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Abstract

High temperature alloys and coatings rely on the formation of adherent scales to
protect against further oxidation, but scale spallation is often problematic. Despite the
technical importance of the problem, "practical adhesion", which refers to the separation
of the oxide from the metal, has mainly been treated qualitatively in the past. Various
techniques now exist such that the subject can be assessed in quantitative or semi-
quantitative terms. Some of the techniques are described in this paper, and their weakness
and strength are discussed. The experimental methods addressed here include: tensile
pulling, rriicro-indentation, scratch test, residual stress induced delamination, laser or
shock wave induced spallation, double cantilever beam and several 4—pbint beam bending
approaches. To date, there is not an universal, easy test for oxide adhesion measurement
that can provide reproducible information on interfaciai fracture energy for a variety of
oxide/metal systems. Much experimentation isstill needed to increase confidence in many
of the existing tests, and the fundamental mechanics for some present techniques also
require further development. ” |

Work supported by the Electric Power Research Institute under contract No. RP 2261-2,
through an agreement with the U. S. Department of Energy under Contract No. DE-
ACO03-76SF00098. v



Introduction

The protection of high temperature alloys and coatings against oxidation is provided
by the formation of a slow-growing oxide scale. One major factor limiting the protection -
however, is the tendency of the oxides to crack and spall under the driving force of stresses
that develop during oxide growth and thermal cycling. It is therefore of great technical
importance that the scale degradation mechanism be understood, and the important
factors that lead to scale failure be realized. In order to do so, it is pertinent, as a key step,
to have some means of measuring the adhesion of these scales, so that the fracture
resistance of the scale and the scale/alloy interface can be related to the oxide growth

Process.

In a formal sense, the adhesion of an oxide film to a substrate signifies the interfacial
bond strength between the two phases. It depends exclusively on the interfacial properties,
and is simply the summation of all interatomic interactions. This is usually being referred
to as "basicadhesion"[1]. Experimentally however, adhesion is measured in terms of forces
or the work required to detach or separate the adhering phases. The separation may take
place at or near the interface, or within the weaker phase. This separation process can

be referred to as "practical adhesion”.

Basic adhesion is often expressed as the work of adhesion, I .4, which is the dif-

ference in equilibrium free energies of the metal and oxide surfaces created and the
oxide/metal interface destroyed: W .o =V, + Yox ~ Yoxm If interfacial fracture were
reversible, the energy controlling crack growth at the ihterface would equal the work of
adhesion, but irreversible contributions are usually present. Asa result, practical adhesion
is usually greater than W ,,,and can be influenced .by many factors, such as the interface
morphology and adjacent microstructure, the oxide thickness or the degree of plastic

deformation within the adhering phases. Since spallation is a film delamination and



cracking process driven by internal stresses, its behavior can best be described by practical
adhesion measurements treated with fracture mechanics. The resistance of the interface
to crack propagation, where crack exténsion is driven by the strain energy release rate, G
can be expressed by G, the fracture energy, sometimes referred to as the fracture

resistance.

In recentb years, a significant amount of work has been done on the fracture mechanics
of thin films that are deposited on various types of substrates(2-4]. However, only limited
attempts have been méde to apply such knowledge and techniques to study the adhesion
of thermally grown oxide films. Atkinson and Guppy[5] have recently evaluated some of
the commonly used measurement methods as they applied them to study the adhesion of
NiO grown on Ni and dilute Ni alloys. These include direct pulling, double beam bending;
scratch test and indentation normal to the oxide surface and at the scale/metal interface.
The conclusion was that none of the methods was capable of measuring the fracture
resistance of the interface. In this paper, techniques that are more refined with a fracture
mechanics approach are emphasized. The purpose here is to describe and discuss the
advantages and limitations oftechniques that have been, or may be, used for oxide adhesion

measurements.

Evaluation of Experimental Techniques
PULL, SCRATCH AND INDENTATION TESTS

These tests have been evaluated by Atkinson and GuppylS]. The methods have also
been included in many of the recent review articles on film adhesion[6-10]. However,
since they are often the most attractive candidates for adhesion measurement due to their
ease of operation, some important specific drawbacks of each method will be discussed

here.



