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Thermally sprayed coatings have a distinctive microstructure which can be described as "a three dimen- 
sional layered structure of discs which are interlaced to form a material of  composite nature." The coat- 
ings are normally greater than 25 lxm in thickness and can thus be described as bulk coatings. The mini- 
mum microstrueturai detail would be a single splat (ofter described as a iamella) which is about 5 ~tm 
(approximately 0.0002 in.) in thickness and up to 80 ~tm (approximately 0.003 in.) 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 strength and toughness. Measure- 
ments such as the tensile adhesion test (according to ASTM C633), the double cantilever beam test, and 
the scratch test are detailed to illustrate their relevance to present industrial practice. Acoustic emission 
studies have also been used to assess the "crack density function," a product of  the number of cracks and 
crack size. Indentation techniques have been used to determine the fracture toughness of coatings and to 
demonstrate that the material properties of coatings are anisotropic. These techniques, among others, 
may be used to gain a fundamental understanding of coating performance or for quality control. A fur- 
ther focus of this paper concerns the highly variable nature of the material properties of coatings. Such 
variation leads to poor reproducibility during service and can cause unpredictable performance. There- 
fore, a section is presented on the statistical analysis of thermal spray coatings, with particular reference 
to the Weibull distribution. 

1. Introduction 

1.1 Formation and Structure o f  Thermally Sprayed 
Coatings 

A VARIETY of thermal spray processes can be used to deposit 
thick coatings for a broad range of  applications (Ref 1-3). These 
processes are essentially similar in that a material is heated by a 
gaseous medium and simultaneously accelerated and projected 
onto a substrate. The family of  thermal spray processes includes 
flame spraying, plasma spraying, vacuum plasma spraying (also 
called low-pressure plasma spraying), high-velocity oxygen 
fuel (HVOF), arc metallization, and detonation gun spraying. 
The prime distinctions among these spraying processes are the 
temperature of  the process and the velocity of  the thermal source 
employed. These process variables control the nature of  the ma- 
terials that can be sprayed. The techniques also differ with re- 
gard to their process economics--that is, factors such as the cost 
of  equipment, the cost of  feedstock materials and other consu- 
mables (gases, grit blast media, etc.) that may limit the viability 
of  a particular process. Several conferences have been devoted 
to thermal spraying, and the published proceedings (Ref 4-6) 
cover many of  the processing variables associated with this 
technology. 
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Thermal spray technology is not limited to coating substrates 
but also encompasses the manufacture of  net shapes (Ref 7), 
which can be considered as very thick coatings (up to approxi- 
mately 25 mm, or 1 in., in thickness) stripped from the substrate 
(or "forming tool") and then used directly as an engineered ma- 
terial (Ref 8). The availability of  thermal processes enable the 
production of  materials o f  varying composition and microstruc- 
ture, the so-called functionally gradient materials. 

Thermally sprayed coatings consist of  a layered structure 
that is highly anisotropic, with individual splats oriented parallel 
to the substrate surface (Ref9). A microstructural cross section 
of  a thermally sprayed material is illustrated in Fig. 1, where un- 
melted particles are embedded within the layered structure and 
pores exist either totally within or between each layer (Ref 10). 
After formation of  the coating, the first property criterion for this 
coating system is "How well is the coating adhered to the sub- 
strate?" and it therefore follows "How can we evaluate this ad- 
hesion strength, especially for coatings which are in service?". 
The intent of  the following contribution is to describe and then 
discuss methods of  measuring the "adhesion strength" of  ther- 
mally sprayed coatings. 

1.2 Rationale for Adhesion Measurement 

According to Mittal (Ref 11), adhesion can be expressed in 
various ways. For example, "basic adhesion" signifies the inter- 
facial bond strength and is the summation of  all intermolecular 
or interatomic interactions. The result of  an adhesion test is 
called "practical adhesion" and is a function o f  basic adhesion 
and a number of  factors, all of  which represent the work required 
to detach a film or coating from a substrate. Many theories and 
mechanisms for thermally sprayed coatings have been proposed 
(Ref 12, 13); none, however, covers all situations, and no adhe- 
sion test satisfies all requirements. Therefore, the best test 
method is often the one that simulates practical stress condi- 
tions. 
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be applied to thermal spray materials, because these coatings 
can be considered as "composites" at the microstructural level. 
Thus, bonding mechanisms for forming an integral coating or 
net shape will also be complex and may involve adhesion proc- 
esses that are exclusive of  those established for classical joining 
technology. The basic bonding mechanisms that have been de- 
fined for thermal spray coatings can be categorized into three 
major groups: (1) mechanical interlocking or anchoring, (2) 
metal-to-metal bonding, and (3) chemical bonding (formation 
of  an intermetallic compound with a substrate) (Ref 16). 

The specific thermal spraying process will influence the mi- 
crostructure of  the coating, and thus it can be inferred that the ad- 
hesion strength of  the deposit will vary. For example, the HVOF 
technique produces a very dense microstructure with porosity 

, , I  , .  I ' ,  

Fig. 1 Schematic cross section of the microstructure of thermally 
sprayed coatings. 1, partially sectioned oxide layer formed on a metal 
droplet in flight; 2, metal particle with its center still in the liquid state; 
3, impinging metal droplet, partially splashing away; 4, burst oxide 
sheet situated between two metal layers; 5, interconnection (keying) of 
two particles that have splashed out; 6, partial alloying of two simulta- 
neously impinging particles; 7, encapsulated presolidified spherical 
particle; 8, microcavity formed by uneven flow of splatted particles; 9, 
micropore caused by entrapped gases; 10, bond layer with roughened 
(grit-blasted) surface; 11, substrate material. Source: Adapted from 
Re f 10 

typically less than 2%, compared to the less than 5% porosity 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 microcracks, influence the performance of  a coat- 
ing system. A coating system may include several materials 
(polymers, metals, and/or ceramics) in a heterogeneous layered- 
type structure or as a composite mixture in which several mate- 
rial phases are dispersed. A substrate that is surface prepared and 
preheated also plays an important role in coating integrity be- 
cause it is a platform for the transmission of  operational stresses. 

The service failure mode can be described as interracial, co- 
hesive, or mixed interfacial/cohesive.* Laboratory tests must in- 
duce the observed service failures; otherwise, such tests will be 
of  limited application to engineering design and quality control. 
Useful measurements o f  adhesion strength and interpretation of  
test results to predict the service life of  coatings or net shapes are 
the most challenging problems facing thermal spray scientists. 

1.3 Applicat ion o f  Fracture  Mechanics  to Adhes ion  
M e a s u r e m e n t  

The adhesion of  thermally sprayed coatings is not only an in- 
terracial problem of  each lamella within a coating, but also in- 
volves the integrity of  the interface between the substrate and 
coating, residual stresses, crack population, and pore size and 
distribution. Fracture mechanics (Ref 17, 18) considers the en- 
ergy required to initiate or propagate cracks and evaluates the 
adhesion of  the coating system in terms of  fracture toughness 
(Ref 19-21). Four-point bending methods, single-edge notched 
specimens, double cantilever beam (DCB) tests, indentation 
techniques, and other measurements have been employed to as- 
sess the adhesion of  coating systems (Ref22-24). 

The purpose of  all these methods is fundamentally the same 
when they are expressed from the viewpoint of  fracture mechan- 
ics. The experimental proposition is to establish the equilibrium 
condition where the elastic energy provided by an external force 
(as defined by the geometry of  the specimen and the applied 
load) is balanced by the propagation of  a stable crack. One form 
of  this energy-balance criterion derives the strain energy release 
rate, G (in j/m2), and is defined as: 

a(~- 
G -  (F~I 1) 

aA 

where We is work done by external forces (J), Uis elastic energy 
stored in the system (J), andA is crack area (m2). It is convenient 
to write G as: 

p2 dC 
G - 2B da (Eq 2) 

where P is the force required to extend a crack (N), a is crack 
length (m), B is thickness (m), and C is compliance (m/N). The 
strain energy release rate can be related to the fracture tough- 
ness, K, by: 

*The term "interfaciar' is preferred over "adhesive" to avoid confu- 
sion with "an adhesive" used to join materials; that is, adhesive is used 
as a noun rather than as an adjective in this paper. 
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Fig. 2 (a) Specimen for determining adhesion strength. (b) Centering device and specimen in cross section. Source: Ref 28 

Table I Methods for determining coating/substrate 
adhesion 

Qualitative Quantitative 

Mechanical methods 
Cellophane tape test 
Abrasion test 
Bend and scratch test 

Nonmechanical methods 
X-ray diffraction 

Direct pull-offmethod 
Laser spallation test 
Indentation test 
Ultracentrifugal test 
Scratch test 

Thermal method 
Nucleation test 
Capacitance test 

K=~/ EG (Eq3) 
1 - v  2 

where E is elastic modulus (MPa) and v is Poisson's ratio. 
When G exceeds a critical value, Go crack propagation oc- 

curs and failure o f  the coating system results. The evaluation o f  
K with Eq 3 assumes that both the elastic modulus and the Pois- 
son's ratio of  the material are known; this is often not the case. 
The physical representation o f  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 o f  
this theory is that the crack path and rate of  crack growth can be 
controlled precisely by appropriate design of  the specimen. It 
now becomes possible to assess the tolerance o f  thermal spray 
coatings to cracks by measuring their fracture toughness. 

