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Abstract

Dual Processing Approaches to Fabricate Nacre-like Alumina with a Metallic Compliant
Phase for Damage Tolerance

By
Amy Wat
Doctor of Philosophy in Engineering — Materials Science and Engineering
University of California, Berkeley
Professor Robert O. Ritchie, Chair

Ceramics have great properties, such as low density, high creep resistance, and high corrosion
resistance, but it fractures in a very brittle fashion. This limits the applications of ceramic
materials for structural applications due to the potential for catastrophic failure. Many scientists
have studied nacre, or the mother-of-pearl portion of abalone shells as an inspiration for creating
a tough and strong ceramic material. It has garnered a lot of interest because its fracture
toughness is 40x higher (3000x higher in energy terms) than its constituent parts, which is 95
vol% calcium carbonate and 5 vol% biopolymers arranged in a brick-and-mortar structure.

The polymer mortar phase prevents viable applications of this ceramic at higher temperatures,
which is critical for applications in aerospace, nuclear materials, and transportation. In lieu of a
polymeric mortar, a metallic mortar can improve the high temperature resistance of the material.
Unfortunately, capillary forces prevent infiltration of metals into porous ceramics. The thesis
presents a “top-down” processing approach and a “bottom-up” processing approach to overcome
these capillary forces.

The “top-down” approach uses reactive wetting to infiltrate alumina scaffolds with bulk metallic
glass without any added pressure. The results illustrate the effects of infiltration temperatures on
the mechanical properties of the materials. The infiltration temperature affects the mechanical
properties of the brick-and-mortar materials by changing the interfacial properties of the
materials. At higher infiltration temperatures, the interface fails to allow for extrinsic toughening
mechanisms, but it leads to significantly lower flexural strength. At lower infiltration
temperatures, the material is very brittle and shows will no crack deflection or extrinsic
toughening, but the flexural strength is higher.

The alternative (“bottom-up”) approach to synthesize “nacre-like” structures ceramics
containing a metallic nickel compliant phase. These materials were fabricated using core-shell
alumina/nickel platelets that are aligned using slip casting and rapidly sintered using spark-
plasma sintering (SPS). With this process, nacre-like ceramic/metal nanostructures have been
fabricated with various microstructural features. By casting NiO-coated platelets along with Ni-
coated platelets and very rapid SPS processing, there was limited dewetting of the nickel
mortar. As a result, we have produced a “nacre-like” alumina ceramic displaying a resistance-
curve toughness up to ~16 MPa-m” with a flexural strength of ~300 MPa.
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Chapter 1
Introduction

New materials for structural applications in industries such as aerospace, energy and
transportation often have the requirement to operate safely at high temperatures in aggressive
environments and, for aviation applications, to additionally have low density. Ceramic materials
are an ideal solution to this problem, but their use has been severely compromised by the fact that
they display near-zero tensile ductility and low fracture toughness values, which makes them prone
to sudden catastrophic failure. Nature is particularly adept at designing damage-tolerant ceramic-
like materials with excellent strength and toughness, despite a small palette of materials with
relatively meager mechanical properties. This is possible through sophisticated hierarchical,
multiple length-scale architectures that optimize the mechanical properties of the hard mineral and
soft organic phases, often through the incorporation of ingenious compositional, orientation, or
structural gradients and graded interfaces.'™ A notable example here is nacre, or the mother-of-
pearl portion of abalone shells, which is known to have a fracture toughness which in energy terms
is some three orders of magnitude higher than that of its constituents. Nacre is comprised of ~95
vol.% aragonite mineral (calcium carbonate) and ~5 vol.% biopolymer,!?>*> formulated into a
brick-and-mortar microstructure which enables multiple toughening and strengthening
mechanisms.

The brick-and-mortar microstructure facilitates the creation of damage-tolerance; in simple
terms, the mineral “bricks” provide strength, whereas limited displacements a few micrometers
within the biopolymeric “mortar” act to dissipate locally high stresses, thereby providing a degree
of ductility that promotes toughness. The salient toughening mechanisms are principally extrinsic®
and involve crack deflection and primarily brick pull-out leading to crack bridging.* The sliding
behavior within the mortar is essential for toughening, but it must be limited to retain the strength.!
It is restricted due to the presence of mineral bridges that connect the platelets>’, the roughness on
the platelet surfaces®, and the tensile and shear strength of the biopolymers that act as a glue
between the platelets;’ in certain organisms, tablet interlocking due to the dovetail geometry of the
platelets can also play a role.!® Nature creates optimal damage-tolerant properties by employing
high-aspect mineral “bricks” with a tensile/shear-resistant “mortar”. Nature’s precise tailoring of
its structures and constituents’ properties generates mechanical performance that is comparable
with advanced engineering ceramics.® Computational models and biomimetic approaches
therefore suggest that there is potential to create new lightweight structural materials with current
engineering ceramics by utilizing the design principles and strength/toughening mechanisms
active in nacre and other biological materials.!'~!3

A promising method to recreate nacre-like ceramics using a top-down approach is freeze-
casting followed by infiltration of a compliant (mortar) phase, such as a polymer or metal.!*'®
Freeze-casting is a method of creating a porous ceramic scaffold by mixing ceramic particles in
water and then freezing the water with a temperature differential to induce lamellar ice growth.
Once the ice freezes, it largely repels the ceramic particles into the pores between the ice
lamellae.!” Subsequently, the ice can be sublimated leaving a porous ceramic structure in the
negative image of the ice structure. This technique has been used to create ceramic materials that
have complex hierarchical microstructures that can be controlled depending on the casting
conditions and additives used in the solvent.'®2* One notable example is a freeze-cast alumina



scaffold that was pressed and infiltrated with PMMA as a compliant phase to mimic the nacre
architecture.'* With 80 vol.% ceramic in a brick-and-mortar structure, it displayed a strength of
~225 MPa and an extremely high toughness in excess of 30 MPa-m” , making it one of the toughest
ceramic materials reported to date.

Following this work, there has been sustained interest in creating ceramic structures with a
nacreous microstructure, particularly as computational models have suggested that the strength of
nacre-inspired ceramics could increase, without sacrificing toughness, if the polymer compliant
phase was replaced by a metal.!! This direction has the best potential to create exciting new
lightweight structural materials with high strength, high toughness, and a capability for high-
temperature functionality. To make such biomimetic materials, melt infiltration after freeze-
casting a ceramic scaffold represents a liquid processing technique that has the potential to
fabricate ceramic-metal hybrid materials with strong interfacial bonding.>* Hybrid ceramics with
a lamellar structure have been fabricated by pressure-assisted infiltration with conventional Al
alloys,?>?¢ but those contained less than 40 vol.% of alumina ceramic, which is significantly lower
than the mineral content in nacre. A conventional melt infiltration process requires a complex
experimental setup to apply pressure on the melt. Furthermore, as the volume fraction of
reinforcement increases and the pore spacing decreases in a scaffold, the pressure required to
completely infiltrate the scaffold increases, leading to deformation or cracking of the scaffold.?”8
Since the magnitude of the applied pressure is closely related to the wettability of the ceramic by
a molten alloy, strategies such as the addition of a reactive element in the matrix alloy or coating
the surface of reinforcements have been applied to improve the wettability and therefore feasibility
of infiltration between the alloy and ceramic.?’” For example, recently Mg was used as a reactive
element to fabricate bio-inspired hybrid materials using pressureless infiltration,® but the
microstructure was lamellar with a low ceramic content compared to the brick-and-mortar
structure.

In this dissertation, I describe two processing approaches to create a bioinspired ceramic
material with a metallic compliant phase. 1 delineate between the two as a “top-down” and
“bottom-up” processing approach with the same goal of creating a ceramic material with high
damage tolerance.

In the top-down processing approach detailed in Chapter 3, we use reactive wetting to create a
nacre-like, high volume fraction ceramic material containing a metallic compliant phase. We
selected a Zr-based bulk-metallic glass (BMG) as the mortar phase as this alloy shows excellent
wettability with alumina.?®3! Zr-based BMGs have been shown to have high strength with some
degree of toughness, which represent ideal properties as a compliant-phase (mortar) material. As
a result, the combination of perfect wettability and mechanical properties of the BMG makes it an
interesting candidate for infiltration into a brick-like ceramic scaffold. However, processing of
BMGs can be difficult because they are prone to oxidation at elevated temperatures®? and have a
critical cooling rate required to solidify in the amorphous state; moreover, the final material must
be used below the BMG’s glass-transition temperature as these glasses can embrittle if they are
allowed to crystallize.*3 While fibrous or particulate BMG matrix composites have been developed
by melt infiltration,>*3° this study relates their their infiltration behavior to the thermo-physical
properties and wettability of the BMG. This can be used to tailor the properties of the
ceramic/metal interfaces while maintaining the BMG in the fully amorphous state as a metallic
mortar in nacre-like material.



In this study, we demonstrate the synthesis of alumina-glass ceramics with nacre-like (high
volume fraction) alumina scaffolds using pressureless infiltration. Infiltration behavior,
investigated from contact-angle measurement and electrostatic levitation, was used to indicate that
the length-scale of the scaffolds and the excellent wettability of a ceramic with a liquid alloy are
crucial factors to warrant the successful synthesis of these materials. Near-perfect wetting within
seconds for the Zr-based BMG on alumina was achieved, indicating that a conformal bond can be
attained at the interface of the two materials, which in turn implies high strength may be realized
in an A1,O3/BMG hybrid material.**3” However, depending upon the infiltration temperature, after
solidification of the metallic phase, the interfacial strength can markedly change due to the
formation of brittle interfaces, which can potentially compromise strength and toughness of the
processed material. Accordingly, in addition to describing the processing of brick-and-mortar, high
volume fraction (~80 vol.%) alumina containing a metallic compliant phase, we examine how
processing conditions can affect the ceramic-metal interfaces in order to discern the fundamental
mechanisms underlying the flexural strength and fracture toughness of these bioinspired nacre-
like ceramics.

However, freeze-cast materials have an upper limit of approximately 80 vol.% ceramic, which
is a very low ceramic content compared to the ceramic content of its natural counterpart at 95
vol.%. The objective of the bottom-up processing study in Chapter 4 is to an develop alternative
processing procedure that can make lightweight structural materials in the form of alumina with
a fine-scale nacre-like brick-and-mortar structure, consisting of 90 vol.% or more ceramic with a
metallic nickel compliant (mortar) phase.

The alternative “bottom-up* processing approach used alumina platelets, which were
modified by coating the surfaces of the platelets with a nickel-based precipitate®®, to form the
building blocks. Nickel is an ideal metallic mortar because of its high melting point along with
good strength and ductility. The alumina platelets were coated with nickel or nickel oxide before
the nacre-like structure was built using these core-shell nickel/alumina platelets. Then, using slip
casting and spark-plasma sintering, well-aligned core-shell platelets microstructure were
achieved. While a similar approach has been used to create materials with a nacre-like structure®,
the toughness in these materials are an order of magnitude lower than the materials we report in
this paper. This is potentially caused by limited bonding strength between the ceramic and
metallic phase. We focus here on the optimal sintering temperatures and sample composition to
create materials with a strong interphase between the ceramic and metal, in order to develop
advanced ceramics with high toughness and acceptable strength for structural applications.



Chapter 2
Background

SECTION 2.1. MECHANICAL PROPERTIES OF ENGINEERING MATERIALS

The scientific community is very interested in developing new materials that is tough, strong, and
withstands high temperatures. Strength describes a material’s capability to withstand a force
without any deformation or shape change. It is measured using the force required to deform a
material with a measured cross-sectional area. Fracture toughness describes a material’s capability
to resist crack propagation using a measure of the energy required for the material to completely
fail. Most engineering materials display a tradeoff between toughness and strength, as illustrated
in Figure 1. Metals tend to have high toughness, but relatively low strength and low temperature
resistance. Ceramics have high strength and are stable at high temperatures; however, they have
low toughness. As a result, ceramics tend to fail catastrophically. Scientists and engineers are
interested in improving the toughness of ceramics to create an exciting new structural material
with potential applications in nuclear energy, turbines, engines, and armor. Past efforts did not
manage to break the strength and toughness tradeoff, but there has been renewed interest.

Ceramic properties:
Strong, but brittle

Target: Strong and tough

Stress (o)

Metal properties:
Tough, but weaker

Strain ()

Figure 1: General properties of structural engineering materials

The cause of this tradeoff between strength and toughness is the deformation mechanisms found
within the two different classes of materials. Crystalline metallic materials can undergo limited
deformation due to metallic bonds whose directionless nature enables dislocation motion. This
dislocation movement allows local dissipation of high stresses which results in higher fracture
toughness and higher ductility before fracture. Due to this dislocation movement, metallic
materials generally display lower strength compared to ceramics. However, ceramic materials are
formed through a combination of highly directional ionic and covalent bonds, whose higher
bonding energy leads to higher strength, but does not enable dislocation motion. As a result, its
fracture toughness is low and it fails in a very brittle fashion. However, there are methods to impart
fracture toughness in brittle materials that do not require ductility.
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In order to consider how to impart damage tolerance in a brittle material, it 1s helpful to
consider different mechanisms that affect strength and fracture toughness. These can be sorted into
two categories called intrinsic toughening and extrinsic toughening. Intrinsic toughening is how
ductile materials develop fracture toughness through plasticity and dislocation motion at the crack
tip to resist crack propagation. Extrinsic toughening is how brittle materials can develop fracture
toughness because it uses a wide variety of different microstructural features at the wake of the
crack to reduce the local stresses and strains at the crack tip. Monolithic ceramic materials have
used grain bridging, transformation toughening, and oxide wedging. The major difference between
intrinsic and extrinsic toughening is that intrinsic toughening operates ahead of the crack tip and
extrinsic toughening occurs behind the crack tip, as illustrated in Figure 2.

Intrinsic toughening

Extrinsic toughening

Plastic
l zone
Grain bridging ﬁavas:o fracture
ILH[ v
. . -~
h[LL Oxide wedging \ Microvoid coalescence
)

Fibre bridging

Ahead of crack tip

Behind crack tip
Figure 2: Illustration of extrinsic versus intrinsic toughening in materials

This has major effects on how to study the fracture toughness of ductile versus brittle materials.
Intrinsic toughening mechanisms found in ductile materials can improve fracture toughness at the
initiation and propagation of a crack. Extrinsic toughening mechanisms do not affect the inherent
fracture toughness of the material and can only be effective once a crack appears. As a result,
extrinsic toughening mechanisms found in brittle materials have no effect on crack initiation and
is very dependent on crack length. Brittle materials display fracture toughness through rising
crack-resistance curves, which characterize how extrinsic toughening mechanisms ensure stable,
subcritical crack growth by increasing the required crack-driving forces in order to propagate a
crack through the material. An example of rising R-curve behavior compared to catastrophic,
unstable crack growth behavior is shown in Figure 3.

