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An important engineering problem in structural design is evaluating structural integrity and
reliability. Depending on the structural design, material type, service loading, and
environmental condition, the cause and degree of strength degradation due to the different aging
mechanisms differs. One of the common causes of strength degradation is the result of crack
development in the structure. In this study, centrally cracked specimens were used to study
micro-macro damage and deformation processes near the crack tip in a composite materials
based on anodic hard ceramics. The specimens were made of alumina-based hard oxide ceramic
coating. It is expected to extend fatigue life of the alumina layer by hardening with chrome
carbide deposited on the coating. Experimental result reveals that, porosity, hardness,
heterogeneity of the microstructure, interface and substrate, the initial distribution of flaws
within the system, and the magnitude and sign of the residual stress in the layer play a key role
for local damage and strain distribution near the crack tip. In addition, the damage fields near
the crack tip were investigated. The strain fields and stress maps were discussed.
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Introduction

A ductile substrate like aluminium or its alloys
coated with a brittle thin layer is one of common
coating-substrate  structures  encountered  in
engineering applications. Fracture behaviour of the
thin alumina-based composite coating and the
coating adhesion are among the major
considerations in evaluating the integrity and quality
of such coating-substrate systems. A reliable and
consistent measurement of these properties is also
critical in improving the thin alumina-based
composite processing technologies.

An important engineering problem in
structural design is evaluating structural
integrity and reliability. Depending on the
structural design, material type, service loading,
and environmental condition, the cause and
degree of strength degradation due to the
different mechanisms differs. One of the
common causes of strength degradation is the
result of crack deve lopment in the structure.

As the size of a mechanical structure used in
smart systems (such as accurate microsystems,
bearing units etc.) becomes susceptible to
defects, the effect of such defects on structural
strength has a wvital importance. Fracture
toughness is one of the most important
mechanical properties, especially for designing
and operating systems and constructions.
Fatigue-induced cracking of materials becomes
a serious problem when long-term reliable
operation is required in a system.

Objective

An objective of the work is to investigate micro-
macro damage and deformation processes near
the crack tip in composite materials based on
hard alumina ceramics formed by micro arc
oxidizing. The strain fields, damage fields and
failure maps were discussed.

Experimental technique
The electrostatically actuated test device was

used to evaluate microfracture properties
through a microcrack diagnosis of materials
forming the systems for improvement of
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micromechanical reliability. The test device
consists of comb drives for loading and a
suspending beam for testing. The sharp notch is
introduced to the suspending beam in the test
device.

Alumina layer is fabricated by micro arc
oxidizing process. Figures 1 shows the SEM
photograph of the pre-cracked alumina layer
200 im in thickness. CrC layer was produced by
pyrolitic deposition form vapor phase of
metalorganic solution. The CrC layer fills the
pores and surface cracks that it is expected will
improve fitigue of the alumina layer and near
crack tip behavior.

Figure 1. SEM micrograph of alumina layer with cracks.

Stress Contours & Failure Maps
It is possible to combine the results of the
researches and generate stress contours and
failure maps to illustrate which mechanisms are
expected to operate under particular conditions.
Figure 2 shows crack path initiated in the
layer under localized stresses that distributes
through the coating under applied load. The
picture was generated from SEM images by
software approximation using finite element
analysis in detail see upcoming works.
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Figure 2. Crack propagation under. 1.(;callized loading
of initial crack tip.
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In fig.2 dark regions show internal voids,
pores and defects with initiated cracks
propagating in the layer under loading of the
initial crack tip shown as darker segment in the
top of the fig. 2. In fact, cracks propagate across
the alumina layer concentrating in the porous
and defect zones. The rest light region of the
layer exhibits relatively dense and pore free
layer.

®
i

Fig 3. SEM micrograph of crack path at a grain boundary
site of alumina layer.

Fig. 4. SEM micrograph of crack along side the surface of
alumina layer.

Fig 5. SEM micrograph of alumina layer showing the
distribution of precipitates and cracks across the layer
(perpendicular to the surface).

Recent study of Lawn' revealed that there
are two fundamentally different fracture/damage
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mechanisms in ceramic composites that are
usually determined by their microstructures.
First class of overviewed ceramics consists of
very brittle materials, such as single crystals,
and fine-grained ceramics. In this ceramics
Hertzian indentation produces macroscopic cone
cracks when the indentation load exceeds a
certain critical value for a given materiaf . This
type of cone cracking results in severe strength
degradation’®.