Therefore, "mechanical adhesion" can be evaluated in terms 
of adhesion strength or fracture toughness. Such measurements 

o f  coating/substrate adhesion are listed in Table 1 (Ref 25-27). 
However, test methods for thermally sprayed coatings are re- 
stricted. The techniques to be discussed in this paper include the 
DCB test, the double torsion test, the bending test (three or four 
point), the scratch test, acoustic emission (AE) technology, and 
microhardness assessment. 

2. Adhes ion  M e a s u r e m e n t s  

One difficulty with any mechanical property assessment of  
coatings involves attachment of  a loading device to the coating 
without influencing the property that is being measured. Some 
investigators (Ref28) have approached this problem by manu- 
facturing a pin or disk that can be removed from a mating com- 
ponent (Fig. 2). The surface of  the assembly is thermally sprayed 
and then the pin or disk is removed. The force at fracture is used 
to find a parameter termed the "adhesion strength" of  the coat- 
ing. The corresponding shear test is performed by spraying the 
outside diameter of  a cylinder or the head of  a pin (Fig. 3) (Ref 
29). One potential difficulty with the above test involves the du- 
plex nature of  the specimen assembly, which may influence the 
coating quality because the heating and cooling behavior of  the 
deposit will be affected by the interface between the two compo- 
nents. Another feature of  both the tensile and the shear tests is 
that the fracture mode is ambiguous, because mixed-mode fail- 
ure oRen occurring. Mixed-mode failure, where a single fracture 
surface exhibits both interfacial and cohesive components, is a 
major practical obstacle in coating development. The inability to 
perform simple tests that reflect distinct (i.e., single) fracture 
morphologies makes the physical interpretation of  current adhe- 
sion tests difficult. 
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Other geometries that do not require an adhesive (Fig. 4 and 
5) have not been widely implemented outside their laboratories 
of  origin. The method of  spraying two adjoining conical parts is 
expected to incorporate a failure that has a large shear compo- 
nent (Fig. 5a), whereas the other shear test may exhibit shear 
failure either parallel to the substrate surface or through the coat- 
ing thickness (Fig. 5b). Therefore, these tests, in common with 
other tests, do not manifest distinctive failure modes, which lim- 
its their universal application. 

The adhesion properties of  coatings were investigated on the 
microscopic level (Ref32) by shearing individual particles from 
the substrate surface (Fig. 6). This study considered that adhe- 
sion to the substrate arose from interactions across the parti- 
cle/substrate interface, and a strength of  growth rate constant, 
K', was defined as: 

point stage for lever 
Fig. 6 Instrument for measuring the adhesion strength of particles. A 
microknife applies a shear load to individual particles. Source: Ref32 

N(t) 
K' = - 1  In 1 -  (Eq4) 

, No) 
where t is time, N(O is the number of  atoms that react during the 
interaction time, and N o is the number of  atoms in the particle 
and substrate that are in contact. 

The upshot o f  this analysis was that the strength o f  the coat- 
ing at some interaction time of t  was compared to the maximum 
strength o f  the coating at the end of  the thermal spray process. It 
was established that the extent of  the particle/interface reaction 
increased with both increasing particle pressure and tempera- 
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Fig. 7 Variation of bond strength of aluminum coatings after surface preparation with various media. The effects of(a) blasting angle and (b) coating 
thickness are indicated. Source: Ref34 

ture; this agreed with experimental observations that coating ad- 
hesion also increased under these conditions. Further theoretical 
work (Ref 33) has treated adhesion as a stochastic process that 
depends on the formation characteristics of the first monolayer 
of material. The coating buildup is treated as a statistical process 
involving input data from the thermal spray processing parame- 
ters, such as relative motion between the torch and substrate 
(i.e., the spray pattern), the velocity and temperature distribution 
of the thermal source, and the particle size. 

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 determination of the best 
thickness for aluminum coatings (Fig. 7) (Ref 34). Other work- 
ers (Ref 35) have optimized ceramic compositions and plasma 

spraying parameters with respect to strength. In recent years, 
with the adoption of design of experiment methods (Ref 36), 
bond strength measurements along with other physical measure- 
ments (roughness, electrical resistance, porosity, etc.) have been 
used to select coatings for industrial applications. 

The adhesion measurement can be taken as a control parame- 
ter to optimize the many process parameters that are involved 
during thermal spraying. For example, the test can be used to es- 
tablish the significance of process-induced residual stresses on 
coating integrity. Often the tensile adhesion test (TAT) is per- 
formed as a quality control test; numerous references can be 
found in thermal spray conference proceedings (Ref4-6). 

2.1 Tensile Adhesion Test 

The TAT has been used widely as a routine quality control 
tool for thermal spray coatings. The TAT arrangement is illus- 
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Fig. 8 (a) Tensile adhesion test configuration specified by ASTM 
C633-79. 

trated in Fig. 8; at the center, a coated specimen is attached to a 
support fixture by epoxy so that a tensile force can be applied. 
The stress at failure is called the tensile adhesion strength or 
bond strength and is an important property for characterizing 
coatings. However, the TAT procedure has several shortcom- 
ings, including the penetration of  epoxy and alignment of  test 
fixtures. Mixed-mode failure may also occur, making the inter- 
pretation of  results difficult. 

Four main standards are used in industry or research: DIN 
50160-A (Germany), AFNOR NF A91-202-79 (France), JIS 
H8666-80 (Japan), and ASTM C633-79 (USA). These standards 
differ in their specimen geometry, test methodology, and failure 
analysis (Table 2) (Ref 37). Shimizu et al. (Ref 38) have com- 
pared the differences between ASTM C633 and JIS H8666 and 
have found that coating strength appears to increase with a de- 
crease in the ratio of  coating thickness over the specimen diame- 
ter, presumably due to epoxy penetration to the substrate or 
changes in stress transfer across the coating. 

The failure modes of  a coating under TAT conditions are (1) 
interfacial failure, which occurs along the coating/substrate in- 
terface, (2) cohesive failure within the coating, and (3) mixed- 
mode failure, which is a combination of  the first two modes. It is 
usually assumed that failure is controlled only by the magnitude 
of  the applied tensile force, and therefore the average failure 
stress is measured. However, the highly defective nature of  a 
thermal spray coating gives rise to stress singularities within the 
coating during a TAT. Recently, Han et al. (Ref39) used finite- 
element analysis to study the stress distribution along the coat- 
ing/substrate interface and found that the stress distribution was 
nonuniform and that the average adhesion strength was underes- 
timated. A modified specimen, 50% longer than the standard 
size, was proposed so that a uniform stress can be obtained along 
the interface. A fracture mechanics approach was used to estab- 
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Fig. 8 (b) Tensile adhesion test specimen arrangement and possible failure modes 
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lish a relationship between the bond strengths determined from 
the standard and modif ied specimens, that is (Ref40) :  

o c ~ 1.21 ~s (Eq5)  
c r  c1" 

where Oeer is the bond strength o f  the elongated specimen and 
6st is the bond strength o f  the standard specimen. Therefore, the 
standard A S T M  C633 test is underestimated by a factor o f  
1/1.21 (~83%) due to stress singularities at the specimen edges. 
The factor o f  1.21 in Eq 5 is independent o f  coating modulus,  
thickness, and Poisson's  ratio. 

