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Abstract— Thermally sprayed coatings have a distinctive microstructure which can be described as'a
three-dimensional layered structure of discs which are interlaced to form a material of composite nature'.
The coatings are normally greater than 25 um in thickness and can thus be described as bulk coatings.
The minimum microstructural detail would be a single splat (often described as a lamella), which is
about 5 um in thickness and up to 80 um in diameter. This paper focuses on methods used to define
and measure the adhesion of coatings or deposits formed by thermal spray technology. The
properties distinguished include those of strength and toughness. Measurements such as the tensile
adhesion (according to ASTM C633) and double cantilever beam (DCB) tests will be addressed to
illustrate the relevance (if any) of such methods to present industrial practice. Acoustic emission
studies have also assessed a function termed as the ‘crack density function', i.e. a product of the
number of cracks and crack size. Other measuring methods applied to this technology include micro-
hardness and scratch testing. The former technique has demonstrated that the material properties of
coatings are anisotropic, and the latter method is being considered within the biomedical industry to
assess the adhesion of hydroxyapatite to orthopedic prostheses. These techniques, among others, may
be used for both fundamental understanding of coating performance (i.e. life prediction and cracking
mechanisms) and as testsfor quality control.

Keywords: Acoustic emission; adhesion; adhesion measurement; coating failure; degradation; double
cantilever beam test; fracture mechanics; indentation; lifetime modeling; scratch test; thermally
sprayed coatings.

1. INTRODUCTION
1.1. Formation and structure of thermally sprayed coatings

A variety of thermal spray processes are available to deposit thick coatings for a
broad range of applications [1-3]. The processes are essentially similar in that a
material is heated up by a gaseous medium and simultaneously accelerated and
projected onto the substrate. The family of thermal spray processes includes,
among other processes, flame spraying, plasma spraying, vacuum plasmaspraying
(also called low pressure plasma spraying), high velocity oxygen fuel, arc
metallization, and detonation gun spraying. T he prime distinctions between these
spraying processes are the temperature o the process and the velocity of the
thermal source used in the process. These process variables control the nature of
the materials that can be sprayed. The techniques also differ with regard to their
process economics; that is, factors such as the cost of the equipment, the cost of
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thefeedstock materials and other consumables such as gases, grit blast media, etc.
that may limit the viahility of a particular process.

Thermal spray technology is not limited to coating substrates but now also
encompasses the manufacture of net shapes [4], which can be considered as very
thick coatings [up to, say, 1" (25 mm) in thickness] stripped from the substrate (or
'forming tool") and then used directly as an engineered materia [5]. The avail-
ability of thermal spray processes enables the production of materials of varying
composition and structure-theso-called 'functionally gradient materials.

Several conferences have been devoted to thermal spray and such proceedings
[6-8] cover many of the processing variables associated with this technology. In
addition, a quarterly journal called the Journal of Thermal Spray Technology is
now available that covers the complete engineering and scientific arenas o this
technology.

Thermally sprayed coatings consist of a layered structure that is highly
anisotropic such that individual splats are oriented paralel to the substrate
surface [9]. A microstructural cross-section of a thermally sprayed material is
illustrated in Fig. 1, where unmelted particles are embedded within the layered
structure and also pores exist either totaly inside or between each layer [10].
After formation of the coating, thefirst property criterion for this coating system
is'How well is the coating adhered to the substrate' and it therefore follows'How
can we evaluate this adhesion strength, especialy for coatings which are in
service? The intent of this paper is to describe and then discuss methods of
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Fig. 1. Microstructure of thermally sprayed coatings [10].
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measuring the'adhesion strength' of thermally sprayed coatings. A strong intent is
to aways rel ate such measurements to the ultimate application(s) of the coatings.

1.2. Rationalefor measuring adhesion

According to Mittal [11], adhesion can be expressed in various ways. For
example, 'basic adhesion' signifies the interfacia bond strength and is the
summation o al intermolecular or interatomic interactions. The result of an
adhesion test is called 'practical adhesion' and is afunction of basic adhesion and
many factors—all of which represent the work required to detach afilm or coating
from a substrate. Many theories or mechanismsfor adhesion have been proposed
[12, 13]; however, noneisfulfilled by al situations and thereis no adhesion test
available which satisfies al requirements. Therefore the best test method often
becomes the one that simulates practical stressconditions.

The term 'adhesion’ requires special definition for the purposes of thermal
spray coatings. For example, the American Society for Testing and Materials
(ASTM) [14] states adhesion as 'the dtate in which two surfaces may consist of
valence forces or interlocking forces or both'. The theories of adhesion between two
materials, in general terms, include mechanisms based on diffusion, mechanical
interlocking, electrostatic attraction, physical adsorption, chemical bonding, and
weak boundary layers [15]. However, the above global definition cannot be
universally applied to thermal spray materials since these coatings can be
considered as 'composites at the microstructural level. Thus, bonding
mechanismsfor forming an integral coating or net shape will also be complex and
may involve adhesion processes which are exclusive of those established for
classical joining technology. The basic bonding mechanisms that have been
defined for thermal spray coatings can be categorized into three major groups
[16] (Tablel).

