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A new philosophy for tailoring layer composites for damage resistance is
developed, specifically for alumina-based ceramics. The underlying key to
the approach is microstructural control in the adjacent layers, alternating a
traditionalhomogeneousfine-grain alumina (layerA) for hardness and wear
resistance with aheterogeneousalumina : calcium-hexaluminate composite
(layer C) for toughness and crack dispersion, with strong bonding between
the interlayers. Two trilayer sequences,ACA andCAC, are investigated.
Hertzian indentation tests are used to demonstrate the capacity of the trilayers
to absorb damage. In the constituent materials, the indentation responses are
fundamentally different: ideally brittle in materialA, with classical cone
cracking outside the contact; quasi-plastic in materialC, with distributed
microdamage beneath the contact. In theACA laminates, shallow cone
cracks form in the outerA layer, together with a partial microdamage zone
in the innerC layer. A feature of the cone cracking is that it is substantially
shallower than in the bulkA specimens and does not penetrate to the underlayer,
even when the applied load is increased. This indicates that the subsurface
microdamage absorbs significant energy from the applied loads, and thereby
“shields” the surface cone crack. Comparative tests onCAC laminates show
a constrained microdamage zone in the outerC layer, with no cone crack,
again indicating some kind of shielding. Importantly, interlayer delamination
plays no role in either layer configuration; the mechanism of damage control
is by crack suppression rather than by deflection. Implications for the design of
synergistic microstructures for damage-resistant laminates are considered.
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I. INTRODUCTION

Laminates have been developed as a means
containing crack propagation in tension or bendin
principally by delamination along an orthogonal pat
Such delamination cracks lend themselves to analysis
engineering mechanics, essentially by regarding adjac
layers as continuum slabs bonded by weak interfa
and treating the failure as an interfacial delamination.1–4

However, deflection cracks can cause problems of th
own and lead to premature failures in alternative loadi
states (e.g., in bending or compression), as well as
the destruction of other critical (e.g., electronic, therm
functions. In this context, it is perhaps curious th
so little attention has been given to microstructur
tailoring for general improvement in crack suppressi
by damage accumulation, and specific avoidance

a)Now at Department of Metallurgy and Institute of Materials Scienc
University of Connecticut, Storrs, Connecticut 06269.
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delamination cracks. Preliminary steps in this directi
have been taken in our laboratories in the fabricat
of duplex and laminar ceramic composites for enhan
flaw tolerance.5,6 Marshall and co-workers have als
used microstructural design concepts to develop hi
toughness alumina-based composites: alumina/zirco
where layer thickness constraints dictate the shape
size of transformation zones in toughened Cey-T
layers,7,8 and alumina/monazite, where the monazite a
as a weak phase not only for crack deflection but a
to some extent, crack arrest.9

Here we consider a new approach, in whi
microstructural elements are designed to provide
fundamentally different mode of crack control. Th
basic idea is to alternate ceramic layers with homo
neous microstructures, designed for hardness and w
resistance, and heterogeneous microstructures, desi
for toughness and damage dispersion. Adjoin
interfaces are strongly bonded to avoid delaminati
The motivation for this philosophy comes from rece
 1996 Materials Research Society
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observations of damage patterns in newer-genera
polycrystalline ceramics with weak grain boundarie
coarse grains, and high internal stresses, so-ca
“heterogeneous” ceramics,10 using Hertzian indentation
as a diagnostic tool. In traditional “homogeneou
brittle solids like glasses, single crystals, and fin
grain polycrystalline ceramics, Hertzian indentatio
produces classical cone fractures outside the con
circle.10–24 In “heterogeneous” ceramics the indentatio
damage is of an altogether different kind, consisti
of a diffuse damage zone beneath the contact.25–34 The
latter damage is shear driven, and operates discrete
the microstructural level in the form of “shear faults
along localized weak planes, e.g., grain or interpha
boundaries. The integrated effect of these discrete ev
over the damage zone is manifested as a macrosc
quasiductility.27 Accordingly, heterogeneous ceramic
of this kind emerge as attractive candidates
incorporation as alternate layers in laminate structur
for dispersion of potentially dangerous cracks.