The TAT data can also be analyzed according to fracture me-  
chanics concepts,  where the specimen configuration for the TAT 
geometry is considered as a circumferentially cracked bar (Fig. 
9) (Ref41) .  The average fracture strength can be converted into 
fracture toughness by: 

KIC = P -1.27 + 1.72 D -3/2 0.4 _ D - 

where K~c is the critical fracture toughness (N-  m 3/2 p is the 
fracture force (N), D is the outside diameter o f  the bar (0.0254 

m), and d is the inside diameter in the circumferentially notched 
bar(m). 

Data presented by Hermanek (Ref 42) have been analyzed 
using this concept (Rcf43) to find an estimation of the naturally 
occurring defects of a TAT specimen. The columns of"old" ra- 
tios presented in Table 3 can be transformed into area ratios that 
represent the effective reduction in average load-bearing area of 
the TAT specimen due to defects. The unsealed coatings (data 
sets l and 3) best represent current industrial practice, and the 
average reduccd-arca ratios range between 0.74 and 0.86. This 
reduction in area corresponds to a reduced failure stress of about 
80%, which correlates reasonably well with the underestimation 
factor of approximately 83% found by Han et al. (Ref40). 

2.2  Fracture Mechanics Approach 

The fracture mechanics  approach to the evaluation o f  crack 
propagation is based on defining adhesion in terms o f  a stress- 
intensity factor, K, or strain energy release rate, G. Methods o f  
measurement  include the DCB test, double torsion test, bending 
test (three or four point), s ingle-edge notched test, and compact 
tension test, and so on. 

Table 2 S u m m a r y  o f m a j o r T A T  spec i f icat ions  

Test specimen Testing conditions 

Standard Diameter, Length, Coating Load rate, Crosshead Minimum Failure 
specification mm mm thickness, ram N/min displacement . numberoftests description 

ASTM C 633-79 25.15-25.4 25.4 >0.38 ... 0.013-0.021 5 

DIN 50160-A 40 _+ 0.1 50 >0.15 and <0.4(b) 1000 + 100 
or <0.8(c) 

AFNORNFA91-202-79 39.9 45 >0.5 1000 + 100 

JIS H8666-80 25-40 40 >0.3 and <0.5 9806.6 0.017 

Interfacial 
Cohesive(a) 
Epoxy(a) 
Inteffacial 
Cohesive 
Interfacial 
Cohesive 
Special cases 
Inteffacial 
Cohesive 
Coating/epoxy 

(a) Mixed-mode failures are of no practical use. (b) For oxides and carbides. (c) For metals. Source: Ref37 

Table  3 Frac ture  toughness  va lues  ca lculated from TAT resul ts (a)  

AverageKic, MaximumKic, Maximum MaximnmKIc(d) Difference(f), 
Data set(b) MN. m -3/2 MN- m -3/2 D/d(c) stress(d), MPa MN. m -3/2 D/d(e) % 

Epoxy 1 A 1.56 2.01 0.93 44.7 2.52 0.86 25 
B 1.65 2.37 0.90 50. I 2.82 0.84 19 
C 1.81 2.70 0.89 55.5 3.12 0.84 16 

Epoxy 1 plus sealer A 1.46 2.38 0.86 47.2 2.66 0.82 12 
B 1.28 1.71 0.92 39.8 2.24 0.84 31 
C 1.39 2.62 0.81 43.9(g) 2.47 0.83 -6 

Epoxy 2 A 0.81 1.14 0.90 22.4 1.26 0.87 10 
B 0.86 1.40 0.86 29.8 1.68 0.80 20 
C 1.90 2.50 0.92 48.2 2.71 0.90 9 

Epoxy 2 plus sealer A 0.73 1.28 0.83 24.1 1.36 0.82 6 
B 0.57 1.32 0.75 23.7 1.33 0.74 1 
C 0.34 0.52 0.88 10.5 0.59 0.84 14 

(a) Original data from Ref42. (b) A, B, and C represent three different manufacturers. (c) Calculated from the experimental maximum KIC and the average stress value. 
(d) Theoretical values. (e) Calculated from the 99% percentile of the average stress value. (f) Difference between the calculated maximum stress and the 
experimentally determined high stress; expressed as a percentage of the experimental value. (g) Note that the calculated maximum stress is less than the 
experimentally determined stress. Source: Ref43 
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The fracture mechanics mode of  failure is a material property 
that not only can be controlled (to some degree) but that also 
must be quantified for engineering design purposes. Thus, a ma- 
jor justification for a fracture mechanics test is that a mode I 
(tensile) or a mode II (shear) test can be performed and the re- 
sponse of  preexisting flaws ascertained. It is also possible to 
carry out mixed-mode tests, which may better replicate the vari- 
ety o f  service conditions that the coating will experience 
throughout its lifetime. 

P 

P 

Fig. 9 Tensile adhesion test specimen ofa circumferentially cracked 
bar for KIC testing. Source: Ref41 

2.2.1 Double  Canti lever Beam Test 

A major advantage o f  the DCB test is the wide applicability 
offered to the design engineer; however, this ideal comes at the 
expense of  more complex specimen preparation and sophisti- 
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Fig. 11 Applied-moment DCB specimen for measuring the adhesion of thick films. (a) Specimen preparation. (b) Testing arrangement. Source: Ref44 
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Fig. 12 Model of stress-intensity profile through film and substrate. M, metal; G, glass; A, alumina. Source: Ref45 

Fig. 13 Specimen with DCB geometry in which one arm is con- 
toured, Source: Ref46 

cated experimental techniques than the quality control depart- 
ments of  thermal spray shops may be prepared to undertake. 

Many configuration of  this test are available (Fig. 10); an ex- 
ample of  the technique on a thick-film conductor o f  alumina is 
shown in Fig. 11 (Ref 44) .  The applied-moment method was 
used in this case, because the crack length, a difficult property to 
measure for these opaque coatings, was not required. These 
studies (Fig. 12) (Ref 45) are analogous to those on thermal 
spray coatings where interfacial and cohesive modes of  failure 
were distinguished in terms of  fracture toughness. Another DCB 
geometry arrangement is illustrated in Fig. 13 (Ref46), where a 
single contoured arm is used. 

The general nature of  the force versus displacement (i.e., F 
versus It) requirement o fa  DCB experiment is shown in Fig. 14. 
The elastic energy of  the specimen arms determines the amount 
of  energy that is transferred to the creation of  new crack faces 
within the locus of  fracture. Thus, crack growth, as indicated by 
the dashed line in Fig. 14, will continue until a stable condition 
is reached; crack propagation 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 trans- 
fer (from the DCB arms to the crack) during crack growth. Thus, 
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the versatility of  the DCB method is that the energy input into 
the coating can be controlled by altering the elastic modulus 
and/or geometry of the DCB arms. 

It is also necessary to verify that the arms of  the DCB are in- 
deed bending and that there is no rigid movement of  the adher- 
ents (Fig. 15a). It was established (Ref22) that true bending of 
the DCB arms did take place as shown in Fig. 15(c), rather than 
the ideal situation depicted in Fig. 15(b). The composite DCB 
geometry, which incorporated an adhesive joint, did not directly 
obey the Mostovoy formulation (Ref 47); however, a modified 
equation that incorporated displacement at the crack tip and de- 
formation beyond the crack tip fitted reasonably well to the the- 
ory (Fig. 16). 

2.2.1.1 DCB Test for Thermally Sprayed Materials 
In the basic DCB test on coatings (Fig. 17), a tension force is 

applied to the specimen assembly and displacement is measured 
by an extensometer placed on the arms (Ref22). When cracking 
initiates, as evidenced by decreasing load with increasing exten- 
sion, the DCB is unloaded. Several loading/unloading se- 
quences are performed until the specimen completely fails, at 
which point the morphology can be examined by optical micros- 
copy and scanning electron microscopy (SEM). Any of  the three 
failure modes--interfacial, cohesive, or mixed--can be ob- 
served, and both interlamellar cracking and tmnslamellar crack- 
ing are exhibited. The locus of  fracture can be controlled by 
grooving the edges of  the DCB, as shown at the right in Fig. 17. 
The DCB method is not limited by the strength of  the adhesive, 
as is the case for tensile adhesion tests. However, because it is a 
fracture mechanics test, the fracture toughness of  the adhesive 
must be greater than that of  the coating. This condition is rela- 
tively easy to satisfy. 