The specific thermal spraying process will influence the microstructure of the
coating and, therefore, it can be inferred that the adhesion strength of the deposit
will vary. For example, the high velocity oxygen fuel (HV OF) technique produces
avery dense microstructure with porosity typically less than 2% compared to the
less than 5% porosity, at best, for a flame sprayed or an atmospheric plasma
sprayed material. Thus, factors affected by the spray parameters, including the
size and distribution of porosity, oxide content, residual stresses, and macro- or
micro-cracks, have an important influence on the performance and eventual
failure o the coating system.

Table 1.
Thebasic bonding mechanisms of thermally sprayed coatings

Mechanical interlocking (anchoring)

Metallic bonds (metal-metal bonds)
dispersion forces
chemisor ption and epitaxy
diffusion

Chemical bonds
inter metallic compounds
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The service failure mode(s) can be described as interfacial, cohesive, or of
mixed interfacial/cohesive failures* This service failure mode must also be
reflected by any testing method which seeks to perform a meaningful quality
control test of coatings. It is thus preferable that any laboratory test induces the
observed service failures, otherwise they will be of limited application to
engineering design. Useful measurements on adhesion strength and interpretation
of the test resultsto predict the service life of coatings or net shapes are the most
challenging problem for thermal spray scientists.

1.3. Application of fracture mechanicsto adhesion measurement

The adhesion of thermally sprayed coatings is not only an interfacial problem of
the individual lamella within a coating, but also concerns examination of the
integrity of the interface between the substrate and coating, residual stresses,
crack population, and pore size and distribution. Fracture mechanics [17, 18]
considers the energy required to initiate or propagate cracks and evaluates the
adhesion of the coating system in terms o ‘fracture toughness, [19-21]. Four-
point bending methods, single-edge notched specimens, double cantilever beam
tests, indentation techniques, and other measurements have been employed to
assessthe adhesion of coating systems[22-24].

The purpose of al these methods is fundamentally the same when they are
expressed from the viewpoint of fracture mechanics. The experimental
proposition is to establish the equilibrium condition where the elastic energy
provided by an external force (asdefined by the geometry of the specimen and the
applied load) is balanced by the propagation of a stable crack. Oneform of this
energy balance criterion derives the strain-energy release rate, G (inJ/m?), and is
defined as:

3 (W= )
G=""T7
A

where W isthe work done by external forces (inJ), Uis the elastic energy stored
inthesystem (inJ),and A isthe crack area (inm?).
It isconvenient to write Gas

1)

F?* dcC
G="7— (2)
2B dL

where Fistheforcerequired to extend acrack (inN), L isthecrack length (inm),
Bisthethickness (inm),and Cisthecompliance (inm/N).
Thestrain-energy release rate can berelated to thefracture toughness by

EG
K_\/l—v2 (3)

where Eistheelastic modulus (inMPa) and vis Poisson's ratio (dimensionless).

*Thermal spray engineers should recognize that the term ‘'interfacial’ is used in preference to
'adhesive’ to avoid confusion with an 'adhesive’ which is used to join materials (i.e. adhesive will be
used asanoun rather than asan adjective).
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When G exceeds a critical value, G, crack propagation occurs and failure of
the coating system results. The evaluation of K assumes that both the elastic
modulus and Poisson's ratio of the material are known. The physical representa-
tion of the above equations is that the change in compliance of the specimen
controls the energy input into the creation of new fracture surfaces. Thus, the
corollary of this theory is that the crack path and rate of crack growth can be
controlled very precisely by appropriate design of the specimen.

Thus, 'mechanical adhesion' can be evaluated in terms of adhesion strength or
fracture toughness. Such measurements of coating-substrate adhesion have been
reviewed recently and are listed in Table 2 [25-27]. However, test methods for
thermally sprayed coatings are restricted. The techniques to be discussed in this
paper include the double cantilever beam test, acoustic emission technology,
microhardness assessment, and the scratch test. The tensile adhesion test (TAT)
isnot covered in detail but will be referenced.

Table 2.

Methods that can be used to determine coating-substrate adhesion

Qualitative Quantitative

Mechanical methods

Scotch tape test Direct pull-off method

Abrasion test Laser spallation test

Bend and scratch test Indentation test
Ultracentrifugal test
Scratch test

Non-mechanical methods

X-ray diffraction Thermal method
Nucleation test
Capacitance test

2. ADHESION MEASUREMENTS
2.1. Methods

One difficulty with any mechanical property assessment of coatings is how to
attach a loading device to the coating without influencing the property that is
being measured. Some investigators [28] have approached this problem by
manufacturing a pin or disk that could be removed from a mating component
(Fig. 2). The surface of this assembly was thermal sprayed and then the pin or
disk, depending on the assembly used, removed. Theforce at fracture was used to
find a parameter termed 'the adhesion strength' of the coating. The corresponding
shear test is performed by spraying the outside diameter of acylinder or the head
of apin (Fig. 3) [29]. One potential difficulty with the above test is that the duplex
nature of the specimen assembly may influence the coating quality since the
heating and cooling behavior of the deposit will be affected by the interface
between the two components. Another feature of both the tensile and the shear
tests is that the fracture mode is ambiguous since mixed mode failure often
occurs.