There are several variations of the pull-off tesf[9]. In essence, the method involves
forming a bond between a loading piece and the surface oxide, then a force is applied to
pull the film off. The bonding is most conveniently achieved by applying a layer of organic
~ adhesive, usually epoxy, and the force is most often tensile. The critical force at which the
film is pulled away from its substrate is viewed as a measure of film adhesion. However,
this critical force has no inherent physical meaning, because the stress state at the failure
plane is not known, and the failure of the film is initiated by flaws of unknown size and
location. Data are often very scattered. Furthermore, alignment of the pull test fixture
is very difficult. Any misalignment will introduce shear components which will greatly
affect the test result. The use of an adhesive layer also limits the maximum interfacial
strength that can be obtained. If the oxide film were porous or contained through scale
cracks, the adhesive may even penetrate into the interfacial area and thus affect the

measurement.

In a scratch test, a small stylusisloaded normally onto the surface film, then traversed
along the film surface for a certain distance. The load can either be increased stepwise
with each scratch or continuously during ‘one traverse. A critical load at which some
well-defined film failure event occurs is often used as a measure of film adhesion. Film
detachment can be observed by: i) acoustic emission, ii) frictional force measurge’ment and

iii) optical and scanning electron microscopy.

Because of the complexity of the stress fields associated with the scratch test, a general
solution relating the critical load to scale adhesiqn cannot be obtained. Usually, the critical
load is only used as an indication of the relative adhesive strength of the films tested. Even
then, one must be certain that the same failure mode is operating, because various modes
can exist depending on the load, the depth of the scratch and the mechanical properties

of the film and the substratel11]. Another complicating factor is the change in indenter



geometry with penetration depth. This is especially important when thin films are tested
on soft substrates, which is often the case for oxidized samples. Other intrinsic factors,
such as indenter wear and tip radius, loading rate, scratch speed etc.,all have an important

bearing on the value of the critical load derived from the test[12].

-~ The indentation method involves making micro-indents from the surfece of the oxide
film. The indentation creates aplastically deformed zone immediately beneath the surface.
Residual stresses developed in the plastic zone provide the d'riQing force for lateral and -
radial crackihg. If the interfacial toixghness is lower than that of either the film or the
substrate, lateral cracks will develop and propagate along the interface. Evans and co-
workers[13-15] have developed fracture ﬁ&hmics solutions which allow the interfacial
fracture energy to be calculated from the size of the interfacial crack created by the indent
and the indentation load. The analysis, however, limits the depth of the indent to be less
than the thickness of the film. For usual oxide scales thaf are only a few microns thick
and are too opaque to allow any direct investigation of interfacial delaminations, the

. analysis becomes less useful.

SPONTANEOUS SPALLATION DURING COOLING |

Large residual stresses in thin films can caﬁse spontaneous delamination. For most
commercial oxide/alloy systems, the residual stress in the oxide film is compressive. Under
an uniform biaxial compressive stress, spall initiation has been suggested by Evans and
Lobbl16] to occur either by interfacial decohesion orv by the formation of shear cracks
through t_he_oxide. By equating the stored strain energy in the oxide film to the fracture
energy of the interface or the oxide, the authors developed equations which relate the
temperature drop during cooling to the interfacial fracture energy. The strain energy in
the oxide film is equated to thermal stresses developed during cooling on the assumption

that the residual stress is predominantly a result of thermal expansion mismatch.



In the case where. interfacial strength is higher than the cohesive strength of the
oxide, shear cracks in the oxide will develop first. The critical condition for spallation is

then the step of separating the cracked oxide from the substrate, which is given in equation

(1):
AT% =G/ ftE,  (Aa)?(1-V) 1)

where fis the fraction of strain energy released in the fracture process, ¢ is the oxide
thickness, AT is the temperature change, Aa is the difference in thermal expansion
coefficients of metal and oxide, E ,.and v are the Young’s modulus and Poisson’s ratio

respectively for the oxide and G . is the interfacial fracture energy.

In equation (1), the oxide thickness can be converted to oxide weight gain. By taking
f=1, the equation becomes a simple relationship between weight gain of the oxide, w,,

temperature change and the fracture energy:
w,AT?=kG, | @)

k in this case is just a constant that includes Aa, £,,, Vv, density of the oxide and the

molecular weights of the oxide and oxygen.