2.2.1.2 Gic Determination 
The critical strain energy release rate, Gtc, is determined 

from Eq 2. The compliance gradient values, dC/da, are deter- 

! 
(a) 

(b) 

(c) 

Fig. 15 Bending modes of DCB specimen. (a) Rigid arms. (b) Canti- 
lever beams built in at the crack tip. (c) Rotation of cantilever beams at 
a point beyond the crack tip. 

mined from the displacement at the loading points, CLp, which 
differs from the values recorded by the extensometer (termed the 
crack opening displacement, CCOD). An experimentally deter- 
mined calibration curve is necessary to calculate dC/da (Ref22, 
48). Several researchers have used this technique to generate 
Gic data; results are shown in Table 4. The mean GIC values for 
ceramic coatings exhibit a wide range but generally can be con- 
sidered to lie below approximately 100 J/m 2, whereas GIC for 
metallic coatings is greater than 100 J/m 2. Typical GIC values are 

2 2 20 J/m for bulk A1203 and 8000 to 30,000 J/m for aluminum al- 
loys. 

2.2.2 Double Torsion Test 

The double torsion test (Ref49, 50) has been applied to ther- 
mally sprayed coatings (Fig. 18). The prime advantage of this 
test is that the crack length need not be measured, because crack- 
ing occurs at a constant strain energy release rate or stress-inten- 
sity factor. Specimen manufacture involves incorporating the 
coating into an arrangement so that a torque can be applied to the 
crack front. A drawback of  the test is that mode I cracking, where 
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Table 4 GIC values for thermally sprayed coatings measured by the DCB method(a) 

Material Mean GIc, J /m 2 Standard deviation Failure Ref 

Al203 12 2 lnterfaeial 22 
16.1 5.3 Cohesive 23 
21 5 Cohesive 22 
31.6 9.3 Cohesive 23 
49.8 14.0 Cohesive 23 
52.7 14.5 Cohesive 23 
58 16 Interracial bond coat 22 

AI203-2.5TiO2 15.9 5.6 Cohesive 23 
A1203-40TiO 2 48.7 15.8 Interfacial 23 
ZrO 2-10CeO 2 11.4 3.6 Interfacial 21 
ZrO 2 - 15 CeO 2 74.1 22.9 lnterfacial 21 

125.4 51.1 Cohesive 21 
ZrO2-6Y203 49.9 16.7 Interfacial 21 

95.5 39.4 Cohesive 21 
148.3 52.3 Mixed 21 

ZrO2-20Y203 30.0 10.4 lnterfacial 21 
69.7 31.8 Cohesive 21 
43.2 19.6 Mixed 21 

ZrO 2-10CeO 2 11.4 3.6 Interracial 21 
Mild steel 116 21 Interfacial 22 

261 71 Cohesive 22 
Ni-A1 319 95 Cohesive 22 
Ni-20AI 362 16 Cohesive 23 

(a) For data given in K, Eq 3 is used to convert Kinto G by assuming E = 48 GPa and v : 0.25. 

the crack front is orthogonal to the crack propagation direction, 
has not been verified for thermal sprayed materials. Also, prac- 
tical experience has shown that both arms of  the double torsion 
specimen deflect at a constant angle along their entire length. 
Both of  these conclusions are reflected in the fracture surface 
morphology shown in the lower detail of  Fig. 18, which illus- 
trates a mixed mode of  failure. 

2.2.3 Bending Test 

In the three-point bend test, a rectangular coupon is placed on 
two rolls and a third roll applies a load at the midspan location. 
During the test, the upper half of  the specimen is under compres- 
sion, while the complementary half  is under tension. In the four- 
point bend test, two upper rolls are used to apply load, and thus 
a more uniform stress distribution is obtained. The four-point 
bend test is less sensitive to defects within coatings, because 
stresses are more homogeneously distributed over the test vol- 
ume. 

Four-point bend tests have been used to determine the adhe- 
sion of  thermal spray coatings. Ferber and Brown (Ref 51) in- 
vestigated the strength degradation of  plasma-sprayed alumina 
coatings. The coatings were sprayed onto metallic substrates 
and adhered to the other load-bearing support by epoxy (Fig. 
19). Fatigue experiments were performed to assess the effects of  
stress corrosion by measuring the time to failure. Strength deg- 
radation was observed within ceramic/metal systems, and the fa- 
tigue results were strongly influenced by the nature of  the epoxy. 
Cox (Ref 52) measured the adhesion strength of  detonation-gun 
coatings by performing four-point bend tests with simultaneous 
monitoring of  the acoustic emission. The substrate assembly 
was loaded with the coating in tension. The strain was monitored 
and any cracking detected by AE so that the strain to fracture 
(STF) was determined. The STF parameter was dependent on 

the residual stress and exhibited little dependence on the hard- 
ness and metallic content of  the coatings. Howard and Clyne 
(Ref 53) used the bimaterial notched four-point bending speci- 
men (Fig. 20) to study the interfacial fracture toughness of  vac- 
uum plasma-sprayed titanium coatings. The cracks propagated 
under mixed-mode conditions. The interfacial fracture energy 
and critical stress-intensity factor were evaluated from the load- 
displacement data. The residual stress state o f  the coatings sub- 
stantially affected crack propagation; for example, Gc was 6.79 
+ 0.35 J/m 2 for coatings with residual stress and 2.98 + 0.19 
J/m 2 for coatings without residual stress. These values are much 
smaller than the material properties reported for other coatings. 

The stress-intensity factor, K, is a function of  applied load 
and specimen geometry. The calibration to obtain the relation- 
ship between K and specimen geometry is important; K calibra- 
tions are summarized in Table 5 (Ref54). 

2.3 Scratch Test 

The scratch test, originally studied by Benjamin and Weaver 
(Ref 55), is often used to characterize thin, hard coatings such as 
TiN and TiC (Ref 56, 57). In this test, a loaded Rockwell C dia- 
mond stylus is drawn across the coating surface under either 
constant or gradually increasing load. In one variation of  the 
test, the AE is also monitored during the scratching procedure so 
that the critical load, Lc, for failure can be measured. The failure 
morphology is examined by optical microscopy or SEM. If  in- 
terfacial, cohesive, or mixed failure mode is observed, thenL c is 
used as a qualitative value of  coating/substrate adhesion. 

Three contributions to coating loss have been identified for 
the scratch adhesion test (Ref 58-61): an elastic/plastic indenta- 
tion (a ploughing component), an internal stress component, and 
a tangential frictional stress (an adhesion component). Bull et al. 
(Ref 59) discussed the importance of  frictional drag and sug- 
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Fig. 16 Experimental compliance/crack-length functions compared to various theories that can be applied to the experimental data 

Table 5 K calibrations for various specimen designs 

Test method Equation Variables 
Three-point bending 

Single-edge cracked tension or compact tension 

Double cantilever beam 

Double torsion 

Some: Adapted from Ref54 

3ptC~ 
K t = Y - -  

2BW 2 

Y= 1.93- 3.07(~)+ 13.66(~f 

KI = Y B---W 

Y= 1.99-0.41(~3+ 18.70/~12 

ew F 3(1 +~)l ~ K~= m[ W--~n j 

-38.48[~]3 + 53.85[~] 4 

P, applied load (N) 
1, specimen length (m) 
B, specimen thickness (m) 
W, specimen height (m) 
a, crack length (m) 
Y, dimensionless constant 

2h, specimen height (m) 

dn, thickness of the groove (m) 
Wm, moment arm 
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gested that under certain limitations the applied load, together 
with the scratched area, can be a convenient means to predict the 
adhesion of  thin coatings. Sekler et al. (Ref 60) discussed tech- 
niques to determine the critical load. 

The scratch test has been applied in the evaluation of  ther- 
mally sprayed coatings (Ref 62-66), although there may be a 
technical difficulty because the theories developed for thin coat- 
ings may no longer be appropriate for bulk coatings. Das et al. 

(Ref 62), in studying plasma-sprayed yttria-stabilized zirconia 
(YSZ) coatings, proposed a method for determining the critical 
load and discussed the effect of  loading rate (dL/dt) and the 
scratch table speed (dx/dt). It was found that the critical load is 
independent of  loading rate and scratch speed because there 
were no significant strain-hardening effects of  YSZ during the 
scratch tests. However, when the tests were performed at a very 
high scratch speed (> 15 mm/min) or loading rate (>200 N/rain), 
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Fig. 17 DCB specimens used for adhesion measurement. Detail shows the grooving procedure to promote either interfacial or cohesive failure 
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Fig. 18 Double torsion geometry and test configuration. Detail shows grooving of specimen and modes of failure 
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determination of  critical load became difficult. Scratch tests 
have been performed on the cross section of  alumina-based 
coatings (Ref65, 66). A half-cone-shaped fracture was formed 
as the indenter approached the free surface (Fig. 21). The height 
of  this cone can be related to the cohesion strength or intrinsic 
fracture toughness of  the coating. Interfacial cracking may also 
occur and can be used as a measure of  adhesion strength. The 
fracture toughnesses of  some alumina composite coatings and 
sintered alumina are listed in Table 6. 

