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Thermal and Mechanical properties of AI/AIN interpenetrating phase composites with different

preform porosity

1.1 Introduction

In the contemporary world, rapid advancements and technological innovations in
materials science and engineering continually reshape human lifestyles and work
environments. The progress in science and technology, along with the advancements in
aerospace, the automobile industry, construction, and electronics, imposes higher
standards for material performance. Traditional materials, in turn, manifest various
limitations that hinder their ability to meet the progressively intricate and diverse
requirements. Consequently, there is a growing urgency in the research and
development of novel materials. Composites, emerging as a new material type, garner
significant attention[ 1-6].

Composite materials are novel materials with unique properties formed by
combining materials of diverse properties (polymers, metals, inorganic, and non-
metallic) through a specialized process[7-9]. Based on the type of reinforcing phase,
composites can be categorized into various types including particles, fibers, whiskers,
and three-dimensional continuous structures. Particles, whiskers, and fibers are
typically randomly dispersed within the traditional composite matrix, resulting in a
discontinuous reinforcing phase, which increases the likelihood of uneven distribution
and particle agglomeration during composite preparation[10—13]. Interpenetrating
phase composite (IPC) represents a novel composite material where the matrix and
reinforcing phase form continuous and interpenetrating structures in three-dimensional
space. This arrangement facilitates stress transfer and dispersion between phases,
inhibiting crack propagation, and consequently enhancing the mechanical properties of
the composite material. The types of reinforcing phases, matrix, as well as the
morphology and properties of interfaces significantly influence the properties of

composites possessing a three-dimensional continuous network structure. This
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innovative composite material exhibits superior mechanical and wear-resistant
properties compared to traditional composites, offering extensive application prospects
in aerospace, automotive, and other fields[14—18].

The three-dimensional interpenetrating network structure of metal-ceramic
composites finds wide applications across various classes of metal and ceramic
materials. These composites exhibit excellent electrical conductivity, thermal
conductivity, mechanical properties, and high-temperature resistance[19-23].
Organically combining metals and ceramics to construct a three-dimensional
interpenetrating network structure is expected to leverage the synergistic effects of both
materials and overcome their individual deficiencies, resulting in enhanced
performance. Within the metal-ceramic IPCs, predominant ceramic phases include
AlOs3, SiC, ZrO3, SisNg, TiC, TiB2, and Si0O,, while dominant metal phases comprise
Al, Ag, Mo, Ni, Cu, Cr, and Fe[24-33]. Limited research has been conducted on Al /
AIN IPCs. Al is renowned for its lightweight nature, high strength-to-weight ratio, and
excellent thermal conductivity, rendering it a versatile matrix material in composite
systems[7,34,35]. Conversely, AIN, with its high thermal conductivity, exceptional
thermal shock resistance, and electrical insulation properties, effectively complements
aluminum, rendering Al/AIN IPCs an attractive area of research for numerous industrial
and technological applications[36-38]. Hence, comprehensive investigation into the
microstructure, mechanical, and thermal properties of AI/AIN IPCs is of paramount

importance.
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1.2 Interpenetrating phase composites

1.2.1 Concept of interpenetrating phase composites

Interpenetrating phase composite materials (IPCs) constitute a novel class of
materials characterized by distinctive microstructures. At the microscale, each
constituent phase forms a distinct three-dimensional continuous network structure,
intertwining and interlacing with one another (as depicted in

Fig. 1-1). IPCs may not comprise independently existing particulate phases,
thereby eliminating the traditional differentiation between inclusions and matrix at the
microstructural level. Removal of any constituent phase from the material does not
preclude the formation of a porous structure capable of withstanding external loads by
the remaining phases[39—41]. While prevalent in biological organisms like the shell of
abalone, the dactyl club of mantis shrimp[42,43], the shell of bivalve mollusk[44,45]
and branches[46,47], interpenetrating phase composite materials are comparatively less

common in synthetic material research.

Biological architectures

S. purpuratus

Phase 1 Phase 2

Crossed-lamaller

Fig. 1-1 Examples of IPCs: a. Schematic diagram of IPCs[48], b. interpenetrating phase structures in
nature[49].
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IPCs can be broadly categorized based on their phase composition as follows:
Metal-polymer, ceramic-polymer, polymer-polymer, ceramic-metal, metal-metal, etc.
Metal-polymer IPCs generally exhibit favorable mechanical properties and thermal
conductivity, making them suitable for applications demanding wear resistance and
effective thermal management. Nonetheless, disparities in the coefficient of thermal
expansion between the metal and polymer may induce interfacial stresses, thereby
compromising the material's long-term stability[50-52]. The ceramic-polymer IPCs
merges ceramics' high hardness with polymers' flexibility, rendering it apt for crafting
wear- and impact-resistant components. Nevertheless, the brittleness of ceramics and
the limited thermal stability of polymers might curtail their application in high-
temperature settings[53,54]. Polymer-polymer IPCs can attain distinct physical and
chemical properties, like enhanced chemical resistance or electrical insulation, through
the amalgamation of diverse polymers. Nonetheless, this amalgamation may come at
the cost of other attributes, such as thermal conductivity or mechanical strength[55,56].
Metal-metal IPCs can be alloyed with various metals to optimize their properties, such
as enhancing strength or electrical conductivity. Nonetheless, processing them can be
challenging and they tend to incur higher costs compared to single-metal materials[57—
59]. Ceramic-metal IPCs typically exhibit exceptional resistance to high temperatures,
thermal properties, and mechanical strength, rendering them ideal for applications in

aerospace and similar fields. However, they can be heavier than single materials[60,61].
1.2.2 Preparation of interpenetrating phase composites

There are several broad methods of preparation of IPCs:

(1) In situ method

The in-situ reaction method employs chemical reactions occurring in the same
location to synthesize composites directly, forming three-dimensional interpenetrating

network structures at the microscopic scale. This approach is primarily employed in the
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fabrication of metal-ceramic IPCs. The composites exhibit excellent compatibility
between its reactive phase and other phases, along with stable interfacial
bonding[21,62].

There are 3 main types of situ reaction impregnation methods: 1) Direct Oxidation
method: This method involves simultaneously impregnating the preform with molten
metal and oxidizing it. This pioneering process for composite material synthesis was
developed by the Lanxide Company in the USA[63]. 2) Replacement reaction method:
This method involves an in-situ reaction between the prefabricated body and the molten
metal during the infiltration process, yielding a metal/ceramic composite material
characterized by a three-dimensional interpenetrating network structure. This method
is commonly employed to fabricate Al/Al,O3 IPCs[64]. 3) Chemical reaction method:
In the chemical reaction method, the reinforcing phase powders within the prefabricated
body undergo direct synthesis of the ceramic reinforcing phase, utilizing the substantial
heat released during the chemical reaction. Chen et al. fabricated TiC/Mg composites
exhibiting a three-dimensional interpenetrating network structure using this method[65].
The in-situ reaction method offers several advantages: simplicity in process, rapid
infiltration and solidification, high efficiency, superior material properties, low
production costs, and near net size molding. However, there are drawbacks, such as
limited flexibility, challenges in controlling filling speed, issues with slag collection
and exhaust, difficulty in controlling ceramic body morphology, tendency for
composite structures to develop sharp corners and holes, and the limitation to obtaining
nano-scale ceramic reinforced phases, thereby restricting the material's full
performance potential.

(2) Squeeze casting method

Squeeze casting involves creating a preform that matches the part's shape,
inserting it into a mold, pouring molten matrix alloy, applying pressure to facilitate

liquid infiltration into the preform, and sustaining this pressure during solidification,
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ultimately yielding a composite material (depicted in Fig. 1-2). The squeeze penetration
process comprises three discernible stages[66,67]. In the initial stage, the externally
applied pressure must surpass the threshold capillary resistance of the precast body to
facilitate melt penetration. This stage is succeeded by a continuous phase of melt flow,
during which the pressure escalates proportionally with the duration of melt infiltration
until the preform is filled with the alloy. The phase concludes upon reaching the
penetrating -through pressure. Subsequently, any remaining air is expelled through the
micropores and replaced by the molten alloy, marking the final stage of the process.
The primary parameters in this process include the preheating temperature of the

precast body, the injection temperature of the metallic fluid, and the pressure level.

Al alloy melt

Ceramic preform

Pouring Pressurization Solidification
Fig. 1-2 Schematic diagram of the squeeze casting process[39].

This method offers several advantages, including a simple process, good stability,
uncomplicated equipment, low investment, short production cycle, and easy scalability.
However, there are drawbacks to consider. These include the necessity for high-pressure
equipment and the requirement for well-sealed high-pressure molds, resulting in higher
production costs. Additionally, preform must possess a certain level of mechanical
strength. Furthermore, the production of complex-shaped parts, particularly small, thin-
walled electronic packaging components, is severely restricted.

(3) Pressureless infiltration method

Pressureless infiltration refers to the process of preparing composite materials with



Thermal and Mechanical properties of AI/AIN interpenetrating phase composites with different

preform porosity

a network structure. This process involves the spontaneous immersion of molten metal
into solid, porous preform through capillary action and gravity, without the application
of external pressure (Fig. 1-3). It is a widely employed and efficient technique for
fabricating composites with a high-volume fraction of reinforcing phases. Well
wettability between the molten material and the preformed body is crucial for ensuring
the efficient operation of the process.[68,69] The primary process parameters include
alloy composition, impregnation temperature, impregnation duration, and ambient
atmosphere. This method offers several advantages: a simple process requiring no high-
pressure equipment, enabling the production of large and complex structures. However,
there are several drawbacks associated with this method, such as the propensity for
shrinkage holes, weak interfacial bonding, extended impregnation time, and
susceptibility to variations in material properties, affecting the melting and infiltration

Process.

Metal

Preform

Fig. 1-3 Schematic diagram of the pressureless infiltration process[39].

(4) Gas pressure infiltration

The gas pressure infiltration technique uses gas pressure to aid in impregnating the
melt into the open preform, illustrated in Fig. 1-4 schematically. Initially, the vacuum
chamber containing the preforms and metal blanks is evacuated. Then, the temperature
is elevated to a specified level. Once the alloy has fully melted and coated the preform,
gas is introduced under a specific pressure to facilitate the infiltration of the melt into
the preform[70-72]. This method requires an initial vacuum of adequate strength to

evacuate air from the porous preform, ensuring the smooth infiltration of the melt into
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its pores. Temperature, applied pressure, and vacuum are critical process parameters in
gas pressure infiltration. Advantages encompass the capacity to address wettability
issues between the melt and the precast part, shorter processing times, diminished
reactions at the interface, and the eradication of porosity and shrinkage. The drawbacks

entail the requirement for high-pressure equipment and elevated costs.

Vacuum Vacuum

Solid metal Liquid metal

Preform Induction coil

Cooling system
Chill

Step 2

Fig. 1-4 Schematic diagram of the gas-pressure infiltration process[39].

(5) Vacuum infiltration method

Vacuum infiltration technology primarily utilizes negative pressure created under
vacuum conditions to infiltrate molten material into a preformed structure (Fig. 1-5).
The melt is initially heated to the specified temperature and melted. A continuous flow
of inert gas is then introduced into the preform. Subsequently, vacuum is applied,
immersing the preform in the melt. The composite is cooled to room temperature upon
completion of the infiltration process[73,74]. Vacuum infiltration offers significant

advantages including a broad range of applications, a streamlined production process,
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and easy parameter control. However, the drawback lies in the low solidification rate,
resulting in undesirable interfacial reaction byproducts and accelerated grain growth

within the metal phase.