The initiation of oxide spall can be monitored accurately on a microbalance during
cooling. An example of the critical temperature, at which spallation is initiated, as a
function of gross oxide weight gain is taken from Evans['17] in Figure 1. The line drawn
through the data isa best fit to the parameter w,A T2 From these analyses, G .for Crp03
scales grown on 20Cr-25Ni-Nb stabilized stainless steel was estimated to be about 6
J/m2[17], Thus, the method has been useful for oxides which spall spontaneously upon

cooling.



The analysis is oversimplified in that it is doubtful that the shear cracks envisaged
acfu_ally develop, but there is no driving force for decohesion without either such shear
cracks or buckling of the oxide. Buckling and delamination can be a precursor to spalling
which involves cracking of the scale. Some scales, for example low purity nickel oxide,
buckle or even crack long before spallation of the cracked pieces takes place. Furthermore,
the analysis oversimplified the stress state in the oxide and the transition from a through
scale crack to that of interfacial decohesion. The former may differ from that calculated
from thermal expansion mismatch, because of growth stress or partial relaxation through

plastic deformation or limited fracture.

When the interface is the weakest parf of the oxide/metal system, oxide scales will
fail by interfacial decohesion accompanied by buckling. The buckling problem has been
treated by Wells et al.[18] and by Evans and Hutchinson[19] as well as others{20,21], In
the analyses, the delaminated region of radius a is modeled as a clamped circular plate.
The critical stress in the oxide for buckling is thereforel22]:

0.=[1.22E,./(1-v®)](t/a)'’? : 3

Once buckling occurs, a crack driving force G, develops and is given by[19]:
G=(1-v)(1-a)o?t{1+(0,/0)°}/E,, C)

where o is the biaxial compressive stress in the oxide, and a=(1+1.207(1 + v)) lisa

constant related to post buckling conditions. When the residual stress, o, is greater or

equal to about 30, , G becomes closely approximated by the aéymptote:

G.=(l-v)(1-a)te®/E,, (6)



Experiments using this analysis require the knowledge of o at which large buckles

begin to grow. Visual observation of buckling during cooling is possible for some oxide
scales. The stress level will have to be estimated from thermal stress calculations, unless
it can be measured during the cooling process. Preliminary an'alyses[23] of‘NiO grown on
commercial grades of Ni200 at 1100°C give fracture energies between 2-4 J/m2. These
low values are believed to be associated with the high density of voids formed near the

oxide/metal interface.

None of the analyses discussed so far considered the fact that film delamination
always involves mixed mode loading. The phase angle of loading, i.e.the Ky/Ky ratio, or
the relative degree of shear to tensile loading on the crack tip, increases significantly as a
buckle grows[24]. When the buckled region is elongated, then for extension along the
ends, the driving force is higher[24,25]. This can cause the interfacial crack to kink away
from the interface into the oxide to cause ‘spallation[24]. ‘In»addition, G itself is phase
angle dependent; this can cause the buckle to bifurcate, i.e.to growin an irregular geometry
often involving zigzag or wormy buckles[25]. More realistic modeling which accounts for
the change in phase angle and G, with buckle growth has been undertaken[19,25], but
needs to be developed further. Moreover, in any model, the stress state of the system is

always going to be an important issue, and its level needs to be accurately accessed.

DOUBLE CANTILEVER BEAM TECHNIQUES

Recently, several fracture .mechanics techniques have been refined for application
to interfaces[26-33]. Most of them use sandwich geometries which minimize the effects
of residual stresses. Nearly all are predicated on knowing the size of a well developed

crack, to obtain the fracture resistance, and its dependence on crack velocity. Several of



these modifications permit determination of the fracture resistance under mixed mode
Joading of known degreel30-33], but none have been applied to oxide scales, for example

using techniques discussed below.

The Double Cantilever Beam, DCB, techniqﬁe conveniently gives nominally pure
tensile (mode I) loading which is useful for evaluating the inherent toughness and impurity
dependcnce of speciﬁc systems. Many configurations of this test are available. These are
discussed in the recent review paper by Berndt and Lin[10], Sandwich geometries having
a metal layer bonded between two ceramic members, have been successfully tested in
several systems using diffusion bonded samples[28f29] (see for example Figure 2a). Such
geometry not only allows multiple testing on one specimen, but also makes evaluation of
sub-critical crack growth relatively easy. The more compliant configurations permit
assessment of the crack length from compliance measurements rather than more difficult
_direct:observations. In order to assess the interfacial fracture resistance of thermally
formed oxide scales, a second loading member using a thin organic adhesive has to be
attached to the oxidized surface. Highly adherent adhesives which can be made thin to
minimize the energetic contribution from plastic deformation of the adhesive are most

desirable.