The present paper represents a first attempt
demonstrate the effectiveness of this alternative p
losophy to crack containment. Accordingly, a Hertzia
indentation study is made of model alumina-bas
trilayers consisting of homogeneous and heterogen
components: for the homogeneous layers, a traditio
fine-grain alumina; for the heterogeneous layers,
composite of matrix alumina grains and secon
phase calcium-hexaluminate platelets.35 Whereas earlier
Hertzian indentation tests have shown that bulk fin
grain alumina undergoes classical cone-cracking,25,26

preliminary comparative tests on the bulk two-pha
material indicate a distinctive diffuse damage zo
from microfailure at the interphase boundaries (s
Ref. 36). From the processing standpoint, these t
alumina-based material components are ideally su
to formation of laminates, since each may be sinte
to high density using the same heat treatments,
the two are structurally and thermodynamically stab
when in contact. Conveniently, the two materials ha
similar thermal expansion coefficients, so that one m
investigate the role of microstructure in the damage
sponse without complication from macroscopic residu
stresses. We shall show that when the homogene
material constitutes the outer layer, a shallow co
crack forms around the Hertzian contact, but is inhibit
from penetrating the interface by the simultaneo
formation of distributed damage in the inner layer. Wh
the heterogeneous material constitutes the outer la
distributed damage forms in this layer, but is constrain
from developing into the subsurface; in this case co
cracking in either layer is suppressed. The results sug
an interlayer synergism, in which the damage proc
in one layer “shields” the countervailing process in t
adjacent layer.
J. Mater. Res., Vol. 1
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II. TRILAYER PREPARATION AND
CHARACTERIZATION

A. Preparation

Alumina (Al2O3) and alumina : calcium-hexalu
minate (Al2O3 : CaAl12O19) were first processed a
separate samples for baseline testing. Alumina w
prepared using high purity, submicrometer powd
(Sumitomo, AKP-HP, Osaka, Japan). Alumina : calciu
hexaluminate was formed by reaction-sintering
mixture of alumina and calcium carbonate (Alfa 1099
Johnson Matthey, Ward Hill, MA) powders, in a m
designed to form 30 vol % calcium hexaluminate
the final composition, with 1 vol % anorthite glas
(CaO? Al2O3 ? 2SiO2) as a sintering additive.35

Both the alumina and the alumina : calcium
hexaluminate starting powders were individually b
milled into slurries in methanol for 24 h, using zircon
ball grinding media. The slurries were subsequen
dried while subjected to continuous mixing on
stirrer/hot plate. After drying, the caked powders we
uniaxially die-pressed at 50 MPa, followed by isosta
pressing at 350 MPa. The green pellets were th
calcined at 1400±C for 24 h, followed by sintering a
1600±C for 1 h. For the alumina (designatedA), this
preparation schedule produced a homogeneous fine-g
microstructure with relatively well-bonded grain boun
aries; for the alumina : calcium-hexaluminate (des
nated C), it produced a heterogeneous microstructu
with elongate platelike hexaluminate grains and we
interphase boundaries.35

Laminate specimens were then prepared by introd
ing the appropriate powder mixes into the die in thr
separate layers, in bothACA and CAC sequences a
depicted in Fig. 1. The trilayer configuration was chos
so as to avoid any specimen warping from sinter
stresses. Subsequent heat-treatment conditions wer
same as those above for the individual materials. T
net thickness of the sintered trilayer specimens w
ø4 mm, with individual outer layersø1 mm. The as-

FIG. 1. Trilayer composite structures subjected to Hertzian inde
tion: A, alumina;C, alumina : calcium-hexaluminate.
1, No. 1, Jan 1996 205
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fired surfaces were then ground to reduce the outer la
thickness toø200–300mm.

B. Characterization

Microstructural characterization was carried out
the fired specimens. Surfaces were polished to 1mm
finish, thermally etched at 1400±C for 1 h, and gold-
coated for examination in a scanning electron mic
scope (SEM). SEM micrographs for the alumina a
alumina : calcium-hexaluminate composite materials
shown in Figs. 2(a) and 2 (b), respectively. The alum
has a uniform, equiaxed grain structure, with an aver

(a)

(b)

