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ABSTRACT 

A laser technique for evaluating the spall resistance of ceramic 

coatings has been demonstrated. Additionally, in conjunction with a 

spalling criterion, indentation spalling tests on a ZnO/Si system and 

laser spalling tests on a zro2;superalloy system have been correlated. 

Locally spalling occurs in the presence of sufficient compression in the 

coating and of an interface delamination that exceeds a critical size. 

Furthermore, spalling sizes are relatively insensitive to the initial 

delamination radius, and can be predicted from the critical buckling 

radius. 
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1. INTRODUCTION 

One of the limiting properties of brittle coatings is the tendency 

for the coating to spall. Coating spalling exposes the substrate in 

that area and the advantageous properties imparted by the coatings are 

then eliminated. 1-5 The spalling process requires both compression in 

the coating and an interface delamination (figure la). Furthermore, it 

requires that the resultant post buckling stress intensity factor 

exceeds the fracture toughness of either the interface or the coating. 

This relatively complex mechanical characteristic of spalling has 

impeded the development of satisfactory techniques for measuring the 

spalling resistance of coatings. There are a large number of 

references6- 9 on the adhesion and spall of coatings. Several test 

techniques have been developed, such as the hot-gas-rig test, the 

furnace test, the adhesive/cohesive strength test, an indentation 

technique etc. An attempt at developing a new technique is presented in 

this paper, using a pulsed laser to motivate the spall. 

Transient heating induces compression in the coating. This 

compression adds on to the prior residual stress and, when the combined 

magnitude is large enough, initiates the spall. Exposing the coating to 

a laser pulse of specified power and duration can induce a compressive 

stress and thereby, provide a specific force causing spalling. 

Consequently, a laser pulse should be effective as a probe of the 

relative spall resistance of brittle coatings. Examination of this 

possibility constitutes the primary purpose of the present study. 

The final event in spalling involves the deflection of the crack 

through the coating to the surface (figure lb). This aspect of spalling 
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is not well understood. It has been suggested that the deflection is 

most likely to occur when the bending strain at the periphery of the 

delamination in the buckled configuration attains a maximum. This 

1 hypothesis provides a spalling criterion, 

a /t- 1.92(E/cr) 1/ 2 (1) 
s 

where a is the net compressive stress in the coating. Assessment of 

this or an alternative, spalling criterion is an evident prerequisite to 

quantitative spall resistance measurements. Consequently, in 

conjunction with a spalling criterion, indentation spalling tests on a 

3 ZnO/Si system and laser spalling test on a Zro2;superalloy system in 

this study have been correlated. 

2. THEORETICAL BACKGROUND 

The spalling of a coating involves several processes. These can 

usually be described by four sequential steps: initial delamination, 

buckling, further crack propagation and finally spalling. 

2.1 Delamination 

Delamination is a prerequisite for spalling. the initial 

delamination can be induced either intrinsically or extrinsically. 

Intrinsic factors include interface contamination and "residual 

compression due to a phase transformation in the coating. Extrinsic 

factors include interface void coalescence, which may occur upon 

10 deposition or during formation of an oxidation layer by inward 

diffusion of oxygen. 11 
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Delamination of a unbuckled coating does not change the residual 

stress field. Therefore, for a uniformly compressed coating, there is 

no stress concentration on the tip and no energy release, i.e. there is 

no driving force for growth of the delamination. However, in the 

presence of indentations, the shear stress provides a crack driving 

2 force, 

i 2 2 t§ - (-l/2TI)(au;aa) - (1 - v )t(cri/2E) (2) 

where the indentations induced compressive stresscri• is given by 

cr. - E~/(1 - v)a- EV/2TI(l - v)ta
2 

l. 
(3) 

The relation between the delamination radius, a and the indentation 

2 load, P can be expressed as, 

where, Y- K/12(1 - v2 ) , and 1:; - cotl.)Jj6TII2(1-v)Y. 