In contrast to the last case, in some of new
composite ceramic coatings with advanced
strength behavior, such as glass-ceramics and
alumina based composites the cone cracking is
suppressed, because of crack deflection along
the composite sub layers, its micro granular
submerged particles and hard microstructural
elements. Along with some cone and ring cracks
a damage zone is formed within the region of
high shear-compression concentration just under
the indenter®'! that has well shown at fig.6. In
some cases both the highly destructive
macroscopic cone cracking and the damage
dispersion occur in the material. However, the
growth and linkup of the microcracks under a
high load or repeated loading conditions could
lead to severe surface damage and ultimate
material peeling off from the surface'>".

One potential approach for avoiding such a
lack is to use a multilayer composite structure,
in which layers strengthens one another. In view
of oxide ceramic layer another one should fill
the pores, smooth sharp edges of alumina
crystals and health other microstructural defects.

The view to this approach comes from the
characteristic of the spatial distribution of
Hertzian shear stresses in the alumina layer'®.
Figure 6 gives the contours of shear stresses (Sn)
along the plane perpendicular to the loading axis
(the r-z plane), and fig. 2 shows the contours of
the maximum shear stresses (S nmax). The stresses
are presented in units of mean pressure.
Comparing figs. 6 and 7 shows that (a) the
highest value of Spmax 1S 50% of the mean
pressure, whereas that of tensile stresses Sy, is
only 35% of the mean pressure; (b) throughout
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the field, Snmax>S; (c) for a given stress value,
the area within the Spmax contour is larger than
that within the S, contour.

Therefore, if the microstructural
weaknesses, such as pores and cefects, can be
strengthen along the r-z plane, the failure and
cracking of coating, and its dispersion and
failure can be reduced to a certain degree.

Fig. 6. Contours of shear stresses along the plane
perpendicular to the loading axis.
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Fig. 7. Contours of maximum shear stresses.

Two failure stresses fields are shown in Fig.
6, 7 for the coating systems. The conditions for
two possible modes of failure may result from a
split in the alumina layer. Delamination along
the interface is one possibility. Alternatively, the
split may extend as a crack into the substrate.
The conditions for delamination have been
previously, while the split can propagate into the
substrate'”. Based on the tests it is expected that
for the composite system it is if

KioVt<12:195 (1)

AESF SUR/FIN® 2002 Proceedings

455

Once the crack has entered the substrate, it is
possible for it to turn and propagate parallel to
the interface as shown in fig. 4 and it is expected
to be expressed as:

K -(')/‘/f <0.3-0.58  (2)

Figure 6, 7 compares the conditions that will
determine whether a crack initially lying along
the interface will continue in that plane, or
whether it will kink into the substrate. The
condition for this latter event to occur is ' !

K ~()/‘/I<0.7—0.9 3)

In both of these stress field maps, the
contours through the origin show the effect of
varying the stress in the alumina layer while
keeping the material properties constant. Two
very important results should be noted. The first
is that failure does occur along the maximal
stress concentration zone and along weakest
path; however, the mechanics of the problem
will dictate different driving forces for crack
propagation at different locations. This
difference may result in the fracture condition
being met along a trajectory with a high fracture
resistance before it is met along one with a
lower resistance.

A crack will propagate more readily in the
substrate than along the interface. In other
words, the fracture toughness of the substrate
can be twice that of the interface before
delamination becomes an issue in the failure of
thin layers. A second observation to be made
from these plots is that condtions may be such
that more than one mode of failure is
energetically favorable. Under these conditions,
kinetic effects become important and failure will
be dominated by the mechanism that has the
faster kinetics of crack growth.

It is found that when fracture occurs in the
alumina-based layer or substrate it will do so
under pure mode-I conditions, and it is therefore
appropriate  to use the mode-I fracture
toughness, K, for alumina layer or K for
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substrate, for these materials. Failure
mechanism that involves propagation of a crack
along the interface will introduce the problem of
mixed-mode fracture. Ideally, the fracture
resistance of the interface should be measured
under the mixed-mode conditions that are
appropriate; however, this is not always possible
and some choice of failure criterion has to be
made. For the purposes of this discussion, the
choice that Ky = Ky, (the mode-I fracture
toughness of the interface) has been made.