FIG. 2. Scanning electron micrograph showing microstructu
of constituent trilayer materials. Polished specimens therm
etched in air at 1400±C for 1 h. (a) Homogeneous alumina
Note equiaxed fine-grain structure. (b) Heterogene
alumina : calcium-hexaluminate. Calcium hexaluminate grains
the platelets (confirmed by Ca x-ray mapping35).
206 J. Mater. Res., Vol. 1
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grain sizeø2.5 mm. The composite consists of a vo
ume fraction of 30 vol % calcium-hexaluminate platele
ø30 mm long andø4 mm wide dispersed in a fine-grai
alumina matrix.35

For the laminates, microscopic observations w
made on the section surfaces to examine the inter
region. The layers retained basically the same struc
as the bulk constituent materials, other than a coarse
of the alumina grains toø30 mm (cf. ø2.5 mm in bulk)
across otherwise well-defined interfaces35 (see optical
micrographs below, Fig. 4). This latter coarsening
attributable to a local increase in calcium concentrat
from the adjoiningC layer material.37 To detect any
spurious macroscopic residual stresses in the trilay
from either differential thermal expansion or the si
tering process, Vickers indentations were placed who
within the layers on the side surfaces, with radial ar
parallel and perpendicular to the interfaces. In all ca
the two sets of radial cracks remained straight a
showed no significant differences in length (to with
ø2%), confirming the absence of significant stresses

The Vickers indentations also provided a measure
grain boundary weakness, via the degree of intergran
fracture along the radial cracks:ø60% for alumina, vir-
tually 100% for alumina : calcium-hexaluminate. Gra
bridging was observed along the crack arms, espec
at the calcium hexaluminate grains in the compos
material, indicative of a toughness curve.

III. HERTZIAN CONTACT TEST

A. Test procedure

Contact damage was induced in the outer polish
surfaces of both the individualA andC materials and the
CAC andACA trilayers using a tungsten carbide sphe
of radius 3.18 mm, at peak normal loads up to 3000 N
air. After indentation, the damage sites were gold-coa
and viewed in Nomarski interference contrast.

More detailed information on the subsurface dama
morphology was obtained using a bonded-interfa
specimen configuration first introduced by Mulhearn
metals38 and later adapted for ceramics by Guiberte
et al.26 Thus, the faces of two half blocks were bond
together using a cyanoacrylate-based adhesive (S
Glue, Loctite Corp., Newington, CT). These half bloc
were prepared by cutting any given specimen in
two near-identical halves and polishing the oppos
faces; for the laminates, the cut was made so that
bonded interface was normal to the internal lamin
interfaces. After repolishing the top surface, a ser
of Hertzian indentations was made symmetrica
across the bonded-interface trace. The two specim
halves were then separated by soaking in aceton
dissolve the adhesive, cleaned, and gold-coated
viewing in Nomarski contrast.
1, No. 1, Jan 1996
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B. Results
Subsurface Hertzian damage patterns are shown

the bulk A and C materials in Fig. 3, for indentation
load 2000 N. In the homogeneous fine-grain alumin
Fig. 3(a), the damage takes the form of classical co
cracking, as observed in previous studies.25,26 In the
heterogeneous alumina : calcium-hexaluminate comp
ite material, Fig. 3(b), an altogether different form
damage is observed, namely a diffuse damage zo
Higher magnification examination of this latter dama
zone in the SEM revealed a distribution of discre
microfailures by shear faulting at the weak boundar
between the elongate calcium-hexaluminate/alum
interphase boundaries, in the subsurface region of h

(a)

(b)

FIG. 3. Optical micrographs in Nomarski illumination showing se
tion views of Hertzian contact sites in constituent layerA and C
materials: (a)A, alumina; (b) C, alumina : calcium-hexaluminate
Indentations made using tungsten carbide indenter, radius 3.18
load 2000 N. Arrows in (a) indicate surface cone crack. [Note differ
magnification in micrographs, lower in (a) to show entire cone crac
J. Mater. Res., Vol. 1
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shear stress concentrations.36 This type of shear fault
damage is similar to that reported in other ceram
platelet composites.28–30,34 The same weak boundarie
responsible for the shear faulting also act to suppre
cone fracture, by deflecting any incipient surface rin
cracks away from the highly directional tensile stre
trajectories in their immediate downward propagation26

Hence the addition of microstructural heterogene
effects a transition from a brittle (macroscopic tensil
driven cone crack) to a quasiductile (microscop
shear-driven shear faults) response.27