Valve

m"ﬂ_ml | T wECUUm T

Rubker hose
Tt Coppar lubing

Themmacouple [———3j
Ha (6]
- — Hand crank
P — |

Alumina mat \\ // Quartz tube
.‘\"\
SiC foam ] 1
Malter B
aluminum gt Tq.. E
Silkcon carbide H =
crucible e e =
| - o= Conbroller
Fumace | Drill press stand |

Fig. 1-5 Schematic diagram of the vacuum infiltration process[75].

1.2.3 Application of interpenetrating phase composites

The primary motivation for the interest in IPCs stems from the effective
preservation of properties from each constituent phase, leading to superior overall
properties unattainable with single-phase materials. The structure of 3D
interpenetrating network composites, where reinforcements and tougheners permeate
and intersect in three dimensions, dictates their properties, including exceptional
mechanical, thermal, abrasion, and vibration damping characteristics.

Taking metal-ceramic IPCs as an example, significant advancements in porous
ceramics in recent years have catalyzed notable progress in the research and
development of metal-ceramic IPCs. This is because the primary method for preparing
such IPCs involves molten metal infiltrating the porous ceramic preform. The plastic
toughness of the continuous metal network in three dimensions hinders crack expansion,
while the robust ceramic network efficiently bears and transfers loads with its low

coefficient of thermal expansion ensuring dimensional stability at high temperatures.
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Consequently, it exhibits superior strength and toughness, alongside excellent
resistance to abrasion and fatigue. Additionally, it possesses a lower coefficient of
thermal expansion and thermal hysteresis compared to conventional particle-reinforced
composites, thereby leading to an extended service life during thermal cycling. Metal-
ceramics, owing to their unique properties, find extensive applications across various
sectors including automotive, electronics, and aerospace[39,76,77]. They are utilized in
diverse components such as emergency brake pads for automotive systems, piston tops,
cylinder liners, and connecting rods in internal combustion engines, as well as in turbo
compressors. Additionally, they serve as heatsink substrates in electronic packaging,
nuclear shielding materials, and electrode materials for batteries. Furthermore, their
high energy absorption capacity makes them valuable in mitigating vibrations in
seismic structures.

By combining the high strength and toughness of metals with the high damping
properties of polymers, metal-polymer IPCs can be engineered as specialty materials
with high strength, low modulus, and high damping characteristics. This material's
design flexibility and interpenetrating structure result in unique mechanical and
physical properties, making it suitable for various applications such as impact resistance,
damping, electromagnetic shielding, and phase change, which find extensive use in
aviation, aerospace, transportation, energy, and construction industries[78—81].

In engineering applications, these materials serve as impact-resistant materials for
protecting transportation vehicles from impacts, such as automotive bumper tubes filled
with aluminum foam/epoxy IPCs. Their lightweight, compact size, low energy
consumption, and ease of maintenance make them promising impact protection devices
in the transportation sector. In industrial manufacturing, gear sets composed of
aluminum foam/epoxy composites can exhibit damping ratios 8 to 20 times higher than
those of cast iron components. In earthquake-resistant building engineering,

metal/polymer interpenetrating composites are employed to fabricate diverse types of

11
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dampers. These dampers outperform conventional vibration-absorbing materials and
viscous fluid dampers in terms of energy dissipation and damping properties,
effectively mitigating the collision between neighboring buildings under seismic waves
with varying spectral characteristics and intensities. Due to its high damping, high
thermal conductivity, and low density, this material is exceptionally suitable for
manufacturing electronic equipment enclosures and compatible electronic devices,
serving as an excellent electromagnetic shielding material[50,51,82,83].

Metal/metal IPCs can address the wettability issue between two phases in
composite preparation, owing to the minor property differences between components,
facilitating the fabrication of 3D network composites with flawless interfaces via a
straightforward process. In recent years, additive manufacturing, primarily 3D printing,
has significantly advanced the research and production of metal/metal IPCs[57].

Various performance requirements can be achieved by combining different metals.
For instance, Ti-Mg composites IPCs desirable properties for biomedical applications.
Ti possesses low density, high strength, corrosion resistance, excellent biocompatibility,
and non-magnetic properties, making it of significant interest in the biomedical
field[84]. Mg also exhibits high specific strength, good damping properties, and
biodegradability[85,86]. Therefore, Ti-Mg IPCs are highly suitable for biodegradable
implants[87]. Besides its biomedical applications, NiTi-Mg IPC is also preferred in
automotive manufacturing for its outstanding damping properties. NiTi and Mg are
lightweight metals known for their good damping properties. Particularly, Mg exhibits
outstanding high-temperature damping properties, while NiTi possesses remarkable
shape memory, strain rate sensitivity, and high-temperature strength[88-90]. This
combination results in NiTi-Mg IPC demonstrating superior high-temperature damping
capabilities compared to its room-temperature counterparts|91]. Stainless steel-
aluminum IPCs also hold promising applications in ballistic protection. The distinct

impedance properties of both phases, along with their unique three-dimensional

12
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interpenetrating structure, enable them to efficiently reflect impact vibrations and
undergo minimal deflection and spalling damage in comparison to laminated
composites[92].

Ceramic/polymer IPCs show promising potential in dental material applications
owing to their biocompatibility, adequate strength, modulus of elasticity, and excellent
wear resistance[54,93]. Polymer-Polymer IPCs exhibit remarkable utility in
photovoltaics and soft robotics owing to their lightweight nature, exceptional flexibility

and elasticity, heightened stability, and outstanding electrical insulation properties[94].

13
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1.3 Porous ceramics

1.3.1 Classification and structural characteristics of porous ceramics

Porous ceramics are the predominant choice for IPCs preforms, and the rapid
advancement in porous ceramics research in recent years has significantly propelled
IPCs research forward. Porous ceramics are obtained through high-temperature
treatment, resulting in a significant number of closed or interconnected pores within the
ceramic material structure. These materials offer low bulk density, high specific surface
area, formidable strength, as well as corrosion and high-temperature resistance. Porous
ceramics can be categorized into two types based on their pore structure: honeycomb
ceramics and foam ceramics[95-97].

Honeycomb ceramics are typically structured in two-dimensional arrays of pore
units, such as cylinders and tetrahedrons. Current research is primarily focused on foam
ceramics, which are generally classified as either open-cell or closed-cell ceramics
based on the presence of solid walls within the pores. If the solid phase material forming
the foam only occupies the corners of the pores, the material exhibits open pores
distributed in three dimensions. Additionally, pore units can take forms such as
tetrahedral, trigonal, tetragonal, hexagonal, octahedral, dodecahedral, or icosahedral,
with interconnected pores, known as open-cell ceramics, characterized by high
permeability. Conversely, if the material features a solid closed surface and independent
pores, it is classified as closed-cell ceramic material. Generally, porous ceramics

contain both open and closed pores.

1.3.2 Preparation method of porous ceramics

The manufacturing process of porous ceramics directly impacts pore morphology,
size, distribution, and connectivity. Common preparation methods include:

(1) Direct foaming method
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The direct foaming method involves preparing porous ceramic materials by
incorporating a blowing agent into the ceramic components, which generates volatile
gases or foams through heat treatment or chemical reactions[98]. During
experimentation, the foam exhibits thermodynamic instability owing to its high surface
free energy, necessitating rapid curing in the slurry to achieve a high-strength ceramic
body.

(2) Foaming agent addition method

Pore-forming agents are added to ceramic powders to occupy space during billet
molding, subsequently removed at high temperatures, leaving voids in the sintered
ceramic body, thus creating porous ceramic material (Fig. 1-6). Commonly used
organic foaming agents include polyvinyl alcohol, starch, walnut shell powder, etc[99].
Carbon powder is another commonly used agent. This process can yield porous ceramic
materials of diverse shapes and pore types; however, particle agglomeration during

mixing often results in uneven pore distribution.

ﬁﬂixing of ceramic powder and PFAA

Addition of PFAs PEA
and green body
l fabrication
Green body fabrication Crmmicnowier Burning and

l sintering

Burning and sintering

Ceramic foam
Ceramic foam

Fig. 1-6 Process flow chart along with the schematic for foaming agent addition method[39].

(3) Freeze-casting method

The freeze-casting method, also referred to as the ice templating method or freeze-
drying method, is a versatile technique employed for producing open porous
ceramics[100,101]. The process entails the preferential nucleation and growth of ice

crystals under a defined thermal gradient (temperature below zero) applied to
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directionally freeze an aqueous solution containing a ceramic slurry. As ice crystals
form and grow in the slurry, they repel suspended ceramic particles, creating a natural
isolation of particles between crystals at the advancing solidification front. Upon
completion of solidification, sublimation takes place under reduced pressure,
converting the solid solvent into a gaseous state. Consequently, a porous ceramic foam
is obtained, directly replicating the structure of the frozen solvent. The final sintering
process is crucial for achieving sufficient strength and structural integrity (Fig. 1-7).

Ceramicslurry

Fig. 1-7 Schematic diagram of the freeze casting method[39].

(4) Organic foam impregnation method

The organic foam impregnation method utilizes prefabricated organic foam as a
template[ 102]. Ceramic slurry is then uniformly applied onto the foam's surface or the
foam template is directly submerged in the slurry, excluding air to ensure full wetting
of the foam template. Subsequently, drying and high-temperature sintering remove the
organic foam template while densifying the ceramic skeleton, yielding porous ceramic
materials (Fig. 1-8). The organic foam impregnation method shares similarities with
3D printing technology. It utilizes the shape of the organic foam template to define the
shape and uniform distribution of pores. This method is primarily employed in
fabricating porous network structures of ceramic materials. However, it is unsuitable

for preparing porous ceramic materials with intricate pore shapes and low porosity.
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Fig. 1-8 Process flow chart and schematic for organic foam impregnation method[39].
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(5) Gel-casting method

The gel-casting method entails incorporating organic monomers or cross-linking
agents into a suspension containing flowable ceramic powders, along with catalysts,
initiators, or heat. These triggers cross-linking or polymerization of the organic
monomers, resulting in a three-dimensional interpenetrating network structure of the
organic polymer skeleton (Fig. 1-1-9). Subsequently, the material is dried, demolded,
and subjected to high-temperature sintering to produce porous ceramic materials[103].
This method resembles the organic foam impregnation technique. However, in gel-
casting, the formation of a skeleton occurs via cross-linking or polymerization of
organic monomers, whereas in organic foam impregnation, it relies on pre-positioning
the organic skeleton, resulting in differing pore shapes. The holes formed via gel

injection molding exhibit a more intricate and orderly alignment.
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Fig. 1-1-9 Schematic process flow diagram to fabricate nanofibrous aluminum borate porous

ceramics by gel-casting method[104].

(6) 3D printing method

3D printing is an advanced method for preparing porous ceramics, enabling the
precise construction of complex three-dimensional structures by layering materials.
Initially, special printing inks containing ceramic powders must be prepared. Then,
following a computer-aided design (CAD) model, the 3D printer applies the ink layer
by layer in a predetermined path, either spraying or extruding it, progressively forming
the model's shape. With each layer curing and stacking, a green body with a
predetermined pore structure is formed. Finally, a sintering process is employed to
eliminate all organic components and fuse the ceramic particles, resulting in a durable
porous ceramic material[96,105]. The advantages of 3D printing technology include
design flexibility and the capability to fabricate intricate pore structures unattainable
with traditional methods, rendering it apt for manufacturing porous ceramic materials
tailored for specific functionalities and high porosity.

