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Structural components under contact stresses are designed
so as to have high damage tolerance. Unexpected degra-
dation of initial strength under the components’ actual
environmental conditions leads to economic loss, and even
potential loss of life, through unanticipated permanent
deformation and fractures. Therefore, material design to
suppress contact stress is of practical importance in engi-
neering applications, such as for the components utilized in
machinery, and bio-, thermal or energy applications [1-4].

Layered composite design has been investigated with
consideration of damage tolerance in previous studies
[5, 6]. Hard outer layers provide surface resistance against
damage from contact loading and soft underlayers con-
tribute to stress redistribution and delayed fracture of the
coating layer. An adhesive is sometimes used to bond a
hard layer with a soft material in making dental-layered
composites. The coating thickness and the elastic modulus
mismatch are crucial parameters in geometrical and
material designing to suppress Hertzian contact stresses
[7]. The design of such layered composites is one of the
important issues, because a softer support causes the
coating to flex under the constrained contacts.

Recently, we have investigated the cracking of brittle
coatings adhesively bonded to substrates with different
modulus [8]. A trilayer system consisting of an upper soda-
lime glass layer (coating) bonded to a thick glass layer
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(substrate) with a thin layer of epoxy adhesive facilitated
in situ observation of cracks during contact loading. We
have investigated the role of substrates of different elastic
modulus with respect to crack initiation by in situ obser-
vations of cone cracking from the surface and radial
cracking from damage at the interface between two layers.

In the present study, we investigate the role of porosity
in the substrate on the cracking of a hard-coating layer. To
this end, we prepared porous substrates with different
porosity and the same epoxy and glass plate. We extended
the system to a hard substrate with a high elastic modulus.

Two starting powders were used to prepare the porous
substrate, Al,O; (AKP-50, AES-11, ALCOA, Japan), and
SiO, (SE-8, SO-R31, Tokuyama, Japan). In order to vary
the porosity in the porous substrate, we used different
powder sizes and also varied the sintering temperature. In
Al,O3, the starting powders were 1.22 pm, 5.5 pm, and
9.8 um in size. We varied the sintering temperatures from
1,000 °C to 1,400 °C at an increasing interval of 100 °C.
Two types of SiO, powders were used, (SE-8, and
SO-R31), 10 pm and 1 pm, and the ratio of staring powders
was varied, 10 pm: 1 pm = 6:4, 7:3, 8:2, and 9:1, respec-
tively. The powders were sintered at 1,300 °C or 1,350 °C.
Therefore, we could vary the porosity and the material. The
porosity was controlled in the range of 0.42—42.6% and
8.2-25.4% for Al,O3 and SiO, substrates, respectively,
through the control of sintering temperature and/or starting
powder size.

The layered composite systems were fabricated from
cover glass with dimensions of 4 X 10 x 0.16 mm bonded
to a 4 X 4 X 36 mm substrate with a 10 pm thick layer
of epoxy adhesive. The surface was polished to 1-pm
diamond finish before bonding, and both the top and
bottom surfaces of the glass layers were abraded with a
slurry of SiC grit (#600), in order to induce uniform flaw
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distribution. The upper glass and the lower substrate were
bonded with epoxy adhesive (Harcos Chemicals, Belles-
ville, NJ, USA) under light pressure.

Spherical (Hertzian) indentation was used to induce
contact stress on the layered composite systems, as shown
in Fig. 1 [9-14]. Indentations were made with a universal
static testing machine (Microload test system, Unitec.,
Korea, or Instron 5567, Instron, USA) with a tungsten
carbide (WC, J & L Industrial Supply Co., Livonia, MI,
USA) ball of radius r = 3.18 mm at P = 150 N, at a con-
stant crosshead speed of 0.09 mm/min. We have applied
the spherical WC indenter (r = 3.18 mm) up to 150 N
contact load on the layered composites, where a glass
coating with both surfaces abraded to ensure uniform flaw
density was utilized.