Comparative Hertzian indentation responses for t
ACA andCAC trilayers are shown in Fig. 4, again fo
indentation load 2000 N. Consider theACA system first,

(a)

(b)

FIG. 4. Optical micrographs in Nomarski illumination showin
section views of Hertzian contact sites in trilayer composite
(a) ACA and (b)CAC. Indentation conditions as in Fig. 3. Arrows
in (a) indicate surface cone crack.
1, No. 1, Jan 1996 207



L. An et al.: Damage-resistant alumina-based layer composites

r

p

d

t

o
l

c

n

r.
orm
is
the
p
s

rly
to

ri-
ions.

of
r to

mu-
int
ave

one

ter
a
ter
it is
om

on-
ic

ess
by

sign
ne

o
phy
e-

ate
tion

hin
gy
ers
at-

t
al

sion
ai-

at
Fig. 4(a). A hybrid damage response is now appare
cone-crack in the outer homogeneousA (alumina) layer,
and subsurface shear fault zone in the heterogeneouC
(alumina : calcium-hexaluminate) layer. These respon
are similar in nature to those in the constituent bulk m
terials, but not in degree. The depth of cone-cracking
the outer layer is substantially smaller relative to the bu
alumina [ø140 mm in Fig. 4(a) compared toø300 mm
in Fig. 3(a)]. Likewise, the depth of distributed dam
age is smaller in the composite sublayer [ø400 mm
in Fig. 4(a) relative toø500 mm in Fig. 3(b)]; note,
however, that this damage does extend back up into
outer layer, presumably due to the presence of the la
alumina grains in the interface region (Sec. II B). Th
suppression of the cone crack is of particular intere
Even on increasing the indentation load to 3000
Fig. 5, the surface cone crack barely increases in de
and remains wholly contained in the outer layer;
the same time, the depth of damage in the subla
increases. It therefore appears that the developmen
the subsurface damage zone has a marked shiel
influence on the crack zone, wherein the stress build
in the elastic-plastic field is constrained by a kin
of “yield” limit. The degree of this shielding mus
ultimately be governed by the constitutive stress relatio
for initiation and subsequent evolution of the she
faults in the bulk quasiductile material. The role
microstructural parameters of the composite materia
these constitutive relations,36,39 and of the thickness of
the layers in the geometrical constraints, remain criti
issues for study.

Now consider theCAC system, Fig. 4(b). In this
case, there is no cone cracking in either component of
trilayer, and distributed shear fault damage is visible o

FIG. 5. Optical micrograph in Nomarski illumination showing sectio
view of Hertzian contact sites inACA laminar composite. Indentations
made using tungsten carbide indenter, radius 3.18 mm, load 300
[cf. Fig. 4(a)]. Arrows indicate surface cone crack.
208 J. Mater. Res., Vol.
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in the outerC (alumina : calcium-hexaluminate) laye
The distributed damage appears to be of the same f
as in the bulk [Fig. 3(b)], although now its depth
constrained by the thickness of the outer layer. Again,
formation of a “yield” zone evidently dampens buildu
of tensile stresses in theA sublayer, helping to suppres
the development of internal cone-like fractures.

IV. DISCUSSION

The above Hertzian contact test results, particula
those in Fig. 4, suggest a hitherto unexplored route
ceramic layer design for controlling potentially delete
ous surface damage from spurious stress concentrat
The novel aspect of the approach is the alternation
homogeneous and heterogeneous layers, the latte
absorb energy from the contact field by damage accu
lation and the former to provide geometrical constra
for this damage mode. In the present study we h
used trilayers of a traditional fine-grain alumina (A) and
an alumina : calcium-hexaluminate composite (C) as a
model illustrative system. In theACA trilayer structure,
the generation of a distributed shear-fault damage z
in the heterogeneous subsurfaceC layer greatly inhibits
the extent of cone cracking in the homogeneous ou
A layer. In theCAC structure, the development of
similar but now constrained damage zone in the ou
layer suppresses cone fracture altogether (although
probable that macroscopic fracture would develop fr
the shear fault zones at excessive contact loads16,34).
Mutual suppression in damage responses of the c
stituent ceramics is key to the inhibition of macroscop
cracking in the laminates. Central to the effectiven
of this suppression is an interlayer synergism, where
the distributed damage process in theC layer “shields”
the macroscopic cone fracture process in theA layer,
and vice versa. In such a way, one may aspire to de
layer structures with all the virtues, and hopefully no
of the liabilities, of the two constituent materials.