2.4 Acoustic Emission 

2.4.1 Background 

Acoustic emission (AE) describes "a class o f  phenomena 
whereby transient elastic waves are generated by the rapid re- 
lease of  energy from localized sources within a material" (Ref 
67). The energy usually arises from one or a combination of  
sources (Ref68), including phase transformation, plastic defor- 
mation, corrosion, and crack initiation and growth (Ref69). An 
AE event is detected by a piezoelectric transducer when energy 
is released from the material. The output is amplified and then 

Substrate 

T 

9 
T 

Coating Epoxy 

Fig. 19 Four-point bending specimen. The coating was attached by 
epoxy to the other support bar. Source: Ref51 

features o f  the AE signal, such as the ring down count, rise time, 
and/or pulse height, are analyzed (Fig. 22). A multichannel sys- 
tem often is used to examine different energy levels; the signal 
may also be digitized or integrated for an energy analysis. 

Special interest lies in formulating crack initiation and 
growth criteria based on the microstructural design 0fcoatings. 
This is important because microstructural features can be quan- 
titatively determined (Ref 70) by image analysis methods and 
the microstructure of  coatings can be "controlled" by the ther- 
mal spray process. Acoustic emission technology has been com- 
bined with fracture mechanics measurements (Ref 52, 62, 71) or 
thermal tests (Ref 72, 73) to characterize coating properties and 
has been applied to better understand failure mechanisms and to 
predict lifetimes (Ref 74-76). 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 microstructure, and 
both macro- and microcracking, among other sources, can re- 
lease energy during coating service. A difficulty is that the AE 
response is overwhelming with regards to acquiring data and 
this often limits the AE method to be a qualitative technique, be- 
cause individual AE response-to-coating morphology correla- 
tions cannot be made. However, quantitative AE analysis may 
still be possible through a test procedure that includes calibra- 
tion (Ref 77, 78). For example, studies on thermal barrier coat- 
ings that were subjected to heat cycling changed from a 
systematic response to a stochastic response upon a certain ther- 
mal cycle. This was considered to be indicative of  a change from 
micro- to macrocracking, because the change in AE response 
corresponded to the observation of  the formation of  large cracks 
(Fig. 23) (Ref 79). 

The record of  AE response for coatings will be a combination 
of  all possible noise origins and a "crack density function" 
(CDF) (Ref. 77, 80) which incorporates both the number and 
size of  cracks has been proposed. It is found that microcracking 
events tend to occur at low values of  CDF. Figure 24 shows an 
example of  a CDF analysis for two coatings that were prepared 
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Fig. 20 Loading arrangement and specimen geometry to measure coating adhesion. The coating was precracked to the interface between the coating 
and the substrate. Source: Ref53 
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T a b l e  6 F r a c t u r e  t o u g h n e s s  o f v a r i o u s  a l u m i n a  c o m p o s i t e  
c o a t i n g s  a n d  s i n t e r e d  a l u m i n a  

Material(a) Ko MN.  m -3t2 

AI203 ( s ~ )  4.8 
AI203 2.7 
AI203-3TtO 2 2.1 
A1203_13TiO ~ 2.4 
AI203-40TiO 2 2.2 
Al203-13TiO 2 (flame sprayed) 1.4 
A1203-30MgO 2.7 
A1203-20ZrO 2 2.9 
A ] 2 0 3 . . ~ 0 Z / O  2 3 . 0  

(a) All the materials, except for the first, are thermal spray coatings. Source: Re f 
66 

so as to exhibit different behaviors. The essential details are that 
one sample (indicated by the solid portions oft_he histogram) ex- 
hibited a lower frequency of  the CDF function, which is indica- 
tive of  a lower degree of  cracking, both in terms of  the number 
of  cracks and crack size (since the CDF incorporates these 
physical characteristics of  coatings). The frequency of  these 
events increased at failure and at~er failure (Fig. 24b and c). 

Acoustic emission methods have also been used in conjunc- 
tion with mechanical property measurements. For instance, it 
has been established that the number of  AE counts emitted dur- 
ing a hardness test increased as the density of  the material de- 

creased. Figure 25 indicates a number of  processes and materi- 
als where it is generally understood that flame spraying (indi- 
cated by " f ' )  will produce a less dense deposit than plasma 
spraying ("p") and that additions of  titania to alumina will in- 
crease the deposit density. Thus, an intuitive interpretation is 
that the most dense material exhibits the least cracking behavior 
(at least under the constant force conftitions of  a hardness test), 
and this is reflected in a lower AE response. 

Similar correlations have been proposed on the basis of  AE 
measurements performed during TATs. The AE count accumu- 
lated during a TAT is plotted with respect to the so-determined 
bond strength in Fig. 26. The coatings that incorporate metallic 
constituents exhibit a lower activity than the nonmetallic coat- 
ings (at equivalent bond strengths). Therefore, a physical inter- 
pretation of  the mechanical response is that the metallic 
materials allow more plastic deformation than the ceramic mate- 
rials. This simple explanation relates well to the general under- 
standing of  bulk material behavior; that is, ceramics are more 
brittle than metals. However, one caution is that such correla- 
tions between bulk material properties and thermally sprayed 
materials may be incorrect, because these thick coatings are 
formed by a rapid solidification process. 

The point of  this discussion is that adhesion and cracking 
mechanisms are symbiotic material properties that can be linked 
by AE processes. Thus, in a very broad sense, the study and un- 
derstanding of  cracking mechanisms will lead to real improve- 
ments in maximizing the adhesion of  coatings. For example, 
consider relating the AE response during a TAT to the cracking 
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and deformation behavior of  the specimen assembly. Figure 27 
shows that the strain in the bond coat (the metallic constituent) is 
always greater than the ceramic strain, although the absolute ex- 
tension in the ceramic layer is greater than that o f  the bond coat. 

The overall conclusion is that cohesive failure occurs by many 
microcracks throughout the material, whereas interracial failure 
has a lower density o f  cracks. Another implication is that crack- 
ing during a TAT always begins at the edges of  the material and 
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that flaws in this region, being the weakest link, may dictate the 
so-determined strength value. 

2 . 5 0 t h e r T e s t M e t h o d s  

2.5.1 Ultrasonic Test 

Ultrasonic testing is a potential nondestructive method for 
evaluating the adhesion strength of  coatings (Ref 81). Ultra- 
sonic waves are generated by a transmitter, and then the re- 
flected or transmitted waves can be received (Fig. 28). Early 
studies (Ref 82) revealed that the backwall echo disappeared 
completely in a region of  poor adhesion, such as in the presence 
of  pores or air interfaces where the incident wave and reflected 
waves cannot be transmitted. Francke and de Gee (Ref83) used 
higher frequencies of  5 to 10 MHz to assess such interface ef- 
fects and suggested that the transmission method was more 
promising, even though the backwall method was feasible. 
Other workers (Ref 84) examined plasma-sprayed aluminum 
and found that the attenuation of  sound waves was sensitive to 
coating thickness. More recent studies (Ref 85) examined TATs 
by ultrasonic methods and found that the bottom echo height, Be, 
had a tendency to increase with increasing adhesion strength 
(Fig. 29). The effect of  spraying condition on the bottom echo 
(Fig. 30) indicated a stronger backwall echo for coatings pre- 
pared under optimal spray conditions. 
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2.5.2 Some Tests Not Covered 

Many other methods are used to evaluate adhesion qualita- 
tively or quantitatively. Examples include: 

�9 Wear tests (Ref 86, 87), which are related to the interfacial 
or cohesive strength of  coatings 

Thermal tests (Ref88, 89) during thermal cycling and ther- 
mal shock protocols that influence adhesion strength dur- 
ing heating and cooling processes 
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Fig. 27 Schematic illustrating the coating deformation response during the interfacial and cohesive failure modes. (a) Original specimen setup. (b) In- 
terfacial failure mode. (c) Cohesive failure mode 

(a) 

~ Sound Transducer Probe 
~U I 

Beam 

/ -  C~oating Substrate 
tb) 

[ 7  Sound 
I I1`: I - : ! !  >U I 
Receiver / / ~ B e a m  Transmitter 

Substrate Coating 
Fig. 28 Schematic diagrams of(a) backwall reflection and (b) trans- 
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Shear tests (Ref 90, 91) which may best reflect in-service 
conditions 

Modified short bar (Ref 92) and crack-opening displace- 
ment methods (Ref93) for measuring fracture toughness 

Peel tests (Ref94, 95), which may be a potential candidate 
for adhesion testing of  thermal sprayed polymer coatings 

There is still no ideal adhesion test that can satisfy all require- 
ments. Modification o f  existing techniques and design of  new 
methods may offer further improvement. 