Various methods employed in the preparation of porous ceramics exert varying

impacts on their properties and applications. Grasping the pros and cons of different
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methods facilitates the selection of an optimal preparation approach tailored to specific
application requirements. Table 1-1-1 provides a summary of the benefits and

drawbacks associated with the above-mentioned methods.

Table 1-1-1 Summary of advantages and limitations of different preparation methods.

Method Advantages Limitations
Simpletechnique,high
Direct foaming Mainly closed pores
porosity

Simple preparation process,  Poor uniformity of
Foaming agent addition

controlled porosity pore distribution
Strong structural control, Process parameter
Freeze-casting
environmentally friendly sensitivity
Shape and density
Organic foam impregnation  High porosity, open pores are not easily
controlled

Low productivity

Uniform distribution of and difficult to
Gel-casting
pores control process
conditions

Flexibility in design and
Costly and slow to

3D printing ability to create complex
prepare

pore structures

1.3.3 Applications of Porous Ceramics

Porous ceramic materials find extensive applications in diverse fields including
environmental protection, aerospace, biomedical, and new material synthesis due to
their large specific surface area, excellent thermal and chemical stability, high

mechanical strength, biocompatibility, and moldability. This subsection summarizes the
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applications of porous ceramic materials in the relevant fields:

(1) Filtration and separation devices

Porous ceramics find extensive applications in water purification, separating
acidic and alkaline solutions, various viscous liquids, and gas mixtures due to their high
porosity, ease of processing, resistance to abrasion, corrosion, high temperatures, and
deformation. Moreover, porous ceramics offer advantages over metals and polymers in
separating highly corrosive fluids, high-temperature fluids, and other specialized
fluids[106-110].

(2) Sound-absorbing materials

Porous ceramic materials leverage their porous structure to dissipate the air
pressure induced by sound waves, thereby achieving sound absorption and noise
reduction. Sound-absorbing and noise-reducing porous ceramics require small pore
sizes (20 um-150 pm), generally exceeding 60% porosity, and exhibit high mechanical
properties. Due to its widespread use, which can incur high costs, these materials find
application predominantly in environments such as subway tunnels, theaters, and
upscale residences[111-113].

(3) Thermal insulation

Porous ceramic materials prepared via the direct foaming method exhibit high
porosity, primarily comprising closed cells, resulting in low thermal conductivity that
effectively inhibits heat transfer, rendering them eco-friendly thermal insulators. In
aerospace applications, porous ceramics can serve as durable thermal insulation layers
at the aircraft's forefront, thereby mitigating flight expenses. Naturally, within a specific
porosity range, thermal insulation performance improves with increasing porosity;
however, strength tends to diminish[114-116]. Therefore, the toughness of porous
ceramic materials warrants careful consideration.

(4) Catalyst carriers

Porous ceramics with high specific surface area, thermal stability, and excellent
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adsorption properties are effective catalyst carriers. The porous ceramic surface is
coated with a layer of the appropriate catalyst. When the reaction fluid flows through,
it fully interacts with the catalyst, significantly enhancing its catalytic
effectiveness[117-119]. For instance, it can be installed in exhaust gas treatment
devices to decompose automotive exhaust and industrial wastewater.

(5) Biomedical

Porous ceramic materials, including calcium phosphate, zirconium oxide, and
silicon carbide, exhibit excellent biocompatibility, non-toxicity, lightweight, and stable
physical and chemical properties. For instance, calcium phosphate and zirconium oxide
are employed in dental applications, while silicon carbide is utilized for artificial bones,
with documented clinical efficacy[120-122].

(6) Preforms for interpenetrating composites

With the trend toward greater structural and functional integration in new materials,
traditional reinforcing phases such as particles, fibers, and whiskers are no longer
suitable for highly demanding fields. Consequently, researchers highly favor porous
ceramics with a three-dimensional interpenetrating network structure as the new
reinforcing materials[39,123]. Specifically, metal or metal alloys are fused into pre-
fabricated porous ceramics through infiltration, aiming to produce metal-ceramic
composites featuring three-dimensional interpenetrating networks, enhancing their
ability to disperse internal stresses and withstand external impacts more effectively. To
achieve this goal, it is crucial for the porous ceramics to possess an open porosity
accounting for over 95% of the total porosity and for the pores to be interconnected,

ensuring favorable macroscopic properties.
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1.4 properties of metal/ceramic interpenetrating phase

composites

1.4.1 Mechanical properties of metal/ceramic interpenetrating phase

composites

IPCs exhibit outstanding overall performance owing to their distinctive three-
dimensional continuous network structure. This structure ensures effective
interpenetration and support between the matrix and reinforcement, thereby preserving
the integrity of each phase’s performance. Metal/ceramic IPCs, being among the most
prevalent types, hold significant potential in automotive, aerospace, and electronic
packaging industries, garnering considerable attention from researchers. Gao et al.[124]
utilized foam replication-reaction sintering to fabricate porous TiC ceramics.
Homogeneous mixing of Ti into TiC particles and Ti plating onto the TiC surface
improved the bonding between ceramic particles. Subsequently, TiC/stainless steel
IPCs were prepared via the melt infiltration method, exhibiting excellent mechanical
properties with hardness, tensile strength, and fracture toughness measured at 4.11 GPa,
481 MPa, and 28.9 MPa m'?, respectively. It was observed that the plated network
ceramics not only enhanced strong bonding between particles but also reacted with the
steel to form a microscopic lock-in microstructure. The double-locked 3D structure
promotes the accumulation of interfacial dislocations, facilitating crack deflection and
organizing crack diffusion. The interaction between macroscopic and microscopic dual-
locked structures in the composites is considered the primary driver for performance
enhancement.

Vaucher et al.[125] fabricated SiC ceramic foam preforms with varying pore sizes
(10, 35, 50 pum). Subsequently, they employed squeeze casting to produce three-
dimensional network composites of foam SiC ceramic and aluminum alloy. The

researchers investigated the uniaxial tensile and four-point bending properties of these
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composites and observed a slight interfacial reaction. Furthermore, they noted an
increase in the composite's microhardness, yield strength, and tensile strength with
decreasing pore size. Additionally, the modulus of elasticity and hardness of the
composites exceeded those of the aluminum alloy.

Schukraft et al.[126] utilized in-situ computed X-ray tomography to investigate
the compressive damage behavior of AlO3/AlSil0Mg. They employed 3D
reconstruction techniques to construct a finite element model for simulation. The study
revealed that the damage behavior progresses through three stages: damage initiation,
damage mechanism transformation, and shear failure. During the damage initiation
stage, the primary observations were crack formation and interfacial debonding
between the ceramic and metal phases. This was followed by the damage mechanism
transition stage, characterized by crack extension and coalescence, accompanied by
increased plastic deformation of the metal phase. Finally, in the shear failure stage, the
failure process was completely dominated by the metal phase, resulting in shear failure.
Compared to traditional metal-ceramic composites, these composites exhibit higher
damage tolerance and residual strength, primarily due to crack bridging and the high
metal content of the metallic phase.

Roy et al.[127] used energy-dispersive synchrotron X-ray diffraction to investigate
the internal load transfer mechanism in A112Si/ Al,O3; composites. They calculated the
average lattice strain for each of the three crystalline phases (alumina, aluminum solid
solution, and pure silicon) by measuring the strain along and transverse to the loading
direction. Results showed that under applied compressive stresses of about 100 MPa,
all three phases experienced elastic deformation, with lattice macrostrains increasing
steadily with stress. The aluminum phase undergoes plastic deformation at compressive
stresses exceeding 100 MPa, leading to decreased load carrying capacity, with a greater
proportion of the load borne by the harder and stronger alumina phase. At higher

applied compressive stresses, the compressive stress-to-stress ratio of the alumina
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phase decreases further, whereas the compressive stress of the aluminum solid solution
phase increases to uphold stress equilibrium in the composite.

Imbeni et al.[ 128] discovered that Al/Al>O3 IPCs exhibits superior wear resistance
compared to conventional particle-reinforced AI/Al,O3 composites. Liu et al.[16] also
observed this phenomenon when examining the wear resistance of IPCS with various
ceramic preforms. They observed that initially, metal was deposited on the abraded
surface during the abrasion process. Subsequently, this metal layer was abraded away,
leading to considerable material loss. Eventually, ceramic pillars emerged and
protruded from the surface, providing resistance against further wear until reaching a
steady state. Unlike ceramic particles in particle- or short-fiber-reinforced metal matrix
composites, which tend to dislodge from the matrix during frictional wear, leading to
unstable wear characteristics, ceramic preforms within ceramic/metal composites
possessing 3D interpenetrating networks are more resistant to dislodgement during
wear; furthermore, hardened micro-convexities developed on the worn surface serve as
load-bearing entities, effectively impeding the plastic deformation of the matrix alloy
and thus reducing adhesive wear. Furthermore, the hardened micro-convexities
developed on the worn surface can bear loads, prevent plastic deformation of the matrix
alloy, and diminish adhesive wear. As the pore size of the ceramic preform decreases,
the number of micro-convex bodies on the wear surface increases, resulting in enhanced
wear resistance.

Rio et al. [129]investigated the potential application of co-continuous NiAl- Al,O3
composites as high-temperature materials. Comparison with composites reinforced
with continuous ceramic fibers revealed that the co-continuous NiAl- Al,O3 composites
retain high strength and exhibit exceptional resistance to thermal cycling damage. This
resilience stems from the hydrostatic stress experienced by IPCs after thermal cycling,

contrasting with the typically biased stress distribution in conventional composites.
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1.4.2 Thermal properties of metal/ceramic interpenetrating phase

composites

Metal/ceramic IPCs holds significant promise in electronic packaging owing to its
low coefficient of thermal expansion and high thermal conductivity. Consequently, its
thermal performance has been extensively investigated.

Li et al. [130]fabricated a series of composite materials, incorporating particles
and interpenetrating networks, all with identical SiC content ranging from 45% to 70%.
Upon comparison, they observed that the IPCs with equivalent content exhibited lower
CTE. They attributed this discrepancy to the distinct geometries of the reinforcements.
Specifically, they noted that particle-reinforced composites demonstrated inferior inter-
particle bonding among ceramic constituents, thereby impeding the restriction of
aluminum matrix movement during thermal expansion. In contrast, the continuous SiC
ceramics within IPCs displayed robust bonding, effectively constraining matrix
mobility and mitigating expansion.

Roy et al.[123] investigated the thermal expansion behavior of Al12Si/A1203
IPCs. Prefabricated bodies with various ceramic contents were prepared through the
addition of a pore-forming agent. IPCs were then produced via the pneumatic pressure
immersion infiltration method. Their findings indicated that increasing the ceramic
content reduced the thermal strain and CTE of the composites. However, the thermal
expansion behavior resembled that of particle-reinforced composites, with a CTE
higher than the model-predicted values for the composites. This phenomenon arises
from the presence of larger metal-enriched regions within the composites, devoid of
ceramic phases, thereby significantly diminishing the constraining effect of the ceramic
phase. In their subsequent studies[131], ceramic preform with varying content (34%-
60%) were prepared using the same method. Al12Si/alumina IPCs were subsequently
produced via squeeze casting. Anisotropy was observed in the thermal expansion

behavior of the IPCs, primarily attributed to the elastic anisotropy inherent in both the
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ceramic preform and the IPCs. At low temperatures, the coefficient of thermal
expansion is biased towards the metal matrix due to elastic deformation of the phases.
However, at high temperatures, the matrix undergoes plastic deformation, and the rigid
ceramic phases exert greater control over the thermal expansion behavior of the
material, resulting in a bias towards the ceramic reinforcement in the coefficient of
thermal expansion.