Other geometries that do not need an adhesive are illustrated in Figs 4 [30]
and 5 [31]. These tests have not been widely implemented outside of their
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Fig. 2. (a) Specimen for determining adhesion strength; (b) centering device and specimen in cross-
section [28].
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Fig. 3. Shear tests[29].

laboratories of origin. The method of spraying two adjoining conical parts is
expected to incorporate afailure which has a large shear component, whereas the
other shear test may exhibit either shear failure parallel to the substrate surface or
shear failurethrough the coating thickness.

The adhesion propertiesof coatings wereinvestigated on the microscopic level
[32] by shearing individual particles from the substrate surface (Fig. 6). This
study considered that adhesion to the substrate arose from interactions across the
particle-substrate interface and a 'strength of growth rate constant' (K') was

defined as
K = —tlln (1 —N(”) @)

0

where tisthetime, N(¢) is the number of atoms that react during the interaction
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Fig. 6. Aninstrument for measuring the adhesion strength of the particles [32].

time, and N, is the number of atoms in the particle and substrate that are in
contact.

The upshot of this analysis was that the strength of the coating at some inter-
action time of 't' was compared with the maximum strength of the coating at the
end of thethermal spray process. It was established that the extent of the particle/
interface reaction increased with both increasing particle pressure and
temperature, and this agreed with the experimental observations that coating
adhesion also increased under these conditions. Further theoretical work [33] has
treated adhesion as a stochastic process which depends on the formation
characteristicsof thefirst monolayer of material. The coating buildup istreated as
a dtatistical process involving input data from the thermal spray processing
parameters such as the relative motion between the torch and substrate (i.e. the
spray pattern), the velocity and temperature distribution of the thermal source,
and the particlesize.

2.2. Application of adhesion measurements

The reason for performing adhesion measurements can be brought into focus by
examining how such experiments are used to ascertain the utility of coatings. For
example, bond strength measurements allow optimization of different grit blast
media and the angle of grit blasting, as well as establishing the best coating
thicknessfor aluminum coatings (Fig. 7) [34]. Other workers[35] have optimized
ceramic compositions and plasma spraying parameters with respect to strength.
Thus, the historical basis for these measurements is significant. In recent years,
with the adoption of design of experiment methods [36], bond strength measure-
ments along with other physica measurements (roughness, porosity, etc.) have
been used to establish specificationsto select coatings.

The strength of the specimen may not be the same as the strength of the
engineered coating. It can also be difficult to establish how process-induced
residual stresses influence the strength measurements. The adhesion measure-
ment is now taken as a control parameter that can be used as a guide to optimize
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Fig. 7. Variation of the bond strength of aluminum coatings with (a) the blasting angle and (b) the
coating thickness [34].

the many process parameters that areinvolved during thermal spraying. Oftenthe
tensile adhesion test is performed as a quality control test and numerous
references can befound in thermal spray conference proceedings [6-8].

2.3. Fracture mechanicsapproach

2.3.1. Overview. Thefracture mechanicsapproach to evaluate crack propagation
is based on defining adhesion in terms of a stress intensity factor K or strain-
energy release rate G. Methods of measurement include the double cantilever
beam (DCB) test; the doubl e torsion test; the bending (three-point or four-point),
single-edge notched test; and the compact tension test. Among these, the DCB
method allows multiple fracture toughness readings by testing a single specimen
and will be discussed in thefollowingsection.

Thefracture mechanics mode of failureisalso a material property that can not
only be controlled (tosome degree), but must be quantified for engineering design
purposes. Thus, amgjor justificationfor afracture mechanicstest isthat a mode |
(tensile) or a mode II (shear) test can be performed and the response of pre-
existing flaws ascertained. There is also the possibility of carrying out mixed
mode tests that may better replicate a variety of service conditions that the
coating may experiencethroughout itslifetime.

Thedoubletorsion test [37, 38] has been applied to thermally sprayed coatings
(Fig. 8).The prime advantage of this test is that thereis no need to measure the
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Fig. 8. Double torsion geometry and test configuration.

crack length because cracking occurs at a constant strain-energy release rate or
stress intensity factor. Specimen manufacture involves incorporating the coating
into an arrangement so that a torque can be applied to the crack front. The short-
comings of the test are that mode | cracking, where the crack front is orthogonal
to the crack propagation direction, was never verified despite several attempts. It
also appeared that both arms of the double torsion specimen were deflecting at a
constant angle along their entire length. Both these conclusions are reflected in
the fracture surface morphology asindicated in the inset diagram (on the bottom
right) of Fig. 8 wherea mixed mode of failureisobserved.

The four-point bending test has also been applied to measure the fracture
toughness of ceramics joined with metals [39]. The configuration is quite simple
and one measurement can be obtai ned from each test.

2.3.2. Double cantilever beam (DCB) test. A major advantage of the DCB test is
that it may have wide applicability to the design engineer; however, this ideal
comes at the expense of complex specimen preparation and more sophisticated
experimental techniques than the quality control departments of thermal spray
shops may be prepared to undertake.

Many configurations of this test are available (Fig. 9) and an example of the
technique on a thick film conductor of alumina is shown in Fig. 10 [40]. The
applied moment method was used in this case since the crack length, a difficult
property to measure for these opaque coatings, was not required. These studies
are analogous to those on thermal spray coatings (Fig. 11) [41], whereinterfacial
and cohesive modes of failure were distinguished in terms of fracture toughness.
Another DCB geometry arrangement isillustrated in Fig. 12 [42], where a single
contoured arm was used.