Failure mechanisms
A crack, whether it develops in the alumina
layer, interface or substrate, is driven by the
relaxation of residual stresses and the
consequent decrease in elastic energy stored in
the system. In a homogeneous material, a crack
will follow a trajectory in which it is subject
only to an opening mode of deformation at its
crack tip.'®!"” This is known as mode-I fracture.
The first mechanism to be considered in
detail involves the extension of a crack along
the interface between a layer and substrate.
General results for the asymptotic values of the
stress-intensity factors that are pertinent when
the crack length a is much longer than the layer
thickness (t) have recently been obtained by Suo
and Hutchinson.”’ The mixed-mode nature of
the delamination process, the asymptotic values
are approached as the crack length increases
depends on the type of flaw that initiates
delamination. If the crack grows in from the
edge of the sample, then the stress-intensity
factors increase with crack length, having values
when a/t < 1.2

K, oVt =0.36-(a/t)"”?
Ky ot =0.63-(a/t)"”?

4

The existence of a steady-state solution in
these two cases is a direct result of the
assumption that the problem is a two-
dimensional one and that there is no variation in
the geometry across the width of the samples.
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Figure 3, 4 show a crack initiated from
either an external in Fig. 3 or an internal Fig. 4
boundary of the layer. The lack of a steady-state
regime in which stress intensity factor is
independent of the crack length is very evident
from these plots. Similarly, if a flaw initiates
from a finite split in the layer, delamination is
limited to the region around the split and scales
with its length.?*%

Alumina-based composite coating splitting.

A tensile stress in a brittle alumina-based
composite coating may be relieved by the
formation of a periodic array of parallel cracks
growing across the alumina layer (Fig. 1, 5).
The value of K; which acts to split the alumina-
based laAP/er depends on the spacing between the
cracks.’

Once splitting does occur, the analysis
suggests that the crack spacing should be no
larger than about eight times the alumina
thickness; cracks further apart than this have a
negligible interaction with one another.

Although these characteristics have been
observed in at least one study®> most
observations suggest that the crack spacing is
much larger than the range predicted in view of
defect concentration, and stress distributions
respectively in Fig. 2, 6, and 7. There are two
possible reasons for this discrepancy. The first is
that this figure shows only the thermodynamic
minimum spacing and that to obtain such
spacing would require a suitable density of
initial flaws. In practice, it is expected that the
cracking pattern may be dominated by the
statistical distribution of defects.”® The other
reason to be mentioned is that the crack spacing
is determined by the critical shear stress at the
interface®”?® when the alumina layer is
deposited on a ductile substrate, or if alumina
layer cracking is associated with delamination at
the interface. It can be shown that under these
conditions?’, the crack spacing is not dependent
on the fracture toughness of the alumina-based
layer and that, in contrast to the elastic analysis,
€ increases with (t):
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§=260 /6 (5)

In this equation 0 is the critical shear stress
at which slip occurs and it may be controlled
either by the yield stress of the substrate or by
friction at the delaminated interface. It is
revealed that although the spacing is
independent of K, for alumina layer in this
shear-lag analysis, the critical stress at which
splitting can occur still depends on it.

Finally, of interest is note that when there is
a biaxial stress in the alumina-based layer, the
periodic array of parallel cracks would be
replaced by a pattern commonly known as "mud
racking". The alumina layer fractures into a
series of localized clusters similar to that seen in
areas of drying mud. Although the details of the
mechanics are slightly different, the general
trends outlined in this section are expected to be
similar.

Substrate cracking.

The third location at which a crack may
propagate to relieve the strain energy stored by
alumina layer under tension is within the
substrate. There is a steady-state regime in
which  the  stress-intensity  factors are
independent of the crack length. In this regime,
K1, and Ky depend on the elastic properties of
the alumina layer and substrate and on the depth
of the crack beneath the nterface. Of particular
note is the existence of a depth at which Ky = 0.

The analysis of the area confirms that this is
the depth of the trajectory along which a crack
will propagate. Experiments demonstrate that
this trajectory has a remarkable stability which
can be explained because any perturbation of the
crack from this path results in a shear stress that
acts to drive it back again.