SiC/Al-Si-Mg IPCs with a coefficient of thermal expansion of approximately 7.03
x 10°%/°C were fabricated using mold-forming and pressureless infiltration techniques
by Wang et al[132]. They attributed the reduction in CTE to three factors: the hindrance
of thermal expansion in Al alloys and composites by network-structured SiC; the
restraint of thermal expansion in Al and composites by Si and Mg; and the mitigation
of plastic deformation in Al alloys due to micropores within the composites at
temperatures ranging from room temperature up to 100°C. The influence of Mg on the
thermal expansion behavior of Al and composites, along with the presence of
micropores in the composites counteracting the plastic deformation of Al alloys, was
observed at temperatures ranging from room temperature up to 100°C.

Regarding heat conduction in 3D interpenetrating network structured composites,
the continuous nature of metal and ceramic phases fosters the creation of efficient
thermal conduction pathways. Specifically, phonons propagate within the ceramic
phase, while electrons migrate within the metal phase. Additionally, compared to
particle-filled composites, these composites exhibit fewer phase boundaries, resulting
in reduced hindrance to the movement of phonons and electrons.

Wang et al.[132] examined the heat transfer properties of SiC/Al-Si-Mg
composites featuring a 3D interpenetrating network structure. These composites
demonstrate a remarkable thermal conductivity of 233.6 W/(m-K), substantially
surpassing that of particle-filled composites in similar conditions. This enhancement

primarily stems from the formation of a network structure in the former, which
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promotes efficient heat transfer. Conversely, particle-filled composites exhibit
increased phase interfaces, with the SiC phase enveloped by SiO2 on the surface,
impeding phonon transfer and resulting in inferior thermal conductivity.

Zhang et al.[133] prepared oriented porous SiC ceramics using high-temperature
recrystallization and SiC/Cu-Si IPCs via spontaneous infiltration. They observed
anisotropy in thermal conductivity, which decreased with rising experimental
temperature. This decline results from the narrowing gap between the ceramic phase's
thermal conductivity and that of the matrix.

Li et al.[130] studied the thermal conductivity of two structural composites: 3D-
SiC/Al and SiCp/Al. They demonstrated that the thermal conductivity of the former is
greater than that of the latter. This difference is primarily ascribed to the interface's
impact on the material's heat transfer performance, which is inferior to that of the latter

under similar conditions.
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1.5 Objective of this thesis

Since the inception of three-dimensional network interpenetrating phase
composites, they have garnered significant attention from scholars and researchers.
Over the past few decades, various types of IPCs including metal-ceramic, metal-
polymer, metal-metal, ceramic-polymer, and polymer-polymer compositions have been
developed. Among these, metal-ceramic IPCs have witnessed the widest applications
and garnered the most attention. The unique structure of IPCs effectively amalgamates
ceramic's wear resistance, high hardness, high-temperature resistance, and dimensional
stability with metal's advantageous traits such as good plasticity, high toughness, and
excellent thermal and electrical conductivity. Consequently, metal-ceramic IPCs exhibit
exceptional mechanical and thermal properties.

Aluminum and its alloys possess numerous advantages including low density, high
specific strength, excellent thermal conductivity, corrosion resistance, and
environmental friendliness. Thus, their application as metallic phases in metal-ceramic
IPCs has been a focal point of research. Extensive research has explored the mechanical
and thermal properties of aluminum-based IPCs using experimental and simulation
techniques. However, the ceramic phases predominantly consist of A, O3 and SiC, with
minimal investigation conducted on AIN. AIN offers advantages such as high hardness,
stiffness, thermal conductivity, and a coefficient of thermal expansion compatible with
SiC. Its chemical stability prevents adverse reactions with aluminum alloy at the
interface, which could hinder interfacial bonding. Consequently, AI/AIN IPCs hold
significant promise for applications in aerospace and electronic packaging industries.
Therefore, conducting a systematic investigation into the mechanical and thermal
properties of AI/AIN IPCs is imperative.

In this study, porous AIN ceramics with varying porosities were fabricated as
precast bodies for interpenetrating phase composites using slurry infiltration method.

Additionally, AI/AIN IPCs were produced via the low-pressure casting method. The
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microstructures of the IPCs were examined through X-ray diffractometry (XRD),
scanning electron microscopy (SEM), and electron probe microanalysis (EPMA). The
mechanical properties of IPCs were assessed through nanoindentation and room
temperature compression testing apparatus. A vertical direct dilatometer was used to
determine the thermal expansion coefficient. 3D representative volume elements (RVEs)
are created to model the microstructures of AI/AIN IPCs and the finite element models
generated from RVEs are used to study thermal expansion behavior. CTE was predicted
using finite element method (FEM) and thermoelastic models. The thermal
conductivity of the IPCs was measured and subsequently analyzed.

This study deeply investigates the structure, mechanical properties, thermal
expansion behavior, and thermal conductivity of IPCs with varying preform porosity.
Revealing the effect of preform porosity on mechanical and thermal properties. This

study offers theoretical insights for the application and development of AlI/AIN IPCs.
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1.6 Outline of this thesis

Chapter 1 Background and Objective

This chapter introduces Interpenetrating Phase Composites (IPCs) and their
preparation methods. It provides an overview of porous ceramics used as preforms for
IPCs, covering their classification, preparation methods, and applications. Additionally,
it presents research progress on the mechanical and thermal properties of metal-ceramic
IPCs, and refines the research objectives of this study.
Chapter 2 Microstructure and mechanical properties of Al/AIN
interpenetrating phase composites with different preform porosity

In this chapter, AI/AIN interpenetrating phase composites (IPCs) was fabricated
by infiltrating the alloy melt into AIN preform via low pressure casting method. Open
cell porous AIN preforms, fabricated via the slurry infiltration method, and have four
different preform porosity were used for IPCs fabrication. The microstructures of
porous AIN preforms and AI/AIN interpenetrating phase composites were characterized
using scanning electron microscopy (SEM). The phase compositions of preforms and
composites were analyzed by X-ray diffraction (XRD). The interface between AIN and
Al matrix was found to have no visible defects, indicating good interfacial bonding.
Compression tests were conducted, and the results showed that the material strength
and toughness increased with increasing porosity. Additionally, the composites changed
from brittle fracture to ductile fracture. Nanoindentation tests indicate that an increase
in AIN content enhances the hardness of the IPCs components.
Chapter 3 Thermal expansion behavior and analysis of Al/AIN
interpenetrating phase composites with different preform porosity

In this chapter, the coefficient of thermal expansion (CTE) of AI/AIN
interpenetrating phase composites (IPCs) has been measured based on the length
change from room temperature (RT) to 200 °C. 3D representative volume elements

(RVEs) are created to model the microstructures of AI/AIN IPCs and the finite element
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models generated from RVEs are used to study thermal expansion behavior. CTE was
predicted utilizing the finite element method (FEM) and thermo-elastic models of
Kerner, Turner and Schapery, after which the results were compared with the
experimental values. According to experimental results, a notable reduction in the CTE
of IPCs is observed as preform porosity decreases. This shows that an AIN preform can
effectively enhance dimensional stability. A comparative analysis of extant literature
indicates that [IPCs may attain a lower CTE compared to particle-reinforced composites.
Experimental data align closely with analytical models. The FE simulation results
demonstrate better consistency with experimental data only under conditions of high
preform porosity, since residual thermal stresses and plastic deformation were not
considered.
Chapter 4 Thermal conductivity of AI/AIN interpenetrating phase
composites with different preform porosity

. In this chapter, the thermal Conductive Properties of the AI/AIN interpenetrating
phase composites (IPCs) with varying preform porosity was studied. Evaluated the
thermal conductivity (TC) of IPCs at different temperatures (20°C to 200°C). The TC
values obtained through experimentation were compared to predictions generated by
analytical models. IPCs with higher preform porosity exhibit higher TC. The TC of
IPCs exhibits an inverse temperature dependence. Theoretical models accurately
predict the thermal conductivity of IPCs with high preform porosity.
Chapter 5 Conclusions

This chapter presents a synthesis of the findings from the aforementioned studies.
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2.1 Introduction

Among the variety of metal matrix materials, aluminum matrix composites
(AMCs) stand out for their light weight, great durability, good thermal properties and
relative low cost. Aluminum matrix composites are widely employed in automotive
components, aerospace, electronic packaging, and other applications for these
reasons[ 1-5]. Traditional composite reinforcements are primarily particles, fibers, and
whiskers that are discontinuously dispersed in the composite as the second phase[6—11].
In contrast, the individual components of interpenetrating composites exhibit continuity
in three dimensions and possess an interconnected network structure. This structural
feature enables the remaining phases to maintain a stable and self-supporting structure
even if one phase is eliminated.[12,13]. IPCs often offer enhanced physical and
mechanical characteristics because to their unique structure, including increased
Young's modulus, hardness, and wear resistance[ 14—16]. Moreover, IPCs exhibit higher
thermal conductivity and lower Coefficient of Thermal Expansion (CTE) compared to
particle-reinforced composites with equal component content. This is attributed to the
distinctive interconnected structure, which features a relatively smaller interfacial
region. The two separately contiguous phases create two independent heat transfer
channels, enhancing thermal conductivity efficiency. Furthermore, this structure
enables the ceramic phase to more effectively restrict the expansion of the metal phase
[17-20].

So far, silicon carbide (SiC), aluminum oxide (Al203), silicon nitride (SizN4), and
Titanium carbide (TiC) have been the most widely explored second phase used to
strengthen Al matrix interpenetrating composites[3,12,19,21-28]. At present, there are
few investigations on AI/AIN IPCs. AIN has outstanding thermophysical characteristics,
strong interfacial adhesion without interfacial reaction with aluminum alloy, high
thermal conductivity, high electrical resistivity, low coefficient of thermal expansion,

high specific strength and stiffness[29-32]. AlI/AIN IPCs therefore also offer desirable
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mechanical, electrical, and thermal properties. A356 is a widely used low-cost
aluminum casting alloy with excellent casting properties. The addition of magnesium
enhances the wettability at the interface between the aluminum alloy and the reinforcing
material, making it highly suitable for serving as the matrix in IPCs[33,34].