2.2 Buckling 

(4) 

When buckling occurs, a large tensile stress occurs at the perimeter 

of the buckle and a driving force~, the energy release rate per unit 

length of crack edge, is induced as given by1 

b 2 2 
~ - (1 - v)(l - a)t(cr -crc )/E . ( 5) 
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The critical buckling edge stress cr , has been derived as, 1 •13 
c 

cr - [kE/12(1 - v 2)] (t/a)
2 

c 
(6) 

where, k is the geometry configuration constant. In the usual case 

k- 14.68, but if the center remains attached, k 42.67. This relation 

depends largely on the ratio of coating thickness, t to the delamination 

radius, ·a. 

2.3 Spalling 

Propagation of the crack along the interface or through the coating 

usually happens before spalling. Crack propagation occurs when the 

stress intensity, k at the periphery of the buckle exceeds the fracture 
c 

toughness of either the interface or the coating (i.e. if irexceeds ~). 

Spalling can be characterized by the comparative values of the 

brittle fracture resistance of the interface and the residual crack 

1 driving force. The final event in spalling involves the deflection of 

the crack through the coating to the surface (figure lc). It has been 

suggested that the deflection is most likely to occur when the bending 

strain at the per~phery of the delamination in the buckled configuration 

attains a maximum. This hypotheses provides a spalling criterion, 1 

1/2 
a /t- 1.92 (E/cr) s 

(1) 

where a is the delamination radius that induces the spall. In this 
s 

text it is recognized that cr is the total compression in the coating. 

2 For indentation induced spalling, 

• 
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cr - crR + EV/2rr(l - v)ta
2 

(7) 

where crR is the initial residual stress, and Vis the indentation volume. 

Furthermore, V is determined by the indentation load P, via geometrical 

2 aspects of the hardness test, 

V - (cot~)3 12 (P/H) 312 
(8) 

Where, 2~ is the angle between opposite edges of the pyramid(~- 74°, 

for Vickers indenter). Hence, from eqn. (4), 

a - AP3/
4 

(9) 

where A is an expe+imentally determined coefficient3 (Table 1). 

Eqns. (1) and (8 to 10) can be combined to define a critical indentation 

load for spalling, P , given by 
. s 

(10) 

This prediction will be assessed by conducting experiments on the ZnO/Si 

specimens for which the requisite material parameters (E, H, A, OR) are 

3 known. The utility of the proposed spalling criterion (eqn. 1) will 

thereby be evaluated. 

For laser spalling, the stress includes a term due to laser heating, 

ah. Hence, for a fixed laser pulse (constant oh) spalling should occur 

at initial delaminations exceedings the critical size 
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(11) 

It is reemphasized that this criterion is subject to prior buckling of 

the coating (eqn. 6) and to a driving force 9r(eqn. 5) that exceeds9rc· 

3. EXPERIMENTAL TECHNIQUES 

3.1 Coating/Substrate Material 

The film/substrate system used for the indentation spalling study 

was chosen such that the mechanical properties (E and H) of each were 

similar (Table 2), to facilitate the indentation analysis. 3 

A technically important coating/substrat~ system was selected for 

the laser spalling study. It consists of Y
2

o3 stabilized Zro
2 

prepared 

by electron beam vapour deposition (EBVD) and used as a thermal barrier. 

Three processing layers are produced: the zirconia ceramic coating, the 

bond alloy coating with yttrium and then the nickel based super alloy 

substrate~ 

A metallographic cross-section of the coated system (figure 3a) 

indicates that the thickness of coating is about 110 ~m with a 

predominately columar structure superimposed on a thin, dense, fine 

grained initial layer. In addition, a thin a-Al2o3 degraded layer about 

2 to 5 ~m thick develops between the zirconia coating and the bond 

alloy. This layer also is rich with chromium (figure 3b). Local 

chemical analyses were done using an energy dispersive system. 