3. Indentation Assessment of Thermal 
Spray Coatings 
The methods discussed above provide many different ap- 

proaches to evaluate the adhesion or cohesion strength of  coat- 
ing systems. However, each has disadvantages and none can 
elucidate the differences of  in-service performance. For exam- 
ple, TATs suffer from epoxy penetration and alignment prob- 
lems. The DCB method requires elaborate and expensive test 
equipment and special specimen preparation. On the other hand, 
the indentation technique, which has been used successfully to 
measure the fracture toughness of  a wide range of  bulk materi- 
als, is a single test that can be used to assess the fracture tough- 
ness of  sprayed coatings. The microhardness distribution within 
the coatings, which reflects variations in the coating system, 
may provide evidence o f  the influence of  operation conditions 
on thermal spray coatings. 

3.1 Indenters and Cracking Systems 

Indentation techniques are often used as surface charac- 
terization tests. The hardness of  a material implies its resistance 
to permanent indentation. Indentation tests are classified as 
either sharp or blunt. Specific crack patterns can be observed in 
the material at certain loads on the indenter (Ref96). 

3.1.1 Blunt Indenter 

Contact between the indenter and the material is predomi- 
nantly elastic prior to fracture and can be regarded as blunt. This 
concept was examined by Hertz (Ref97), who, motivated by the 
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question of  the physical significance of  hardness, analyzed the 
physics of  contact between two curved bodies. A qualitative de- 
scription o f  the cone-shaped crack that runs around the contact 
circle and spreads downward into the bodies at critical loading 
(Fig. 31) was formulated. This so-called Hertzian cone crack is 
usually generated by a relatively hard spherical indenter; Fig. 31 
shows schematically the sequence of  events for a complete load- 
ing/unloading cycle (Ref98). 

3.1.2 Sharp Indenter 

Sharp indenter conditions apply when the contact is essen- 
tially plastic in nature and implies irreversible deformation. The 
sharp indenter is favored because it is a convenient way to meas- 
ure not only hardness but also fracture toughness. Figure 32 il- 
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Fig. 29 Relationship between adhesion strength measured by tensile 
testing and evaluation of results by ultrasonic testing. The symbols rep- 
resent the various thermal spray parameters that were used during 
preparation of the coatings. Source: Ref 85 
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lustrates the sequence of  events for a complete indentation cycle 
where median, radial, and lateral crack systems are formed (Ref 
96, 98). 

3.2 Fracture Toughness Measurement 

3.2.1 Indentation Fracture Toughness 

Thermal spray coatings have a distinctive layered micro- 
structure that is heterogeneous, and thus cracking mechanisms 
are different for the indentation in the cross section and in-plane 
orientations. When indentation is performed in the cross section, 
the coatings tend to crack along the lamella interface (along the 
in-plane indentation direction) as well as from the four comers 
of  the indenter (Fig. 33)(Ref 99). Although thermal spray coat- 
ings do not behave ideally under indentation, this technique has 
been used to assess the fracture toughness of  coatings (Ref 100- 
lO2). 

3.2.2 Interface Fracture Toughness 

Adhesion strength was studied by Dal Maschio et al. (Ref 
102) using a fracture mechanics approach via indentation along 
the coating/substrate interface. A set o f  Vickers indentations, us- 
ing 50 and 100 N, were made at the ceramic/bonding interface 
(Fig. 34). The crack length was measured by optical and/or elec- 
tron microscopy, and the critical energy release rate was consid- 
ered as a function of  substrate temperature during the spray 
coating process. Table 7 compares the results of  several workers. 
The indentation fracture toughness measurements tend to be 
greater than those obtained from DCB tests. Aspects of  these 
measurements have led to critical discussion, based primarily on 
the application of  the indentation theory to highly anisotropic 
thermal spray coatings. Obtaining a symmetrical crack pattern 
during any test is never ensured, because the coating microstruc- 
ture has many features that influence crack formation and propa- 

S 

(a) Good (b) Relatively good 
Fig. 30 Effect of spray condition on bottom echo height, Be, during ultrasonic testing. Source: Ref85 

(c) Poor 
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gation; therefore, the so-determined values are often highly 
variable. For example, the Weibull modulus o f  an alumina coat- 
ing is 0.5 and the modulus o f  an alumina-titania coating is 0.8 

(Ref 99). The other main point, as will be discussed in the fol- 
lowing section, is that coatings are highly anisotropic through- 
out their thickness; consequently, randomly placed indentation 
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(c) 

(0 (d) 
Fig. 31 Evolution ofa Hertzian cune crack during blunt indenter loading (+} and unloading (-). The tensile (black} and compressive (unshaded) stress 
fields are shown in (a). Source: Ref98 
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Fig. 32 Evolution of median, radial, and lateral crack systems during sharp indenter loading (+) and unloading (-). The black region in each drawing 
indicates the plastic zone. Point loading and residual stress field s are shown in (a) and (g), respectively. The black and unshaded regions represent tensile 
and compressive stress fields, respectively. Source: Ref99 
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fracture mechanics tests would not be expected to produce con- variation in the specimen if the Weibull modulus is determined. 
sistent values. In this fashion it was found that, at least for the data presented by 

Berndt et al. (Ref 103), the variability of  surface properties is 
3.3 A n i s o t r o p y A s s e s s m e n t  o f  T h e r m a l S p r a y  C o a t i n g s  greater compared to the properties throughout the specimen 

cross section. The morphology of  microhardness indents also 
3.3.1 M i e r o h a r d n e s s  and  A n i s o t r o p y  o f  T h e r m a l  Spray  changes, and this feature can be used to study variations in he- 

Coatings mogeneity and stress concentration within the specimen. 
As shown in Fig. 35, the Weibull modulus fluctuates and sug- 

The microstructure of  thermally sprayed coatings is a mix o f  gests that the data distributions are a reflection of  microstructu- 
lamellae, pores o f  varying geometry, and oxides. It is recognized ral changes in the bond coat. For example, the variation in m may 
that such coatings are not homogeneous, and microhardness imply the formation and distribution of  oxides and crack net- 
measurements can be used to examine any anisotropy. The mean works. Weibull distributions will be addressed in greater detail 
values ofmicrohardness and the distributions of  data sets across later in this paper. 
the coating thickness change with respect to test position (Ref 
103). Hence, characterizing thermally sprayed coatings only in 3.3.2 I n t e r p r e t a t i o n  to L i f e t i m e  
terms of  their hardness is of  limited value, because hardness de- 
pends on the precise location of  the measurement. However, mi- Microhardness measurements have been used to monitor 
crohardness measurements can quantify the material property coating behavior after thermal treatments (Ref 104). For exam- 

ple, a series of  thermal barrier coatings (a NiCoCrA1Y interme- 
tallic bond coat and cerium-stabilized zirconia layer) aged at 
different times and temperatures (at 400 and 800 ~ for 100, 
500, and 1000 h) were tested for microhardness to assess any 
material property changes (Ref 105). The major failure mecha- 
nisms of  thermal barrier coatings are oxidation within the bond 
coat and cracking due to thermal expansion mismatch within the 
coating system (Ref 106). This can be reflected by the hardness 
variation, and, in the future, a failure model and lifetime predic- 
tion may be based on analysis o f  such data. 