- During a DCB test, two lcading conditions, constant displacement and constant
crosshead-speed, can be used to evaluate slow or fast crack growths. Under constant
displacement testing, the sample is loaded to a value at which crack growth just begins.
The load is then allowed to relax during crack advance. In the constant croséhead-speed
test, the sample is loaded under a constant strain rate, to loads above that necessary to
cause crack growth and with crack extension being revealed by‘ nonlinearity in the l.oad-‘
displacement curve. In both cases, the load versus time data can be converted into a plot

of crack velocity, v, versus strain energy release rate, G, using compliance relations[34]



and a computer curve-fitting routine[35). An example is given in Figure 2b[36]. From
this type of v-G plot, not only the fractufe energy, G, can be determined from the G value
at which crack growth becomes unstable, but also the effect of environment on sub-critical
crack growth can be evaluated. - The ability to study the environmental effect on crack
growth is important in understanding oxide scale failure under different atmospheric

conditions (e.g. high vs. low humidity).

Although the DCB method provides an excellent way of evaluating crack growth and
its relationship to the crack extension force, the method is difficult to apply to thermally
grown oxide films. One limiting factor is obviously the usage of an organic adhesive layer
between the loading piece and the surface of the oxide. The strength of this layer will
limit the technique to poorly adherent scales. The accuracy of the final analyses will also

.depend on the relative thickness of the adhesive layer to the oxide film. Thermal oxide
films of commercial interest are usually only a few microns thick. The adhesive layer can
easily be thicker, in which case plastic deformation within the adhesive layer will complicate
the analyses considerably. Experience using the DCB technique for NiO grown on Nil37]
has also shown other experimental difficulties. One is in finding an accurate way to
determine crack length, since interfacial cracks are not visible in most oxide/metal systems.
Using compliance relationships to obtain crack length is in principle possible, but careful
system/instrumental calibration will have to be performed first. Another alternative ﬁay
be to adapt constant moment loading of the DCB[27], which reduces the need for precise

crack length measurements.

FOUR-POINT FLEXURE METHODS
Several methods exist that make use of four-point bending techniques. One example
is given in Figure 3a, which has been used[26,38] to study the adhesion of diffusion bonded

metal/ceramic interfaces. Before loading, a fine saw cut is made at the metal/ceramic

10



interface. Microcracks emanating from the saw cut act as sharp starting cracks when the
test bar is loaded in a four-point bending fixture. The value of G can be expressed[39,40]
as a function of the fracture load, P, the sample geometry, an effective modulus of

elasticity, E*and a compliance fuhction; Y, which is calculated from finite element anal-
ysis[41],

G.=P2(9e*nY /b2h°E™) . : ©

band h are the width and height of the sample respectively, eisthe lateral distance between
the opposite loading points and Y includes the sandwiched layer thickness, the crack length

and is a function of the Dundurs parameters aand 3.

~ The technique can be adapted for thermal oxides grown on a metallic substrate. But
adhesive layers will have to be applied to attach the bending arms to the oxidized specimen.
Plastic deformation from the organic adhesive layer will make the above analysis inac-
curate, unleﬁs its contribution to G, can be incorporated into the equation or shown to be

small.

Atkinson and Guppy[3] have used the above method, but without a precrack, to
evaluate the fracture strength of NiO/Ni interfaces. A thermosetting epoxy was used as
the adhesive lé.yer to bond the oxidized specimen to two loading arms. The.thickness of
the adhesive layer was controlled by inserting a thin piece of wire, 0.33 mm in diameter,
into the layer. The sample is loaded under constant strain rate, until debonding occurs.
Unlike the pull-test, the 10adihg condition in this arrangement allows a useful determi-
nation of the maximum tehsiie stress at which failure occurs. If failure isat the oxide/metal
interface, the stress level can then serve as an indication of the interfacial fracture strength.
Values between 10-60 MPa were found, which depended on the oxide thickness and on

the substrate composition. However, there are effects of stress concentrations from

11



modulus mismatchl42] and of residual stresses[43] which can affect these results.