The zirconia coating was stabilized by yttrium oxide at levels up to 

20%. As shown in the Zr02-Y
2
o3 phase diagram (figure 4), the zirconia 

coating should be fully stabilized in the cubic form. However, 



7 

non-equilibrium phases exist. This is true also for other methods of 

depositing zirconia, such as chemical vapor deposition or plasma 

. 14 15 
spray1ng. ' The zirconia coating consists mainly of the tetragonal 

phase with a minor amount of cubic phase, as shown by X-ray diffraction 

(figure 5). 

The basic parameters of the coating material are listed in table 3. 

Coating hardness values were obtained through microindent tests over the 

load-independent region (5-50 N), see.figure 6, and were determined as 

5.8 GPa. The ratio of coating stiffness E to the hardness H was 

16 measured by using a Knoop indenter, (figure 7) and then the stiffness 

was calculated17 as -140 GPa. 

3.2 Pre-indentation 

Mechanical characterization of the zirconia coatings has been 

determined by placing indentations into the coatings and then evaluating 

the extent of delamination by cross sectioning through the indent. A 

Vickers indentation was used in this study to induce controlled 

delamination or buckling of the coating in the load range of 20 to 

300 N. 

A sectioning technique was used which produces a highly smooth 

section with very little distortion of subsequent examination in the 

scanning electron microscope. 

3.3 The Laser Technique 

A co
2 

laser is used for the present studies as illustrated in 

figure 8. The co2 laser beam with a 10.2 ~m wavelength, is well 

18 19 absorbed by zirconia. ' The system is arranged so that the coating 

can be exposed to a laser beam with preset spot size, duration and 
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intensity. The impinging sp~t can be first accurately aligned by the 

laser beam itself and then changed to any location on the test specimen 

by adjusting the supporting stage. A chopper which can absorb a laser 

beam, but has an adjustable slot or hole disc, is rotated in front of 

the beam thereby permitting the beam to impinge on the specimen for 

various present durations, which can be either a single pulse or 

repeated cycling. The radius of the exposed regions are determined by 

the radius of the mask which covers the specimen if needed. The 

intensity of the power is varied by changing distances between the 

specimen and the lens (figure 9). 

The specimen holder is· designed so as to impose the laser beam 

without constraint on the specimen.surface. After completion, the 

effect of the laser exposure on the coatings is established using both 

optical observation and scanning electron microscopy. 

4. RESULTS 

Indentation tests on the Zro
2 

coated superalloy specimens indicate 

that the cracks induced by elastic/plastic indentation are mainly 

lateral cracks. There are no median/radial cracks even if the indent 

load is as high as 300 N. No spalling occurred, even when the indent 

loads were higher than 200 N. 

The relation between indentation load and lateral crack radius is 

plotted in figure 10. 2 3/4 These data exhibit the expected trend, a -p , 

and may thus be used to estimate the fracture resistance of the zro2 

coating, along the preferred fracture path (figure 2). This procedure 

(Appendix) 

12 Zro
2

. 

-2 gives G ~ 49 Jm , comparable to literature values for 
c 

• 
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The laser pulse experiments performed on the zro
2 

coated alloy 

material did not produce spallation in the as-coated specimens, at least 

for the given laser power (figure 9) and pulse durations (0.5 to 1 

second) conditions used in the present studies. However, spalling could 

be induced in the presence of a initial delamination, created by 

indentation (figure 11). The important role of initial delamination 

upon spall tendencies is thus immediately established. Furthermore, 

studies of spallation as a function of the initial radius of the 

delamination (as controlled by the indent load, figure 6) indicate that, 

for spalling to occur, subject to constant laser power and pulse 

duration conditions, the delamination must exceed a critical size, 

a ~ 250 ~m (figure 12). Above this critical delamination size, the 
c 

spall radius exceeds the delamination radius, indicating that crack 

propagation preceeded spallation, as anticipated from theoretical 

considerations of the spalling criterion. Additionally, the radius of 

the spall is relatively insensitive to the initial delamination radius 

(figure 12). 

5. DISCUSSION 

!he new technique of two layered thermal barrier ceramic coatings 

20-23 
significantly improves the adherence between coating and substrate . 