Two effects of changing the modules of the
layer and substrate can be observed in the
alumina-based composite. The first is that as
relation in Young modules of alumina-based
layer and substrate decreases, the stable
trajectory approaches the interface and the
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resulting spall is therefore thinner. The other
concerns the magnitude of the driving force,
which appears to increase with the compliance
of the layer. However, it should be remembered
that if the stress is a result of some residual
strain, such as might arise from a lattice
mismatch or from a difference in thermal
expansion, 0, scales with the modulus of the
layer, and the dependence of K, on the layer
compliance will be reversed.

Suo and Hutchinsor®® have presented
general results that allow the effect of any stress
state, elastic constants and substrate thickness to
be calculated. One of the important results
confirmed as it was in the work’® is the
sensitivity of the crack path to the thickness of
the Al substrate.

Buckling.

The mechanisms by which a compressive stress
in a coating may be relieved are much more
limited. From an energetic argument, it is
conceivable that delamination along the
interface could occur in a similar fashion to that
described previously.

The compressive stress required to buckle a
portion of the coating over an initial strip of
delaminated interface is given by '72°

6.=-0% E-(t/a®)/12  (6)

It is expected in the considered case that
stress increases as the crack begins to propagate
along the interface and, consequently, a rich
diversity in behavior is possible. Delamination
may be an unstable process. It may be stable, in
which case an increase in stress intensity factor
requires an increase in the magnitude of
stresses. An ntermediate range of behavior is
also possible in which an initial instability is
followed by stable crack growth. The details of
the delamination process are generally
controlled by the initial size of the defect at the
interface and by the value of the interfacial
toughness.
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It has recently been shown that when
delamination occurs by this mechanism it does
so under mixed-mode conditions.?” These
characteristics can have a substantial nfluence
on the fracture behavior in alumina-based
composites.

Prospectively, it is expected that there is a
maximum defect length for which no further
growth by this mechanism of combined
buckling and delamination is possible. Once the
defect has reached this length, further failure
can occur only by plastic deformation or by
cracking of the alumina-based layer in buckled
region. The existence of this maximum does not
depend on the precise details of the mixed-mode
failure criterion; it only depends on a criterion in
which the fracture esistance increases rapidly
as the ratio K; /Ky [110 as it was shown. !

A biaxial stress state appears to produce an
even richer behavior. An initial analysis
suggests that buckling and delamination should
occur by the formation of a circular blister that
is found to be by Hutchinsor’®. In fact, failure
under these conditions seems to be often
associated with nonaxis;/mmetric and sinusoidal
patterns of buckling.®!*?

Conclusion
A number of mechanisms by which alumina-
based composite coatings may crack or
delaminate have been reviewed in this paper.
The failure of alumina-based coating is
controlled by a number of parameters including
the mechanical properties of the layer (porosity,
defects, voids, and grain structure), interface and
substrate, the initial distribution of flaws within
the system, and the magnitude and sign of the
residual stress in the layer. The presence of a
tensile stress can cause delamination along the
interface, or cracking in the layer or substrate.
Failure induced by a compressive stress
involves a complex interaction between
buckling of the layer and delamination along the
interface.

Cracks that propagate in the alumina-based
composite or substrate do so under the influence
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of stress intensity factor, and the fracture
resistance is controlled by the mode-I fracture
toughness of the appropriate  material.
Conversely, delamination generally occurs
under mixed-mode conditions in which both
shear and normal stresses play a role in the
fracture process. Beyond the generalization that
they increase the fracture resistance, the effect
of shear stresses on the failure of an interface is
not completely understood. If a mixed-mode
fracture criterion is assumed, it is possible to
compare different failure mechanisms and deter-
mine which ones will operate under particular
conditions. It is important to appreciate that
failure does not necessarily occur along the
weakest path. There may be conditions in which
the nechanics dictate that the driving force be
greater along a trajectory with a larger fracture
resistance, and this may dominate the failure process.
It is expected that fracture resistance and fatigue
life of the alumina-based composite coatings can be
increased by healing pores, structural defects and
internal voids by smart particles. In this view
upcoming work will highlight in detail the new
alumina-based composites hardened by particles of
chrome carbide and ultra dispersed diamonds.
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