In this study, we aim to investigate the microstructure and mechanical properties
of A356/AIN interpenetrating phase composites (IPCs) with varying porosity of the
AIN preform. To achieve this, open-cell AIN preform with different porosity were
fabricated using the slurry infiltration method. Subsequently, AI/AIN composites with
an interpenetrating structure were produced via low-pressure casting. The
microstructures and compositions of the AIN preforms and A356/AIN IPCs were
thoroughly examined. Finally, the mechanical properties of the composites were

evaluated via compression testing and nanoindentation test.
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2.2 Experimental procedures

2.2.1 Preparation of AIN preforms

AIN powder (Tokuyama Co, Ltd., average particle diameter: 1.17 pm), Al,O3 sol
binder (Nissan Chemical Industries Co, Ltd.) and polyurethane foam (Achilles Co, Ltd.,
cell diameter is 500 um and cell wall size is 100 um) were used in the present work. In
a typical fabrication process, AIN powder was mixed with Al,O3 sol binder (1.5:1) to
form a slurry. Then infiltrate the PU foam into the slurry, press and release the PU foam
to make it suck the slurry. The weight of preform should be weighted to control the
porosity. Excess slurry is removed by squeezing the foam. Preforms of four weights
were prepared (2.30 g, 3.39 g, 3.72 g, 4.40 g). Thereafter these preforms were dried at
343 K for 12 h. Then preforms were sintered at 1923 K for 1h in Ar atmosphere by

carbon embedded method. The dimensions of the foams used for the fabrication of IPCs

were ® 20 mm x 10 mm. The preform porosity () was obtained by(2.1).
g="Ln 2.1
e
where pn, is the measured density of preform and p; is the theoretical density of
preform. Furthermore, the measured density of preform (p.) was calculated according
to (2.2).

M
0 =—= 2.2
m Irm ( )

where M, is the measured mass of preform and V, is the measured volume which
can calculated based on external dimension of the sintered preform. The flow chart for

preparing preform is shown in Fig. 2-1.

Mixi . Si i
AIN+Binder xing Slurry M Impregnated foam Sintering Preform

Fig. 2-1 Flow chart for the fabrication of AIN preform.
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2.2.2 Fabrication of IPCs

The AI/AIN IPCs were prepared by low pressure casting process. Commercially
available aluminum alloy (A356) was used as a matrix material. The preform was
placed in the bottom of graphite mould and the aluminum alloy block was placed above
the preform. Then the sample was heated to 1123 K, the Al alloy was infiltrated into the

preform under the pressure of 0.4 MPa for 1h under Ar atmosphere.

2.2.3 Characterization

The phase characterization of the AIN preforms and AI/AIN IPCs was carried out
using an X-ray diffractometer (Rigaku D/max-2500) with Cu Ka radiation (k = 0.15406
nm). The microstructures and element distribution were examined with an electron
probe micro-analyzer (EPMA, JEOL JXA-ISP100). The density and porosity of AI/AIN
IPCs were measured by Archimedes method. The AI/AIN IPCs were cut into
compression specimens with a size of 6 x 6 x 6 mm. The compression strength of
AI/AIN IPCs were measured in a WDW-50 universal testing machine with a strain rate
of 0.001 s™'. The hardness of composites was tested using G200 nano indenter. For
conducting the nanoindentation test, we employed a Berkovich diamond indenter with
a tip curvature radius of 20 nm. We performed a total of eight indentations on each
sample, with each indentation separated by a distance of 25 pm from the next. The
maximum load applied during the indentations was 5000 uN, and each loading had a

duration of 5 seconds. All tests are performed at room temperature.
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2.3 Results and discussion

2.3.1 Microstructure and phase composition

Fig. 2-2 shows the microstructure of 84% porosity AIN preform. The 3D network
topology of the open-cell AIN preform is representative, and the open-cell structure has
an almost spherical shape. A higher magnification SEM image of the AIN strut is shown
in Fig. 2b. This image confirms that the effective bonding of the AIN powders, and the

presence of sintered necks is evident.

S500pm

Fig. 2-2 SEM image of preform with 84% porosity: a. low magnification, b. high magnification.
g g p p y gn g g

Fig. 2-3 displays the X-ray diffraction pattern of an AIN preform with 84%
porosity. As observed in the figure, the sintered sample consists of two phases: Al>O3
and AIN. Notably, the content of AlbOs is relatively low. Furthermore, it is worth
mentioning that the carbon embedded method was utilized to prevent the oxidation of
AIN during the sintering process. Based on XRD data, the jade software estimates an
alumina content of approximately 14% for the preform, while the theoretically alumina
content calculated based on component ratios is about 12%. This demonstrates a
minimal degree of oxidation in the preform during sintering, and the carbon embeded

method effectively inhibits oxidation behavior throughout the sintering process.
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Fig. 2-3 XRD patterns of the sintered porous preforms with 84% porosity.

The relative density variation curve with preform porosity is shown in Fig. 2-4. It
can be observed that the relative density decreases as the preform porosity decreases.
In particular, a significant reduction in relative density is observed when the preform
porosity decreases from 79% to 76%. This phenomenon can be attributed to the
substantial increase in the number of closed cells when the preform porosity falls below
76%. The increased number of closed cells consequently leads to a considerable
decrease in the relative density of the [PCs. Moreover, the reduced cell size may also
pose a challenge for the aluminum alloy to penetrate the preform, which can further

contribute to the reduction in relative density.
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Fig. 2-4 Relationship between preform porosity and relative density of IPCs.

Fig. 2-5 depicts the microstructure of prepared Al/AIN IPCs with varying preform
porosity. The figure demonstrates that the Al alloy was able to infiltrate the preform
effectively while retaining its porous structure. As observed, the aluminum alloy not
only permeates the circular pores but also infiltrates the triangular and quadrilateral
holes. The triangular and quadrilateral holes represent hollow arms remaining from the
polymer strut's sintering process[35]. The size of the cell walls increased as the preform
porosity decreased. Additionally, the interface between the preform and matrix was
well-bonded, and no visible defects, such as pores or gaps, were detected. While there
are some pores visible in Fig. 2-5a and b, these pores are primarily located within the
aluminum nitride preform. This results from a reduction in porosity within the preform.
With reduced porosity, the preform develops more closed pores, which become visible
during composites processing involving procedures like grinding and polishing that

disrupt these closed pores.
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150pm

150pm

Fig. 2-5 SEM image of the IPCs with different preform porosity: a. 71%, b. 76%, c. 79% and d.
84%.

The EPMA map of 84% preform porosity IPCs is shown in Fig. 2-6. The mapping
reveals that oxygen (O) and magnesium (Mg) elements are mainly concentrated at the
interface. This observation indicates that magnesium in the aluminum alloy reacts with
alumina in the preform, thereby promoting interfacial bonding. In addition, silicon (Si)

is distributed within the matrix in the form of precipitates.
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Fig. 2-6 The EPMA image of 84% preform porosity IPCs.

Fig. 2-7a shows the XRD pattern of 84% preform porosity IPCs, which confirms
the presence of Al, Si, MgAl>O4, and AIN phases. Notably, no Al>O3 phase was detected,
indicating that the Al2O3 on the preform reacted with the Mg in the alloy. This reaction
enhances the wettability between the matrix and the preform. The resultant MgAl,O4
spinel contributes to an increase in strength and wear resistance to some degree[36,37].
3D XRD patterns of IPCs with different preform porosity are illustrated in Fig. 2-7b.

Although the diffraction peak positions of the four samples are essentially the
same, the peak shapes differ more significantly. This difference is due to the lower
relative density and increased internal porosity of the 71% and 76% preform porosity
samples. These pores also scatter X-rays, leading to broadening and reduced intensity
of the diffraction peaks. Texture development during processing and preparation could

contribute to variations in the intensity of diffraction peaks.
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Fig. 2-7 XRD patterns: a. IPCs with 84% preform porosity, b. 3D of IPCs.

2.3.2 Compression test

Fig. 2-8a shows representative engineering compressive stress-strain curve of
IPCs with different preform porosity. And the stress-strain curves of A356 and preforms
with 84% porosity are provided for comparison. Similar to the foam metal and other
IPCs[38,39], the stress-strain curves for the 84% and 76% samples exhibit three regions,
indicating good strength and toughness. Conversely, the stress-strain curves for the 76%
and 71% samples decrease rapidly and end after the stress peaks due to apparent brittle
fracture. This can be attributed partly to the increased content of the brittle phase AIN,
which reduces material toughness, and partly to the large number of pores in the 76%
and 71% samples, leading to their brittle fracture. Due to their porous structure and
inherent brittleness, AIN preforms exhibit notably low strength and ductility in their
stress-strain curves. Since the Al alloy is a dense plastic material, the stress-strain curve
exhibits greater strength, with stress increasing as strain rises; however, there is no
notable compressive strength value. Later, we will delve into a more detailed
examination of compression performance. Fig. 2-8b illustrates the variation of true
strain and work hardening rate with true strain for the 84% preform porosity sample.
The entire deformation process can be divided into five stages which is similar to 3D
printed Mg-NiTi interpenetrating-phase composites[40]. In stage I, both Al matrix and

AIN ceramic strut are principally deformed elastically. As the stress increases, the
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aluminum matrix begins to yield while the aluminum nitride ceramic continues to
undergo elastic deformation, resulting in a mixed mode deformation of the composite.
With an increase in deformation, the dislocation density in the Al matrix rises, leading
to work hardening. Consequently, there is a corresponding rise in the rate of work
hardening during this stage. The stress then enters a plateau stage, during which the
cells composed of aluminum matrix and ceramic skeleton begin to collapse, leading to
yielding and fracture, while the stress and work-hardening rate remains relatively
constant. After all the cells collapse, further deformation increases the density of the

composite, causing the stress and work-hardening rate to rise sharply.
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Fig. 2-8 Compression properties: a. representative engineering compressive stress-strain curve of
IPCs, A356 and preform, b. variation of true strain and work hardening rate with true strain for

IPCs with 84% preform porosity.

The Compression properties are shown in Table 2-1. The toughness of each IPCs
sample was determined by calculating the area under the stress-strain curve before the

end of stress plateau stage. Toughness signifies a material's capacity to absorb energy

56



Thermal and Mechanical properties of AI/AIN interpenetrating phase composites with different

preform porosity

under compression[41,42]. The elastic modulus, i.e. Young's modulus, is calculated as
the ratio of stress to strain observed in the elastic stage. As aluminum alloys display a
stress-strain curve that rises continuously without a stable plateau phase, the area under
the stress-strain curve prior to reaching the yield strain is commonly employed to depict
its energy absorption capacity[40]. The results indicate that the compressive strength,
yield strength, and toughness of the samples increase with an increase in preform
porosity. Notably, the toughness of samples with preform porosity below 76% is
significantly lower than that of samples with preform porosity above 76%. This
disparity is attributed to the low relative density of the samples with preform porosity
below 76%, as the presence of more closed pores within these samples can significantly
compromise their compression properties, leading to brittle fracture. A356 alloy
demonstrates higher yield strength, attributed in part to the lower strength of the AIN
preform and likely due to the reaction between Al,O3 and Mg in the matrix. This
reaction consumes nearly all Mg, preventing the formation of Mg>Si precipitates within
the matrix, consequently reducing the strength of the IPCs. Compared to A356 alloys,
the 84% and 79% preform porosity IPCs have slightly lower yield strengths, but much
higher energy absorption capacities. The 84% preform porosity samples also have
higher elastic modulus, which is due to the special structure of IPCs. Despite ceramic
preforms offering a higher elastic modulus the lower relative density of IPCs with 79%-
71% preform porosity results in increased internal pore content. These non-load-
bearing pores can decrease the overall cross-sectional area. Simultaneously, stress
concentrations commonly occur around the pores, potentially causing material damage
or failure in those regions. Consequently, the modulus of elasticity is lower compared
to A356 alloys.