Rising R-Curve,
Stable crack growth

Flat, unstable crack growth

Crack-growth resistance, Ky (MPam'?)

Crack extension, Aa (um)

Figure 3: Comparison of stable, rising r-curve behavior compared to catastrophic crack growth



Extrinsic toughening is a critical mechanism to break the strength and toughness tradeoff found in
modern structural materials. Intrinsic toughening is the primary mechanism to impart damage
tolerance in ductile materials, but it forces them to display this strength and toughness tradeoff. If
the metallic material has high strength, then there is less dislocation mobility and therefore
plasticity for intrinsic toughening. However, extrinsic toughening only occurs at the wake of the
crack and does not affect the inherent properties of the material. As a result, well-designed
microstructural features can impart this increase in fracture toughness without impacting its
strength. This strategy to designing new materials have been thoroughly studied in monolithic and
composite ceramic materials.

Typical extrinsic toughening mechanisms include transformation toughening, crack bridging,
crack deflection, and crack wedging. These mechanisms can impart modest increases in fracture
toughness in monolithic ceramic materials. For example, crack deflection and crack bridging can
elevate the fracture toughness of silicon carbide (SiC) from ~2 MPa'm” to 10 MPa'm”.
Transformation toughening is known to improve the fracture toughness of zirconia from 1.1
MPa-m” to up to 9 MPa-m”.** However, these increases in fracture toughness is rather meager
compared to the increases in fracture toughness found in natural materials. Natural materials have
mastered extrinsic toughening by developing sophisticated, hierarchical microstructures that can
generate multiple extrinsic toughening mechanisms to relieve locally high stresses. As a result,
materials such as nacre, or the mother-of-pearl portion of mollusk shells, displays a 40-fold
increase in fracture toughness, compared to the nine-fold increase found in man-made materials.
Therefore, natural materials make ideal inspirations for the design of new ceramic materials.

SECTION 2.2. HISTORY AND PROGRESS OF NACRE-INSPIRED MATERIALS

The scientific community has realized that nacre, or the mother-of-pearl portion of abalone shells,
can be used as inspiration to create a new composite material due to a brick-and-mortar
microstructure it possesses, as shown in Figure 4.'4
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Figure 4: Brick-and-mortar microstructure of nacre'*

Nacre being used as inspiration for new materials started with John D. Currey’s study on
the tensile strength of nacre.*! He conducted this work during his time as a professor in University
of York, England. In this work, he studied the tensile (as opposed to compression) strength of



mother-of-pearl, which inspired an interest in the other mechanical properties of the material. At
the time, he pointed out that the majority of the material is formed by plates of aragonite, which is
essentially chalk, arranged in sheets that are held together by a protein, as shown in Figure 5.4
Despite being made of these materials with meager mechanical properties, it displays a wide
variety of strengths and a curious method to prevent cracks from fracturing the material. However,
he never tested the materials for fracture toughness because he was a biologist, rather than a
materials scientist or mechanical engineer. As a result, his understanding of the various properties
necessary to get a quantitative number to characterize the material was limited. Subsequent papers
from Currey reports other mechanical properties, but he tested the materials for their tensile
properties, even though most of the stresses the material would experience would be in
compression or bending. Future tests with these materials tend to measure their properties when
bent. Nonetheless, the paper ignited interest in testing biological materials for mechanical
properties.

Figure 5: Microstructure of nacre as sheets*'

It was not until 1990, when the fracture toughness of nacre was measured by Mehmet
Sarikaya, who was trained as a materials scientist. He published a paper that measured both the
strength and fracture toughness of nacre. This work highlighted how despite the fact that nacre
was composed of 95 volume percent of calcium carbonate and 5 volume percent polymers, nacre
displayed mechanical properties that made it comparable with many engineering ceramics that
were used at the time, as shown in Figure 6.° The paper suggested using the microstructure of
nacre as inspiration for a new composite material. However, he did not introduce a full
understanding of what mechanisms allowed for this composite material to be tough and strong.
With this gap in knowledge, there were many efforts in explaining what mechanisms and structural
features enabled these properties in nacre.
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There are four mechanisms that are known to play a role in the remarkable mechanical
properties of nacre. The mechanisms are listed below in Figure 7.' They are the mineral bridges
that connect the platelets, surface roughness and platelet geometry that prevents platelet sliding,
and the properties of the polymers that hold the platelets together. The discoveries are discussed
in chronological order in this chapter.

Breaking of mineral bridges
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Figure 7: Nacre toughening mechanisms'

In 1999, Bettye L. Smith and Tilman E. Schéffer from University of California, Santa
Barbara and the Max-Planck Institute, respectively, worked together to prove that the unique
properties of the polymer contribute to the mechanical properties of the material. The polymers
were structured in loops that become unwound in “steps”.” This is modeled in Figure 8 using the
load-extension curves. It demonstrates that the modules combine the traits of the short and long
molecule to create a material that must experience a higher force in order to extend farther.
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Figure 8: Model of polymer in nacre’



Another mechanism that has been attributed to give the structure its properties was found
in 2001 by Anthony G. Evans, who was at Princeton University at the time. He posited that another
factor that led to the mechanical properties of nacre is the surface roughness on the platelets found
on nacre. This roughness makes it difficult for the platelets to slide. This was proven using
computer simulations with the finite element method.?

The next breakthrough in understanding the mechanisms involved in improving the
mechanical properties of nacre came two years later, when Fan Song from the Chinese Academy
of Sciences published his scanning electron microscopy and transmission electron microscopy
results that prove that the platelets have bridges that connect them together.” The results are shown
in Figure 9 below.

@ 300 un

Figure 9: Evidence of nacre bridging between platelets’

One recent breakthrough in gaining a mechanistic understanding of the microstructural
features was in 2011, where Francois Barthelat, who was at Northwestern University at the time,
pointed out that the platelet geometry have a “wavy” structure.*> The platelet shape prevents them
from sliding past each other. This was found using scanning electron microscopy (Fig. 10) and
imitated using a series of bolts and acrylic “bricks”. Barthelat and his collaborator, Horacio D.
Espinosa, submitted and was awarded a patent for nacre-based composites.*?

Figure 10: Dovetail shapes of nacre platelets*’

With this understanding of the mechanisms to impart damage tolerance, there have been
many efforts in recreating the material. In some literature reviews on the field, the techniques have
been split between bulk materials and coatings. The difference between these distinctions is how
thick the material grown is and how likely it can be a free-standing material. The two types and
the techniques associated with each are shown in the flow chart below in Figure 11.4
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Figure 11: Flowchart of processing techniques for nacre-inspired materials**

One promising method to recreate the material was through freeze-casting. The technique
was used to create a material that demonstrated many of the mechanisms for nacre toughening
listed above. The material displayed a fracture toughness that defeated the rule-of-mixtures. The
rule of mixtures is a general rule used to predict the potential upper and lower bounds for a
composite material’s properties based on its constituent parts. This material had a relatively high
strength and toughness. When compared to other engineering materials, it was considered to be
the toughest material ever made.'* This is considered to be the most promising technique because
it also created a rather large-scale laboratory sample and its processing technique is very scalable
and flexible compared to many other methods used.

Freeze-casting is a method of creating a porous ceramic scaffold by mixing ceramic
particles into a suspension and then freezing it with a temperature gradient to induce lamellar ice
growth. Once the suspension freezes, it repels the ceramic particles in the pores between the ice
lamellae. Then, the ice is sublimated away to leave a porous ceramic scaffold that is a negative
image of the ice. The scaffold is used as the base to create the ceramic platelets in a nacre-based
composite. Figure 12 is a diagram attached below to explain how freeze-casting physically
works.*
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Figure 12: Freeze-casting diagram emphasizing the various phases of water that enables freeze-
casting.®®

After this material was developed, there was work in creating a material that would
withstand higher temperatures. The material was made with alumina, which is an engineering
ceramic, and acrylic. The acrylic melts too quickly for high temperature applications. Therefore,
there was interest in creating a ceramic/metal composite with the same microstructure. The group
progressed with creating a composite with alumina or aluminum oxide as the platelet phase and
aluminum-silicon as a metallic mortar phase in 2009.2% Unfortunately, due to the physical reality
of infiltration of metals into ceramics, it is difficult to create a material that perfectly mimics nacre.
Molten metal does not readily wet ceramics, which means that the liquid-liquid molecular
interactions are much more favorable than the liquid-solid molecular interactions. Therefore, to
infiltrate the materials, unfeasibly high pressures must be applied for infiltration to occur.
Therefore, the material was only 40 volume percent ceramic (Fig. 13), as opposed to the 95 volume
percent ceramic found in the nacre microstructure.

s’

Figure 13: Ceramic/metal composite with a 40 volume percet ceramic created sing melt
infiltration of aluminum-silicon alloy into freeze cast alumina®

Despite these issues, there is sustained interest in creating a ceramic-metal composite
because recent computational models from Matthew R. Begley from University of California,
Santa Barbara suggest that the strength of nacre-inspired composites would increase, without
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sacrificing fracture toughness, if the polymer component of the composites were replaced with a
metal.!! The data is graphed below in Figure 14. In the first chart, it shows that the stiffness of the
material will remain constant, but the failure to work, which is a primitive measure of toughness,
would increase. In the second chart, it shows that the toughness would remain constant, but the
strength would significantly increase with a metallic component in the composite. As a result, this
direction has the best potential to realize the ideal material with high temperature resistance,
strength, and toughness.
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Figure 14: Results of computational work indicating how specific strength and specific toughness
increases when using a metallic mortar as opposed to a polymer mortar''

The dissertation discusses two techniques to create nacre-like ceramics with a metallic
compliant phase.

SECTION 2.3. INFILTRATION OF POROUS CERAMIC USING MOLTEN METAL

There is interest in creating a ceramic/metal composite with this microstructure since the
ceramic phase will impart its high strength and the ductile metal phase along with the
microstructural toughening mechanisms will substantially increase the toughness of the material.
However, there are many challenges in mimicking the microstructure as a metallic matrix
composite.

Many ceramic metal-matrix composites are formed by infiltrating porous ceramics with
molten metals. Infiltration is advantageous for ceramic metal-matrix composites because it has the
potential for near-net shape production. However, many issues arise due to poor wetting of the
molten metal on ceramics. This is particularly true for brick-and-mortar materials, which can have
pores that are less than a micron wide. They are typically addressed by studying the interfacial
forces that affect the wettability of molten metals and capillary phenomena during wetting. By
studying the interface of the ceramic/metal composite, the critical processing parameters necessary
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to infiltrate the samples can be found. Different processing parameters of infiltration can be
manipulated to account for the different capillary and fluid-drag forces that occur during
infiltration. For example, the initial composition and morphology of the ceramic or metal can be
manipulated to aid in wetting by instigating a reaction at the ceramic/metal interface. Another
commonly used processing parameter is the temperature and external force applied to the system
to aid infiltration. The external force is particularly interesting because it is critical for infiltration
of nonreactive metals.

To characterize the ceramic/metal interface, the sessile drop experiment is a standard
method used to measure interfacial bond energies. It provides a good means to measure the time
the system takes to reach equilibrium during reactive infiltration, which is critical for infiltration
kinetics. However, this technique does not provide any information about capillary forces. It is
also unsuitable for substrates that are not flat and large. The information it produces is very limited
in terms of melt infiltration. Therefore, other techniques and models have been developed to
analyze capillary pressures.

One such technique uses the slug-flow assumption to measure infiltration rates. This type
of analysis assumes that infiltration occurs similarly to a liquid in a straight capillary tube. This
means that there is a gradient in saturation in the infiltration direction due to the curved menisci of
the infiltrating liquid surface. As a result, there is a pressure difference between the infiltrating
phase and the unfilled phases. *¢ This simplifies the system because pressure boundary conditions
and thermodynamic analysis is sufficient for characterizing capillary phenomena during
infiltration. Wetting is described using the Young-Dupree equation. The wetting angle is then
related to the capillary pressure drop using energy balance. The capillary pressure drop is the
difference between the pressure in the fluid phase immediately behind the infiltration front and the
pressure in the unfilled solid phase. Therefore,

— A\' YmaCOS 0
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where 4P, = capillary pressure drop,
A, = area of ceramic/metal inferface per unit composite volume
yma = surface energy of metal/air interface
6 = contact angle of metal/air interface
V;= solid volume fraction “6.

This equation can be used to asses the wettability of a liquid in a porous solid because if 4Py <0,
then it is a wetting system. If 4P, > 0, then it is a non-wetting system. Also, assuming cos 6 = 1,
then the importance of capillary phenomenon of infiltration can be measured by comparing the
surface tension of the liquid matrix. Based on this assumption, it is clear that the effects of capillary
phenomenon are much more pronounced for metal-matrix composites as opposed to polymers
because molten metals have stronger interatomic bonds compared to polymers, whose behavior is
governed by weaker Van der Waals bonds. These assumptions are experimentally verified since
pressure drop of molten metal with non-wetting conditions is near 1 MPa as opposed to polymer
matrixes, which has values in the kPa scale. Therefore, this assumption is very suitable for
analyzing and comparing capillary phenomenon between different systems. However, this

13



assumption is not an accurate representation of infiltration into a porous ceramic because it does
not take into account the different pressures across the various, irregularly shaped pores. The slug-
flow model assumes that a single pressure difference can represent all of the pores of a scaffold.

A more rigorous approach to measure infiltration rates and capillary pressures in a porous
ceramic is the Brooks—Corey correlations that is used in soil science.*’ The flow is assumed to be
saturated, which means that that are bubbles of air trapped in the pores or the pores are not
completely filled in areas where the infiltration front has passed. As a result of this assumption,
infiltration proceeds over a range of pressures, as opposed to the single pressure difference that is
used in the slug-flow model. Due to mass conservation, change in the volume of fluid passing
through a cross sectional area of the porous ceramic per unit time (v,) with respect to length has
the same value as the local liquid volume fraction (77) change with respect to time. This statement
is expressed mathematically below.

ov, __ o,

-~
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The Boltzman transformation can be used to find the relationship between the dimensionless
infiltration front kinetic parameter (F) and dimensionless applied pressure (p). Assuming the
system is a unidirectional infiltration that is driven by a constant pressure, it can be described as:

X

P =—
=7

where x is length in one dimension and ¢ is time in seconds.*

This equation can be solved using the conservation of mass equation above, Darcy’s law
(expressed below), and the position of the infiltration front for a system with a constant total
pressure differential (4P7). These terms are expressed using the permeability of the ceramic
scaffold (K), viscosity (7), local gradient pressure in fluid ( ’P), and volume fraction of the solid
(V).