Temperature effects, such as heat treatment, thermal shock, 
and thermal cycle, were observed in the coating systems. Force- 
ramic coatings, microcracks produced by thermal expansion 
mismatch may have different size and density. These cracks will 
be responsible for variations in mechanical properties. At the 

I 2a I 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, 

I 2c  - I although they may contribute to the increase ofmicrohardness, 
decrease the adhesion strength of  the t lBd coat. Schematic illus- 
trations o f  mechanisms that cause coating variations are pre- 
sented in Fig. 36. Nonmonotonic response of  hardness and the 

Fig. 33 Schematic of a Vickers indentation showing characteristic 
dimensions of crack length, c (i.e., the median crack length), and hard- low Weibull modulus imply complex processes such as stress re- 
ness impression, a 
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Fig. 34 Schematic of interfacial Vickers indentation, Source: Ref Fig. 35 Weibull plots ofmicrohardness data for as-sprayed and aged 
102 samples within a bond coat 
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Low temperature (8) High temperalare 

Fig. 36 

Lowtempmatum Co) Hlohtempmaimo 
Physical models of(a) bond eoat/substrate interface and (b) bond coat/ceramic coating interface at low and high temperatures 

Table  7 Frac ture  t o u g h n e s s  b y  indenta t ion  t e c h n i q u e  

Material Mean Kic, N. m -3/2 Standard deviation Load, N Ref 

AI203 209 ... 47 23 
189 ... 98 23 
97.6 ... 147 23 

AI203-2.5TiO 2 218 ... 73.5 23 
268 ... 147 23 
301 98 23 

YSZ 24.0 6.'4 588 100 
Cr203 43.0 5.2 9.8-98 101 
Spinel 47.0 12.7 294 100 
( 12Si-AI)-(ZrOTgY203)(a ) l 1.1 1.3 50 102 

10.4 1.3 100 102 
(12Si-AI)-(ZrO2-SYEO3)(b) 16.0 1.0 50 102 

21.2 1.2 100 102 
(12Si-AI)-(ZrO2-SY203Xr 5.7 0.9 50 102 

3.8 0.5 100 102 
( 12Si-AI)-(ZrO2-SY203Xd ) 5.3 0.5 50 102 

5.8 0.7 100 102 

(a) to (d) Interracial fracture toughness for four different spraying conditions adapw.d from Ref 102 
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Fig. 37 Probability density function ofa Weibull distribution for dif- 
ferent values of Weibull modulus, m. The horizontal axis (x) represents 
experimental data, such as microhardness. Source: Ref I 10 

laxation, growth of  oxides within the bond coat, and phase 
changes. 

Thermal cycling of  thermal barrier coatings not only deterio- 
rates the strength o f  the material at and near the bond coat inter- 
face but also reduces the reliability of  the ceramic thermal 
barrier layer. Microhardness measurements can be used to quan- 
tify the material property variation in the specimen. Weibull 
modulus values obtained in the study (Ref 104) show that the re- 
liability o f  the ceramic coating decreases from 10.5 before cy- 
cling to 5.5 after thermal cycling. The wide scatter in the 
hardness data indicates the variable nature of  stress concentra- 
tion at the test location. 

Thus, increasing the reliability o f  coatings by controlling the 
variable nature o f  the material properties requires that the me- 
chanical response throughout coatings be precisely quantified. 
Microhardness has been selected because this property has been 
used by many authors not only to characterize specific coatings 
but also to compare coatings formed from different feedstock 
materials, spray processes and process parameters. 

4. Statistical Analysis 

4.1 Weakest Link Theory 
Brittle materials usually contain a certain number of  flaws. 

Weibull (Ref 107) assumed that a stressed brittle material can 
fail due to any of  a number of  independent flaws, each contain- 
ing an infinitesimal probability o f  failure, (APf)i. The prob- 
ability that the ith flaw will not cause failure is (Ps)i  = 1 - ( A e f ) i .  
The overall probability o f  survival, Ps, defined as the reliability 
function, is the product o f  the individual probabilities o f  sur- 
vival, that is (Ref 108): 

H H{1 
i i 

i 

P s = eXp {-~,/ (APf)i} = exp {-~(x)} (Eq9) 

The function O(x) was called the "risk of  failure" by Weibull. 
The only necessary general condition that q~(x) must satisfy is to 
be a positive, nondecreasing function, vanishing at a threshold 
value Xu, which does not need to be zero. Weibull found that the 
most simple function satisfying this condition is 

~ 

(zq lO) 

Thus, 

[ m  p-xol 
,'s: "o ] (Eq l l )  

The Weibull function, or the failure probability function for a 
random variable x, is given as: 

X - -  X u "~ I P(x): 1 - exp t-( go ) J (Eq 12) 

where m is the Weibull modulus (or shape factor), which reflects 
the data scattering within the distribution; xo is a characteristic 
value (or scale factor), below which 63.2% of the data lie; andxu 
is a threshold value (or location factor). Thermal spray coatings 
that possess defects such as porosity and cracks are subject to the 
weakest link theory, because these areas have the highest prob- 
ability of  failure. 

4.2 Characteristics of the Weibull Distribution 
The Weibull distribution has been used to describe a wide 

range of  problems and is a popular method for life-testing appli- 
cations (Ref 109, 110). Usually, Xu can be set to zero (Ref 110), 
because this ensures the minimum probability. Then the two-pa- 
rameter Weibull distribution is 

P(x)= l-exp~-I  x--" ~, x>-O ~13)  
LtXoJ J 

The remainder of  this discussion will focus on the two-pa- 
rameter Weibull function. 

The Weibull distribution is different from the normal Gauss- 
ian distribution, because it can be skewed with respect to m and 
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Xo (Fig. 37) (Ref 110). The mean value, It, and variance, 0 "2, are 
defined as: 

Ix = ~ x f lx )dx  (Eq 14) 
0 

0 2 = f (x - kt)2~x)dx (Eq 15) 
0 

whereflx) is the corresponding probability density function of 
the Weibull distribution. After integration: 

p. = XoF Im + 1) (Eq 16) 

2 

r  ] (Eql7) 

where F is the gamma function. The gamma function ap- 
proaches unity for values of  1. Therefore, examination ofEq 16 
and 17 indicates that as the Weibull modulus, m, increases, the 
mean, It, approaches the characteristic value Xo and the variance, 
62 , approaches zero (Table 8). The volume of the specimen 
should be considered if numerous flaws are inside the specimen. 
Davies (Ref 111) discussed the size effect of  the test specimen 
and established the following relationship: 

~l fVE2] T M  

ix--~ = I--V~E1J (Eq 18) 

where It is the mean value, lie is the volume, and the subscripts 
1 and 2 represent two different specimens. 

4.3 E s t i m a t i o n  o f  W e i b u l l  P a r a m e t e r s  

There are many ways to obtain Weibull parameters from ex- 
perimental data, such as Weibull plots, the maximum likelihood 
method, linear estimators, and nonlinear direct curve fitting. 
However, such analyses can be complicated, and no single 
method is satisfactory for all circumstances. One simple proce- 
dure is to plot the experimental data and then determine, by the 
appearance of the graph, whether the Weibull function is appli- 
cable. 

4.3.1 Weibull  Plots 

Weibull plots are the most common means for obtaining 
Weibull parameters. The plots are ascertained by rearranging Eq 
13 and taking natural logarithms twice. Thus, xo and m can be de- 
termined by curve fitting the following: 

The value ofF(x) in Eq 19 has been discussed in Ref 110 and 
112. The mean value o f F ( x )  is obtained from placing the data in 
ascending order and letting 

Table 8 Mean and variance of Weibull distribution as a 
function of  the Weibull modulus 

WeibuH modulus (m) Mean/xo Variance/x~o 
0.5 2.0000 20.000 
1.0 1.0000 1.000 
2.0 0.8862 0.215 
3.0 0.8934 0.105 
3.5 0.8998 0.081 
4.0 0.9064 0.065 
5.0 0.9182 0.044 
6.0 0.9275 0.033 
10.0 0.9514 0.013 
20.0 0.9730 0.004 

1 
F(x) - (Eq 20) 

n + l  

where n is the total number of data points and i is the ith order in 
the ascending data set. An alternative value is the median rank 
value and is given as: 

i - 0.3 
F(x) = (Eq 21) 

n+0.4 

The mean value is commonly used, because it represents the ex- 
pected value of the distribution. However, in highly skewed dis- 
tributions the median rank value may be a better choice. In addi- 
tion to mean and median values, F(x) = (i - 0.5)/n (Ref 113) and 
(i - 0.375)/(n + 0.25) (Refl 14) have also been used. The effects 
of these four estimators have been discussed by Bergman (Ref 
112). 