The elastic modulus of each layered material is given in
Fig. 2. The graphs in Fig. 2 show the change in the elastic
modulus of the substrate monolith according to the porosity
in the substrate. The elastic modulus of each layer monolith
is measured by acoustic impulse excitation apparatus
(Tektronics, 5800PR, USA) and plotted as a function of
porosity. The elastic modulus of the coating material
monolith and epoxy adhesive are also measured using the
same method and included in the graphs. The elastic
modulus of porous ceramics such as Al,O; and SiO,
decreases as the porosity increases, according to the Rice
equation [15-17].

E = E,exp(—bP) (1)

where E, is the elastic modulus of a material with no
porosity (0% of porosity), P is porosity, and b an
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Fig. 1 Schematic diagram of Hertzian indentation test on densely
coating/porous-substrate layered composite bonded with thin
adhesive

Porous Ceramic

experimentally determined constant [16]. Solid curves are
fits from Eq. 1 and the data fall on a theoretical curve.

In Fig. 2, it is noteworthy that the elastic modulus of
Al,O5 is higher than that of the glass-coating layer, and that
of SiO, is lower than the coating layer. The epoxy adhesive
has a low modulus, as compared to the Al,O3 and SiO,.
Conversely, Al,O3 ceramics with higher porosity present a
small elastic modulus mismatch after the layered com-
posite is constructed, and SiO, ceramics with higher
porosity have a large elastic modulus mismatch. A soft
support by epoxy adhesive between the coating and the
substrate layer allows the coating to flex beneath the con-
tact. This leads to changes in the fracture patterns in the
coating layer, from the mode of surface cracking to sub-
surface radial cracking, as found in a previous study [8].
The previous study shows that the initiation of radial
cracking is related with elastic mismatch, the following
equation is applied:
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Fig. 2 Plot of elastic modulus of each layer material as a function of

porosity for (a) Al,O3 and (b) SiO,
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Prad - BO_Fdz/ log(CEC/EG) (2)

where B and C are dimensionless constants, og is the
strength of materials, d coating thickness, and E./E elastic
modulus mismatch. The Eq. 2 indicates the coating fracture
depends on the elastic modulus of substrate layer material
in the layered composite. On the other hand, the initiation
of ring cracks, Pcone, can be modeled [6, 17] by the
following equation for cone cracking:

Peone =A 1 G (3)

where G. is the crack resistance, r the radius of indenter, A
a dimensionless constant. This critical load does not
depend on the elastic modulus mismatch of layered mate-
rials. Notably, the above equations are modeled on the
results of all dense layered composites.

A plot of the maximum diameter of ring cracks in the
coating layers using a WC sphere r = 3.18 mm at a load
P =150 N is plotted in Fig. 3 as a function of porosity for
two porous ceramic substrates. Data are only plotted for
ring cracks, and the results of crack propagation at
P =150 N of the contact load are shown. Each data point
represents the mean and standard deviation of 10 indenta-
tions. The solid curves are best fits. The data shows two
stages for the porous Al,Oj substrate only. In Fig. 3a, the
size of contact cracks initially decreases as the porosity
increases to a maximum of 20% as shown in stage I,
thereafter, the size of cracks increases as the amount of the
porosity in the substrate increases to a maximum of 42.6%
as in stage II. The optical micrographs of contact damages
on the surface for selected conditions are included in the
top of the graph. In these micrographs, it is notable that no
damages are found for the 25% porosity Al,O3 substrate.
Extensive damage including multiple cracks is apparent for
the 40% porosity Al,O5 substrate. Apparent cracking of the
layered composite with high porosity in the substrate is
found for the SiO, substrate, as shown in Fig. 3b. The trend
corresponds with that of Al,O3 in II.

The result in Fig. 3b indicates that the contact cracking
of the coating layer crucially depends on the elastic mod-
ulus mismatch, E./E,. We have measured the modulus of
the substrate monolith with that of the glass monolith,
while the mismatch increases according to the porosity for
the SiO, substrate as shown in Fig. 2b. The cracking
damage in Fig. 3b can be understandable, if we assume that
the damage is more apparent at lower P., which is pre-
dictable from Eq. 2. It is also general that brittle ceramics
consist of higher porosity exhibits lower toughness, that is,
lower value of G, in Eq. 3.

