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ABSTRACT

In this study, we investigate the effect of porous Al,O, substrate on the strengths of asymmetric structures after we prepare
such a structure consisting of a dense Li,ZrO, top layer and porous ALO, substrate layer. The porosity and elastic modulus of the
substrate layer are controlled by sintering temperature, which has three values of 1150, 1250 and 1350°C. The porosity is con-
trolled in the range of ~ 30-50 vol%, elastic modulus is ~80-120 GPa and elastic mismatch E/E_ is ~ 0.6-1.0. Indentation stress-
strain curves are obtained and analyzed to evaluate the yield stress of the asymmetric structure by concentrated local loading of
WC balls. Conventional flexural strengths are also obtained to evaluate the strength of the asymmetric structure. The results
indicate that the local yield strength of the asymmetric structure has mid-values between the top and the substrate layer; how-
ever, the flexural strength of the asymmetric structure are mainly influenced by elastic modulus and strength of the substrate.
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1. Introduction

symmetric structure is generally defined for a layered
A structure with layers in non-symmetric characters. In a
broader term, it often includes coated structures with layers
in different thickness and laminated or sandwiched struc-
ture with layers of different properties, although the thick-
ness is similar."® The terminology, asymmetric structure,
has been frequently used for porous membranes® and fuel
cells.” In these cases, the introduced porosity can provide
light-weight and consequent energy saving to the systems.
An additional functionality can be realized if one of the lay-
ers is a functionally active layer or coating.

Figure 1 is a schematic diagram of asymmetric structures
with (a) bi-layer and (b) tri-layer. A variety of ceramics
belong to this category; for example, energy ceramics such
as insulating refractory ceramics,” super light-weight and
high-strength engineering ceramics,>® membranes, fuel
cells and coating materials for gas turbine.”® Functionally-
gradient bioceramics” and multilayered electromagnetic
ceramics'® also belong to the asymmetric structure.

Porous ceramics have been developed for filters, mem-
branes, fuel cells and engineering ceramics. When pores are
introduced into ceramics, the net area for load bearing
decreases, and mechanical strength is thus reduced expo-
nentially. However, whenever flow of fluids through the
body or a reduced body weight is required, pores could pro-
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vide the roles. This has stimulated a continuous research on
the subject.'"'® Some studies reported very promising
results that reduction of strength could be minimized by
controlling size, size distribution, and shape of pores.’*'¥
Another report claimed that a proper control of pore distri-
bution can enhance resistance to mechanical damages.'”

When a light-weight asymmetric structure is used as a
component, the energy is saved in any energy or mechanical
systems. The component is normally interconnected with
other components, and thus often operates under a con-
strained condition via the component-to-component contact.
Even if there is no direct contact, contact with fluids is quite
common for the component, and maintaining mechanical
strength under this condition is a prime concern to prolong
the component’s lifetime. Considering the strain is constant
under this condition, its elastic modulus is especially criti-
cal, since a difference in elastic modulus leads to stress
development by the Hook’s law, and excessive stress could
result in fracture of the component.'*®

In this study, we prepared Li,ZrO,"*” membrane that can
selectively separate carbon dioxide at high temperatures.
We adopted a porous alumina (Al,O,) as the substrate to
make the component lighter and to have easy flow of gases
through it. We sintered the substrates at different tempera-
tures to vary their porosities. By bonding the membrane on
the prepared substrates, we fabricated the bonded asym-
metric structures with different elastic moduli and with the
corresponding elastic mismatches.'”” With these prepared
specimens under the arranged constrain, we aim to evalu-
ate the effect of porous substrate on properties of the whole
asymmetric component by employing SEM, indentation
method,?” and flexural strength test.
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2. Experimental Procedure

For the fabrication of Li,ZrO, top layer, Li,CO, (Aldrich,
USA) and 8 mol% YSZ (Tosoh, Japan) powders at 1:1 mole
ratio were wet milled with isopropyl alcohol and zirconia
balls for 24 h. The milled slurry was calcined in an alumina
crucible at temperatures of 800~ 900°C to synthesize
Li,ZrO, powder. We dispersed the synthesize powder in sol-
vent made of toluene (Kanto, Japan) and 2-propanol (Kanto,
Japan) at volume ratio of 5:1 with 1 wt% of dispersion
agent (Fish Oil, Sigma, USA) for 24 h. We finally prepared
Li,ZrO, slurry by further wet ball milling for 24 h with the
addition of PVB (Poly Vinyl Butyral, Aldrich, USA) and
DBP (Dibuthyl Phthalate, Aldrich, USA) as binder and
plasticizer, respectively.

The prepared slurry was de-aired in a vacuum and formed
to Li,ZrO, tape on a tape caster (Hansung system Inc.,
Korea). We fabricated Li,ZrO, laminate (~ 6 mm thick) by
stacking ten Li,ZrO, tapes (30 x 30 mm) with lamination
machine (Hansung system Inc., Korea) at 80°C under uniax-
ial pressure of 400 kgf/fcm® for 10 min. The laminate was
heat treated at a heating rate of 0.5°C/min at 600~800°C to
remove organic substances, and sintered at 1600°C to have
relative density higher than 90%.