Darcy’s law:

Position of the infiltration front for x=L:
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The combination of these equations leads to the governing equation:
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This governing equation is solved using a combination of boundary conditions and prior
information about Vy(P) and K(V)). These are found using the Brooks—Corey correlations. For
systems with a wetting angle less than 90°, the correlation is:

7 i
S, = (B
1 -V P

and

K=KaSi[l-(1-8)7 ]

This indicates that liquid saturation S;is a function of pressure P, the pressure when the liquid
begins penetrating the ceramic (Py), and the variability of the pore size (1). For most experimental
conditions, the 4 is typically near two since smaller values indicates higher pore size variability.
The permeability of the porous scaffold is dependent on liquid saturation and the permeability of
a fully saturated scaffold (Ks«). The correlations for liquid saturation and permeability can be
substituted into the Boltzman transformation and integrated once to obtain a solution for find the
infiltration front position. The results of this calculation is formulated and plotted below (Fig. 15),
where @gon: 1s the value of ¢ at the tip of the liquid front.
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Figure 15: Adimensional infiltration front kinetic parameter F as a function of P/P;, for various
values of 1.8

The dark line in the figure above represents the infiltration parameters analyzed using the
slug flow assumption. When the variability of pore sizes is accounted for in the model using the
Brooks—Corey correlation, the system parameters have a nonlinear portion of the curve. Since a
large proportion of the curve is linear, it is possible to extrapolate a relationship between the
pressure and infiltration velocity if a large range of applied pressures are studied, but this

15



extrapolation will not be accurate for lower pressures because the relationship between F and p is
nonlinear. This is nonlinear region of the figure is particularly interesting for reactive wetting,
where infiltration can occur without any added pressure.

Measurements of capillary pressure drop using the slug-flow assumption do not reflect
the conditions of infiltration kinetics because it is highly dependent on perfect saturation of the
ceramic scaffold. Perfect saturation of the ceramic scaffold is not possible when the capillary pore
sizes vary, which leads to a wide range of pressures. Therefore, the Brooks—Corey correlations
must be used to analyze the system because it assumes that there is unsaturated flow. In order to
use Brooks—Corey effectively, the experiment must include data for the lowest pressure possible
at P and high-pressure infiltration to get a complete description of capillary flow and wetting
within the infiltration process.

While pore size, saturation, and pressure play a crucial role in infiltration kinetics, a more
controllable and critical parameter that can be used to infiltrate ceramics are the compositions of
the ceramic and metals. The composition of the samples control the wetting angles of the sample,
which affects the applied pressure necessary to facilitate infiltration. Wetting angles are largely
affected by any interfacial interactions between the molten metal and the porous ceramic. These
interfacial interactions will be categorized as reactive and nonreactive systems. In nonreactive
systems, the ceramic/metal interface does not undergo any transformations or reactions. These
systems tend to have poor wettability, making it difficult to infiltrate samples. In reactive systems,
the ceramic/metal interface reacts to form a new layer in between the ceramic/metal interface. This
typically can aid infiltration, but it can also backfire and transform the metallic or ceramic phase
into a material with undesirable properties. Therefore, there is a strong interest in studying
interfacial reactions to tailor the resulting composite properties and promote infiltration of the
molten metal into the porous ceramic.

To study interfacial reactions during infiltration, the system is characterized using the
change in free energies at the interface. One variable used to study this system is the surface
energies, labeled with o and a subscript that will indicate which surface is being studied. The
variable of highest concern is the work of adhesion, W,. Work of adhesion is the sum of the surface
energies of the metal/vapor interface and the ceramic/vapor interface subtracted by the surface
energy of the ceramic/metal interface. This is expressed mathematically below. The larger W, is,
the more thermodynamically likely it is to spontaneously form a composite.

Wa=ocv+ omv - 6em

For nonreactive systems, there are slight differences in wetting behavior depending on what
type of ceramic system is being investigated. In this chapter, oxide ceramic scaffolds will be
studied in nonreactive systems. For an oxide ceramic scaffold, wetting is very poor. However, the
kinetics of the interfacial interaction is very rapid because the system reaches equilibrium at the
order of 1073 seconds.*” There are multiple proposed models of what bonds a nonreactive metal
and an ionocovalent oxide. It has been proposed that the only possible type of interaction between
metal and oxide is in the form of physical, Van der Waals interactions from dispersion *°. However,
Li has also been proposed that interfacial bonding of nonreactive metals and ionocovalent oxides
are caused by electron transfer between the valence bands of the oxides and the metals 3°. He
supported this argument by comparing the work of adhesion of the metal/oxide system using the
electron density of the metal and the concentration of holes in the oxide valence band. Based on

16



this study, the wetting properties of oxides with liquid metals are correlated to the energy bandgap
of the oxide. This is illustrated in Figure 16. >°
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Figure 16: The work of adhesion W and the contact angle @ of liquid tin on various solid ceramics
against the bandgap energies E; of the corresponding solids.*
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Typically for nonreactive metal infiltration, pressure is applied to the system during
infiltration to force the metal into the ceramic. Since metal does not readily wet ceramic, the
mechanical force is necessary to overcome the capillary forces, but it is also used to decrease
processing time and control chemical reactions. The pressure is applied using either an inert gas,
such as argon, or using the piston of a hydraulic press. The gas driven processes can apply forces
from 1 to 10 MPa. However, the applied pressures are limited by safety concerns. 4° A hydraulic
press can apply forces from 10 to 100 MPa. Therefore, it can be very promising for creating
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ceramic/metal composites because this technique can form a pore-free matrix. However, the high
pressures can damage the ceramic phase during infiltration. 4 While external forces can be used
to overcome capillary forces during infiltration, the solution introduce safety issues and potential
damage the ceramic phase of the composite, making it infeasible for fabricating ceramic/metal
composites with an ordered microstructure. Therefore, there is interest in modifying the wettability
at the ceramic/metal interface to manipulate of the kinetics of infiltration.

Reactive wetting is a process where the interface of the materials transforms to another
product. Ideally, this would aid wetting and infiltration into a scaffold. Reactive wetting has some
very significant differences to nonreactive wetting. First, reactive wetting is significantly more
sensitive to the addition of alloying elements *°. In fact, it can be used to obtain very low contact
angles using only 1 atomic percent of an alloying element. Nonreactive wetting, on the other hand,
typically requires more than 10 atomic percent of an alloying element to see any improvement to
wettability. In this case, the improvements are very limited compared to what can be achieved
through reactive wetting. Another important difference is how interfacial reaction kinetics can
affect the efficacy of reactive wetting. As mentioned before, nonreactive wetting reaches
equilibrium at 10 seconds. Conversely, reactive wetting can take 100 seconds to stabilize for Cu-
Ti/Al,O3 systems. *° It will take over 20 minutes to reach equilibrium for an Al-Si alloy on the
basal face of hexagonal SiC crystals. The rate is limited by dissociation of SiC and equilibrium
will not be reached until the aluminum is saturated with carbon and silicon. Lastly, reactive
wetting is also strongly affected by the temperature of the system. The temperature can change the
interfacial reaction occurring in the system. Temperature also plays a critical role in the kinetics
of interfacial reactions, which affects the rate the system reaches equilibrium.

Reactive systems are difficult to study because it combines the issues of time-dependent
interfacial reactions and the kinetics of wetting. To describe wetting in a reactive system, one
proposed description is:

Ao,  AG,
oTMy oMV

coS(Omin) = cos(8y) —

Where 6, = contact angle of the liquid on ceramic without any reaction
Ao,= change in interfacial energies due to interfacial reaction
AG, = change in free energy per unit area due to reaction of material adjacent to interface

In order for the above equation to apply for the system, the interaction must be limited to
the triple line. Otherwise, the interfacial reactions do not drive wetting as described by the
equation. Two common examples of reactions that are not characterized by the equation are phase
transformations of the ceramic phase and when the triple line precedes the interfacial reaction.
Unlike nonreactive systems, the kinetics of reactive systems is limited by diffusion in the solid,
liquid, or through the reaction layer. The rate of the reaction is highest at the first moment of
contact and eventually slows down as the interface becomes saturated with the product of the
reaction. As a result, the contact angle will increase as the molten metal reaches equilibrium with
the new interface.
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Reactive wetting can lead to large, uncontrollable reactions between the matrix and the
scaffold. To control this, a nonreactive metal can be alloyed with a small amount of a reactive
solute. This technique is often used for brazing alloys for ceramics. It was also used to infiltrate
aluminum oxide using nickel containing a reactive solute, titanium. With this technique, the
reactive solute can form a continuous intermetallic or oxide layer. Ideally, the product would have
high metallicity to allow for good wetting results. There are examples of perfect wetting as a result
of the technique with a Cu-Ti/A1203 system. *° The effectiveness of this technique is shown in the
graph below. One important result is that partial wetting can occur with the addition of less than
10 atomic percentage of a particularly effective solute, such as titanium. In this case, the strong O-
Ti interaction forms a titanium oxide layer that is semimetallic and very beneficial for wettability.
The effectiveness of titanium is shown in Figure 18. 4

120 4

100 1

Figure 18: Variation in contact angle 8 of Ni-based alloys on alumina with molar fraction X of
Cr and Ti at 1773 K. The effect of Cr results from adsorption only, whereas the effect of Ti results
from a combination of adsorption and the formation of a new phase at the interface. **

In conclusion, there are many parameters that control the wetting and infiltration behavior
of ceramic/metal systems. This problem can scale from wetting and spreading kinetics of liquid
metals, capillary forces, and interfacial interactions. To study the capillary forces in the pores as
they are infiltrated by a molten metal, it is important to account for the unsaturated nature of most
infiltration, the pressure applied to the system, and the various pore size of the ceramic scaffold
using the Brooks—Corey correlation, rather than the slug-flow assumptions. Another very
important processing parameter is the composition of the samples in the system. With additions of
reactive metallic species or oxygen gas, a typically inert gas can have substantial increases in
wettability. Otherwise, external pressures must be applied to aid infiltration and overcome
capillary forces that typically prevent molten metals from infiltrating ceramics. There are many
processing parameters that are critical for infiltrating a micron-scale ceramic pore with molten
metals. Understanding of these capillary forces and interfacial reactions can lead to fabrication of
new ceramic/metal composites with an ordered, brick-and-mortar microstructure such as nacre.
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Chapter 3

Bioinspired “Nacre-Like” Alumina/Bulk-Metallic Glass Ceramics

We selected a Zr-based bulk-metallic glass (BMG) as the mortar phase as this alloy shows
excellent wettability with alumina.’®*! Zr-based BMGs have been shown to have high strength
with some degree of toughness, which represent ideal properties as a compliant-phase (mortar)
material. As a result, the combination of near-perfect wettability and mechanical properties of the
BMG makes it an interesting candidate for infiltration into a brick-like ceramic scaffold. However,
processing of BMGs can be difficult because they are prone to oxidation at elevated temperatures??
and have a critical cooling rate required to solidify in the amorphous state; moreover, the final
material must be used below the BMG’s glass-transition temperature as these glasses can embrittle
if they are allowed to crystallize.’ While fibrous or particulate BMG matrix composites have been
developed by melt infiltration,>3° this study relates their infiltration behavior to the thermo-
physical properties and wettability of the BMG. This can be used to tailor the properties of the
ceramic/metal interfaces while maintaining the BMG in the fully amorphous state as a metallic
mortar in nacre-like material.

In this study, we demonstrate the synthesis of alumina-glass ceramics with nacre-like (high
volume fraction) alumina scaffolds using pressureless infiltration. Infiltration behavior studied
using contact-angle measurement and electrostatic levitation indicates that the length-scale of the
scaffolds and the excellent wettability of a ceramic with a liquid alloy are crucial factors to warrant
the successful synthesis of these materials. Near-perfect wetting within seconds for the Zr-based
BMG on alumina was achieved, indicating that a conformal bond can be attained at the interface
of the two materials, which in turn implies high strength may be realized in an Al,03/BMG hybrid
material %37 However, depending upon the infiltration temperature, after solidification of the
metallic phase, the interfacial strength can markedly change due to the formation of brittle
interfaces, which can potentially compromise strength and toughness of the processed material.
Accordingly, in addition to describing the processing of brick-and-mortar, high volume fraction
(~80 vol.%) alumina containing a metallic compliant phase, we examine how processing
conditions can affect the ceramic-metal interfaces in order to discern the fundamental mechanisms
underlying the flexural strength and fracture toughness of these bioinspired nacre-like ceramics.
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SECTION 3.1. METHODS

Press scaffold to create brick-like
porous material and sinter samples

} Infiltrate samples with BMG at 880°C
' and 1000°C

Test and characterize material

Figure 1: Overview of methods to create the bioinspired materials using a top-down reactive melt
infiltration approach

SECTION 3.1.1. Materials processing

To examine the conditions for metal infiltration into the freeze-cast alumina scaffolds, both
lamellar and the final brick-and-mortar structures were processed, as summarized in Figure 1.
These ceramic scaffolds were first fabricated by freeze-casting a water-based suspension
consisting of 37 vol.% alumina powder (Nanocrystalline, sub-micrometer a-Al,O3 powder,
Inframat Advanced Materials, Manchester, CT). The suspensions were formulated with 2.5
powder wt.% of polyacrylic acid (PAA) (98-99% hydrolyzed, high molecular weight, Alfa Aesar,
Tewksbury, MA) which was added as a dispersant. Hydrochloric acid (25% (v/v) Aqueous
Solution, Ricca Chemical Company, Arlington, TX) was also used to maintain a pH at about 2 to
prevent agglomeration. The samples were milled to mix and homogenize for a minimum of 12 hr.

The samples were placed in a cylindrical Teflon mold with a copper cold finger at the bottom.
The suspension in the mold was subjected to controlled directional freezing, which allows lamellar
scaffolds to form. The cold finger was cooled to 113 K at a rate of -5 K/min, with its temperature
controlled with a liquid nitrogen cold bath and ring heater. To prepare samples with a lamellar
structure aligned over several centimeters, the materials were first cast using a
polydimethylsiloxane (PDMS), 20° angle, wedge to induce bidirectional freezing, as discussed
elsewhere.®> After complete freezing, the samples were removed from the mold and placed in the
freeze drier (Freeze Dryer 8, Labconco, Kansas City, MI). By holding the samples for three days
in a low pressure (0.06 mbar), ambient temperature environment, the ice was sublimated to form
green ceramic lamellar scaffolds, which were subsequently fired for 2 hr in air at 873 K to eliminate
the organic additives before being sintered at 1823 K for 3 hr (Air furnace: 1216BL, CM Furnaces
Inc., Bloomfield, NJ) to densify the ceramic lamellae. To convert these lamellar structures into a
brick-and-mortar form, they were infiltrated with paraffin wax and then compacted in a hydraulic
press at a pressure of 1200-1400 MPa to ensure a high ceramic content, with plates heated at 353

21



K to allow the wax to flow. After pressing, the samples were fired and sintered using the same
procedure described above and subsequently cut into 2.5 x 2.5 x 12-15 mm pieces before
infiltration with the BMG.