Here we can compare the Al,O3 substrate monolith in
Fig. 3a. Notably, the modulus mismatch generally dimin-
ishes at higher porosity for the Al,O3 substrate shown in
Fig. 2a. Therefore the initial decrease of crack size as the
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Fig. 3 Plot of the maximum sizes of crack diameter using WC sphere
radius » = 3.18 mm at load P = 150 N as a function of porosity for
layered composites consisting of glass coatings on porous (a) Al,O3
and (b) SiO,. The contact damage on the surface for each condition is
included in figure. The size of scale bar = 250 pum

porosity increases to a maximum of 20% as shown in stage
I of Fig. 3a is explained by diminishing effect of elastic
modulus mismatch. However, the graph in Fig. 3a suggests
some range of porosity in the substrate layer can suppress
the initiation of ring cracks in the coating layer of layered
composite. Moreover, it is noteworthy that the suppression
phenomenon of the coating fracture is found at layered
composite with stiffer substrate material (Note the included
optical micrographs of the contact damage on the surface
of the coating for Al,O3 substrate is less apparent for
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cracking than for SiO, substrate). The results in Fig. 3a
indicate that the contact cracking crucially depends on the
porosity, as well as the elastic modulus mismatch.

Therefore, the rigidity of substrate for the layered
composite bonded with the substrate controls the initiation
and propagation of contact cracks in the coating layer.
Strong and stiffer substrates protect coating layers bonded
with very-soft adhesive layers (d = 10 um) from cracking
caused by flexure stress (a high modulus of substrate
delays initiation of subsurface radial cracking according to
Eq. 2). This is because the controlling material quantity in
Eq. 2 is strength, o, relating with flexure. Plots in Fig. 3a
illustrate the beneficial role of well-controlled pores in the
ceramic substrate with respect to contact fracture of the
coating layer. For small porosity in the substrate (stage I),
the pores may suppress cracking by damage re-distribu-
tion. On the other hand, radial cracking by flexural stress
due to elastic modulus mismatch, especially apparent in
the layered composite with SiO, substrate as shown in
Fig. 3b, causes severe damage to the coating layer. Contact
cracks including radial cracking are apparent in the porous
SiO, support at any range of porosity, because the hard/
soft-layered composite has a high elastic modulus mis-
match, which strongly influences cracking in the coating
layer.

SEM micrographs of section views showing subsurface
damages in the brittle substrate monolith as well as crack
profiles produced in the coating layers are shown in Fig. 4.

Although cracking appears in the coating layer of the glass/
Al,O5 layered composite with small porosity, it is notable
that the damage is not critical in the substrate layer of
Fig. 4a and b relative to Fig. 4c. On the other hand, the
result suggests that if yielding of the substrate occurs
during contact with the higher porosity substrate as shown
in Fig. 4c, extensive cracking in the coating layer is pro-
duced. An extensive yield in the substrate of the layered
composite is observed with more extensive cracking in the
coating layer, as indicated in Fig. 4c. The extensive
cracking in the coating layer can be appeared if the
extensive yielding occurs in the substrate even though
the elastic modulus mismatch is diminished. Therefore, the
increase of size of cracks as the amount of the porosity
in the Al,Oj3 substrate increases to a maximum of 42.6% in
stage II of Fig. 3a is closely due to yield of subsurface in
the substrate. The determining factor is whether yield
occurs in the porous substrate during the contact stress. The
result indicates that the substrate should not yield before
the coating layer fractures.

In designing the coating/substrate-layered composite,
bonding with adhesive requires a higher substrate modulus
and hardness with a matching of the substrate, therefore
higher damage tolerance. The smaller volumes of pores
under the critical porosity range can contribute to delayed
cracking if they are not yielded or deformed before coating
fracture. More detailed and systematic investigations in this
regard should be conducted in future study.

Fig. 4 Section views of SEM micrographs of the glass/Al,0O5 layered composite from Hertzian indentation at load P = 150 N. The porosity of

the substrate layer is (a) 13.3%, (b) 34.3%, and (c) 41.2%
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