that these results are not re-
ported in Reference [6] but can be calculated from the
data presented in that report.)

Determination of the Modulus

The values of modulus shown in Table 2 are averages
for each failure mode. This modulus has been cal-

Table 2. Mechanical Properties of Coatings

Thickness
Gradient Component of Layer Modulus
Failure Mode (Pam™) Deformation (mm) (MPa)
Adhesive 660  Bondcoat 0.13 86
Cohesive 300 Ceramicoverlay 0.38 115
Mixed mode 630 Bondcoat + 0.51 32

ceramic overlay
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culated by using stress/extension data which includes
plastic deformation of the coating. It would be ex-
pected that coatings which are subjected to low stress
levels (say <2 MPa) would also exhibit no permanent
extension on unloading. Therefore, the tangent mod-
ulus a low stresses is equivalent to an eastic mod-
ulus. It was observed that this gradient increases, es-
pecialy for the adhesive and mixed mode types of
failure. The maximum modulus which has been de-
termined by this means is 4.7 GPa, and this value is
within an order of magnitude to that of about 20 GPa
which has been found for alumina plasma sprayed
coatings(7,8). It should be emphasized that the mod-
ulus value of 4.7 GPa was determined by assuming
that deformation occurred throughout the thickness of
the coating (taken as 0.51 mm).

The point of the preceding discussion is that it is
necessary to know the strain in order to calculate the
modulus of the coating. When the strain over the en-
tire coating is homogeneous then the coating thick-
ness is usad in this calculation. However, if there is
a preferred plane (or a materia volume of severa la-
mellae in thickness) over which deformation occurs
then the true strain may be quite large and therefore
the modulus is low.

The éastic modulus for plasma sprayed coatings
of ZrO.-24 wt% MgO has aso been determined as
46.2 GPa [9,10]. However, this vdue is an average
of two tests and the variability of the results is not
known. Other factors which make direct comparison
of results difficult are that the coating was of a dif-
ferent composition than the one used in this study, the
coating was removed from the substrate prior to test-
ing, and a four-point bending method was used to test
the coatings. There isachange in the stresssign about
the neutrd axis in this test and the compressive strength
of the coating will contribute to the Y oung's modulus
determination. These coatings also exhibited signifi-
cant acoustic emission & forces about one-half of the
ultimate failure stress during loading, and this is di-
rect evidence of cracking within the coating—most
probably on the tension side of the four-point bend
specimen.

The modulus of the ceramic coatings used in this
study are significantly less than values determined by
other means. The reason for this is that the present
tests were performed in pure tension and calculations
were carried out over the entire elastic and pladtic range
of deformation. The tangent modulus, which would
suit an elastic analysis, exhibited values within an or-
der of magnitude of other studies. Cohesive failure
exhibited a linear stress/extension relationship, but
this does not imply elastic deformation. In fact no
specimens in this study were unloaded before failure
to establish the precise elastic/plastic nature of the
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gpecimen deformation. However, a,similar Sudy (6]
has verified that there is a nat extension, which sug-
gests plastic deformation, when the tensile adhesion
specimen is unloaded prior to failure. Thus the elastic
modulus & low stress levels[8] or under conditions
where there is a complex tension/compression stress
pattern {10] is greater than the modulus found in this
work where there is almost pure tension. The choice
o which modulus to consider as characteristic of the
coating depends on the service conditionsimposed on
the particular coating. The modulus, as established in
this work, may define the observed coating behavior
a high stresses more precisely than a modulus which
is based on elastic deformation.