4.3.2 Maximum Likel ihood Method 

A second method for obtaining Weibull parameters is the 
maximum likelihood method (Ref 115). The likelihood func- 
tion, L, is the mathematical expression for the probability of ob- 
taining the observed data. The log-likelihood function is 
obtained by taking the natural logarithm of the likelihood func- 
tion, that is: 

ln L = n ln m -  nm ha x ~ 

Xo 
i=1 

(Eq 22) 

To find the values ofm and Xo, which maximize the Weibull like- 
lihood function, the log-likelihood function is differentiated 
with respect to m and Xo, the resulting express ions  are equated to 
zero, and then m and Xo can be solved simultaneously: 

F n ]1/m 

I (Eq23) 
o L " J 
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~+ ~ ~x;-]~ 0nx; =0 
m 

i = 1  i = 1  \ ) 

(Eq 24) 

The Weibull parameters can be obtained by the maximum likeli- 
hood method through an iterative procedure. It is convenient to 
use the starting values obtained from the Weibull plots; the equa- 
tion converge to within +0.001 in a few steps. 

4.3.3 Linear Est imation of  Weibul l  Parameters 

Linear estimators, as detailed below, are sometimes conven- 
ient for obtaining Weibull parameters (Ref 116). The linear esti- 
mators are 

n 

m = Z a~xi 
i = 1  

(Eq 25) 

n 

Xo = Z c~i 
i=1 

(Eq 26) 

where a i and ci are constant coefficients. However, there are no 
simple formulas giving a i and ci; thus, tables of  coefficients must 
be constructed to estimate m and Xo (Ref 116). Best linear unbi- 
ased estimators (i.e.,"b.l.u.e.'s," which means estimators with 
minimum variance in the class of  linear unbiased estimators) 
can be obtained from general results on the linear estimation of  
Weibull parameters (Ref 117, 118). An alternative method, con- 
sidered the minimum mean square error, is the best linear invari- 
ant estimators (b.l.i.e.'s), which is probably the most convenient 
for small- and moderate-size samples (25<n) (Ref 119, 120). 
Both b.l.u.e.'s and b.l.i.e.'s require the evaluation of  means, vari- 
ances, and covariances; then Monte Carlo simulation is used to 
produce the desired tables. Tables o f  coefficients for linear esti- 
mators are available in Ref 117 to 120. 

4.3.4 Nonl inear  Least-Squares Est imation 

Nonlinear curve fitting of  the Weibull function has also been 
performed by least-squares estimation (Ref 111). These meth- 
ods have been compared by Heavens and Murgatroyd (Ref 121). 

4.4 Confidence Intervals 

The numerical determination of  m must be considered with 
errors associated in its generation; for example, a value of  2 + 1 
is probably not significantly different from a value of  5 + 2. 
Confidence limits for Weibull parameters are usually developed 
by the application of  Monte Carlo simulation. The pivotals of  
the Weibull distribution, Z1 and Z2, can be used to obtain confi- 
dence intervals for characteristic value x o and Weibull modulus 
m, respectively (Ref 116). The pivotals are defined as: 

Xo- -  Xo 
Z 1 - ~ (Eq 27) 

Z 2 - (Eq 28) 
m 

For example, if/2 and/2 are such that F( ll < ZI -</2) = IX, 
then (xo - 12m, x -  II ~ )  is the IX confidence for Xo. Similarly, if 
F(ll < Z2 </2) = IX, then (~ //2, m / ll) is the IX confidence for m. 
Any equivalent estimators of~" o and ~ can be used, but the prop- 
erties of  the intervals will depend strongly on the estimators. An 
alternative approach is to use Zl, Z2, and Zp, where 
Zp = ('Xo - ~p) / Fn and Xp is the pth quantile of  the distribution 
(Ref 122, 123). 

Various tables of  percentage points for pivotals have been 
created by Monte Carlo simulation. Mann et al (Ref 124, 125) 
considered pivotals based on b.l.i.e.'s and gave tables of  per- 
centage points for Z1, Z2, and Zp (p = 0.00 l, 0.005, and 0.10) for 
samples with 3 < n < 25. Pivotals based on maximum likelihood 
estimation were developed (Ref 126). Thoman et al. (Ref 127) 
yielded percentage points for Z 1 and Z 2 for a sample size of  120. 

Tables for pivotals are very difficult to produce, because a 
large amount of  simulation is required for individual n and i (n, 
total number of  data points; i,/th order in the ascending data set), 
and no tables cover all sample sizes that may be practically en- 
countered. A simple approximation for the Z2 distribution based 
on maximum likelihood estimation was utilized. This approxi- 
mation involved the Z 2 distribution and was developed empiri- 
cally (Ref 114). A special case for the application of  the ~2 
distribution is called the likelihood ratio method and is a reason- 
ably simple way to obtain confidence intervals. Recall the log- 
likelihood equation (Eq 22), and the likelihood ratio statistic, A, 
is given as: 

A = -2 ln[L(Xo,~) ] + 2 In [ff(Xo,~) ] ___ Zl,c t 2  (F~ 29) 

A = -2 ln[L(~o,m) ] + 2 ln[L(~o,~)] ---- •l,a2 (Eq30) 

An approximate Ix confidence interval is obtained by finding the 
set of  x o (lower and higher bounds) through iterative applica- 
tions of  Eq 29. Similarly, the set o fm can be found by applying 
several iterations of  Eq 30. 

The processes to obtain confidence limits of  Weibull parame- 
ters are sophisticated and mathematically intractable. For the 
commonly used confidence limits of  90, 95, and 99%, if the 
sample size is large and uncensored, the confidence intervals for 
x o and m can be approximated by maximum error estimation us- 
ing Eq 31 and 32, respectively (Ref 128): 

(-1.05 B."~ (1.05 Ilia] 
Xo exp t ~ )  < Xo < Xo e x p t ~  ) (Ex;I 31) 

/ 
J 

(Eq 32) 

where ~Y0.99 = 2.576, W0.95 = 1.960, and/.ti0.90 = 1.645. 
In summary, the inhomogeneous structure of  thermal spray 

coatings leads to a highly variable material property determina- 
tion. This section has discussed mechanical properties of  coat- 
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ings in terms of  distribution functions. Thus, the estimation of 
error and confidence intervals becomes important. 

5. Conclusions 

The adhesion strength or cohesion strength of  thermal spray 
coatings can be influenced by many factors. Some o f  these fac- 
tors are intrinsic--that is, related to the spray variables, such as 
powder characteristics, spray parameters, and substrate prepara- 
tion. Others are extrinsic, including post treatment and service 
conditions such as hot corrosion, thermal shock, and so on. 
However, adhesion tests are usually performed at room tem- 
perature and do not consider in-service conditions that may de- 
crease adhesion strength. It is important for materials designers 
to keep in mind that adhesion strength is strongly related to serv- 
ice conditions. Also, the estimation of  confidence intervals for 
such coatings enables the reliability of  the so-determined prop- 
erty to be ascertained. 

The measurement of  the adhesion of  thermal spray materials 
is, at least on the conceptual level, a routine operation. The ten- 
sile adhesion method detailed in ASTM C633 is simple and is 
often used in industry to rank different coatings. However, the 
major shortcoming of  this test is that it does not promote any un- 
derstanding of  coating performance, that is, how coatings can be 
designed to be more functional. Thus, the present paper has ad- 
dressed other methods based on fracture mechanics and mecha- 
nism-based studies. 

The design of  experiments with regard to material property 
optimization of  coatings is another area of  intense effort. Experi- 
mental protocols based on Taguchi and response surface meth- 
odology offer engineers efficient and viable means to optimize 
process parameters (Ref 129, 130). Such statistical methods are 
executed to discriminate key parameters that induce the vari- 
ation of  coating properties. The signal-to-noise ratios of  the 
processing parameters are derived from such studies (Ref 131). 
The Taguchi method does have some shortcomings and limita- 
tions (Ref 132), but it is a simple and powerful process-control 
procedure. 

The coating should be considered as one part o f  the overall 
system. Therefore, the current trend is to design the coating as an 
integral part of  the component assembly rather than as an add-on 
to the substrate; this is termed a "prime reliant coating" in the 
aerospace and turbine engine industries. Although the property 
of  coating adhesion to the substrate is of  principal interest, there 
is still no single measurement that can satisfy all the require- 
ments for determining material properties. Standardization of 
measurements, which may be achieved by improving existing 
experimental techniques or by combining two or more tech- 
niques, will aid future coating development. 

Finally, a coating design (i.e., both microstructural and me- 
chanical engineering designs) that is based on lifetime modeling 
is the critical information that should be forthcoming from any 
test method. Such designs will increase understanding of  ther- 
mal sprayed materials and coatings so that their reliability and 
application will grow. 
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