Again, because of the presence of the adhesive layer, which in the above mentioned
studylS] was hundreds of times thicker than the oxide layer, the fracture strength obtained
cannot be easily identified with the true strength of the interface. The stress concentration
| mentioned above can be complicated by plastic deformation of the adhesive layer which
can lead to a dependence on the layer thickness[42]. Furthermore, the téchnique is not
able to provide an interfacial fracture energy, G, because failure is caused by internal
flaws of unknown size and locations. Because of this dependence on intrinsic flawsin the
oxidized sarﬁple, data usually show a high degree of scattering. However, the technique

serves as a useful tool for comparing the relative strength of different interfaces.

The scale failure phenomena can also be simulated in a controlled manner byloading
the oxidized sample directly in either tension or compression parallel to the scale. If the
oxidized specimen isloaded in a 4-point flexural condition as illustrated in Figure 3b, both
tension and compression can be simulated on the top and bottom of the same sample.
Since the oxide is brittle and -the substrate ductile, the substrate can be strained to obtain
sufficiently high stresses in the film to satisfy crack growth conditions for any thickness of
scale analogous to those in Eq.(6). Typically under tensile loading, film splitting will ensue,
often in a quasi-periodic fashion. If the interface is weak and the substrate yield étrength
is high, delamination of the oxide will also occur. Analysis using fracture mechanics
solutions then permits assessment of the fracture resistance of the scale and of the
interface[44-46]. Careful microscopical examination will also reveal whether, after the
scale splits, it will delaminate in an essentially brittle fashion or whether some shear occurs
at or near the oxide/metal interface. Ifsuch shear occurs, then an estimate of the interfacial

shear resistance can also be madel47,48].
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Nagl et al.[49-50] have successfully used this technique to evaluate oxide fracture
energies both at room temperature and at elevated temperatures. Although the technique
is suitable in determining fracture energies of the oxide scale, especially when coupied
with acoustic efnission, it is limited in evaluating the fracture energies of the oxide/metal
interface. This is because throu_gh thicknéss cracks often stop at the scale/substrate 3
interface due to interfacial shearing{23,49], which blunts the crack at the interface and
thereby suppress nucleétion of an interface crack. Consequently, scale decohesion would
not occur even if the interface fracture resistance were felatively low. At very high strain
levels[37], scale delamination may take place eQentually, but the metal substrate at this
point usﬁally suffers such high plastic deformation tﬁat presently available solutions rhay

no longer be applicable as they ignore effects of local plasticity in the substrate.

Evans and co-workers[30] have developed an analysis that would allow G, to be
determined while following the growth of a notched pre-crack in the surface film (Figure
3c). If such a geometry can be achieved, the behavior of through thickness cracks stopping
at the interface will no longer be a proble;n. Unfortunately, it is experimentally difficult
" to create such an ideal notch. For thermally grown oxide films, the task is even more
challenging. Possible ways of achieving a pre-interfacial crack may be to mask parts of
the Qxidizing surface prior to oxidation, or to introduce a saw cut or a row of indents into
the oxide layer after oxidation. Evenv ifthese methods were successful, the interfacial crack
so introduced may not be sharp enough to properly propagate upon' loading. Careful
loading conditions will have to be found experimentally to first initiate the crack growth, -

‘then follow its advancement.

LASER AND SHOCK-WAVE SPALLATION
For the measurement of interfacial bond strength, both the laser and shock-wave

methods are similar in that a compressive stress wave is generated at the back side of the
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substrate. The wave propagates through thev substrate in a direction normal to the sub-
strate/coating interface. At the free surface of the coating, the cdmpressive wave is
reflected as a tensile wave incident on the interface. At the instant of this reflection, the
free surface velocity increases from zero to a relatively high level (thé jump-off velocity).
If the tensile stress is higher than that required to break bonds at the interface, a free
surface at the interfacial plane is created. The wave then can reflect from this newly
created free surface and pfovides another velocity change of the outer free surface (the

pull-back velocity).