The general nature of the force vs. displacement requirement of a DCB
experiment is shown in Fig. 13. The elastic energy of the specimen arms controls
the amount of energy which is transferred to the creation of new crack faces
within the locus of fracture. Thus, crack growth, asindicated by the dashed linein
Fig. 13, will continue until a stable condition is reached and crack propagation
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Fig. 10. Applied moment DCB specimen for measuring the adhesion of thick films. (a) Specimen

preparation; (b)testing arrangement [40].
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Fig. 12. Specimen with DCB geometry in which one arm iscontoured {42].

stops at that point. The new slope of the force-displacement curve (i.e. the
compliance) indicates the magnitude of the new crack length, and the area
enclosed within the force-displacement curve is related to an energy transfer
(from the DCB armsto the crack) during crack growth. Thus, the versatility of the
DCB method isthat the energy input into the coating can be controlled by altering
the elastic modulus and/or geometry of the DCB arms.
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It is also necessary to verify that the arms of the DCB are indeed bending and
that thereis no rigid movement of the adherends (Fig. 14a). It wasestablished that
true bending of the DCB arms did take place asindicated in Fig. 14c, rather than
the ideal situation as depicted in Fig. 14b. The composite DCB geometry which
incorporated an adhesive joint does not directly obey the Mostovoy formulation
[43] but a modified equation that incorporated displacement at the crack-tip and
deformation beyond the crack-tipfitted reasonably well to thetheory (Fig.15).

2.3.3.DCB test for thermally sprayed materials. In the basic DCB test on
coatings (Fig. 16), a tension force is applied to the specimen assembly and
displacement is measured by an extensometer placed on the arms [22]. When
cracking initiates, as noticed by load decreasing with extension increasing, the
DCB is unloaded. Several loading/unloading sequences are performed until
completefailure o the specimen, at which point the morphology can be examined
by optical microscopy and scanning electron microscopy (SEM). Either one of
the threefailure modes, i.e. interfacial, cohesive, and mixed, can be observed and
both inter- and trans-lamellar cracking is exhibited. The locus of fracture can be
controlled by grooving the edges of the DCB as shown in the inset (right-hand
side) of Fig. 16. Another feature of the DCB method is that the method is not
limited by the strength of the adhesive, asis the casefor tensile adhesion tests but
sinceit isafracture mechanicstest, it is only necessary for the fracture toughness
of the adhesive to be greater than that of the coating. This is a relatively easy
condition to satisfy.
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2.34. G, determination. The critical strain-energy release rate, Gy, is deter-
mined from equation (2). The compliance values, dC/dL, are determined from
the displacement at the loading points (C p), which differs from the values
recorded by the extensometer which is termed the crack opening displacement
(Ceop)- An experimentally determined calibration curve is necessary to calculate
dC/dL [22, 44]. Severa laboratories have used this technique [45, 46] to
generate G, data. The results are compiled with fracture indentation measure-
mentsin Table 3. The mean G, valuesfor ceramic coatings exhibit a large range
but generally they can be considered to lie below = 100 J/m?, whereas Gi¢ values
for metallic coatings are greater than 100 J/m?.

Table 3a.

G values(inJ/m?) for thermally sprayed aluminacoatings

Material Mean SD Method Note Ref.  Appendix
AlLO, 12 2 DCB IF 22 Metco 101
AlLO, 16.1 5.3 DCB CF 23 Metco 105
Al,O, 21 5 DCB CF 22 Metco 101
AlLO, 31.6 9.3 DCB CF 23 Sedled
ALO, 34 9 DT CF 22 Metco 101
AlLO, 49.8 14.0 DCB CF 23 PC-WAF
AlLO, 52.7 145 DCB CF 23 Assprayed
AlLO, 58 16 DCB Int. BCFail. 22 Metco 101
AlLO, 78 29 DT IF 22 Metco101
AlLO, 209 - Ind. Load: 47 N 23—

AlLO, 189 - Ind. Load: 98N 23  —

ALO, 976  — Ind. Load: 147N 23  —
AlLO;-2.5wt% TiO, 159 5.6 DCB CF 23—
ALO,-2.5wt% TiO, 218 - Ind. Load: 735N 23  —
ALO,-2.5wit% TiO, 268 — Ind. Load: 147N 23  —
AlLO,-2.5wt% TiO, 301 - Ind. Load: 98 N 23—
Al,0,-40% TiO, 48.7 15.8 DCB IF 23—

“For datagivenin K, equation (3)is used to convert K into G by assuming E = 48 GPa: v = 0.25.
SD: standard deviation; | F= interfacial failure; CF= cohesive failure; Int. BC Fall.: interfacial bond
coat failure; Ind.: indentation.
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Table 3b.