The low vaues of modulus correlate to a high
compliance for these coatings. Thus. there may be
considerable deformation without an apparent change
in coating integrity during stressing. This feature of
the coating mechanica behavior has been demon-
strated by bending substrates, to which a plasma
sprayed ceramic coating has been applied, to dmost
U-shaped configurations with little spalling of the
coating [11]. The physica picture of the coating me-
chanical behavior to explain the above observations
is one where the lamellae dide over each other yet
gill remain interlocked into the coating structure.
Therefore. the coating would exhibit a nonlinear stress/
strain (or stress/extension) curve and significant mi-
crocracking prior to catastrophic failure. However, the
experiment of bending a coated subgtrate gpplies aforce
parallel to the interface between the coating and the
substrate, and is quite unlike the force conditions dur-
ing aTAT.

Findly, it should be remembered that the modulus
of the coating components were calculated on the as-
sumption that the failure locus gave acrude indication
of the gauge length of the materiad under test. This
modd may not apply, in which case the values cal-
culated represent lower limits of the modulus since
deformation probably occurred over the entire coating
thickness.

Cracking Processes in Coatings

A simple modd of the coating structure is shown in
Figure 7, where the three-dimensional interlaced la-
mellar network of the flattened particles coexists with
cracks which are oriented either parallel or perpen-
dicular to the substrate surface. Under the conditions
of a TAT it would be expected that delamination
cracking would be the dominant mode of deformation
since the interlamellar region is a large area of mi-
crostructural nonuniformity. It is also reasonable to
assume that the ultimate locus of failure indicates the
prime region of the coating system which is undergo-
ing deformation.
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Fig. 7. Schemaicdiagrand a coating cross section which
exhibits various cracking festures.

Thus it can be thought that the coating strength may
be improved by increasing the specific surface area
of contact between adjoining lamellae. This concept
of improving the mechanical properties of thermally
sprayed coatings has some support. For example, pre-
vious work {12} attributed increased cohesive strength
to small particles which had melted, or larger parti-
cles which had partialy melted, and flowed around
protuberances on unmelted particles (Fig. 8). The
acoustic emission tests on high-strength coatings
qualitatively confirmed such a model by registering a
large proportion of high count rates. This is thought
to be indicative of mary microcracks occurring around
the protuberances of unmelted particles and the sur-
face morphology of the particle will greatly influence
ay mechanism of this nature. Particles with a low
surface area to volume ratio will not exhibit this mode
of cohesion. Other work [13] has examined methods
of enhancing the coating toughness via the encorpora-
tion of a second phase so that a composite-type struc-
ture can be manufactured.

The terms which are used in the following discus-
sion should be defined. The "strain exhibited by the
coating isdirectly related to its'deformation.” It may
include both elastic and plastic deformation pro-
cesses. A high strain infersalarge compliance as well
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Fig. 8. Schematic diagram of lamellae interactions which
lead to either (i) a highly adherent interface with interdi-
gitation of particle surfaces of (ii) poor adhesion from low
contact area.



asalow modulus. The converseis true for alow srain.
'Cracking’  phenomena may occur in response to de-
formation processes. The stress a which cracking
processesare initiated is usually regarded as the max-
imum operating stress for an engineering component.
Materials which exhibit a high modulus are termed as
‘brittle” and exhibit low strains prior to cracking and
failure. A final point to remember is that the me
chanical and material propertiesof thermally sprayed
coatings have never been related to the same prop-
erties of the respective bulk materials.

It is useful to formulate some physica models for
the coating deformation during the adhesive and co-
hesive modes of failure. The models presented in this
work are intended to promote a mechanistic under-
standing of coating deformation processes during
TATs. The bond coat is approximately one-third the
thickness of the ceramic overlay. Deformation pro-
cesses during adhesive failure are concentrated in this
layer since, by definition, this is the ultimate locus of
falure. Acoudic emission studies |6] adso indicate that
much less cracking phenomena occur during this de-
formation mode than for cohesive failure. Additional
evidence from fractographic analysis of TAT speci-
mens (thiswork, as well as Reference {4]) and mode
| fracture toughness tests [14] has shown that adhe-
sive failure of bond coats exhibits significant lamellae
deformation compared to cohesive failuresof ceramic
coatings.