For the fabrication of porous alumina (ALQO,) substrates,
we ball milled in a wet condition by mixing alumina powder
(0.4 pm, Alcoa, Japan) with the addition of 3 wt% PVB as
the binder. The milled slurry was dried, crushed, and sieved to
powders. We then prepared the substrates with controlled
porosities by forming the powder in a mold at pressure of 200
kgflem?, and sintering at 1150°C, 1250°C, 1350°C, and 1400°C,
which gave a porosity range of 30 ~ 50%.

We fabricated asymmetric structures by bonding the
Li,ZrO,laminate (0.5 X 4 X 20 mm) on the sintered alumina
substrates (3 x 4 X 30 mm) with epoxy.'®'” Before the bond-
ing, both surfaces of Li,ZrO, tape were polished with SiC
abrasive powder (600 grit) to create microcracks in order to
evaluate their effect on the strength of asymmetric struc-
tures.

Elastic modulus of sintered alumina in terms of porosity

was estimated by the following Kundsen equation:*®

E = E exp(-bp) 1)

Here, E, is set to 370 GPa which corresponds to the elastic
modulus of alumina with relative density higher than 99%,
and b, an empirical constant 3.44, considering sintering con-
ditions.*

We analyzed microstructure of fractured surfaces of alu-
mina substrates by SEM. We also measured strength of
asymmetric structures (3 X 4 X 30 mm) by the 3-point MOR
(modulus of rupture) method. The loading setup was so
arranged that the surface of Li,ZrO, layer was under ten-
sional stress with span of 20.15 mm and loading speed of 0.2
mm/min. Specimen surfaces were polished with SiC abrasive
paper #2000), and their edges were properly chamfered.
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Fig. 1. Schematic diagram of asymmetric structures with (a)
bi-layer and (b) tri-layer.

For indentation test, the Li,ZrO, tape and alumina sub-
strates fired at 1150, 1250, and 1350°C were prepared in
thickness of 4 mm each. In addition, their bonded specimens
of asymmetric structures were also prepared. All surfaces
for indentation test were polished with 1 pm diamond sus-
pension to mirror surface. By using a universal testing
machine (Instron 5567, U.S.A.), a range of loads (P) from 5
N to maximum 1500 N were applied on the surface of each
specimen with a WC ball indenter (radius = 3.18 mm). At
each P, diameter (a) of the generated indent was measured
by an optical microscope, and indentation stress p,6 and
indentation strain®” were calculated by the following equa-

tions:
Indentation stress, p,=P/rra’ @)
Indentation strain, a/r 3)

3. Results and Discussion

Figure 2 shows porosity of alumina substrate in terms of
sintering temperature, which demonstrates reduced appar-
ent porosity with increasing sintering temperature. Speci-
men fired at 1400°C, which is the highest temperature
employed in this study, has an apparent porosity of 26.2%,
while the specimen fired at 1350°C has 32.2%. According to
percolation theory, pores cannot be interconnected when
porosity falls down below 30%,?® and the resulted closed
pores will make the flow of gases through the system very
difficult. Therefore, the substrate fired at 1400°C was
removed from evaluation, and the substrates fired at
1150°C, 1250°C, and 1350°C, and having a porosity range of
32.2 ~ 49% were evaluated and used as the substrate for
fabrication of the asymmetric structure.

As shown in Fig. 3, porosity data from Fig. 2 were substi-
tuted into Equation (1), and elastic moduli of alumina sub-
strates sintered at 1150°C, 1250°C, and 1350°C were
calculated as 77 GPa, 91.9 GPa, and 121.9 GPa, respec-
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tively. It clearly reveals that higher sintering temperature
reduced porosity and increased elastic modulus.

In this study, we bonded two prepared layers by epoxy
instead of by sinter-bonding to model and characterize the
system under constrained condition with applied flexural
stress. The thickness of epoxy bonding was kept under 10 pm,
since previous studies claimed that the effect of epoxy on
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Fig. 2. Apparent porosities of the porous ALO, substrates
sintered at different temperatures.
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Fig. 3. Elastic moduli of the Li,ZrO, layer and the porous
ALO, layers fabricated at different sintering tempera-
tures.
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property of the system is negligible as long as the thickness
of the bonding is under 10 pm.*”

The generated elastic mismatch between the Al,O, sub-
strate layer and top Li,ZrO,layer is defined by elastic modu-
lus of former (E£) divided by that of the later (E), and Fig. 4
shows the result based on elastic moduli calculated in Fig.3.
As indicated in the graph, elastic modulus of 121.9 GPa for
the substrate fired at 1350°C is almost same as that of
Li,ZrO,, implying that the difference in elastic modulus
would not cause any effect under external force. Therefore,
the optimal asymmetric structure can be designed to cause
no resistance to gas permeation, to have relatively high
mechanical property, and to have the minimal elastic mis-
match between the coating and the alumina substrate fired
at 1350°C.