G, vaues (inJ/m?) for thermally sprayed zirconia coatings'

Material Mean sb Method Note Ref.
Zr0,~10 CeO, 11.4 3.6 DCB IF 21
Zr0,-15 CeO, 74.1 22.9 DCB IF 21
Zr0,-15CeO, 1254 51.1 DCB CF 21
Zr0,-6 Y,0, 49.9 16.7 DCB IF 21
Zr0,-6 Y,0, 95.5 39.4 DCB CF 21
Zr0,-6 Y,0, 148.3 52.3 DCB Mixed 21
Zr0,-20 Y,0, 30.0 10.4 DCB IF 21
Zr0,-20 Y,0, 69.7 31.8 DCB CF 21
Zr0,-20Y,0, 43.2 19.6 DCB Mixed 21
Zr0,-8 Y,0, 11.1 1.3 Ind. Load: 50 N 68
Zr0,-8 Y,0, 10.4 1.3 Ind. Load: 100 N 68
Zr0,-8 Y,0, 16.0 1.0 Ind. Load: 50 N 68
Zr0,-8 Y,0, 21.2 1.2 Ind. Load: 100 N 68
Zr0,-8 Y,0, 5.7 0.9 Ind. Load: 50 N 68
Zr0,-8 Y,0, 3.8 0.5 Ind. Load: 100 N 68
Zr0,-8 Y,0, 5.3 0.5 Ind. Load: 50 N 68
ZrO,-8 Y,0, 5.8 0.7 Ind. Load: 100 N 68
YSZ 24.0 6.4 Ind. Load: 588 N 65

"For data given in K, equation (3) is used to convert K into G by assuming v = 0.25. Mixed: mixed
modefailure.

Table 3c.

G, values (inJ/m?) for thermally sprayed coatings of some metalsand ceramics?

Materials Mean SD Method Note Ref.
Mild Steel 116 21 DCB IF 22
Mild Steel 261 71 DCB CF 22
Ni-Al 319 95 DCB CF 22
Cr,0, 43.0 52 Ind. Load: 9.8-98N 64
Spinel 47.0 12.7 Ind. Load: 294 N 65
Ti 6.79 0.34 4-P Bending With stress 39
Ti 2.98 0.19 4-P Bending Without stress 39
Ni-20% Al 362 16 DCB CF 23

"For datagivenin K, equation (3)is used to convert K into G by assumingv = 0.25.

2.4. Acoustic emission

24.1. Background. Acoustic emission (AE) is a term describing a class of
phenomena whereby transient elastic waves are generated by the rapid release of
energy from localized sources within a material.' [47]. The energy usualy arises
from one or more sources [48], which include phase transformation, plastic
deformation, corrosion, and crack initiation and growth [49]. An AE event is
detected by a piezoelectric transducer when energy is released from the material.
The output is amplified and then features of the A E signal such as the ring down
count, rise time, and/or pulse height are subjected to analysis. Often a multi-
channel systemis used to examine different energy levelsand the signal may also
be digitized or integrated for an energy analysis.

Special interest lies in formulating crack initiation and growth criteria which
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are based on the microstructural design of coatings. This is important because
microstructural features can be quantitatively determined [50] by image analysis
methods and leads to the conclusion that the microstructure of coatings can be
‘controlled’ by the thermal spray'process. AE technology has been combined with
fracture mechanics measurements [51-53] or thermal tests [54, 55] to
characterize coating properties. AE technology has been applied to better
understand failure mechanisms and to predict lifetimes[56-58]. It has also been
applied to quality control and in-service monitoring.

2.4.2. Crack density function. A thermal spray coating has a very rich micro-
structure, and both macro- and micro-cracking, among other sources, can release
energy during coating service. A difficulty is that the AE response is over-
whelming with regard to acquiring data and this often limitsthe AE method to be
a qualitative technique since individua AE response-to-coating morphology
correlations cannot be made. However, quantitative AE anaysis may still be
possible through a test procedure which is combined with calibration [59, 60].
For example, studies on thermal barrier coatings that were subjected to heat
cycling changed from a systematic response to a stochastic response during a
certain thermal cycle. Thiswas considered to beindicative of achangein cracking
response from micro- to macro-cracking since the change in AE response was
correlated to the observation of theformation of largecracks (Fig.17) [61].

The record of AE response for coatings will be a combination of al possible
noise origins, and a'crack density function' (CDF) [62] which incorporates both
the number of cracks and the size of cracks has been proposed. It isfound that
macrocracking events tend to occur at low values of the CDF. Figure 18 showsan
example of a CDF analysis for two coatings that were prepared to exhibit
different behaviors. The essential details are that one sample (indicated by the
filled-in parts of the histogram) exhibited alower frequency of the CDF function
and thisisindicative of alower degree of cracking, in termsaof both the number of
cracks and the size of cracks (since the CDF incorporates these physical charac-
teristics o coatings). At failure and after failure (Figs18b and 18¢), thefrequency
of these eventsincreased.

(a) (b)
80 — L
SYSTEMATIC RESPONSE l I /~ STOCHASTIC RESPONSE
FROM MICROCRACKING . 1,/ FROM DELAMINATION
i IV CRACKING
.~ SIGNAL FALLS OFF AS
60 dT/dt DECREASES
COUNT
RATE
~ SIGNAL RISES
| AS AT STRAIN
2 /  INCREASES ~ SYSTEMATIC
/| RESPONSE
~— COOLING — COOLING /
l I _ | | I
0 300 600 900 1200 0 300 600 900 1200

TEMPERATURE, °C
Fig. 17. Schematic diagram of A E effects.(a) Typical cooling cycle; (b) failureduring cooling cycle.
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cyclesafter failure.
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Fig. 19. Bond strength vs. AE emitted during har dnesstesting.