The foregoing suggests that a smple picture of ad-
hesive failure is of significant lamellae deformation
which is influenced by a crack network. Cohesive
failure (Fig. 9). on the other hand, shows a higher
density of internal cracking as well as edge cracking
which would be expected from stress concentration
effects (15,16]. The current modd additionally pro-
poses that. since the lamell ae deformation mechanism
of the bond coat is greater than that of the ceramic
overlay, then the strain exhibited by adhesive falure
must be greater than that of cohesive failure. Thus,
the strain is maximized within the bond coat during
the adhesive mode of failure. Such a mechanism also
correlates well with the current understandingof bond
coats as acting as compliant layers between the ce-
ramic overlay and metallic substrate.

It should be further noted that the strain of adhe-
sive failure (i.e., failure extension divided by the
coating thickness) has been reasoned to be greater than
that of cohesive failure. However, the absolute ex-
tenson during cohesive failure is greater than that
during adhesive failure (Fig. 5). The above discussion
and conclusions have been indirectly corroborated by
other workers {10] as follows. The modulus (“E” in
their terminology) for the ceramic overlay of asimilar
coating system was determined to be 20 GPa and the
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Fig. 9. Schematic diagram to illustrate the coating defor-
mation response during the adhesive and cohesive failure
modes. The bond coat and ceramic coating features of the
TAT are drawn to scale in the longitudina direction only
to indicate where deformation of the coating is most prom-
inent. The deformation of the support bar and coating is
exaggerated. Refer to text for further details.

failure stress was about 19 MPa. The E for the bond
coat was 200 GPa and the failure stress (at the yidd
point) was 1000 MPa. If the approximationof alinear
stress vs. strain response is made, then the failure
strains of the ceramic overiay and bond coat can be
approximated to 0.085% and 0.50%. respectively,
confirming that strain during adhesive failure (not
necessarily the absolute extension) is concentrated to
the bond coat.

Figure 9 illustrates that the total extension of the
codating is greatest for the cohesive failure mode (in
accordance with the experimental data, Fig. 5), even
though the ceramic component is the dtiffest (i.e..
higher modulus) part of the coating/substrate system,
because the ceramic coating is normdly at least three
times thicker than the metallic bond coat. The meth-
ods described in this work aso show that instru-
mented TAT techniquesalow mechanistic aspects of
coating behavior to be examined; and herein lies a
powerful research tool to understand thermal spray
coating properties.

CONCLUDING REMARKS

Two broad classifications of tests have been discussed
in this paper. The TAT may be used either as a rou-
tine quality control procedure or, on the other hand,
as a research tool and, as such, provide information
with regard to the physico-mechanical behavior of
thermally sprayed coatings. It is possble to bridge these
industrial and research methods by use of an appro-
priate stetistical analysis so that a scientific under-
standing of coating performance can be obtained.

A method for the precise measurement of the ma
terial propertiesof plasma sprayed coatings has been
detailed. The propertiesof the coating have been de-
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termined by accounting for the deformation behavior
of any components of the specimen which are not di-
rectly associated with the coating.

The stress/extension behavior of coating systems
was determined and the gradients of these curves were
found to be characteristic of the failure mode. Ad-
hesive failure (failure in or including the bond coat)
exhibited a gradient of about 660 GPa m~' and co-
hesive failure (failure within the ceramic) a value of
300 GPa m~'. Mixed mode falure generaly dis-
played values which overlapped both the adhesive and
cohesive distributions. The stress /extension data was
approximated to stress/strain data by assuming that
deformation was constrained mostly to the plane of
failure. In this way the modulus was determined to
be from 32 to 115 MPa. It should be emphasized that
this modulus is fundamentally different from an elas-
tic modulus because the coating system is deformed
plagticaly —at least on a microscale between adjoin-
ing lamellae. Thus, coatings which exhibit good
adhesion may plastically deform rather than resist the
stresses and maintain their original structure like a high
modulus, defect-free material.
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