In the context of this last point, it is interesting t
contrast the proposed microstructural design philoso
with more traditional materials design concepts for c
ramic laminate structures. It is customary to incorpor
weakness at the interlayer level, to promote delamina
and thereby inhibit normal tensile fracture,1,4 without
close regard to the microstructures contained wit
the individual layers. It is then the interfacial ener
that governs the failure properties. Some research
have sought to counteract the brittleness by altern
ing ceramic with metal layers.40 Others have sough
to contain fracture by incorporating outer-layer residu
compressive stresses from interlayer thermal expan
mismatch.41 Still other attempts have been made to t
lor tough materials by enhancing crack deflections
weak internal boundaries, as inin situ-textured fibrous
11, No. 1, Jan 1996
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composites.42–44 However, while all of these strategie
are successful to a greater or lesser extent in s
pressing normal fracture, they are simultaneously
susceptible to degradation from transverse fracture. E
ceramic/metal composites are susceptible to delami
tion from the relatively large elastic/plastic mismatch.
the philosophy proposed in the current work, transve
fracture is avoided by ensuring a strong bond betwe
the alternating homogeneous and heterogeneous cer
layers, without excessive interlayer mismatch. This is n
to say that interfacial weakness is altogether elimina
from the structures; rather, such weakness is confine
the grain-facet scale within the heterogeneous layers,
sorbing energy in these layers by damage accumula
at the microstructural level as a distribution of man
discrete microfailures rather than a few well-define
macrocracks.

Given the role of mutual shielding by the dam
age processes in our proposed alternating hom
geneous/heterogeneous structures, it is inevitable
layer thickness will be an important parameter in th
composite design. The condition for effective shieldin
is that the stress field from concentrated loads on
outer surface should be sufficient to generate damag
the sublayer. This means that the layer thickness sho
be less than some characteristic contact diameter (
not so small that any desirable properties of the ou
layer are rendered ineffective). In particular application
therefore, it may therefore be necessary to custom-ta
layer thicknesses to the scale of prospective surf
damage events, e.g., in bearing applications, impa
or scratching with inadvertent blunt or sharp particle
These may be important considerations in the design
coating/substrate and graded composites.

Finally, we may conjecture on various mechanic
properties of our alumina-based layer structures:

(i) Strength degradation.By virtue of the strong
bonding at the interlayer interfaces, loss of streng
from delamination is no longer a serious threat.
fact, one might expect the degree of strength deg
dation from surface damage events to be smaller
the layer structures than for the bulk materials: in t
ACA trilayers, because of the diminished scale of co
cracking [Fig. 4(a)]19,45–47; in theCAC trilayers, because
of the relatively innocuous flaws in the damage zo
[Fig. 4(b)].28

(ii) Wear resistance.Generally, the incorporation
of microstructural heterogeneity into alumina and oth
ceramic microstructures degrades wear resistance.48,49

(Indeed, such heterogeneous microstructures h
been proposed as effective routes to “machinab
ceramics.50,51) In the ACA composite, the relatively
high hardness and wear resistance of fine-grain alum
is not compromised by laminate formation (provided th
outer layer is thick enough so that wear does not oc
J. Mater. Res., Vol. 1
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down to the sublayer). Conversely, theCAC composite
is highly susceptible to surface removal, and should
avoided in wear-resistant applications.

(iii) Thermal shock and fatigue.The introduction of
heterogeneity provides scope for greater energy diss
tion with a high density of distributed damage elemen
specifically from internal frictional processes at ind
vidual shear faults.39,52 This can lead to enhanceme
of thermal shock resistance in thermal cycling,53 but
conversely to degradation of contact fatigue resista
in mechanical cycling.29,32,34

(iv) High temperature properties.A feature of the
alumina-based trilayers described here is their chem
compatibility and stability. They may therefore be e
pected to maintain their structural integrity at elevat
temperatures, at least within a hundred degrees o
of the sintering temperature (1600±C, Sec. II A). Such
ceramic/ceramic structures are therefore likely to ha
greater lifetimes within the creep regime than oth
hybrid structures, such as ceramic/metal composites40
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