AE methods have also been use in conjunction with mechanical property
measurements. For instance, it has been established that the number of A E counts
emitted during a hardness test increases as the density of the material decreases.
Figure 19 indicates a number of processes and materials where it is generally
understood that flame spraying (indicated by ‘f*) will produce aless dense deposit
than plasma spraying ('p) and also that additions of titania to alumina increase
the deposit density. Thus, an intuitive interpretation is that the most dense
material exhibits the least cracking behavior and thisis reflected in a lower AE
response.

Similar correlations have been proposed on the basis of A E measurements
performed during tensile adhesion tests (TATs). The AE count accumulated
during a TAT is graphed with respect to the so-determined bond strength in Fig.
20. The coatings which incorporate metallic constituents exhibit an activity lower
than that of the non-metallic coatings (at equivalent bond strengths). Therefore, a
physical interpretation of the mechanical response is that the metallic materials
allow more plastic deformation than the ceramic materias. This simple explana-
tion relates well to the general understanding of bulk material behavior, i.e.
ceramics are more brittle than metals. However, one caution is that such correla-
tions between bulk material properties and thermally sprayed materials may not
be correct since these thick coatingsareformed by arapid solidification process.

The purpose of this discussion is to show that adhesion and cracking
mechanisms are symbiotic material properties that can be linked by AE
processes. Thus, in a very broad sense, a study and understanding of cracking
mechanisms will lead to real improvements in maximizing the adhesion of
coatings. For example, consider relating the A E response during a TAT to the
cracking and deformation behavior of the specimen assembly. Figure 21 is a
schematic diagram which indicates that the strain in the bond coat (the metallic
constituent) is aways greater than the ceramic strain, athough the absolute
extension in the ceramic layer is greater than that of the bond coat. The overal
view isthat cohesivefailure occurs by many microcracks throughout the material,
whereas interfacial failure has a lower density of cracks. The other implication
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Fig. 20. Bond strength vs. AE emitted during tensile testing.

from Fig. 21 is that cracking during a TAT aways begins at the edges of the
material and that flawsin this region may dictate the so-determined strength value
sincethey aretheweakest link.

2.5. Microhardness assessment

2.5.1. Indentation fracture toughness. Indentation techniques are often used as
surface characterization tests. The hardness, implying the resistance of a material
to permanent indentation, is measured by asharp or bluntindenter. Specific crack
patterns can be observed [63] in the material at certain loads on theindenter. The
indentation method allows the fracture toughness of materials [64-66] and, in
particular for thermal spray coatings, the properties of the interface between the
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Fig. 21. Schematic diagram to illustrate the coating deformation response during the interfacial and
cohesive failure modes.

coating and substrate to be measured. T he coating toughness has been measured
by the Vickers indentation test [67, 68], where it is necessary to measure the
indent diagonals and the crack lengths produced during the test.

The results of several workers have been summarized in Table 3. Theindenta-
tion fracture toughness measurements tend to be greater than those obtained
from DCB tests. Aspects of these measurements that lead to critical discussion
are mainly based on the application of the indentation theory to thermal spray
coatings since these materiadls are highly anisotropic. Thus, obtaining a
symmetrical crack pattern during any test is never assured, since the coating
microstructure has many features that influence their formation and propagation,
and therefore the so-determined valuesare often highly variable. For example, the
Weibull modulus of an alumina coating is 0.5 and the modulus of an alumina-
titania coating is 0.8. The other main point, as will be discussed in the following
section, isthat coatings are highly anisotropic throughout their thickness and thus
randomly placed indentation fracture mechanics tests would not be expected to
have consistent values.

2.5.2. Anisotropy of thermally sprayed coatings. The microstructure of ther-
mally sprayed coatings is a mix of lamellage, pores of varying geometry, and
oxides, etc. It is recognized that the coating is hot homogeneous and micro-
hardness measurements can be used to examine any anisotropy. The mean values
of microhardness and the distributions of data sets across the coating thickness
change with respect to the test position [69]. Hence, characterizing thermally
sprayed coatings by only their hardness is of limited value, since hardness
dependson the precise location of the measurement. However, the microhardness
measurements can quantify the material property variation in the specimen if the
Weibull modulus is determined. In thisfashion it wasfound that the variability of
surface properties isgreater compared to the properties throughout the specimen
cross-section. The morphology of microhardness indents also changes and this
feature can be used to study the variation in homogeneity and stress concentra-
tion within the specimen.
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Fig. 22. Weibull plotsfor microhardness datafor as-sprayed and aged sampleswithin the bond coat.

Asshownin Fig. 22, the Weibull modulus fluctuates and suggeststhat the data
distributions are a reflection of microstructural changes in the bond coat. For
example, the variation in ‘m’ may imply theformation and distribution of oxides
and crack networks.

2.5.3. Interpretation to lifetime. Microhardness measurements have been used
to monitor coating behavior after thermal treatments [70]. For example, a series
of thermal barrier coatings (a NiCoCrAlY intermetallic bond coat and Ce-
stabilized zirconia layer) aged at different times and temperatures (at 400 and
800°C for 100, 500, and 1000 h) were tested for microhardness to assess any
material property changes [71]. The major failure mechanismsof thermal barrier
coatings are oxidation within the bond coat and cracking due to thermal
expansion mismatch within the coating system. This can be reflected by the
hardness variation and, in the future, afailure model and lifetime prediction may
be based on the analysisof such data.