Figure 5 shows microstructural images for fractured sur-
face of alumina substrates fired at 1150, 1250, and 1350°C.
The images indicate that increase in sintering temperature
decreases porosity, which led to a denser body with more
grain growth. As analyzed in the previous studies on den-
sity and microstructure of Li,ZrO,,"” we confirmed that the
substrates are quite dense with densities in the range of
4.0 ~ 5.0 g/em®, which corresponds to the same or higher
than theoretical density of 4.418 g/cm®.
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4. Elastic mismatches between the Li,ZrO, layer and
the porous AlLO, substrates fabricated at different
sintering temperatures. The mismatch is plotted as a
function of elastic modulus of the porous AlO, sub-
strate.

Fig.

= P H "

__£ -~ M

., VENE 26 lim DEDE26
“r

{
€

Fig. 5. SEM micrographs of the porous AlLO, substrates fabricated at uniaxial pressing of 200 kgf/em” and sintering at (a)

1150°C, (b) 1250°C, and (c) 1350°C.
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Fig. 6. Indentation stress-strain curves from the spherical indentation method for (a) the Li,ZrO, layer, (b) the porous ALO, sub-

strates sintered at 1150, 1250 and 1350°C, and (c) the Li,ZrO./porous Al,O, asymmetric structures.

Figure 6(a) shows indentation stress-strain curve
obtained from indentation with WC ball indenter on dense
Li,ZrO, bodies, giving a high yield stress of 1.0 ~ 1.5 GPa.
Fig. 6(b) is the indentation results for the alumina sub-
strates sintered at 1150°C, 1250°C, and 1350°C. The one sin-
tered at 1350°C shows relatively lower porosity and gives
yield stress as high as that of Li,ZrO,, while a further
increase in porosity results in drastic decrease in yield
stress. Fig. 6(c) is the indentation results with the asymmetric
structures fabricated by bonding the Li,ZrO, layer of Fig. 6(a)
and the substrates of Fig. 6(b). Their yield stress data with
the alumina substrates sintered at 1150°C and 1250°C are
increased due to the effect by Li,ZrO,. On the other hand,
that of asymmetric structure with the alumina substrate
sintered at 1350°C is the highest, and similar to those of
Li,ZrO, and monolith substrate.

Figure 7 shows results by 3-point MOR for asymmetric
structures with microcracks on top surface of the Li,ZrO,
layer when the top surface was under tensional stress. The
measured 3-point MOR were 15 MPa, 36.9 MPa, and 71.8
MPa for the three cases of different substrates, respectively.
When microcracks were introduced on both surfaces of the
Li,ZrO, layer, the values were 14.2 MPa, 39.5 MPa, and
72.6 MPa for each case. For the Li,ZrO, layer alone, it was
45.7 MPa, while alumina substrates alone were 11.1 MPa,
31.2 MPa, and 81.6 MPa for the three cases. The results

clearly indicate that when strength of substrate layer is
higher than that of coating layer, the strength of layered
system increases. However, the effect of introduced microc-
racks on one or both sides of the Li,ZrO, layer is not clearly
defined. Based on these results, we confirmed that the
porous substrate critically affects the strength of the overall
structure, and concluded that asymmetric structure of light-
weight and enhanced strength can be fabricated by bonding
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Fig. 7. Flexural strength data of the Li,ZrO./porous AlO,
asymmetric structures.
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a dense Li,ZrO, on an alumina substrate with porosity of
about 30% by controlled sintering at 1350°C.

4. Conclusions

In this study, we prepared a dense Li,ZrO, membrane
and porous alumina substrates with ranges of different
porosities (30 ~ 50%) and elastic moduli (77~121.9 GPa) by
sintering at different temperatures. By bonding the mem-
brane on the prepared substrates, we fabricated asymmet-
ric structures under the preset constrain. We evaluated the
effect of porous substrate on properties of the whole asym-
metric component by indentation method and flexural
strength test.

The results show that strength of the system decreases if
strength of the substrate layer is lower than that of the coat-
ing layer or the difference of elastic modulus between the
two layers is bigger than a certain number. We conclude
that the porous substrate critically affects on strength of the
bi-layer structure. The system strength is not much influ-
enced by the presence of microcracks on surface or interface
of the Li,ZrO, membrane, which supports the conclusion
that the substrate layer is critical.

We demonstrate an optimal design for an asymmetric
structure of light-weight and enhanced strength by bonding
a dense Li,ZrO, membrane on an alumina substrate with
porosity of about 30% by controlled sintering at 1350°C. The
so-prepared substrate can provide an easy excess for gases
due to its higher porosity, a better mechanical strength to
the system due to its higher strength than that of the mem-
brane, and a minimal elastic modulus mismatch between
two layers due to its similar elasticity to that of the counter-
part. This will eventually lead to a better durability and a
prolonged lifetime for the component.
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