The surface layers subject to substantial residual compression exist in 

many technological situations, so the spalling behaviors are more 

interesting. 
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5.1 The Features of Indented Zone 

The high hydrostatic and shear stresses under the indenter compact 

or densify the 'open' zirconia coating structure underneath. These 

compacted zones are devoid of shear lines within the zone. There are no 

median cracks or radian cracks at any load range up to 300 N. 

On the other hand, lateral cracks develop from the bottom of the 

compacted zone and are due to the mismatch of strain at the boundary of 

the compacted zone during unloading. Residti.al unloading stresses 

provide the driving force for the propagation of the lateral cracks. 2 •24 

5.2 Laser Induced Spalling 

Indentation spalling tests performed on a series of ZnO/Si samples 

yield the critical spalling loads summarized in Table 1. 3 Comparison of 

these results with predictions based on eqn. 10 are also indicated in 

Table 1. The predicted loads are seemingly within the range of 

experimental measurement, indicating that the spalling criterion based 

1 on the peak bonding strain, £ in the coating has reasonable merit. 
r 

This criterion thus provides a useful basis for evaluating laser induced 

spalling. 

In the presence of a residual stress, a thermal stress and an 

indentation stress, the spalling criterion (eqns. 1, 7, 8) becomes 

(13) 

Furthermore, since in the present tests, the indentation volume, V, is 

small compared with t 3 , the spall radius becomes 

(14) 

.. 
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This spall size for a fixed laser pulse (constant crh) should thus be 

independent of the initial delamination radius, seemingly consistent 

with present measurements (figure 12). However, measurements of the 

spall radius do not provide direct information regarding relative spall 

tendencies amongst coatings. 

The critical delamination radius for spalling, a (figure 12), 
c 

represents a more promising measure of spall resistance. since there is 

no evidence of laser induced growth of delamination when a < a , it must 
c 

be presumed that a coincides either with the critical buckling radius c 

or with the condition that the post buckling irexceeds ~; When the 

total compression stress, cr is much larger than the critical buckling 

stress, cr , the spall radius is insensitive to the initial delamination 
c 

radius. Therefore, the critical radius for spalling, a most probably 
c 

relates to the buckling condition (eqn. 2), 

(15) 

Consequently, predicted on the premise that buckling indicates the 

spal1ing criticality, comparison of eqns. 14 and 15 suggests a spall 

radius approximately twice the critical delamination radius, a fa ~ 2. s c 

This prediction is relatively close to the observed ratio: a fa ~ 2-3 
s c 

(figure 12), leading some credence to the buckling premise. Further 

understanding of this issue will emerge from independent determination 

of crh. Such determinations are now in progress. 

Notwithstanding the need for further study of the spalling 

instability, it is evident from the present studies that the laser 
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method is intrinsically capable of detecting spall prone regions of a 

coating. Additionally, adjusting crh by means of the laser pulse 

parameters clearly allows delaminations in excess of a specified 

critical size to be detected. Furthermore, the incidence of laser 

spalling is also dependent on the residual stress in the coating and on 

coating thickness in a manner fully consistent with spalling behavior 

expected during thermal cycling, impact etc. 

6. CONCLUSIONS 

A laser technique has been developed for evaluating ·the spall 

resistance of ceramic coatings. This approach, which has an outstanding 

potential for the rapid evaluation of coating spallation resistance on 

small specimen, could be useful in several applications, such as 

materials development studies, and production quality control. 

The results, which are correlated with the indentation spalling 

3 test and analyzed by the spalling criterion based ~n the peak strain 

1 theory, show that 

1. The prerequisite of spalling is the existence of a delamination 

(either within coating itself or at the bond coat interface), 

which exceeds a critical size; 

2. The spalling sizes are relatively insensitive to the initial 

delamination radius; 

3. The spall radius is approximately twice the critical 

delamination radius. 