Sekar et al.[43] used stirring and squeeze casting methods to prepare A356/ Al,Os
particle-reinforced composites, which had compressive yield strengths ranging from
110 to 200 MPa. Using a liquid pressing process, Lee et al.[44] prepared A356/SiCp

composites that had compressive yield strengths of 297-450 MPa, but low plasticity
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with a total strain of only 3.0%-4.3%. The composites investigated in this study exhibit
commendable energy absorption capabilities; however, their strength is somewhat

lacking. Enhancing the strength constitutes our primary research objective moving

forward.
Table 2-1 Compression properties of IPCs, A356 and preform.
Preform Yield strength Compressive Toughness Elastic
porosity (%) (MPa) strength (MPa) (MJm?) modulus (GPa)
71 66 81 7.2 1.42
76 100 128 16.1 1.39
79 110 127 39.2 2.18
84 130 140 49.0 3.61
A356 142 -- 3.6 2.55
Preform -- 16 0.4 0.44

Photographs of fractured IPC specimens with 84% and 71% preform porosity are
shown in Fig. 2-9a and b, respectively. Upon compression testing, it was observed that
the sample with 71% preform porosity broke along a 45° angle with respect to the
loading direction and had a rough surface, indicating poor ductility. Conversely, the
sample with 84% preform porosity did not break into multiple pieces, like the sample
with 71% preform porosity, but instead underwent significant deformation, resulting in
multiple cracks on the surface. Despite this, it remained relatively intact, indicating
good toughness. Fig. 2-9¢ shows an SEM image of the fracture surface of 71% preform
porosity IPCs. The image reveals a significant presence of closed-cells with windows,
indicating that debonding had occurred between the AIN closed-cells and the Al matrix.
An enlarged view (Fig. 2-9d) shows numerous cracks in the struts and gaps between
cells and struts. The presence of a large number of closed cells severely impacted the
connectivity of the IPCs, resulting in poor entanglement between the preform and the

matrix. This, in turn, prevented the Al matrix with good toughness from protecting the
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brittle AIN ceramics during deformation, leading to the generation of numerous cracks

and frequent debonding, resulting in brittle fracture of the material.

500 m

Fig. 2-9 Fracture morphology: photographs of fractured IPC specimens a.84%, b.71%, c. SEM
image of the fracture surface of IPCs with 71% preform porosity, d. an enlarge view of c.

2.3.3 Nanoindentation test

Fig. 2-10 shows the hardness of IPCs with different preform porosity. The 1st-3rd
points are at AIN reinforcement, the 4th point at the interface, the 5th-8th points are
distributed at Al alloy matrix. Hardness generally increases from the eighth to the first
point, with a significant rise observed from the fifth to the fourth point. The higher
interfacial hardness indicates a strong bond between the reinforcement and the matrix.
Good interfacial bonding facilitates internal load transfer from the metal matrix phase
to the ceramic reinforced phase, resulting in better mechanical properties[45]. Roy et
al.[46] examined the internal load transfer mechanism in interpenetrating metal/ceramic
composites through energy dispersive synchrotron X-ray diffraction. They observed

that at low applied pressure, each phase undergoes elastic deformation, and the load
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distribution among the phases remains constant. At high applied stress, the metal phase
undergoes plastic deformation, transferring the load to the ceramic phase. With further
stress increase, the ceramic phase undergoes destruction, imposing additional load on
the metal matrix. Notably, there is no significant load transfer within the metal alloy
itself during this process. As the preform porosity decreases, the hardness of the
composites increases gradually. This trend inconsistent with the relationship between
compressive strength and preform porosity, indicating that nanoindentation hardness is

less influenced by the relative density compared to compressive strength.
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Fig. 2-10 Hardness of IPCs with different preform porosity.
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2.4 Summary

This study investigated the microstructure and mechanical properties of AI/AIN
interpenetrating phase composites (IPCs) with different preform porosity. After analysis
and discussion, the main conclusions were obtained as follows:

(1) AIVAIN IPCs were successfully fabricated by infiltrating molten A356 alloy
into AIN preforms with different porosity (71%, 76%, 79%, and 84%) using the low-
pressure casting method. The Al alloy effectively infiltrated the preforms, and a clean,
well-bonded interface was observed between the components.

(2) The relative density of the composites increased with increasing preform
porosity. The compression behavior varied greatly, with samples having 84% and 79%
preform porosity exhibiting ductile fracture, while those with 76% and 71% porosity
exhibited brittle fracture. Compressive strength, yield strength, and toughness increased
with increasing preform porosity. The 84% preform porosity IPCs demonstrated the
highest compressive strength (140 MPa) and the best toughness (48.98 MJm™).

(4) Nanoindentation hardness was minimally affected by the presence of pores but
increased with decreasing preform porosity. Higher interfacial hardness indicated

effective interfacial bonding.
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3.1 Introduction

Novel materials research and development is becoming more important for many
industries. This is due to the ongoing advancements in science and technology. The
demand for materials exhibiting exceptional performance is consistently increasing,
especially within the domains of engineering, aerospace, and energy. Conventional
single materials often face limitations and difficulties in satisfying the needs of diverse
harsh working conditions. Composites are gaining prominence as a focal research topic
in materials science, offering a solution to overcome these limitations[1-3]. One of the
most promising types of composites is metal matrix composites (MMCs). They have
high strength, low density, and long service life, which make them widely used in
structural materials and electronic packaging. These composites are especially well-
suited for thermal management applications. Metal matrices, such as aluminum and
copper, exhibit high thermal conductivity. Ceramic reinforcements, such as silicon
carbide and aluminum nitride, possess low coefficients of thermal expansion and high
temperature stability, rendering them ideal for fulfilling application requirements[4—11].
In this paper, we aim to investigate the thermal expansion behavior of a novel type of
composite material, namely interpenetrating phase composites (IPCs).

Extensive experimental research has been conducted to investigate the thermal
expansion behavior of MMCs[5,12—15]. Additionally, researchers have developed
various thermal-elastic models, including the Turner model and the Kerner model, to
better understand the thermal expansion behavior of composites[16,17]. Finite element
analysis has been used to simulate the thermal expansion behavior of materials and to
improve the prediction of their thermal expansion coefficients. This topic has received
a lot of research attention[18-23]. Empirical measurements and theoretical modeling
can be combined to analyze material characteristics and design materials effectively.

However, despite the extensive research on MMCs, the thermal expansion behavior of
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IPCs has been relatively understudied. IPCs have attracted a lot of research interest.
This material consists of two components, each of which extends continuously in three
dimensions and contains interconnected phases. This arrangement permits each phase
to remain isolated, even when the other phase is removed. Due to their unique structure,
they often exhibit superior mechanical and physical properties compared to
conventional composites. This includes higher Young's modulus, hardness, and wear
resistance, as well as a lower coefficient of thermal expansion and higher thermal
conductivity[24-30]. Consequently, numerous experiments have been conducted by
researchers to investigate the thermal expansion behavior of IPCs. However, most of
these tests have focused on IPCs reinforced with SiC and AlbO3[31-36]. The thermal
expansion behavior of IPCs reinforced with AIN has been rarely studied, especially by
combining experimental and numerical analysis.

To address this research gap, we conducted a comprehensive and systematic
analysis of the thermal expansion behavior of AI/AIN IPCs. In our previous study[37],
the AIN preform with varying porosity were fabricated by slurry infiltration method,
and the AI/AIN IPCs were produced via low-pressure casting. The microstructure and
mechanical properties of [PCs were investigated. In present paper, the linear coefficient
of thermal expansion of AI/AIN IPCs with different preform porosity were measured.
Representative volume element (RVE) was generated to model the microstructure of
IPCs and numerically investigate the thermal expansion behavious. The results obtained
from 3D FEM are compared with the experimental results and thermo-elastic models.
Our study contributes to the existing body of research by offering a comprehensive
analysis of Al/AIN IPCs, including the exploration of preform porosity effects,
integration of experimental and numerical analyses, comparison with analytical models,

and insights into thermal stress distribution.
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3.2 Experimental procedures

3.2.1 Materials

A356/AIN IPCs with preforms of varying porosity were employed to investigate
thermal expansion behaviors. Porous AIN preform with different porosities were
prepared using the slurry impregnation method. Subsequently, they were sintered at
1923K for 1h in an Ar atmosphere using the carbon-embedded method. The AI/AIN
IPCs were manufactured using the low-pressure casting method. The samples were
heated to 1123K, and the Al alloy was infiltrated into the preform at 0.4MPa for 1h in
an Ar atmosphere. Relative density (The ratio of the theoretical density to the actual
density of the sample) and preform porosity of the composites are show in Table 3-1.
Fig. 3-1 shows the morphology of the IPCs. The light gray circular areas represent the

Al alloy matrix, while the dark areas indicate AIN struts.

Table 3-1. Relative density and preform porosity of IPCs.

sample Preform porosity (%) Relative density (%)
71 71 78
76 76 81
79 79 87
84 84 89
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Fig. 3-1 micro structure of IPCs.

3.2.2 Thermal expansion measurement

A vertical direct dilatometer (LINSEIS DIL L75 VS) was used to determine the
thermal expansion coefficient. The average dimension of the rectangular specimens for
CTE testing was 6 mm x 6 mm x 6 mm. The samples were heated at a rate of 5 °C/min
to a temperature of 200 °C in a protected argon environment. The thermal expansion

coefficient was calculated as follows:

dL
a=

- 3.1
L,dT G-l

where Ly is the original length of the specimen at room temperature, L is the actual

length of specimen at T, and dL is the elongation at the temperature interval of dT.
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3.3 Finite element analysis of composites

3.3.1 3D microstructure modelling of IPCs

To conduct the FE analysis, RVEs of A356/AIN IPCs with different preform
porosity are generated. To model the complex IPCs structure more realistically and
facilitate modeling, we constructed the model shown in Fig. 3-2. Initially, a porous
aluminum nitride framework is established, followed by the creation of a filled
aluminum alloy model using Boolean operations within Abaqus to guarantee the
continuity of both phases in three dimensions. AIN forms a porous framework with
spherical voids, within which aluminum alloy is distributed. Both phases interconnect
continuously and become entangled. Preform porosity adjustment by changing

framework dimensions.

Fig. 3-2 FE model of IPCs.

3.3.2 Meshing and boundary conditions

The generated RVEs underwent meshing and was subsequently analyzed using the
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commercial software Abaqus. Because of the intricacy in constructing the RVEs, the
two phases are meshed with modified 10-node tetrahedral elements (C3D10M). The
RVEs are geometrically periodic, so periodic boundary conditions (PBC) are adopted
in this study to ensure accuracy of thermal expansion behavior of IPCs. To calculate the
coefficient of thermal expansion, we restrict the displacement of the three orthogonal
boundary surfaces in the x, y, and z directions, allowing their opposing surfaces to
expand freely. the RVEs without stresses were heated by 200°C (T) from 25 °C (T;) and
the corresponding strain (volumetric mean) was measured in X, y and z direction. The

average strains were calculated (€avg) and the linear CTE (o) were computed:
a=—= (3.2)

where AT=T-T;

The average strain is computed as:

E.te,  +E
_ “xx y zz
gavg - 3 (33)

Where é&xx, €yy, €2z are the volumetric mean of linear strain components along X, y
and z directions.
The calculation of the average volumetric linear strain in the X, y, and z axes is as

follows (in terms of &xx):

& = zvigxxi

=75, (3:4)

The term v; represents the volume of element ‘i’, while &xx denotes the linear strain

of element ‘i’ in the x direction.
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3.4 Analytical models

3.4.1 Turner model

The Turner model makes the assumption that, under thermal action, only uniform
static stresses are produced between adjacent regions in the heated composite material,
while disregarding shear strains[17]. The Turner formula is expressed as follows:

oV K +a,V K,

. = 3.5
¢ VK +V.K, (3-5)

where a is linear CTE and V is volume fraction. The subscripts m, ¢ and p refer to

the matrix, composite and preform, respectively. K is the bulk modulus.