The ZrssCuz0.14Ags 36AlsBer s (at.%) BMG ingots, which have a high glass forming ability that
can be cast up to a critical diameter of 73 mm,*® were fabricated by arc melting a mixture of their
constituent elements (Ag, Al, Cu, and Zr with a purity of above 99.9%) and a commercial Cu-Be
alloy (Cu773Be22.7) under a Ti-gettered Ar atmosphere. The ingots were re-melted three times to
ensure compositional homogeneity before the alloys were cast into a copper mold (4 mm in
diameter, 50 mm in length).

The alumina/BMG compliant-phase ceramic was prepared by pressureless melt infiltration into
the alumina scaffold. Specifically, the scaffold was placed in a quartz tube with inner diameter of
5 mm, and then the tube was necked 3 mm above the scaffold to prevent floatation during the
infiltration. The as-cast BMG rod was placed on the neck, and then the tube was sealed in vacuo
using a rotary pump to prevent the oxidation of the as-cast rod during the processing. The sealed
tube was placed in an electric resistance furnace heated to 1153 K or 1273 K, i.e., above the melting
temperature of the BMG (1103 K). After holding for 3 min, the tube, where the molten BMG was
trapped on the neck due to its high viscosity and surface oxide layer, was tapped on the bottom of
the furnace to dispense fresh BMG melt under the neck. The scaffold immersed in the BMG melt
was held for 10 min during which the scaffold was infiltrated without external pressure. The tube
after infiltration was removed from the furnace and quenched in ice water.

SECTION 3.1.1. Measurement of thermophysical and wetting properties.

Thermophysical properties of the BMG were determined by an electrostatic levitation method
(ESL) in Japan Aerospace Exploration Agency (JAXA). Ball-shaped samples of ~2 mm in
diameter were prepared by arc melting pieces of the as-cast BMG rods. The spherical samples
were levitated in a high-vacuum environment (~ 10 Pa) using electrostatic forces. Samples were
heated and melted by CO; lasers, and the temperature was measured using pyrometers at 120 Hz
acquisition rate. Surface tension and viscosity of the ZrissCuso.14AgsisAlsBers alloy were
determined using the oscillation-drop method, as described elsewhere.*’

Contact angles of the BMG on the polycrystalline alumina substrate were measured in a
vacuum of ~10* Pa by the sessile-drop method, utilizing a stainless steel vacuum chamber
equipped with a drop dispenser and a tube furnace.*® About 100 mg of the BMG sample was
prepared by arc melting pieces of the as-cast BMG rods. The alumina substrates were prepared by
polishing with diamond pastes to give an average surface roughness below 100 nm. The substrate
was positioned ~5 mm below the BMG sample in the dispenser which was then heated with a tube-
shaped Mo resistance wire furnace. The BMG melt was pushed through a 1 mm diameter hole by
increasing the argon pressure and then dropped on the substrate. The experiment was observed
through a hole in the furnace, and images of the droplet were recorded at a speed of 10 frames per
second by using a high-speed digital camera.

Phase constitution was confirmed by x-ray diffraction (XRD; New D8 Advance, Bruker
Corporation, Karlsruhe, Germany) using monochromatic Cu Ka radiation operated at 40 kV and
40 mA. Thermal analysis of the alumina/BMG ceramic was conducted by differential scanning
calorimetry (DSC, DSC 8500, Perkin Elmer, Waltham, USA) using a constant heating rate of 40
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K/min. The microstructures of the Al,O3/BMG ceramic were analyzed using scanning electron
microscopy (SEM; SU70, Hitachi Corp., Tokyo, Japan) equipped with energy-dispersive x-ray
spectroscopy.

SECTION 3.1.2. Materials preparation and micro-scale interface characterization.

After casting, the samples were cut and polished for mechanical testing and characterization. Both
ends of the ingot were machined off using a water-cooled low-speed circular saw to reveal the
cross-sectional region of the material, which was then ground into rectangular beams (2.3-2.5 mm
wide, 2.3-2.5 mm thick, 12-15 mm in length) using SiC papers with grits ranging from 60-1200,
with a final polish with a I um diamond suspension.

To determine the interface fracture strength between the ceramic bricks and the BMG mortar,
samples from both infiltration temperatures were tested using notched micro-cantilever beams that
were focused ion-beam (FIB, LEO 1540 XB, Carl Zeiss AG, Oberkochen, Germany) milled at 30
kV acceleration voltage with ion currents subsequently decreasing from 10 nA to 500 pA. The
initial notch with a radius of ~20 nm was placed possibly close to the interface by utilizing a current
of 100 pA. All micro-cantilever fracture experiments were subsequently conducted in situ in an
SEM (DSM 982, Carl Zeiss AG, Oberkochen Germany) using a Hysitron picoindenter PI-85
(Bruker Corporation, Billerica, USA) equipped with a wedge-shaped conductive diamond tip
(Synton-MDP AG, Nidau, Switzerland), operated in open-loop mode with a loading rate of 10
uN/s. To compare the interface fracture characteristics, the conditional stress intensity vs.
displacement was calculated from the load-displacement data as outlined by Wurster et al.*’

SECTION 3.1.3. Macroscale strength and toughness measurements.

The macroscopic flexural strength of the samples was measured using three-point bend testing on
unnotched specimens, with a loading support span of 10 mm, at a displacement rate of 1 mm/sec,
in general accordance with the ASTM Standard D790.%° These tests were performed on an Instron
5944 electro-mechanical testing system (Instron Corporation, Norwood, MA, USA).

Fracture toughness measurements were conducted on single edged-notched bend (SE(B))
samples, which were notched using a low-speed diamond saw. The notch root was then sharpened
using a micro-notching technique which involves polishing the end of the notch with a razor blade
under load, immersed in a 6-pm diamond slurry; resulting notch root radii were typically on the
order of 10 um. These samples were loaded at a displacement rate of 0.55 um/sec in three-point
bending, with a loading span of 10 mm, in general accordance with ASTM Standard E1820.4°
Tests were performed using a Deben MicroTest 2kN (Deben, UK) bending stage embedded in a
Hitachi S-4300SE/N (Hitachi America, Pleasanton, CA, USA) SEM to permit real-time
observations of the crack path and its interaction with the prevailing microstructure during the
measurement of the fracture toughness and crack-resistance curves.

Due to the relatively small size of the fracture toughness samples and the fact that these
compliant-phase ceramic materials display some degree of inelasticity, nonlinear-elastic fracture
mechanics measurements were made to determine J-based crack-resistance curves (J-R curves),
where J is the J-integral, i.e., the field parameter that characterizes the local nonlinear-elastic
(Hutchinson-Rice-Rosengren, HRR) stress and displacements fields in the immediate vicinity of a
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crack tip in a nonlinear-elastic solid. The R-curve assesses the value of J required to sustain stable
crack extension. In the current tests, such crack extension was measured using the elastic unloading
compliance of the specimen, whereas corresponding J values were computed in terms of their
elastic and plastic components (J = Jei + Jp1). The elastic component of J was calculated from the
linear-elastic stress intensity value, K, i.e., Jo = K*/E', where E' = E (Young’s modulus) in plane
stress and E/(1 —v)? in plane strain (v is Poisson’s ratio); the plastic component was determined in
terms of the plastic portion of the area under the load-displacement curve, 4., using the expression
Jpi = 1.94,1/Bb, where b is the uncracked ligament size and B is the sample thickness.’> Equivalent
stress-intensity values were then back-calculated from these measured J values using the standard
mode 1 J-K equivalence, i.e., K;= (J E')".

SECTION 3.2. RESULTS

SECTION 3.2.1. Surface tension, viscosity, and contact angle.

Surface tension (y) and viscosity (7) of the ZrssCuzo.14Ags36AlsBe7.s BMG-forming alloy were
evaluated by electrostatic levitation (ESL) over the temperature range from 1180 K to 1310 K. The
surface tension y of the melt showed a negative temperature dependence (Fig. 2a) that can be
described, in terms of the absolute temperature 7 (in Kelvin), as:

y=1.69-4.07x10* T, (1)
and a negative temperature dependence of the viscosity n (Fig. 2b), which can be described by
the Vogel-Fulcher-Tammann relationship® as:
D*Ty
T—T,

) 2)

where 7 is the viscosity in the infinite temperature limit (2.03 x 10 Pa-s), D" is the fragility
parameter (5.87) and Ty is the absolute temperature (598 K) where the viscosity becomes infinite.>

n = noexp (
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Figure 2. Thermophysical properties of the bulk-metallic glass. (a) Surface tension (y) and (b) viscosity
() of the Zr46Cus0.14Ags 36AlsBe7 s BMG-forming alloy melt measured by electrostatic levitation (ESL) over
the temperature range from 1180 K to 1310 K. The surface tension decreases by a mere 5% over the
temperature range, while the viscosity for the melt decreases by ~50% with increasing temperature.
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The wettability of alumina by the BMG was evaluated by the sessile-drop method at 1153 K and
1273 K (Fig. 3). As shown in the inset of Figure 3, the alloy melt that was dropped on the alumina
substrate exhibited initial contact angles of ~14°, and decreased continuously within several tens
of seconds. The final contact angles were 8° at 1153 K and 6° at 1273 K, showing the excellent
wetting behavior of alumina by the BMG alloy melt.
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Figure 3. Rate and extent of wetting of bulk-metallic glass on alumina. Wetting angles, measured using
a sessile-drop experiment, at temperatures of 1153 K and 1273 K. The wetting angles, when plotted with
respect to time, show that the contact angle converges on 8°at 1153 K and 6° at 1273 K within 10 sec. This
is a strong indication that the wetting kinetics are independent of any potential reaction occurring at the
interface between the metal melt and the ceramic solid.

SECTION 3.2.2. Microstructure.

Figure 4a shows the phase constitution of the compliant-phase alumina/BMG materials with a
lamellar structure infiltrated at 1153 K and 1273 K. In both curves, the peaks of crystalline phases
were superimposed on the broad diffuse scattering, indicating the presence of large fractions of
amorphous phase in the metallic mortar after the melt infiltration followed by water quenching.
Both materials had dominant peaks of alumina and Zr,Cu, which is one of the intermetallic
compounds appearing in the ZrssCuzo.14Ags36AlsBers BMG-forming alloy as heterogeneous
nucleation occurs during solidification.’”>® The peak intensity of Zr,Cu phase increased as the
infiltration temperature increased. Peaks of ZrO», which is one of the reaction products between
alumina and the BMG-forming alloy melt,?! were observed in the sample infiltrated at 1273 K.
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The corresponding alumina/BMG materials with brick-and-mortar structure (Fig. 4b) had
similar phase constitution as the lamellar samples but showed reduced peak intensity of metallic
phases due to the decreased volume fraction of the metallic mortar. These results suggest that the
phase constitution of these alumina/glass ceramics is independent of the alumina volume fraction,
but dependent on the infiltration temperature.
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Figure 4. X-ray diffraction (XRD) of compliant-phase ceramics. XRD patterns of the alumina/BMG
compliant-phase ceramics, with (a) lamellar structure and (b) brick-and-mortar structure, infiltrated at 1153
K and 1273 K. In both curves, the dominant peaks of alumina and Zr,Cu were superimposed on the broad
diffuse scattering, indicating the presence of an amorphous phase in the metallic mortar after the melt
infiltration followed by water quenching. The results indicate that the phase constitution of the
alumina/glass ceramics is dependent on the infiltration temperature, but independent of the alumina volume
fraction.
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Figures 5a and 5c show the microstructure of the alumina/glass ceramics with lamellar
structure. A lamellae thickness of 7.7 £ 4.1 um, metal thickness of 13.3 + 4.7 um, and alumina
content of 37 vol.% were measured using image analysis. Figures 5b and 5d show the
corresponding microstructure of the alumina/glass ceramics with brick-and-mortar structures,
formed after spressing the alumina with paraffin wax and subsequently infiltrating with the
Zr46Cu30.14Ags 36AlsBe7s BMG as the compliant (mortar) phase. The structure exhibits a brick
thickness of 22.6 £ 11.2 um, a metallic mortar thickness of 4.4 + 3.4 um, and an alumina content
of 80 vol.%. All the materials prepared by pressureless infiltration display a well-formed lamellar
and brick-and-mortar microstructure, apparently with complete infiltration, without pores, of the
metallic mortar at both infiltration temperatures. Akin to natural nacre, both the lamellar and brick-
and-mortar microstructures display pre-existing bridges that act as local connections between the
alumina lamellae or between the bricks. The BMG-ceramic interfaces in the materials infiltrated
at 1153 K and 1273 K are imaged in Figures 5e-5h. The materials infiltrated at 1153 K (Figs. Se
and 5g) show sharp interfaces between the alumina (black) and amorphous phase (gray), whereas
the materials infiltrated at 1273 K (Figs. 5f and 5h) display evidence of erosion of the alumina
surface with voids at the interface. The material with lamellar structure infiltrated at 1273 K (Fig.
5f) contains a faceted crystalline phase (dark gray) grown from the interface into the amorphous
phase. This crystalline phase was identified as the intermetallic compound Zr,Cu by EDS analysis,
as shown in the XRD analysis in Figure 4. The material with brick-and-mortar structure infiltrated
at 1273 K showed an irregular grain morphology in the metallic mortar, indicating the formation
of multi-phase microstructure with ZroCu and unknown phases, as shown in the XRD analysis.
These results imply that the interfacial structure of our alumina/glass ceramics significantly
changes as the infiltration temperature increases.
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Lamellar .= = Brick-and-mortar

Figure 5. SEM micrographs of the alumina/glass materials with (a,c) lamellar and (b,d) brick-and-
mortar structures. The metal-ceramic interfaces in these ceramics infiltrated at 1153 K and 1273 K are
shown in (e,f) for lamellar structure and (g,h) for brick-and-mortar structures, respectively. The materials
infiltrated at 1153 K (e,g) show a sharp interface between the alumina (black) and amorphous phase (gray),
but the materials infiltrated at 1273 K (f,h) show erosion of the alumina surface and voids at the interface.