Temperature effects were noticed in the coating systems. For ceramic coatings,
microcracks produced by thermal expansion mismatch may have different sizes
and densities. These cracks will be responsible for the variation of mechanical
properties. At the same time, the oxide film surrounding the lamellae within the
bond coat should have different thicknesses according to the oxidation kinetics at
various temperatures. These oxide films, though they may contribute to the
increase of microhardness, decrease the adhesion strength of the bond coat.
Schematic illustrations d mechanisms that cause coating variation are presented
in Fig. 23. Non-monotonic response of hardness and the low Weibull modulus
imply complex processes such as stress relaxation, growth of oxides within the
bond coat, and phase change.
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Thermal cycling of TBCs not only deteriorates the strength of the material at
and near the bond coat interface, but also reduces the reliability of the ceramic
thermal barrier layer. Microhardness measurements can be used to quantify the
material property variation in the specimen. Weibull modulus values obtained in
the study show that the reliability of the ceramic coating decreases from 10.5
before cycling to 5.5 after thermal cycling. The wide scatter in the hardness data
indicates the variable nature of stressconcentration at the test location.

Thus, increasing the reliability of coatings by controlling the variable nature of
the material properties requires that the mechanical response throughout coatings
be precisaly quantified. Microhardness has been selected since this has been used
by many authors not only to characterize specific coatings, but also to compare
coatings formed from different feedstock materials, spray processs, and process
parameters, aswell as many other properties.

2.6. Other methods

26.1. The scratch test. The scratch test, originally studied by Benjamin and
Weaver [72], is often used to characterize thin hard coatings, such as TiN and TiC
[73, 74]. In this test, a loaded Rockwell C diamond stylusis drawn across the
coating surface under either constant or gradualy increasing load. In one
variation of the test, the AE is also monitored during the scratching procedure so
that the critical load ‘L.’ for failure can be measured. The failure morphology is
examined by optical microscopy or scanning electron microscopy. If interfacial,
cohesive, or a mixed failure mode is observed, then L. is used as a qudlitative
valueof coating-substrate adhesion.

Three contributions to coating loss have been identified for the scratch
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adhesion test [75-78], these being an elastic/plastic indentation (a ploughing
component), and internal stress component, and a tangential frictional stress (an
adhesion component).

Bull et a. [76] discussed the importance of frictional drag and suggested that
under certain limitations the applied load, together with the scratched cross-
sectional area, can be a convenient means of predicting the adhesion of thin
coatings. Sekler etal. [77] discussed techniques to determine the critical load, and
thefailure modesin the scratch test were recently reviewed by Bull [78].

The scratch test has been applied in the evaluation o thermally sprayed
coatings [52, 79-82]. The major problem for utilization is that all the theories
were developed based on thin coatings and may no longer be appropriatefor bulk
coatings. Das et a. [52], in studying plasma sprayed yttria-stabilized zirconia
(Y SZ) coatings, proposed a method for the determination of the critical load and
discussed the effect of the loading rate dL/d¢ and the scratch table speed dx/d«.
Beltzung et al. [81, 82] performed scratch tests on the cross-section of aumina-
based coatings. A half-cone-shaped fracture was formed as the indenter
approached thefree surface. The height of this cone can berelated to the cohesive
strength or intrinsic fracture toughness of the coating. Interfacial cracking may
also occur and can be utilized as a measure of the adhesion strength.

2.6.2. Some teds not covered. There are many other methods that can be
employed to evaluate adhesion in the qualitative or quantitative sense. The
followingare some examples:

(1) wear tests [83, 84], whichare related to theinterfacial or cohesive strength of
coatings;

(2) thermal tests [85, 86] during thermal cycling and thermal shock protocols
that influence the adhesion strength during heating and cooling processes;

(3) shear tests[87, 88], which may best reflect thein-service conditions;

(4) modified short bar [89] and crack-opening displacement methods [90] for
fracturetoughness tests.

There is still no ideal adhesion test which can satisfy al requirements.
Modifications of existing. techniques and designing new methods can further
improveadhesion tests.

3. DEGRADATION AND FAILURE OF THERMALLY SPRAYED COATINGS
31 Failure mechanisms

Thermally sprayed coatings have been used widely in applications varying from
biomaterials to thermal barrier coatings [91]. Coating failure can occur by one or
more mechanisms such as surface damage (e.g. wear or corrosion), elastic or
plastic deformation, fracture, etc. The degradation or failure of coatings is
fundamentally related to the decrease of adhesion and cohesion strength, both of
which cause spallation. Fundamental studies on failure mechanisms, especialy for
TBCs, have been discussed by NASA [92].

Thermal barrier coatings, usualy comprising a metallic bond coat and a
ceramic coating, endure detrimental thermal and chemical environments. General
failure modes include thermal -mechanical ceramic failure, oxidation bond coat
failure, hot corrosion, erosion, and fatigue [93]. The thermal variations and
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inelastic strain due to interfacial oxidation, which leads to crack propagation and
coating spallation, should exacerbate coating failure. Meanwhile, phase
transformation and bond coat plasticity (or pseudo-€lasticity) may also contribute
to these mechanism(s). It has been suggested that failure is the result of slow crack
growth and microcrack link-up within the ceramic which takes place in the
ceramic layer closeto the bond coat interface.