3.4.2 Kerner model

The Kerner model assumes isotropy for both the matrix and reinforcement
materials. It also posits that the reinforcement and matrix coexist in a spherically
encapsulated state with a tightly integrated interface, where the matrix comprises the
outer layer, and the reinforcement resides in the inner layer[ 16]. The Kerner model can

be expressed as:

Kp _Km
ac=al, +ame+(ap—am)Vmex 3
VK, +V, K, +ZK"Kme (3.6)

where V is the volume fraction and the subscripts m, ¢ and p refer to the matrix,
composite and preform, respectively. K is the bulk modulus and G is the shear modulus

of the constituents of composite.

3.4.3 Schapery model

Schapery developed models based on the Hashin-Shtrikman model to determine

the upper and lower bounds of the effective CTE. These models for bounds are derived
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from the principle of elastic energy and are applicable to both anisotropic and isotropic
composites, assuming isotropy of the constituent phases [29,38—40]. The Schapery
bounds of the CTE take the following form:

u
c

a, — (am - ap)Kp(3Km + 4G, )V,
- (3.7
K,(3K, + 4G,) + 4(K, - K, )GV,

a, - (a, - a,)K, (3K, + 4G, )V,
= (3.8)
K,(3K, +4G,) + 4(K, - K,)G,V,

m p-m

!
c

where V is the volume fraction and the subscripts m, ¢ and p refer to the matrix,
composite and preform, respectively. The bulk modulus K and the shear modulus G can

be calculated as follow:

E

K =—3(1—2v) (3.9)
E

G=—2(1+v) (3.10)

where E is the Young’s modulus and v is the Poisson’s ratio of the constituents of
composite.

The thermo-mechanical properties of the IPCs ingredients used for the calculation
of the CTEs of the investigated materials by means of analytical thermo-elastic models

and FE analysis are presented in Table 3-2.

Table 3-2 The temperature dependence of elastic moduli £ (GPa), Poisson’s ratio v, and o (10°%/K) of
Al matrix and AIN preform for the modelling[7,8].

A356 AIN
T (°C)
E v o E v o
50 74.4 0.33 21.3 310 0.21 4.8
100 71.2 0.33 22.3 310 0.21 4.9
200 67.3 0.33 24 310 0.21 5.0
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3.5 Results and discussion

3.5.1 Thermal expansion

Fig. 3-3 shows the CTE and relative elongation of the AI/AIN IPCs prepared from
the AIN preform with different preform porosity. Examination of Fig. 3-3a reveals that
thermal expansion increases with temperature across all samples, yet it gradually
decreases with decreasing preform porosity. Fig. 3-3b shows temperature dependence
of the IPCs' CTE with different preform porosity. Clearly, elevating the test temperature
resulted in a corresponding increase in Coefficient of Thermal Expansion (CTE). As an
illustration, consider the CTE variation in specimen 84 in response to temperature
fluctuations. The CTE increases from 15.49 (10°%/K) at 50°C to 19.08 (10"*/K) at 200°C.
As the preform porosity decreases, the CTE of IPCs also decreases. Moreover, the CTE
for all IPCs are markedly lower than those observed in aluminum alloys[8]. The
incorporation of an AIN preform was observed to reduce the coefficient of thermal

expansion and improve the dimensional stability of the IPCs.
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Fig. 3-3 Relative elongation and CTE of the AI/AIN IPCs with different preform porosity.

Fig. 3-4 contrasts experimental CTE data with data available in the
literature[10,11,41-43]. The figure's trend reveals that the coefficient of thermal
expansion in this study is lower than that in the literature for the same AIN content. This

suggests that IPCs, with their special structure, can achieve lower coefficients of
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thermal expansion compared to conventional particle-reinforced composites. In IPCs,
a special structure where both phases are continuous proves more effective in
constraining the expansion of the aluminum matrix by the low CTE reinforcement

phase, consequently achieving a lower overall CTE[44].
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Fig. 3-4 Comparison of the CTE of IPCs in this study with CTE of other AI/AIN MMC[10,11,41—
43].

3.5.2 Analytical models

Introducing theoretical models facilitates predicting a material's coefficient of
thermal expansion, thereby streamlining the manufacturing process of materials
customized to meet application-specific properties. Fig. 3-5 compares the theoretically
predicted and the experimentally obtained CTEs for IPCs with different preform
porosity. The experimental values for samples 84 and 79 mostly fall between the
Schapery upper and lower bounds, whereas for samples 76 and 71, the experimental
values are distributed around the Turner model. Residual thermal stresses, formed
during sample preparation and processing, constrain the material's thermal expansion,

leading to a reduction in the coefficient of thermal expansion[43,45]. Simultaneously,
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the decreased preform porosity enhances the capability of the porous AIN framework
to restrict the expansion of the aluminum matrix. It also alters the ratio of the interfacial
region, facilitating stress concentration and rendering the Al matrix more prone to
plastic deformation, thereby lowering the CTE. Consequently, the experimental values
of samples 71 and 76 exhibit proximity to the Turner model. The measured CTE shows
steeper rise than that of analytical models. This is primarily attributed to the alleviation
of residual stresses, as well as the decline in Young's modulus and yield strength during
the heating process[5]. Concurrently, inaccuracies in the measurement device at low
temperatures also have an effect[7]. Meanwhile, we observe a more rapid increase in
the CTE for samples 84 and 79 between 50-100°C. This is primarily attributed to the
higher proportion of AIN struts in samples 76 and 71, which effectively constrains
sample expansion. Additionally, inaccuracies in instrumentation at lower temperatures

contribute to this phenomenon.
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Fig. 3-5 Comparison of the calculated and measured coefficients of thermal expansion for different

preform porosity: a. 84, b. 79, ¢. 76 and d.71.
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3.5.3 Finite element analysis of 3D RVEs

3.5.3.1 Validity of the RVE model

To achieve objective and mesh-independent results when calculating the effective
coefficient of thermal expansion (CTE) for IPCs through the finite element method, it
is necessary to conduct a mesh sensitivity study. This study aims to identify the
minimum mesh density required for various unit cells. Fig. 3-6 depicts the results of the
mesh-independence verification of sample 84. The figure demonstrates that with an
increasing number of elements, the coefficient of thermal expansion (CTE) gradually
stabilizes, and surpassing 127,831 elements only marginally enhances accuracy (a
minimal accuracy increase observed with a elements number twice as large). To
conserve computational resources while maintaining calculation accuracy, a elements

number of 127,83 1(seed size: 0.02) is chosen for subsequent analysis.

23

22

CTE (10°%/K)

19 1 1 1 1
0 50000 100000 150000 200000 250000

Number of elements

Fig. 3-6. Effect of mesh Seed size on effective CTEs of IPCs.
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3.5.3.2 Simulated thermal stress

The thermal stress (S11) of IPCs with different preform porosity is shown in Fig.
3-7. Due to the isotropic nature of the material, stress distribution exhibits symmetry
across all axes. Therefore, S11 is utilized for characterizing the stress distribution. The
left images in this figure illustrate stresses within the Al matrix, while the right images
depict stresses within the AIN preform. Heating-induced expansion generates
significant thermal stress within the material. The distribution of thermal stresses within
the composite material is highly intricate. The reinforcement phase of AIN primarily
experiences tensile stresses, while the metal matrix undergoes predominantly
compressive stresses. This can be attributed to the higher CTE of the Al matrix, causing
it to rapidly expand upon heating and subjecting the reinforcement phase to tensile
stresses. Furthermore, an examination of the stress contours in Fig. 3-7 reveals that as
preform porosity decreases, IPCs become increasingly susceptible to thermal stress
concentrations. The stress is most intense in the vicinity of the contact surface of the
two phases due to the constraints between the reinforcement phase and the matrix. The
decreased porosity of the preform may introduce additional interfaces, leading to

heightened stress concentrations.
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Fig. 3-8 shows Probability distribution of thermal stresses in Al matrix and AIN
preform for IPCs with different preform porosity. Observably, the aluminum matrix
experiences predominantly compressive stress, exhibiting a unimodal stress
distribution. As the preform porosity decreases, the peak shifts to the left, indicating
increased stress. Conversely, AIN experiences a stress distribution characterized by
multiple peaks, with these peaks predominantly located in both low-stress and high-

stress regions.
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Fig. 3-8. Probability distribution of thermal stresses in Al matrix and AIN phase for IPCs with
different preform porosity.

3.5.3.3 Simulated CTE

The results predicted by finite element method (FEM) and analytical models are
presented in Fig. 3-9, and they are compared with the experimental values. The CTE
calculated using the FEM rises as preform porosity increases. Given that only elastic
deformation is considered, the CTE demonstrates a linear correlation with preform

porosity. When preform porosity is high, the simulated and experimental values exhibit
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close agreement. However, a notable disparity arises between simulated and
experimental values under low preform porosity conditions. This phenomenon arises
from the material's inherent residual thermal stresses. The lower the preform porosity,
the greater the generation of thermal stresses. While these residual thermal stresses
contribute to a reduction in CTE[43,45], the simulation fails to consider this aspect.
Simultaneously, during the actual thermal expansion process, the low preform porosity
of the sample tends to induce stress concentration. This results in plastic deformation
of the aluminum matrix, causing it to expand into some of the material's micro-pores
and consequently reducing the CTE[46]. These factors contribute to the observed
discrepancy between experimental and simulated values.

24

- |—m— Kerner model

23 i Turner model

79 | \—4&— Schapery upper

- |—v— Schapery lower
21 | ¢ FE model

20 | ® experiment value

70 72 74 76 78 80 82 84 86

Preform porosity (%)

Fig. 3-9 Comparison of predicted CTEs of IPCs with different preform porosity using 3D FEM
and analytical model with experimental value (200°C).
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3.6 Summary

This study investigated the thermal expansion behavior of AI/AIN interpenetrating
phase composites (IPCs) with different preform porosity. The thermal properties of
these materials are thoroughly examined through experimental results, analytical
modeling, and finite element analysis. After analysis and discussion, the main
conclusions were obtained as follows:

(1) The coefficient of thermal expansion (CTE) of AI/AIN IPCs decreased with
decreasing preform porosity. The incorporation of the AIN preform effectively reduced
the CTE and improved dimensional stability compared to the aluminum alloy matrix.

(2) The CTEs of the AI/AIN IPCs were lower than those reported in the literature
for conventional particle-reinforced AI/AIN composites with the same AIN content,
attributed to the unique interpenetrating structure constraining the matrix expansion
more effectively.

(3) Experimental values align with the analytical boundaries, affirming the
accuracy of the analytical model’s predictions.