Differential scanning calorimetry (DSC) traces of the alumina/glass ceramics with different
structures and infiltration temperatures are given in Figure 6. All materials showed a decrease in
the crystallization onset temperature (7x) compared to the monolithic BMG. The reduced thermal
stability of the amorphous phase is attributed to the presence of the BMG-ceramic and BMG-
intermetallic compound interfaces that act as heterogeneous nucleation sites during heating.>” All
the materials exhibited a similar glass transition temperature 7 of 705 K and crystallization onset
temperature Txnybria of 790 K, indicating that the composition of the amorphous phase in the
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metallic mortar is very similar to that in the alumina/glass (hybrid) materials. The heats of
crystallization were measured as 74.4 J-g*' and 41.5 J-g*! for lamellar structure, and 52.5 J-g*' and
2.2 J-g’! for brick-and-mortar structure infiltrated at 1153 K and 1273K, respectively; all being
lower than in monolithic BMG. The results indicate that the volume fraction of amorphous phase
present in the metallic mortar is lower while that of the crystalline phase increases with increasing
infiltration temperature.
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Figure 6. Differential scanning calorimetry results for the compliant-phase ceramics. DSC traces for
the alumina/glass ceramics with lamellar and brick-and-mortar structures infiltrated at 1153 K and 1273 K.
T, is the glass transition temperature, 7 is the onset temperature of crystallization, and AH is the heat of
crystallization. The amorphous fraction in the metallic phase is determined by comparing the change of
enthalpy during this crystallization event in the infiltrated ceramic-glass samples to the change of enthalpy
for the monolithic BMG.

SECTION 3.2.3. Mechanical Properties.

The flexural strength of the alumina/glass ceramics was found to be markedly affected by the
infiltration temperature used to produce the material. Lamellar samples infiltrated at 1153 K had a
flexural strength of ~797+60 MPa, whereas those infiltrated at 1273 K displayed a dramatically
lower value of ~225+11 MPa. The brick-and-mortar specimens had a flexural strength of
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~366+168 MPa when infiltrated at 1153 K and again showed a much lower strength, of ~88+28
MPa, when infiltrated at 1273 K. For both brick-and-mortar and lamellar structures, infiltrating at
higher temperature resulted in an approximate four-fold decrease in strength, compared to those
infiltrated at 1153 K (Fig. 7a). The strength was also affected by the ceramic content of the
materials; alumina has a flexural strength of ~330 MPa, compared to the BMG at 1700 MPa.
Accordingly, the strength of the brick-and-mortar samples, with their far higher volume fraction
of ceramic, was significantly lower than that of the lamellar samples.
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Figure 7. Flexural strength (a) and fracture toughness (b) results for compliant-phase ceramics.
Influence of infiltration temperature on the flexural strength, oj, of the lamellar and brick-and-mortar
samples. The strength of the samples can reach as high as 800 MPa for lamellar samples and 400 MPa for
brick-and-mortar samples. While the flexural strength is dwarfed by its BMG constituent, its strength is
significantly higher than in pure alumina, the main component of the brick-and-mortar materials. This
flexural strength decreases by 75% when infiltrated at higher temperatures and relates to matrix crystallinity
and interfacial strength between the ceramic and metallic phases. Effects of infiltration temperature on the
fracture toughness of lamellar and brick-and-mortar samples are measured using single-edge notched three-
point bend tests. The fracture toughness values of the materials are higher than for monolithic alumina, the
main component of the brick-and-mortar materials. The significant impact of sample morphology is seen
by the fact that the lamellar samples show very little changes in fracture toughness when infiltrated at
different temperatures. However, the brick-and-mortar samples show a large increase in fracture toughness
from about 5 MPa-m” to 8 MPa-m” (with the R-curve rising as high as 14 MPa-m”), when infiltrated at
higher temperatures.

Conversely, there was little change in the fracture toughness of the lamellar samples infiltrated
at 1153 K and at 1273 K, which were measured to be 5.7+0.9 MPa-m” and 4.2+0.9 MPa-m”,
respectively (Fig. 7b); indeed, they are comparable when considering their standard deviations.
However, the brick-and-mortar samples show very different properties. Brick-and-mortar samples
infiltrated at 1153 K failed catastrophically with a fracture toughness of ~5 MPa-m” with no stable
crack growth. In contrast, those infiltrated at 1273 K displayed a stable crack growth with crack
extensions of almost 1 mm along the interface between the ceramic and metallic phases. As a
result, the fracture toughness of these brick-and-mortar materials displayed markedly rising R-
curve behavior (Fig. 8), with the toughness increasing from the intersect of the blunting line of
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roughly 5 MPa-m” to 8 MPa-m” after ~200 um of stable crack growth and ultimately reaching as
high as 14 MPa-m” (although, as Figure 8 indicates, the higher toughness number is not strictly
valid in terms of ASTM Standard E1820%°). SEM micrographs in Figures 9b and 9d reveal that
both lamellar and brick-and-mortar samples infiltrated at 1273 K failed with multiple crack-path
deviations off the plane of maximum tensile stress caused by crack deflections along the
ceramic/metal interfaces; this creates a rough fracture surface with significant evidence of pull-out
of the ceramic bricks, and consequently higher toughness. In contrast, all samples infiltrated at
1153 K in Figures 9a and 9c failed catastrophically directly at the onset of crack initiation.
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Figure 8. Crack-resistance curves (R-curves) for brick-and-mortar alumina/BMG ceramics
infiltrated at 1273K. The onset of crack initiation and immediate catastrophic fracture of samples
infiltrated at 1153 K is included for reference. Comparison of the fracture toughness between the ceramics
infiltrated at the two infiltration temperatures indicates how an appropriately created brick-and-mortar
microstructure can serve to stabilize the slow growth of incipient cracks, manifested in the form of a rising
R-curve, rather than leading to unstable catastrophic fracture at the onset of crack initiation. (The open
circles refer to data points that are not strictly valid according to ASTM Standard E1820, as they exceed
the maximum crack extension capacity for the test specimens that were used.)
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Figure 9. SEM micrographs of crack patterns of the infiltrated alumina/BMG compliant-phase
ceramic samples. Lamellar (a,b) and brick-and-mortar (c,d) samples infiltrated at 1153 K (880°C) show
little to no crack deflection behavior, in contrast to the corresponding samples infiltrated at 1273 K
(1000°C) which exhibit crack deflection due to crack propagation along the interface of the ceramic and
metallic components, which in turn leads to ceramic brick pull-out and hence extrinsic toughening from
crack bridging. The arrows highlight where the cracks propagated along the interface of the ceramic and
metallic phases. This behavior is critical for stable crack-growth behavior and increases the crack-growth
fracture toughness in the brick-and-mortar samples primarily due to crack bridging; however, superior
damage-tolerance would be generated if the inter-ceramic brick displacements occurred within the
metallic mortar, rather than involving ceramic/metal interface failure.

To address the individual interfaces in more detail, micro-cantilever experiments, as depicted
in Figure 10a, were conducted on lamellar as well as brick and mortar samples of both infiltration
temperatures. Notably, whereas the hierarchical structure exhibited no influence on the local
interfacial fracture behavior, the change in infiltration temperature resulted in a major discrepancy.
Figure 10b shows the conditional stress intensity-displacement data for 1153 K and 1273 K
specimens. Due to the non-linear elastic behavior and the fact that the 1153 K sample did not break
at the interface, these values are to be taken predominantly as a means of comparison between
each other. Nevertheless, the lower stress intensity at failure of the 1273 K specimen goes hand in
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hand with the fact that the adhesion between the Al,O3 matrix and the BMG-mortar was rather
weak. The interface fracture surfaces (Figs. 10e and 10f) show high fractions of asperities and
individual particles not connected to the BMG-mortar. Conversely, the 1153 K specimen did not
break at the interface but the crack extended through the weaker BMG in a stable manner, leaving
behind a large plastically deformed zone, as depicted in Figures 10c and 10d.
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Figure 10. SEM micrographs and results of micro-cantilever tests. (a) Representative micro-cantilever
specimen for interface toughness measurement. (b) Conditional stress intensity—displacement curves for
1153 K (black) and 1273 K (red) infiltrated specimens, respectively, on log-log scale. SEM micrographs of
the fracture surfaces of the same (c, d) 1153 K and (e, f) 1273 K infiltrated specimens, showing a clear
distinction between interfacial fracture (e, f) and fracture through the BMG phase (c, d).
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SECTION 3.3. DISCUSSION

In this work, we have created a freeze-cast alumina ceramic with a bioinspired, nacre-like,
brick-and-mortar structure with a Zr-based BMG as the infiltrated compliant-phase mortar. Our
motivation is that nacre-like alumina infiltrated with a polymer compliant phase has been shown
to have exceptional toughness,'! and theoretical modeling has predicted that the mechanical
properties may be even better with a metallic mortar.!* To overcome the issues associated with
infiltrating a metal into a ceramic scaffold, we have employed the concept of reactive wetting by
utilizing a Zr-based BMG as the infiltrating phase. We discuss below the features of our processing
procedures to create these materials, our associated attempts at “tailoring” the ceramic/metal
interfaces, and finally how these factors can result in enhanced damage-tolerant properties in
nacre-like structural ceramics.

SECTION 3.3.1. Infiltration Behavior

The excellent wettability allowed spontaneous infiltration of the nacre-like alumina scaffolds at
very rapid rates (10 min hold time) without the need for applied pressure. This was possible due
to the high bonding strength between the alumina and the BMG melt, which can be up to an order
of magnitude higher than non-reactive metal/alumina couples. This was measured using the work
of adhesion, which was calculated from surface tension and final contact angles, as shown in
section 3.3.1.1. This high bonding strength also leads to high capillary pressures induced by the
BMG melt. Based on the calculations in section 3.3.1.2, we found that the capillary pressures
induced by the BMG melt is the same or higher than the external pressure applied for complete
infiltration in other experiments, leading to spontaneous infiltration. This is true despite the high
viscosity of the BMG melt because the length-scale of the ceramic scaffold is sufficiently large to
accommodate the infiltration kinetics of the system according to Darcy’s Law, as shown in section
3.3.1.3. However, infiltrating finer-scale scaffolds, i.e., at the dimensions found in natural nacre,
with this BMG would present a problem as the high viscosity of the BMG melt would prevent
complete infiltration (Fig. 11). This indicates that for future synthesis of nacre-like materials using
infiltration, it is critical to observe the viscosity, wettability, and length-scale of the scaffolds to
find feasible processing conditions.

SECTION 3.3.1.1 Work of adhesion calculations

The excellent wettability allowed spontaneous infiltration of the nacre-like alumina scaffolds
at very rapid rates (10 min hold time) without the need for applied pressure. To characterize the
critical characteristics for this infiltration behavior, the thermophysical properties and wetting
behavior of the BMG melt were evaluated. The surface tension of the Zr-based BMG at its melting
point was estimated at 1.24 N-m™!, making it comparable to other Zr-based BMGs like Vitreloy 1
or Vitreloy 106.%° Interestingly, this value showed only a small deviation (~6%) from the
calculation based on the rule of mixtures (1.32 N-m™') of the surface tension of the pure
components (1.48 N-m’!, 1.35 N'-m™!, 0.91 N-m"!, 0.87 N-m™! and 1.1 N-m™!, respectively for Zr,
Cu, Ag, Al, and Be at their melting point).®° These estimates imply that the BMG melt did not
display significant surface segregation, as is often found in molten alloys comprised of elements
with low surface tension.>® Moreover, it indicates that the wettability of the system was not affected
by any segregation or evaporation of elements with low vapor pressure like Ag. Based on this
assumption, the strength of bonding between the BMG melt and the alumina can be derived from
the surface tension, y, evaluated from Figure 2a and the final contact angles, 6, measured by the
sessile-drop method (Fig. 3). Specifically, the alumina/BMG melt bond strength can be estimated
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by calculating the work of adhesion (W), i.e., the energy required to reversibly separate the two
materials, viz:

W; =vy(1+ cosO, 3)

which yields values of Wi of 2.43 J-m? and 2.33 J-m? at 1153 K and 1273 K, respectively. These
values are much higher than those for non-reactive metal/Al,Os couples (0.2 — 1.5 J-m2)®!,
indicating the strong chemical interaction between the BMG melt and alumina. This confirms how
reactive wetting of alumina by the BMG melt can induce spontaneous melt infiltration into the
nacre-like ceramic scaffolds without the need for external pressure.

SECTION 3.3.1.2 Capillary pressure calculations

The spontaneous melt infiltration is driven by capillary pressure (AP), where:

; (4)

4ycos6
De

AP =

and where D. is the equivalent diameter of pores in the scaffold. The equivalent diameter, which
is a function of reinforcement size and porosity, is equal to the capillary diameter for a single
cylindrical tube. Considering that the pore structure in the nacre-like scaffolds is anisotropic, which
1s similar to a fibrous preform, here we use the relationship derived for fibrous preforms to describe
the equivalent diameter of the nacre-like alumina scaffolds:®?

4 e
e = ;@DA1203 > 5)

where F|, e, and Dao3 are, respectively, the form factor, porosity and average thickness of lamellae
in the scaffolds. The form factor, which is dependent on the flow direction of a liquid in a scaffold,
is 4 for the flow parallel and 2 for the flow perpendicular to fiber alignment.®? Assuming a value
of F'= 3, which is the average between these two boundary cases, and considering the measured
alumina thickness and volume fraction shown in Figure 5 of the main text, the equivalent diameters
of the lamellar and brick-and-mortar scaffolds were estimated to be 17.5 um and 7.5 um,
respectively. The estimate is reasonable in that those values are close to the thickness of the
metallic mortar (13.3 +£4.7 um and 4.8 + 4.2 um, respectively) in the alumina/glass materials. The
capillary pressures induced on the BMG melt were estimated as 277 kPa and 270 kPa for the
lamellar scaffolds and 418 kPa and 403 kPa for the brick-and-mortar scaffolds at 1153 K and 1273
K, respectively. The pressure values at both temperatures were similar to each other due to the
weak temperature dependence of the surface tension and final contact angle (Figs. 2a and 3). The
result is that we achieve spontaneous melt infiltration because the capillary pressures induced by
the BMG melt is the same or higher than the external pressure necessary for complete infiltration
in other experiments. The estimated pressure is on the same order of magnitude as the external
pressure required to fabricate particulate BMG matrix composites®* (550 kPa, 50 vol.% Mo, Nb,
and Ta, 30 - 200 um in diameter), and two orders of magnitude higher than the external pressure
required for the fiber-reinforced BMG matrix composites®> (6.9 kPa, 80 vol.% W, 250 um in
diameter). Thus, the spontaneous infiltration of the nacre-like scaffolds with the BMG melt can be
deemed to result from the high capillary pressure.
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SECTION 3.3.1. Calculation of the kinetics of infiltration

The viscosity of the BMG at its melting point was estimated to be 2.12 x 10! Pa-s, which is
two orders of magnitude higher than that of pure components at their melting point (~10-3 Pa-s).26-27
This high viscosity is typical for the BMGs with high glass-forming ability due to the small amount
of free volume in the liquid state.’*%* However, the higher viscosity is unfavorable for melt
infiltration in that it delays complete infiltration, which is dependent on the fluid velocity in a
scaffold. The infiltration kinetics between the BMG melt and nacre-like alumina scaffolds in this
study can be evaluated by Darcy’s law?’ assuming one-dimensional infiltration of the melt through
the scaffold:

_ 2KkAP
=

hz

t, (6)

where / is infiltration height, 7 is infiltration time, and £ is permeability of a scaffold. Figure 11
shows the infiltration height of the BMG melt at 1153 K under different values of permeability of
the brick-and-mortar scaffold in the range from 10-'® m? to 10-'> m2. The calculation indicates that
the brick-and mortar scaffold, which has an actual infiltration height of 1.25 mm that is half of the
width of the scaffold (2.5 mm), can be infiltrated within 10 min if the permeability of the brick-
and-mortar scaffold is higher than 7 x 10"'7 m?. The estimated permeability is reasonable in that
the scaffolds with ceramic fraction of up to 80 vol.%, showed their permeability in the range from
10-1% m? to 10712 m?,27:28:64.65 Thys, the melt infiltration of the nacre-like scaffolds in this study can
be completed within 10 min despite the high viscosity of the BMG melt.
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Figure 11. Estimated infiltration heights of bulk-metallic glass melts into alumina. Estimated infiltration
heights of the BMG melt at 1153 K, assuming different values of permeability of the brick-and-mortar
scaffold in the range from 10™'® m” to 10""> m”. The calculation shows that the melt infiltration of the
nacre-like scaffolds in this study can be completed within 10 min despite the high viscosity of the BMG
melt.
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However, it should be noted that the permeability of a scaffold is proportional to the square of
the reinforcement size.?’ In this study, the micron-scale brick-and-mortar scaffolds exhibited a
lamellae thickness of 22 um, whereas the brick-and-mortar structure of natural nacre is some two
orders of magnitude finer, with a mineral thickness of ~250 nm.% Accordingly, synthetic nacre-
like scaffolds made this fine-scale, although reflecting the true architectural scale of the natural
material, would be far more difficult to infiltrate as the nano-scale features would induce a four
orders of magnitude smaller permeability than for micron-scale structures, which would result in
very slow kinetics of melt infiltration using the BMG (Fig. 11). Thus, for the future synthesis of
nano-scale nacre-like hybrid materials by melt infiltration, the length-scale of the scaffolds,
together with the viscosity and wettability of a molten alloy, will need to be carefully considered
to design feasible processing routes.

Assuming the slowest case that the half of width (1.25 mm) of the brick-and-mortar scaffold
was fully infiltrated by the BMG melt in 10 min at 1153 K, the minimum infiltration rate in this
study can be estimated as 7.5 mm-hr!. The pressureless infiltration rate of Zr-based BMG into the
brick-and-mortar alumina structure is higher than that of AlossMgs s alloy into 62 vol.% particulate
alumina scaffolds (3.3 mm-hr! at 1173 K)*. Compared to the Al-Mg alloy which requires
incubation time to wet the alumina due to the removal of the native oxide layer on the molten alloy,
the BMG melt perfectly wets the alumina within several tens of seconds. Thus, the rapid infiltration
in the alumina-BMG system is advantageous to control the interfacial strength that is affected by
the chemical reaction at elevated temperatures.

SECTION 3.3.2. Nature of the ceramic/metal interface.

The temperature used for infiltration had a marked effect on the flexural strength and fracture
toughness of both the lamellar and brick-and-mortar structures. This is particularly clear for the
samples with a nacre-like architecture, where samples infiltrated at 1153 K compared to the
materials infiltrated at 1273 K displayed a factor of four lower strength, yet a factor of three higher
toughness, caused by stable crack growth (and rising R-curve behavior) rather than sudden
catastrophic fracture. The latter characteristic of sustaining stable cracking following crack
initiation, without immediate catastrophic failure, represents an essential property of structural
materials. For the case of the 1273 K infiltrated brick-and-mortar materials, this resulted from
significant crack propagation along the BMG-mortar/alumina-ceramic interfaces. Indeed, all these
strength and toughness properties are primarily related to the nature of these interfaces.

In metal-ceramic systems showing reactive wetting, the interfacial bonding is affected by the
chemical reaction between melt and ceramic.*! Furthermore, as noted above, the BMG melt
infiltrated into the scaffolds can be partially or fully crystallized during solidification due to the
interface that acts as a site for heterogeneous nucleation. Thus, the effect of temperature on the
reaction and crystallization of the BMG mortar are vital issues to be considered to evaluate the
interfacial bonding in these nacre-like alumina/glass ceramics. Figures 12a and 12b show the
interface of the alumina/glass ceramics with a lamellar structure that were infiltrated at 1153 K
and 1273 K. The material infiltrated at 1153 K (Fig. 12a) shows sharp interfaces between the
metallic mortar and alumina, and a faceted crystalline (Zr,Cu) phase with a thickness of 0.3 + 0.2
pum. Any reaction products like ZrO, were not observed at the resolution of the SEM, indicating
the slow kinetics of the reaction (3Zr + 2A1,03 — 4Al + 3ZrO) at 1153 K. The material infiltrated
at 1273 K (Fig. 12b) shows erosion of the interface, which produces a rough boundary, due to the
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reaction between the BMG melt and alumina. It should be noted that voids (marked by yellow
arrows) and cracks are concentrated in the layer with a thickness of less than 2 pum between the
faceted Zr,Cu phase and alumina (marked as A in Fig. 12b). The layer also contained round-shaped
pores (marked by blue arrows) that were generated from grain pullout during mechanical
polishing. Examining this morphology, it is clear that the interfacial intermetallic layer provides a
weak interface that creates a tortuous path for crack propagation. This is further supported by the
micro-cantilever experiments, which showed a clearly weaker interface strength for the 1273 K
material (Figs. 10e and 10f) compared to the 1153 K material (Figs. 10c and 10d).

Lamellar, 1153 K : 1G | Lamellar, 1273 K

Figure 12. SEM micrographs showing the interface of the compliant-phase alumina/BMG ceramics
with a lamellar structure infiltrated at 1153 K and 1273 K. (a) The material infiltrated at 1153 K shows
sharp interface between the metallic mortar and alumina, and faceted crystalline (Zr.Cu) phase with a
thickness of 0.3 £ 0.2 um. (b) In contrast, the interface of the material infiltrated at 1273 K displays the
erosion of the interface, which produces a rough boundary, due to the significant reaction between the BMG
melt and alumina.

During solidification, the undercooled BMG melt experiences abrupt volume contraction
accompanied by crystallization. The Zr-based BMG used in this study shows about 1.5%
volumetric contraction if the BMG melt is fully crystallized at its melting point.*? To estimate the
degree of volume contraction in the metallic mortar, the crystallinity of the metallic mortar is
evaluated using a comparison of the heat of crystallization from the alumina/glass materials with
the heat of crystallization from the monolithic BMG from the DSC analysis** (Fig. 6). The
alumina/glass ceramics with a lamellar structure infiltrated at 1153 K and 1273 K has a crystallinity
of 6% and 47%, respectively, which is comparable to the ratio between the thickness of the
crystalline phase and that of metallic mortar in the materials with a lamellar structure (5% and
48%, respectively), as confirmed by microstructural analysis. Thus, a volume contraction of more
than 0.7% takes place in the metallic mortar when the lamellar scaffold is infiltrated at 1273 K and
then water quenched. Furthermore, the alumina/glass ceramics with the brick-and-mortar structure
infiltrated at 1273 K experience a volume contraction of the metallic mortar of about 1.5% due to
their high crystallinity (97%). The significant volume contraction within this material leads to the
formation of interfacial cracks or voids, resulting in a low flexural strength in the nacre-like
materials.
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As the brittle interface forms at higher temperatures, the crack patterns are more tortuous,
making it harder to propagate through the sample. The fracture toughness tests further support this
hypothesis because the brick-and-mortar samples infiltrated at 1273 K show significant crack
deflection compared to those infiltrated at 1153 K, as shown in Figure 8. The brick-and-mortar
material infiltrated at 1153 K has a much higher flexural strength associated with its stronger
ceramic/metal interface, but it appears to be too strong as the ceramic bricks fracture. In contrast,
the brick-and-mortar samples infiltrated at 1273 K show several extrinsic toughening mechanisms
(typical of natural nacre'#), such as inter-brick displacements, brick pullout and crack deflections,
leading to a significant increase in fracture toughness, compared to the corresponding structures
infiltrated at 1153 K. However, the decreased flexural strength of samples infiltrated at 1273 K
compared to the 1153 K ones is a strong indication that the alumina/BMG interfacial strength
decreases with higher infiltration temperatures.

So, what do we learn from this work with respect to ceramic brick-and-mortar structures?
Firstly, we have shown that it is possible to rapidly infiltrate a ceramic scaffold with a metal mortar
without any applied pressure using reactive wetting. Moreover, this can result in a high strength
structure due to a strong ceramic/metal (brick/mortar) interface in a high volume-fraction ceramic
structure as shown for infiltration at 1153 K. However, for toughness we require a combined
structure, ideally with high aspect-ratio fine-scale bricks, in conjunction with a mortar that permits
some degree of inter-brick displacements to alleviate any locally high stresses. We achieved this
with the structure infiltrated at 1273 K. Instead of outright catastrophic failure, the 1273 K
infiltrated structures displayed markedly rising R-curve behavior (Fig. 8), where the inter-brick
displacements serve to stabilize the growth of incipient cracks, over crack extensions up to 1 mm,
with crack-growth toughness rising to the order of 14 MPa-m”. This is what nacre-like structures
can offer. The limited inter-brick displacements can lead to crack deflection and most importantly
brick pull-out and crack bridging, which act to stabilize crack growth; there is little change in
crack-initiation toughness as the extrinsic toughening mechanisms solely enhance the crack-
growth toughness.® This is also underlined by the microfracture experiments (Fig. 10), which
clearly show that the interface strength is rather poor and most toughening arises from the
microstructural alignment with respect to the crack path. A significant increase in initiation
toughness is conceivable but must involve strengthening of the interface properties.

Clearly, the Achilles’ heel of these structures is that the inter-brick displacements need to be
within the mortar and not along the interface, as in the present high-toughness structure infiltrated
at 1273 K. There are two problems with interface cracking. Whereas it still provides means to
alleviate high local stresses and confer good toughness, weak interfaces invariably result in low
strength, which one can readily appreciate by comparing the flexural strength of the 1273 K
infiltrated structure to that infiltrated at 1153 K. Additionally, as noted above, the properties of
metal-infiltrated nacre-like structures are predicted to be far superior to those of polymer-
infiltrated structures because of the higher tensile/shear strengths of metal mortars;'> however, for
this to be realized, the inter-brick displacements naturally have to be within the mortar. For brick-
and-mortar architectures, such behavior has been achieved in the high-toughness alumina-PMMA
structures, where the ceramic-polymer interfaces were strengthened by grafting techniques,'* and
in coextruded (but very coarse-grained) alumina-nickel structures,’! but to our knowledge it has
yet to be achieved with nacre-like, fine-grained, metal-infiltrated ceramic structures.
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SECTION 3.4. CONCLUSIONS

Concerning the damage-tolerant behavior of nacre-like (brick-and-mortar) alumina ceramics

infiltrated with metallic mortar of a Zr-based BMG, the following conclusions can be drawn:

Alumina-BMG ceramics with nacre-like structures with high alumina fraction up to 80 vol.%
were rapidly synthesized using freeze-casting followed by melt infiltration. The excellent
infiltration behavior, showing rapid and complete infiltration without any applied pressure,
was attributed to the strong chemical interaction and excellent wetting behavior between the
BMG melt and alumina. These results show that BMGs or any alloys with fast and excellent
wettability on ceramic can be infiltrated in a ceramic preform with a high volume fraction and
complex architecture to synthesize advanced bio-inspired structural materials with exceptional
mechanical properties.

The infiltration temperature has a marked effect on the interfacial properties of the resulting
ceramic materials. The reactive wetting of BMG with alumina provided strong interfacial
bonding when infiltrated at lower temperature (1153 K), but the chemical reaction at higher
temperature (1273 K) and crystallization of the BMG melt resulted in the formation of weak
ceramic-metal interfaces.

These effects of infiltration temperature resulted in a trade-off between the strength and
toughness of the compliant-phase ceramic materials. In samples infiltrated at 1153 K, the high
interfacial strength led to higher strength in the alumina-glass ceramics, but low toughness due
to the brittle nature of the metallic matrix. The samples infiltrated at 1273 K exhibited high
fracture toughness, with stable crack growth, and hence resistance-curve behavior, up to stress
intensities of 14 MPa-m”, due to interphase displacements between the bricks. However, their
strength was low because these displacements (and ultimately failure) occurred along the
interface as opposed to within the mortar layer, such that nacre-like failure mechanisms were
not perfectly mimicked.
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Chapter 4

Bioinspired Nacre-like Alumina with a Metallic Nickel Compliant-
Phase Fabricated by Spark-Plasma Sintering

The objective of the present study is to an develop a “bottom-up” processing procedure that can
make lightweight structural materials in the form of alumina with a fine-scale nacre-like brick-
and-mortar structure but consisting of 95 vol.% ceramic with a metallic nickel compliant (mortar)
phase because conventional top-down processing such hybrid ceramics with a metallic compliant
phase is difficult as metals do not generally wet ceramics and thus cannot be readily melt-infiltrated
into a (e.g., freeze-cast) ceramic scaffold. Processing techniques such as freeze-casting (ice
templating),'4!8:19-21.7275 Jayer-by-layer alignment,'>7° coextrusion,’”' magnetic platelet alignment
and vacuum filtration assisted alignment’®’’ have been used to recreate brick-and-mortar
microstructures. Using polymeric mortars, the nacre-like ceramics avoid sudden catastrophic
failure by stabilizing slow crack growth in the form of crack-resistance (R-curve) behavior,
although they cannot be used at elevated temperatures due to the presence of polymer
phase. 1415767879

Theoretical micro-mechanical modeling!!' of synthetic “brick-and-mortar” materials though has
indicated that metallic mortars may further enhance the strength and toughness properties (and
naturally permit higher-temperature operation) due to their higher shear/tensile strength, provided
the mortar strength does not exceed the brick strength. If the mortar strength does exceed the
strength of the ceramic bricks, the bricks will simply fracture; this will immediately curtail the
extrinsic toughening generated by crack bridging and brick pull-out, with the result that the
structure will fracture catastrophically with a low toughness characteristic of the monolithic
ceramic. However, to realize the full effect of a metallic mortar, the bonding between the mortar
and the bricks must be strong enough so that the vital inter-brick displacements are within the
mortar, and not along the brick-mortar interfaces. Nickel is an ideal metallic mortar because of its
high melting point, strength, and ductility, but for it to function as a reliable compliant-phase
surrounding the alumina bricks in the final nacre-like structure, it must not completely dewet from
the ceramic.