Analyses of the process to obtain a value of the critical tensile stress at which film
spallation occurs is very difficult. One method[31-52] isto model propagation of the waves
through the substrate so that the stress level at the interface can be calculated. However,
. wave propagation in solids is a complex problem. Finite element analysis has to be
employed, but the approach can lead to erroneous conclusions if the initial boundary
conditions are not properly set[53]. Another method[54,55] is to determine the rupture

stress by relating it to film density and the sample surface velocity:
o=p,c(uU,~u,)/2 : (7

where u,and u ,are the jump-off and pull-back velocities respectively, and c is the velocity

of the propagating stress wave. Nutt et al.[35] have used this method to determine bond
strength. The surface velocity history was measured using laser interferometry. From
their results, the value of the jump-off velocity can be easily determined, but the value for
the pull-back velocity isambiguous. This is due to strong ringing of the partially debonded

film and possible inhomogeniety of the film itself.

In summary, these techniques seem promising for determining true bond strength

with very limited or no crack growth, such that fracture energy obtained here will most
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closely resemble W,4. However, the analyses need further improvement for measure-
ments to be reliable. Furthermore, extensive calibration isoften needed in order to obtain
proper wave propagation to the interface, and only flat interfaces can be studied. Thermal
or mechanical pfoperties of substrate and film can élso limit the kind of system to be
investigated. Experimental set-up is complicated, more so for the shock-wave than the
laser method . For the laser technique, unless the ﬁim isengineered to small islands equal
to the sizé of the laser spot, through-thickness cracking of the film has to be considered
in the spallation process. The energetics of this process has not been included in any

analysis.

The laser technique can be used much more easily in a semi-quantitative way. The
threshold energy at which film spallation is observed can be taken as a relative measure
of film adhesion[56]. Low energy laser beams can also be used as a possible tool to detect

interfacial - flaws[3 71,

Summary and Concluding Remarks

Some of the téchniques that have been used to study oxide/metal adhesion, or have
apotenﬁal for it, have been evaluated, and their weakness and strength discussed. Tensile
pul'ling', scratch tests and micro-indentations are convenient and easy to perform, but ard
only useful for comparisons within a given system. Analysis of residual stress induced
spallation can give an estimate of the interfacial fracture energy, but certain assumptions
have to be mad.e about the stress state in the scale. Laser and shock wave spallation
techniques in principle are ideal in measuring interfacial bond strengths, but are very
difficult to perform experimentally. Four-point bending and double cantilever beam
techniques_ can provide accurate i_nformatibn on the strength or fracture resistance of the
interface. However, an adhesive layer usually has to be applied between the fixture and

the oxide surface. This not only comiplicates the analysis, but also limits the strength of

15



“the interface that can be measured. Direct 4-point bending on oxidized specimens can
provide accurate measurement of the fracture resistance of the scale, but generally tends

to overestimate the fracture energy of the interface.

To date, there is not an easy test for oxide adhesion measurement that can provide
reproducible information on fracture energy for a variety of oxide/metal systems. The
best method for a particular oxide/metal system may need to be experimentally deter-
mined, for differ.entv oxide films fail in different ways. Furthermore, combination of a few
methods may be useful, or even necessary, in order to truly understand the interfacial
fracture behavior. Improved experimental methods and/or more refined fracture
mechanics solutions for some present techniques are still needed. The presence of residual
stresses in the oxide film and its contribution to the test results must also be taken into
account in the final analysis. The ability of a technique to be performed at elevated
temperatures should also be considered in its development, since scale failure actually

occurs during thermal cycling at temperatures much higher than the ambient.
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Figure Captions

Figure 1:

Figure 2:

Figuré 3:

Variation of the critical temperature amplitude (the temperature drop at
which spallation is initiated) as a function of total oxide weight gain from
oxidation at 1123K. Different symbols represent different specimen geom-
etries and coolants. (After Ref. 17) v

(@) Schematic illustration of a double cantilever beam (DCB) sample where
a thin strip of metal is bonded between two ceramic pieces with a precrack
of length a. (b) An example of typical test results obtained from the DCB

method on ceramic-metal sandwich specimens. (After Ref. 36)

Schematic illustration of various four-point bending methods. (a) A sandwich
specimen with a precrack introduced at the metal/ceramic interface. (b)
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Direct bending of a sample with a thin film of oxide on the surface of a thicker
substrate. (c) A notched bimaterial specimen with a symmetrical interfacial
crack of length 2a.
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