Chang et al. [94] used finite element analysisto calculate the stress field within
a hypothetical wavy interface and found that radial stress would promote crack
propagation. The stress owing to the thermal expansion mismatch can be
estimated as[95]

EC
Ux,vz Aa(Tmol— Thot) (1 _ VC) (5)
where A a is the difference in thermal expansion coefficients between the
substrate and coating, T, is the lower temperature to which a coated specimen
cooled, T, is the upper temperature of a stress-free state, E, is the elastic
modulus of the ceramic, and v, is Poisson'sratio of the ceramic.

A representation of the thermal-mechanical properties resulting from the
coating splat structureis shown in Fig. 24. It has generally been recognized that
the coating failure is 'time-at-temperature’ dependent, especially for oxidation.
Macro-and micro-cracking will decrease the adhesion strength of the system and
thus appropriate interpretation of the data obtained from adhesion measurements
may be beneficia toimproving the reliability and durability of thecoatings.
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Fig. 24. Schematic representation of thermal-mechanical properties resulting from the coating
splat structure of a plasma-sprayed thermal barrier coating. The diagram represents the influence
of microstructure on the thermal conductivity, the stress vs. strain response, fatigue, and creep
properties[93].

3.2. Lifetime modeling

A thermal barrier coating life model was proposed by Miller [95] based on the
assumption that oxidation is the 'single most important factor' that limits coating
lifetime. An oxidation-based model was used to calculate the cyclestofailureasa
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function o heating cycle duration. The coating life can be expressed by the
oxidative weight gain and oxidation-induced strain as

(-2 )
N=1 & J\Wc &

where N is the number of cycles, N; is the number of cycles to failure, ¢, is the
radial strain, g isthefailure strain, W, is the oxidative weight gain at cycle N, W,
is the critical weight gain which would lead to failure in a single cycle, mis the
relationship between effective strain and weight gain, and b is the subcritica
crack-growth exponent.

The NASA-sponsored HOST program contributed more effort to model the
TBC life [96-98]. Hillery et al. [96] used time-dependent, nonlinear finite
element analysis to model the stress and strain within the coating system and
expressed thelifemodel as

Aggy + 0.4A e = 0.121 N; 0486 )

where A gy, is the shear strain range, A isthe normal strain range, and N; isthe
number of cyclestofailure.

Strangman et al. [97] expressed the TBC life as a function of bond coat
oxidation, zirconia transformation, and damage due to molten salt deposits. The
empirical equation was

=1 (6)

0.25
TBC life— (£925+ 0.181)MTBREF )
{exp[ = 0.015 T+ G ]} ' +{exp[ - 0.041 T+ G,]} !
where MTBREF is the multi-temperature burner rig experience factor; T is the
temperature (inK); t isthetime; and C, and C, are constants.
DeMasi et al. [98] considered the fatigue performance and expressed the
relationship between strain and the oxide layer thickness, 6, as

Ag, = Aefo(l;éd)c-l-Agi (?)d )

C

[

where Ag; isthe strain, Agg, isthe oxidation strain, Ag; istheinelastic strain, 6is
the oxide thickness at a particular cycle number, 6, isthe critical oxide thickness,
and ¢ and dare constants.

Recently, Meier et al. [99] studied TBC deposited by the electron beam PVD
fatiguelife model and gave

I

where N isthe cyclic life, Agg is the furnace failure strain, Ae is the strain range,
6 is the oxide thickness at a particular cycle number, ¢, is the critical oxide
thickness, and b and ¢ are constants (b= 7.64, ¢ = 1.0).

The lifetime modeling of active in-service engineering components is a more
complex problem and further effort isin progress.

4. CONCLUDINGREMARKS
The measurement of the adhesion of thermally sprayed materialsis, at least on the
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conceptual level, a routine operation. The tensile adhesion method as detailed in
ASTM C633 is simple and often used in industry for ranking different coatings.
However, the mgjor shortcoming of this test is that it does not promote any
understanding of coating performance, i.e. how coatings can be designed to be
more functional. Thus, the present paper has addressed other methods based on
fracture mechanics and mechanism-based studies.

The design of experiments with regard to material property optimization of
coatingsis another area o intense effort. Experimental protocols which are based
on Taguchi and response surface methodology alow engineers efficient and
viable ways to optimize the process parameters {100, 101]. Such statistical
methods are executed to discriminate key parameters which induce the variation
of coating properties. The signal-to-noise ratios of the processing parameters are
derived from such studies [102]. The Taguchi method does have some short-
comings and limitations [103] but it is a simple and powerful process control
procedure.

The coating should be considered as part of the overall component system and
therefore current trends are to design the coating as an integral part of the
component assembly rather than as an add-on to the substrate. Whereas the
property of coating adhesion to the substrate is of principal interest, thereis still
no single measurement which can satisfy dl the requirements for determining
material properties. Standardization of measurements, which may be achieved by
improving existing experimental techniques or by the combination of two or more
techniques, will aid future coating development. Finally, a coating design (i.e. both
microstructural and mechanical engineering designs) which is based on lifetime
modeling is the critical information that should be forthcoming from any test
method. Such designs will increase the knowledge-base and understanding of
thermal sprayed materials and coatings so that their reliability and application
will grow.
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