We achieved this by coating alumina platelets with a comparable size to the mineral platelets in
natural nacre with nickel oxide or nickel,*® which were then aligned using slip casting prior to
spark-plasma sintering (SPS) at 1100°C or 1200°C, as summarized in Figure 1. The advantage
of the spark-plasma sintering is that it can limit grain growth and maintain the high aspect ratio
of the platelets, given the correct composition and sintering conditions, due to its combination of
high applied pressures and remarkably high heating rates of over 300°C/min, compared to
conventional heating which is typically limited to ~20°C/min. Two batches of materials were
cast: one made solely with Ni-coated platelets, the other with a mixture of NiO-coated and Ni-
coated platelets. This study highlights the importance of including NiO-coated alumina platelets
and optimal sintering temperatures to create materials with a strong interphase between the
ceramic and metal, in order to develop bioinspired, “nacre-like”, ceramics with high toughness
and acceptable strength for structural applications.
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SECTION 4.1. METHODS
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Figure 1. Schematic of slip casting and sintering of bioinspired materials

Slip casting of Ni- and NiO-coated alumina platelets, followed by spark-plasma sintering
(SPS), was used to produce metal/ceramic bio-inspired composites. The starting alumina material
(Alusion®, Antaria Limited, Australia) was in the form of platelet with a diameter of 8 ~ 10 um
and thickness of 500 nm ~ 800 nm (Fig. 2b). The aspect ratio of the diameter to thickness was
~10 — 20, which was selected to approximately match the size and aspect ratio as the aragonite
mineral bricks in natural nacre?.

SECTION 4.1.1. Coating Alumina Platelets

Before processing, the as-received alumina platelets were coated with a nickel shell using a
coating procedure modified from Shen, et. al.*3, with a flow chart summarizing the processing of
the core-shell platelets is shown in Figure 2a. The alumina platelets were suspended in deionized
(DI) water with a concentration of 20g/L. The suspension was magnetically stirred and aqueous
solutions of nickel sulfate heptahydrate (Sigma Aldrich, St. Louis, MO) and ammonium
bicarbonate (Sigma Aldrich, St. Louis, MO), respectively with a molarity of 0.8M and 1.5M, were
added into the suspension gradually to initiate the precipitation reaction. The solutions were
maintained, with stirring, at 25°C for 12 hr. Subsequently, the platelets were washed and filtered
four times with DI water, followed by drying in 60°C air for 12 hr. The dry platelets were
calcinated at 600°C for 2 hr with a heating rate of 1°C/min in an air furnace (Thermolyne, Thermo
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Scientific, Waltham, MA). A small subset of the platelets can be set aside as the NiO-coated
platelets. The remaining platelets were treated for 2 hr under hydrogen at 600°C with a heating
rate of 5°C/min using an Abar 90 furnace (Cherry Valley, IL) in order to reduce the NiO coating
to nickel. The morphology and the element distribution of these platelets were characterized by
scanning electron microscopy (SEM) (JSM-5700F, JEOL, Japan) and energy dispersive
spectroscopy (EDS) (NORAN System 7, Thermo Fisher Scientific, Waltham, MA).

a)
Precipitati . .
o aaes Al203 +NiCO3-2Ni(OH)2
] —1
A0 600°C .
2 3\ ’ calcination MAI203 +Ni
Al203 +NiCO3:2Ni(OH)2-:2H20 700°C
c) Reduction in H2

Figure 2. Fabrication of core-shell Ni/Al,O; platelet (a) Flow chart summarizing procedure used to coat
the alumina platelets with nickel. (b) SEM micrograph of alumina platelets after coating. (¢) EDS mapping
of nickel coated alumina platelets that indicate how the platelets have been completely coated with nickel.

SECTION 4.1.2. Slip Casting and Spark Plasma Sintering

In order to build nacre-like ceramic/metal composites, the coated alumina platelets have to be
pre-aligned and subsequently densified, as summarized in Figure 1. Slip casting of slurries with
~50 wt.% solid loading was selected to pre-align the platelets and to produce green bodies with
high packing density. To study the effects of composition on nickel wetting behavior over the
ceramic platelets, slurries with two different compositions were prepared: one where only Ni-
coated platelets were sintered together and another with a mixture of 20 wt.% NiO and 80 wt.%
Ni-coated alumina platelets. The suspensions, which contained 10 vol.% polyvinyl alcohol (PVA)
22000 (VWR, Belgium) and 4 vol.% Dolapix CA (Zschimmer & Schwarz, Germany) to aid with
green body strength and dispersion, were manually stirred and degassed under a vacuum. The
suspensions were mixed with 63 vol% water using a Thinky ARE-250 planetary mixer for 2 mins
at 2000 revolutions per minute and 800 rotations per minute with a 2-minute degassing step in
between the mixing step. The slurries were then poured into a pre-prepared cast mold and left to
settle for one day. The resulting samples were subsequently dried at 37°C for 24 hr and then baked
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at 100°C for 48 hr. The bulk pellets consisting of core-shell platelets were placed into a 20-mm
cylindrical graphite die for uniaxial pressing. The polymer binder in the pellets was burnt out in
an inert argon atmosphere at 500°C, using a conventional graphite furnace (FCT Systeme,
Effelder-Rauenstein, Germany), with a 1-hr hold time, with an initial heating rate of 1°C per
minute.

To form the actual compliant-phase ceramic, spark-plasma sintering was chosen as the
sintering technique to bond the coated alumina platelets together. In the present work, the sample
was compressed between two graphite punches inside a 20-mm diameter, cylindrical graphite die,
and heated by passing an electrical current through it. Specifically, our materials were sintered
using an SPS furnace (HPD 25/1 furnace, FCT Systeme, Germany) under vacuum at 1100°C and
1200°C for 10 mins with an applied compression load of 55 MPa, before being slowly cooled to
room temperature. The resulting samples were measured using the Archimedes method. A cross-
section of the aligned alumina platelets after uniaxial pressing is shown in Figure 3.

Figure 3. Scanning electron micrographs of the fracture surfaces of Ni+NiO-alumina samples
sintered at 1100°C (A) and 1200°C (B) and Ni-alumina samples sintered at 1100°C (C) and 1200°C
(D). The insets are fast Fourier transforms obtained from each SEM image. Based on the anisotropic nature
of the fast Fourier transformed images, it is clear that samples were well aligned. It is particularly
interesting to note how the basal planes are facing a uniform direction, avoiding any stacking card faults.
All scale bars represent a length of 30 um. In this image, it is clear that samples are well aligned and a
particularly interesting note is how the basal planes are facing a uniform direction, avoiding any stacking
card faults.
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SECTION 4.1.3. Mechanical Testing

To prepare for microstructural characterization and mechanical testing, the sintered samples
were cut perpendicular to the aligned direction with a diamond coated saw and carefully polished
using a diamond grinding discs with a final polish at 0.5 um. The resulting 12-mm long beams
for flexural strength and fracture toughness testing had a square cross section of ~2.5 x 2.5 mm
with a length of 12 mm, in general accordance with the respective ASTM D7908! and ASTM
E1820 Standards®. Flexural strength was measured on unnotched samples loaded in three-point
bending (with a loading support span of 10 mm) on an Instron 5944 electro-mechanical testing
system (Instron Corporation, Norwood, MA) at a displacement rate of 1 mm/sec.

Corresponding fracture toughness measurements were conducted using notched versions of
the same samples, i.e., single edged-notched bend SEN(B) samples. The notches were initially
made using a low-speed diamond saw, before the notch root was sharpened using a micro-
notching technique involving the polishing of the root with a razor blade immersed in a 6-um
diamond slurry under a steady load. With this technique, the resulting root radii of the notches
averaged between 6 and 20 um. The samples were then tested with an in situ Deben MicroTest
2kN (Deben, UK) three-point bending rig (with a 10 mm loading span) at a displacement rate of
0.033 mm/min mounted inside a Hitachi S-4300SE/N (Pleasanton, CA) scanning electron
microscope (SEM) measure the crack-initiation fracture toughness and any subsequent subcritical
crack growth, i.e., the crack resistance or R-curve, while simultaneously measuring the crack path
and imaging in real time the interaction of this path with the microstructural features.

Further details are given in the ASTM Standard E1820% and a previous study'* for fracture
toughness measurements.

SECTION 4.2. RESULTS

SECTION 4.2.1. Processing Methodology

By examining the fracture surfaces of sintered samples of the our compliant-phase Ni-Al>,O3
and Ni+NiO-ALO; ceramics in the SEM (Fig. 3), it is readily apparent that slip casting
successfully aligned the micron-scale alumina platelets coated with nickel. Moreover, following
SPS, the materials were completely sintered, showing a dense texture with nickel content in the
final processed material of ~5 wt.%.

The addition of the nickel oxide-coated platelets is key for improving the nickel wetting over the
ceramic platelets and achieve a homogeneous distribution within the material.®? Two different
batches of materials were cast in order to study the effects of slip composition on the final sample.
One batch had nickel-coated alumina platelets while the other had a mixture of nickel oxide-
coated platelets and nickel-coated platelets. Nickel oxide was used because as the oxide of the
metal, it can be used to create favorable wetting conditions with nickel. Past work on wetting
angles between metals and oxides have shown that low oxygen concentrations, such as a heavily
reducing graphite environment under vacuum, can lead to dewetting between the materials, as
discussed in section 2.3.%! However, with controlled increases in oxygen concentration, wetting
angle decreases without any reaction at the interface. As a result, the addition of nickel oxide
serves to limit dewetting by the nickel. After sintering at 1100°C, samples made with a blend of
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Ni-coated and NiO-coated platelets were subject to limited nickel dewetting and platelet-to-
platelet sintering (Fig. 4a), whereas those made with solely Ni-coated platelets were susceptible
to dewetting (Fig. 4c), leading to small agglomerates of nickel between the alumina platelets.
However, there are some discontinuities in the nickel layers when the Ni+NiO-coated alumina
were sintered at 1100°C (Fig. 4e). Samples sintered at 1200°C and above, for both Ni+NiO-coated
and Ni-coated alumina compositions showed evidence of more extensive nickel dewetting and
alumina grain growth (Fig. 4b, 4d, and 4f), leading to a breakdown of the brick-and-mortar
structure. This was confirmed using energy-dispersive x-ray spectroscopy (EDS) in the SEM; line
scans shown in Figure 4a and 4b indicate larger aggregations of nickel in samples sintered at
1200°C, compared to the sheets of interphase nickel in the 1100°C samples. Samples sintered
below 1100°C did not fully sinter, and thus were not considered for further study.

Figure 4: SEM micrographs illustrating the nature of the nickel “mortar” formed within Ni+NiO-
coated alumina and Ni-coated alumina. In the Ni+NiO samples, sintering at (a) 1100°C generates sheets
of nickel that sits between the alumina platelets with some discontinuities at higher magnification (e),
whereas sintering at (b) 1200°C causes the nickel to dewet and act as ball-shaped impurities in the alumina.
When sintered at (f) 1300°C, the Ni+NiO samples display further nickel dewetting and alumina grain
growth. For the Ni-coated alumina material, dewetting of the nickel mortar, is observed at both sintering
temperatures, (¢) 1100°C and (d) 1200°C. The blue lines are EDS line scan results to show changes in
nickel content. The scale bars are 5 pm for all images, except (e) where it is 2 pm.
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SECTION 4.2.2. Mechanical Properties

The mechanical properties of the compliant-phase Ni-alumina and Ni+NiO-alumina ceramics,
for the two conditions of spark-plasma sintering at 1100° and 1200°C, were evaluated with respect
to their flexural strength and fracture toughness and compared with the corresponding properties
of fine-grained monolithic alumina. The flexural strength of alumina is typically on the order of
410 MPa®?; although it clearly depends on such factors as grain size, sample size, and so forth, an
in-depth series of measurements gave values varying between 267 and 358 MPa.®* The mean
flexural strength of our Ni+NiO-alumina sintered at 1100°C was 297.1 + 43.1 MPa with some
samples displaying strengths as high as ~350 MPa. Conversely, when extensive dewetting of
nickel occurred, as seen in the corresponding the Ni-alumina materials, the flexural strength of
the sample decreases markedly to ~85+ 9.15 MPa. The mean flexural strength of the Ni/NiO-
alumina sintered at 1200°C was 246.5 + 30.4 MPa, which again is nominally comparable to that
of monolithic alumina (Fig. 5a), but it is 17% lower than that of our 1100°C Ni+NiO-alumina
ceramic. The Ni-alumina sample sintered at 1200°C, which also displays extensive dewetting of
nickel, has a flexural strength of ~118 = 19.3 MPa, which is fairly comparable to the strength of
its counterpart sintered at 1100°C.
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Figure 5- Mechanical testing results for samples summarized in bar graphs and crack-resistance
curves. Summarized mechanical testing results in bar graphs, showing (A) flexural strength and fracture
toughness test results. The Ni+NiO-coated samples sintered at 1100°C show (B) R-curve behavior that
enhances the fracture toughness of the material from ~8 MPa-m” to 16 MPa-m” associated with slow
(stable) crack growth, toughness behavior that is far superior to that of fine-grained monolithic alumina
(and even nacre). In contrast, the samples sintered at 1200°C or with only Ni-coated platelets display no
R-curve behavior and fracture catastrophically with a fracture toughness lower than alumina. The unfilled
points are data points that are not strictly “valid” according to ASTM Standard E1820 because they exceed
the maximum crack extension for the size of the test specimens. SEM micrographs with 5 um scale bars
illustrate salient toughening mechanisms in the Ni+NiO-coated alumina samples sintered at 1100°C.

Whereas the strength does not vary that much with the appropriately sintered compliant-phase
aluminas and monolithic alumina, the fracture toughness shows stark differences between these

48



materials. All the Ni-alumina samples fractured catastrophically at a particularly low toughness
without any evidence of stable crack growth, i.e., with no R-curve behavior (Fig. 5b). Specifically,
Ni-alumina samples sintered at 1100°C had an average fracture toughness of 1.2 + 0.05 MPa-m”,
whereas those sintered at 1200°C, had an average fracture toughness of the Ni-alumina samples
are 2.55+0.21 MPa-m”. These values are even less than those reported for monolithic alumina.®?

The most critical result is how the presence of NiO-coated as well as Ni-coated alumina
platelets drastically affects the fracture toughness. Such Ni+NiO-coated alumina samples sintered
at 1100°C display stable crack-growth behavior, as indicated by the rising R-curve behavior
shown in Figure 5b, which elevates the toughness by a factor of two from ~7.8 MPa-m” to 15.9
MPa-m” by stabilizing the extension of subcritical cracks.”  Such R-curve behavior for the
Ni+NiO-alumina sintered at 1100°C represents a six-fold increase in fracture toughness compared
to samples sintered at 1200°C, which suffer sudden catastrophic fracture at 2.48 + 1.10 MPa-m”
with no evidence of rising R-curve behavior. Indeed, our compliant-phase Ni/NiO-alumina
samples sintered at 1100°C are also significantly tougher (by ~2-4 times) than monolithic
alumina.