.. 
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APPENDIX 

Determination of~ from Indentations 

Analysis of the post buckling crack driving force in the presence of 

an indentation induced stress and an initial residual stress has 

2 revealed the normalized trends depicted in figure 13. Furthermore, it 

is assumed that film buckling has occurred, calibration of a material 

independent constant from tests on ZnO/Si, allows the fracture 

toughness,~· along the delamination path to be expressed as; 

where (by calibration) ~ ~ 4.5 X 10- 2 and S ~ 3 X 10-6 . If it is now 

assumed that crR derives 

-6o -1 the Zro2 (9 x 10 C ) 

from the thermal expansion differences between 

-6o -1 ~ and superalloy (15 x 10 C ), B- may be c 

determined from the data presented in figure 10. The result is 

presented in the text. 
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TABLE I 
COMPARISON. OF EXPERIMENTAL AND CALCULATED SPALLING LOADS (ZnO/Si) 

0 R (Mpa) J.(mN-3/4) p (N) p (N) s . s 

(ref. 3) t(lJm) (ref. 3) Theoretical Experimental 

0 6 12.5 X 10 -6 13 12 - 20 

750 5 14 X 10-6 7 5 
(pre-buckling) 

17 X 10• 6 

(post-buckling) 

600 10 16 X 10- 6 25 10 (not indented 
above lON) 
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TABLE II 
COATING CHARACTERISTICS 

Film Film Film Young's 
Thickness Prestress Hardness Modulus 

Coating t (llm) O'R (MPa) H (GPa) E (GPa) 

ZnO 6 0 
on 5 750 9 120 
Si 5 750 

10 600 

ZrO 
on ~i-based 
Alloy 110 1400 6 140 
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TABLE III 
BASIC PARAMETERS OF COATING 

Items Values 

Mechanical 

1. Elastic modulus, E 140 Gpa 

2. Hardness, H 5.8 Gpa 

4.4 Gpa 

1. 8 Gpa 

3. Poisson ratio, v 0.24-0.25 

4. Fracture toughness, K 
c 

2.7 Mpam112 

Thermal 

1. Thermal expansion 9.076 X 10-6 o-1 K 

coefficient 15.16 X 10-6 K o-1 

17.64 X 10- 6 
K o-1 

2. Thermal conductivitiy, 1.51 W/m.K 

3. Melting point, T 2720 C0 

m 

Geometry 

1. Thickness, t 0.11 mm 

0.165 mm 

2mm 

·Fig. 8 

Fig. 7 

Bond coating 

Substrate 

K - (EG ) 1/ 2 
c c 

Zr02+20%Y2o3 

NiCr6Al 

Mar-N-50 

Bond coating 

Substrate 



20 

FIGURE CAPTIONS 

Figure la. A schematic indicating a buckled coating above a 

delamination. 

lb. Schematic of crack deflection through coating to cause 

spallation. 

lc. Deflection of crack to the surface before spalling. 

Figure 2. A metallographic section of an indented Zro2 coated 

superalloy, indicating that delamination occurs within the 

Zro2 coating. 

Figure 3a. Metallographic cross-section of the coating system by SEM. 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

3b. Chemical elements mapping of the cross-section by KEVEX. 

4. 

5. 

6. 

7. 

8. 

9. 

Zro2-Y2o3 phase diagram. 

X-r·ay diffraction pattern of zro
2 

coating. 

Micro-indenter for hardness measurement. 

Knoop indentation for H/E measurement. 

A schematic of laser, lens and specimen arrangement. 

Schematic relation between intensity and specimen location 

for preset laser system. 

Figure ~0. A plot of the trend in delamination radius with indentation 

load for zro
2 

coatings on superalloy. 

Figure 11. A scanning electron micrograph of spallation of zro2 coatings 

induced by the laser. 

Figure 12. The spall radius as a function of the initial delamination 

radius, indicating the critical radius, ac, for spall 

initiation. 
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Figure 13. Plot of normalized equilibrium crack length~ as a function 

of normalized indenter load.?, for various levels of residual 

deposition stress. . For .9'> 1, the coatings are always 

buckled; for !i'< 1, buckling occurs at the intersection of 

the solutions for buckled and unbuckled coating . 
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