SECTION 4.3. DISCUSSION

In this work, we have made a bioinspired “nacre-like” alumina ceramic in the form of a “brick-
and-mortar” structure where the size and aspect ratio of the alumina bricks approximately matches
that of nacre, with a volume fraction of ceramic over 90%, again matching nacre. We have further
accomplished the difficult task of creating a metallic (nickel) mortar between the alumina bricks
by applying a nominally “bottom-up” approach of using Ni- and NiO-coated alumina platelets,
oriented through slip casting, and bonded using spark-plasma sintering. With the current
processing method of metal-coated ceramic platelets, slip casting followed by isostatic pressing
within the SPS, clearly provides for relatively good alignment of the platelets. This is important
as if the platelets are not well-aligned, porosity can be induced such that the material cannot be
sintered to full density, with a resulting loss in strength and toughness.

Too high sintering temperature is clearly detrimental too, as seen in samples sintered at
1200°C. Despite the addition of NiO-coated platelets, the Ni still dewets and forms balls of metal.
One contributing factor is the highly reducing atmosphere of the SPS which can deplete oxygen
in the system at higher temperatures, making it difficult to prevent nickel dewetting. Additionally,
the platelets are able to sinter together to form a material that can be best described as alumina
with a long-grained microstructure and nickel-based inclusions, with a consequent dramatic loss
in toughness comparable to pure alumina. The dewetted nickel phase clearly no longer functions
as a compliant-phase mortar, but it introduces defects into the alumina microstructure, leading to
a lower strength and fracture toughness than the monolithic alumina.

" Note that the data points beyond 15.9 MPa-m” are not representative of the fracture toughness of the
material. The “concave-up” shape of the R-curve is a strong indication that the sample is too small compared
to the extent of crack-tip shielding, such as crack bridging; as such, it is not indicative of the inherent
properties of the material, similar to how plasticity affects the linear-elastic fracture mechanics fracture
toughness of materials tested in specimens that are not large enough compared to the size of the crack-tip
plastic zone. The result is that the measured fracture toughness values become size-dependent.
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Figure 6: SEM images illustrating the salient toughening mechanisms in the Ni+NiO-coated alumina
samples sintered at 1100°C. (a) Macroscopic crack path showing significant crack deflection and elastic
bridging at the length-scale of hundreds of micrometers (the red circles indicate signs of uncracked
ligament bridging). (b) Crack bridging by ceramic “brick” pull-out at the <10 pwm length-scale; this image
represents the yellow inset in (a). SEM micrographs with 5 pm scale bars for (C) and (D) illustrate evidence
of nickel tearing. Although there is some Ni dewetting based on the brighter areas in (C), evidence of
nickel tearing (highlighted by blue arrows) and ceramic “brick” pull-out are observed. The fracture surface
in (D) shows more signs of nickel tearing in between the platelets, indicated by the blue arrows, with
untorn nickel in the blue region. This suggests that the inter-brick displacements and the resulting inter-
brick failures may occur within the nickel mortar phase rather than along the Al,Os-ceramic/Ni-metal
interface.

In contrast, the Ni/NiO alumina materials sintered at 1100°C were left with a distributed
nickel phase along the ceramic brick interfaces. The stretched and torn pieces of nickel shown in
Fig. 6¢ and 6d suggest that the inter-brick displacements and hence the eventual failure path in
these materials occurred within the nickel mortar layers. This phenomenon, which is very
significant for the resulting toughness was likely caused by the combination of the rapid sintering
using SPS, the pressure that aids flow of melted nickel, and the appropriate oxygen content to aid
wetting. This allows for limited inter-block displacements — the key mechanistic feature in nacre-
like materials for conferring toughness through the plasticity of the mortar phase.

50



This key for limited inter-block displacements is an even coating or “sheet” of Ni between the
bricks, which was only possible due to the addition of NiO-coated, as well as the Ni-coated,
alumina platelets, which acts to prevent the dewetting of nickel during sintering. Although SPS
is very powerful due to its rapid sintering capabilities and continuous applied pressure, without
any equivalent rapid cooling processes, the nickel will dewet during the cooling half of the
sintering process. By including these NiO-coated platelets, the material is encouraged to spread
across the platelets, as opposed to dewet. As a result, we attained fully dense samples with a
coating of nickel acting as the mortar between the bricks. By allowing the material to display
crack bridging and deflection (Fig. 6a), brick pull-out (Fig. 6b), as well as mortar phase tearing
(Fig. 6¢c, 6d), as observed in nacre, SPS processing at 1100°C generates an impressive ceramic
with a flexural strength on the order of monolithic (untoughened) alumina but with a toughness
some 5 to 8 times larger.

While there is a remarkable improvement to the mechanical properties of the material, the
mechanical properties of the materials produced using this technique still should be able to be
further improved, according to micromechanical analysis.!' Since the shear strength of nickel is
significantly higher than PMMA, the modeling results indicate that the fracture toughness should
increase along with the strength of the material. However, the materials produced in this study
cannot match the fracture toughness found in some of the freeze-cast alumina/PMMA systems.’
There may be several reasons for this. First, the ceramic content of the freeze-cast
alumina/PMMA materials have a significantly lower ceramic content at ~80 vol%, leaving a
higher ductile phase to improve the fracture toughness of the material. Whereas it is clear that the
inter-brick displacements essential for toughness in freeze-cast alumina/PMMA materials occur
within the polymer phase, with associated inelasticity, damage and tearing of the PMMA, in the
alumina/Ni materials processed up until now, these displacements have occurred at the
mortar/brick interfaces. This may be acceptable for toughness as it still permits inter-brick
displacements but the interface failure “short-circuits” the benefits of the higher tensile and shear
strength of the metal mortar, and more importantly results in low flexural strengths. Although the
evidence in Fig. 6 suggests the inter-brick displacements in the present slip-cast/SPS compliant-
phase ceramics occur within the metallic mortar phase rather than along the brick/mortar
interfaces, we are not completely certain that this is always the case as the nickel layers are very
thin and at times discontinuous (Fig. 5¢), such that the nickel content in the current materials may
be too low to act as a completely effective “lubricating” layer between the platelets. This issue
still remains the “Achilles heel” of these brick-and-mortar ceramic structures — that of an effective
metallic mortar with definitive strong bonding to the ceramic bricks - which has, as yet, to be
satisfactorily realized. This implies that if the theoretical predictions for these synthetic nacre-
like ceramics are right, there still may be compliant-phase ceramics that can be processed with
even larger combinations of strength and toughness that have been recorded to date. This remains
the grand challenge in the development of new bioinspired lightweight structural materials in the
image of natural nacre.

Nevertheless, the results of this work illustrate how critical it is to incorporate an
understanding of metal wetting on ceramics to create damage tolerant bioinspired ceramic with a
metallic lubricating phase. The mechanical properties of our Ni+NiO-alumina ceramics have
acceptably high strength and very high fracture toughness relative to other efforts in creating a
bioinspired ceramic with a <10 vol% metallic phase (Fig. 7). On the basis of theoretical
modeling,'* these microstructural metrics match the optimal design for a nacre-like compliant-
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phase ceramic with a high volume fraction of ceramic, micrometer-scale ceramic bricks with a
large aspect ratio (>10), and a metallic mortar. Slip-casting has been used previously to create
nacre-like ceramics with a metallic mortar, but this involved magnetically-assisted procedures®-3
and the toughness of the resulting alumina/copper or alumina/nickel materials were significantly
lower than the ceramic materials developed here. Coextrusion methods have also been successful
in achieving nacre-like structures with high volume fractions (>90 vol.%) of ceramic bricks and
a metallic mortar, but these structures tend to be far coarser, with brick dimensions in the hundreds
of micrometers. Ni-compliant-phase alumina ceramics processed this way can display good
toughness exceeding 11 MPa-m”, but invariably have very low flexural strengths of 110-160
MPa.”! Indeed, this is the first nacre-like ceramic with a metallic mortar that displays the
combination of an ambient-temperature strength comparable to monolithic alumina but with a
four-fold increase in fracture toughness, a material which was only made possible by the use of
NiO-coated, as well as Ni-coated, particles and rapid SPS processing at the correct temperature.
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Figure 7: Comparison of materials produced in this study to other nacre-inspired alumina/metal
composites. The reported mechanical properties of bioinspired (nacre-like) alumina ceramics containing
less than 10 vol.% metallic mortar are compared to samples discussed in this chapter to illustrate how the
composition, processing, and sintering temperature can affect their damage-tolerance (strength and
toughness).5,39,7l,84,86—88
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SECTION 4.4. CONCLUSIONS

Using heterogeneous precipitation to form Ni- and NiO-coated micrometer-scale alumina

platelets, with dimensions comparable to the mineral bricks in natural nacre, we have used slip
casting to align the platelets into a brick-like configuration followed by spark-plasma sintering to
create a nacre-like, brick-and-mortar, alumina ceramic structure comprising a high volume (~95
vol.%) of ceramic and 150-nm thin inter-brick layers of nickel acting as the mortar.

Based on the structural and mechanical characterization of these bioinspired structures, the
following conclusions can be made:

l.

Spark plasma sintering provides an effective way to sinter these materials while avoiding
grain growth and nickel dewetting. However, although this was successfully achieved in the
present work by sintering at 1100°C, sintering at a higher temperature (1200°C) caused the
dewetting of the nickel which balled-up into discrete spheres, with the result that the material
suffered a total loss in toughness through failed sudden catastrophic fracture.

Conversely, for the 1100°C SPS compliant-Ni phase alumina ceramics processed in this
study, a flexural strength of ~300 MPa was achieved which is comparable to that of monolithic
alumina, even with the inclusion of the nickel phase. Moreover, akin to natural nacre, the
brick-and-mortar structure generated several extrinsic toughening mechanisms, notably
ceramic brick pull-out leading to crack bridging and crack deflection, which resulted in stable
cracking, R-curve behavior and a toughness of almost 16 MPa-m”, four times larger than
monolithic alumina.

The damage-tolerant properties of these compliant (metallic) phase ceramics may be further
improved by maintaining a continuous metallic layer between the ceramic bricks, with a
sufficiently strong ceramic-metal interface to ensure that all the micrometer-scale inter-brick
displacements, which are essential for toughness, are confined to within the metallic layer.
We believe that this will lead to even higher fracture toughness in bioinspired, nacre-like,
ceramics, without compromising their strength.
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Chapter 5

Summary and Future Work

Nacre has the brick-and-mortar microstructure that imparts damage-tolerance by using the
mineral bricks for strength and the biopolymeric mortar to promote some degree of ductility and
hence toughness. The sliding behavior within the mortar is essential for toughening, but it must
be limited to retain the strength of the material. This is possible through a combination of
features, such as the presence of ceramic bridges that connect the platelets, the nano-asperities on
the platelet surfaces, and the tensile and shear strength of the biopolymers that act as a glue
between the platelets?. There are multiple scales of features within the design of this very simple
brick-and-mortar microstructure that enables high strength and toughness for this material. This
study uses two processing approaches to recreate the microstructure of nacre with a metallic
compliant phase. The processing approaches are top-down and bottom up approaches introduce
different challenges to replicating the toughening mechanisms of this material.

In the top-down approach, a freeze-cast alumina scaffold is pressurelessly infiltrated with a
BMG-forming alloy. The results indicate that pressureless metal infiltration is possible with
BMG-forming alloy because it reactively wets the surface of alumina in approximately 10
seconds. The near-perfect wetting combined with how its viscosity is so sensitive to temperature
makes it feasible to infiltrate a freeze-cast brick-and-mortar ceramic. However, there is a tradeoff
between strength and toughness between materials infiltrated at 1273 K and 1153 K. This is
caused by differences in interfacial strength between the two materials. When the material 1s
infiltrated at 1153 K, the crack tends to be more tortuous and deflects along the interface
between the ceramic and metallic phases. This leads to stable crack behavior and higher fracture
toughness. However, its flexural strength is very low. This tradeoff occurs because as the
material fails along the interface between the metallic and ceramic phases, it prevents the
metallic mortar phase from dissipating any local stress concentrations. On the other hand, when
the materials are infiltrated at 1273 K, the interfacial strength is higher and the flexural strength
is comparable to monolithic alumina. It has a lower fracture toughness because its bricks tend to
fail before any deformation occurs within the metallic phase because the mortar strength exceeds
the strength of the bricks. As a result, tuning interface means tuning its macrostructural
properties because the toughness of these materials is driven by the interfacial layer.

The bottom-up processing approach has illustrated potential in creating a nacre-like material by
coating alumina platelets with nickel and sintering it together rapidly using spark plasma
sintering. Slip casting has successfully aligned the platelets together. The addition of alumina
platelets coated with nickel oxide in the slurry has provided enough oxygen within the highly
reductive sintering conditions to limit dewetting between the nickel and alumina phases. Once
the material has been sintered under the appropriate conditions, the material can replicate the
damage tolerance found in nacre. Therefore, the critical components to create a nacre-like
ceramic are good alignment between platelets, limited nickel dewetting, and adhesion between
the brick and mortar.

As a result, under the appropriate sintering conditions, the bottom-up processing approach has
several advantages compared to the top-down approach. It allows more control over the
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interfacial bonding conditions according to coating composition or what has been added to the
slurry during casting. There are also less barriers to incorporating the mortar phase. Viscosity of
the melt, interfacial reactions, and capillary pressures are limiting factors to how well infiltration
methods can mimic the microstructural features and damage tolerance of its natural counterparts.
The bottom-up processing technique can also recreate the size-scale of the brick-and-mortar
microstructures or the hierarchical features of its natural counterpart, unlike its top-down
processing counterparts.

Computational models reveal the potential to create new materials with unprecedented
combinations of properties by using the design principles to mimic the strength and toughening
mechanisms active in nacre. However, the materials produced in this work has not yet met the
full potential set by these computational models. In the future, it would be beneficial to continue
exploring the bottom-up processing techniques by incorporating roughness on the platelet
surfaces, adding alumina nanoparticles in the slurry during casting to encourage bridging
between platelets, recreating the bottom-up processing approach with platelets with various
aspect ratios, and incorporating a thicker layer of nickel by depositing thicker layers of nickel on
the surface of the alumina. Finally, these materials should be tested under high temperatures to
find its properties in extreme environments. By meeting the projected strength and toughness
found in computational models, these materials are extremely beneficial for aerospace, defense,
and energy applications.
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