(4) Finite element analysis of 3D RVEs validated the mesh independence and
showcased the intricate distribution of thermal stresses within the IPCs. The FE model
accurately predicts experimental results at high preform porosity levels. However, as
preform porosity decreases, a significant disparity arises between calculated and actual
values. This discrepancy is attributed to the FE simulation’s omission of plastic

deformation and residual thermal stresses.
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4.1 Introduction

Aluminium matrix composites, a crucial component of metal matrix composites,
find extensive applications in automotive components, electronic device, aircraft
structural components and various other manufacturing industries. This is attributed
to the lightweight nature, high strength to density ratio, and excellent thermal
conductivity inherent in the Al matrix[1-5]. Nevertheless, the relatively low hardness,
wear resistance, and high coefficient of thermal expansion of Al restrict its utilization
in certain specific working conditions. To address the limitations of aluminium,
researchers typically opt for ceramic phases characterized by high hardness and
excellent thermal dimensional stability to serve as the reinforcing phase in Al matrix
composites. Aluminium nitride offers a range of benefits, including a low thermal
expansion coefficient, wear resistance, good stiffness, and it is compatible and adheres
well with aluminium alloys, without reacting with them. Therefore, AIN is often used
as a reinforcement for aluminium matrix composites[6—10].

Researchers have recently paid extensive attention to a new type of composite
materials with a special microstructure: interpenetrating phase composites (IPCs). The
material typically comprises two phases, which continuously extend in three
dimensions and interpenetrate to create a network structure. Within this framework, the
removal of one phase allows the remaining portion to retain the ability to form an open-
cell pore structure capable of withstanding external loads. The structure confers good
strength and toughness to IPCs, along with outstanding wear resistance and other
favourable mechanical properties. The advent of IPCs has provided new options for
research in materials science, providing novel pathways for creation of customized
characteristics for advanced materials. In addition to revealing the underlying principles
governing IPC behaviour, research in this field attempts to fully use IPCs for a variety

of applications[11-15].
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In terms of thermal conduction, for IPCs, the metal matrix phase and porous
ceramic preform form a continuous structure, promoting the creation of efficient
thermal conduction pathways—namely, phonons in the ceramic phase and electrons in
the metal phase. Simultaneously, IPCs exhibit fewer interfaces compared to particle-
reinforced composites, minimizing the hindrance to phonons and electrons. Current
research primarily concentrates on the thermal properties of Al/SiC IPCs[16-20], while
investigation into the thermal characteristics of AI/AIN IPCs requires further
development.

In present research, the thermal conductivity of the AI/AIN IPCs with different
preform porosity were measured from 20°C to 200°C. The experiment data was

compared with analytical models.
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4.2 Materials and methods

The interpenetrating phase composites comprises A356 Al alloy (AISi7Mg) and
porous AIN preforms. Porous AIN preform with varying porosities was prepared using
the slurry impregnation method. The low-pressure casting method was applied to
fabricate the IPCs. The microstructure of 84 sample is displayed in Fig. 4-1. Relative

density and preform porosity of the IPCs are show in Table 4-1.

Table 4-1. Relative density and preform porosity of IPCs.

Sample Preform porosity (%) Relative density (%)
84 79 87
79 84 89

Fig. 4-1 Microstructure of the IPCs

Thermal conductivity is a property indicating a substance's capacity to conduct
heat, quantified as the heat transferred through a unit of cross-sectional area per unit
time under a unit temperature gradient. The thermal conductivity of the AI/AIN IPCs,
prepared experimentally, was determined using a hyper flash thermal analysis
(NETZSCH LFA467, Germany) to measure their thermal diffusion coefficient at
evaluated temperature (20°C to 200°C) via the laser flash method. It was then calculated

based on the conversion relationship formula between thermal conductivity and thermal
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diffusion coefficient:
A=axC, xp 4.1)

Here, A represents the thermal conductivity of the composite material; o denotes its
thermal diffusion coefficient, which reflects the material's thermal diffusivity or heat
exchange rate, measured in mm?/s; C, stands for the specific heat capacity of the
composite material, indicating the amount of energy required to raise the sample's mass
by one degree Celsius (1 °C), measured in J/g°C. p represents the actual density of the
composite material. In this case, the specific heat capacity of the composite material is
ideally computed following the law of mixing of composites, which can be expressed

as follows:

ZVipi(Cp)i

C,=—"—"+ (4.2)
Yol

where V; and p; are the theoretical density and corresponding volume fraction of phase
1, respectively, and p is the actual density of the sample at room temperature. (Cp); is

the specific heat capacity of phase i1 of the composite at different temperatures.
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4.3 Results and discussion

4.3.1 Measured thermal conductivity

The temperature dependence of the TC of IPCs with different preform porosity are
presented in Fig. 4-2. The thermal conductivity of IPCs rises as preform porosity
increases. Increasing preform porosity enhances the presence of Al matrix phases with
superior heat transfer properties, consequently raising the TC of IPCs. Simultaneously,
the heightened porosity creates more efficient pathways for the heat transfer of matrix,
further contributing to the enhancement of TC. Furthermore, the thermal conductivity
of both samples exhibited a modest decline as the temperature rose. This phenomenon
may result from material inherently has inverse temperature-dependent crystalline
properties, leading to increased phonon scattering[21]. Additionally, the low relative
density of the IPCs and a high number of internal pores could contribute; as temperature

rises, the expansion of pores might further decrease the TC.
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Fig. 4-2 The temperature dependence of the TC of IPCs with different preform porosity.
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4.3.2 Analytical models

This paper employs various theoretical models to forecast the TC of IPCs. The
Reuss model is a simple and commonly used model. It can be expressed as [6]:

A, A
A = —L— (4.3)
%n+%n

The TC (A) of the A356 matrix (subscript m) and the porous AIN preform
(subscript p) are represented by Am and A,, respectively. Vs and V,, denote the volume
fractions of each phase. The TC of the IPCs is denoted by Ac.

The Maxwell model is founded on the theory of homogeneity. When the
reinforcement is uniformly dispersed within the matrix material, the model facilitates
the computation of the TC for isotropic composites. The Maxwell model equation can
be expressed as follows [7]:

2V (A —A )+, +24
= oAy ) H A ~ A, (4.4)
A, +224, =2V, (A, = 4,)

The Bruggeman model explains that when the volume proportion of ceramic
particles in the composites increases, it reduces the spacing between reinforcing phase,

resulting in stronger interactions among particles. The equation can be expressed as [8]:

Py )
o (L—) (4.5)
A A -4,

(1-7,) =
Fig. 4-3 illustrates a comparison between the thermal conductivity fitting calculation
and experimental value using the analytical model mentioned above. The theoretical
model yields results surpassing the measured data. The TC of Sample 84 closely
approximates the theoretical value, whereas that of Sample 79 is much lower. Changes
in relative density, material structure, grain size, and other factors can be the cause. The
intricate interplay among these factors significantly heightens the challenge of

forecasting sample TC using these theoretical models. To enhance analytical model

prediction, we will now consider the impact of pores.
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Fig. 4-3 Comparative analysis of the experimental and theoretical TC of IPCs with varying
preform porosity.

Taking porosity into account, the TC of the A356 matrix is adjusted through the

application of the following model[23]:

ﬂeﬁ:%[’%’(wm_l)” (37, —1)+([/1,,,(3Vm—1)+/1 (37, 1) +84 ,1)1/2}

‘pore pore ‘pore pore ‘pore” “m

(4.6)

Aetris the effective TC of the A356 matrixX, Apore and Vpore representing the TC and
volume fractions of the pores, respectively.

The corrected result is depicted in Fig. 4-4. The TC of sample 84 is marginally
higher than the theoretical value, whereas for sample 79, the disparity with the
theoretical value remains substantial. This implies that predicting thermal conductivity
is challenging due to numerous intricate factors beyond porosity influencing the

material's thermal conductivity. While pores do influence the heat transfer of IPCs,
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focusing solely on them is insufficient for a comprehensive understanding and precise

prediction of its thermal behaviour.
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Fig. 4-4 Comparative analysis of the experimental and corrected theoretical TC of IPCs with

varying preform porosity.

Metals and ceramics in solid materials exhibit distinct thermal conductivity
mechanisms based on their properties, specifically electron and phonon conductivity
mechanisms. Metals conduct heat via the movement of numerous free electrons within
them. Due to their light mass and high speed, electrons facilitate rapid heat transfer,
resulting in metals typically possessing high thermal conductivity. Ceramics possess
minimal free electrons or are too bound to function as heat carriers, thus predominantly
transferring heat through lattice waves generated by lattice vibrations. In metal-ceramic
composites, both electrons in the metal and phonons in the ceramic contribute to heat
conduction, while the interface between the metal and ceramic induces scattering
effects on electron and phonon movement, consequently impeding heat conduction, a
phenomenon referred to as interfacial thermal resistance. Consequently, during heat

conduction, a temperature gradient forms at the interface, where temperature changes

100



Thermal and Mechanical properties of AI/AIN interpenetrating phase composites with different

preform porosity

linearly within the material on both sides, while a sharp drop occurs at the interface of
the material on both sides. For a more precise prediction of the thermal conductivity of
IPCs using theoretical models, it's essential to account for interfacial thermal resistance.
Thus, replacing the thermal conductivity of AIN with the effective thermal conductivity
(A;"), which incorporates interfacial thermal resistance, is required. The effective

thermal conductivity (A;") can be determined by the following equation[16]:

y)
AT = 57 L 4.7)
L+l
hed

where d is the diameter of the AIN grains in the preform, A, is the TC of the
corresponding AIN grains in the preform, h is the interfacial thermal conductance (i.e.
the reciprocal of the interfacial thermal resistance). The parameter h can be calculated
using the acoustic mismatch model (AMM) [25]. This model employs continuum
mechanics to address interfacial heat transfer by computing the likelihood of phonon

transmission across the interface[26]:

1 3
h==p,c, 2 —Lnlnlnln (4.8)

2

2 VP (pmvm +pmvm )2

where v, p, ¢ are the phonon velocity, density and specific heat capacity,
respectively. The h of the AIN /Al can be calculated by (4.8).

Fig. 4-5 illustrates a comparison between the calculated value of the theoretical
model and experimental values, factoring in interfacial thermal resistance and porosity.
The difference between theoretical model results and experimental thermal
conductivity values of 79 samples decreases when accounting for interfacial thermal
resistance. Experimental values fall within the range defined by the Maxwell and
Bruggeman models. Theoretical predictions better align with experimental values for
these samples. However, for sample 84, the disparity between experimental and
theoretical values widens, with experimental values surpassing those predicted by the

theoretical model. This difference may stem from the lower porosity of sample 79's
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precast body, resulting in increased interface between phases and smaller pore sizes.
Consequently, the cross-sectional area of the thermal channel within the aluminum
substrate, with superior thermal conductivity, diminishes, making it more susceptible
to interface effects. Conversely, sample 84's precast body exhibits higher porosity,
reduced interface, and larger pore sizes, leading to a larger cross-sectional area for the

aluminum substrate's thermal channel, thus minimizing interface impact.
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Fig. 4-5 Comparative analysis of the experimental and calculated values of the theoretical

model, incorporating interfacial thermal resistance and porosity.
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4.4 Summary

This study investigated the thermal conductivity of AI/AIN interpenetrating phase
composites (IPCs) with varying preform porosity. The key findings are:
(1) The thermal conductivity of the IPCs increases with higher preform porosity, as the
increased porosity enhances the presence of the higher thermal conductivity Al matrix
phase and creates more efficient heat transfer pathways.
(2) The thermal conductivity of the IPCs exhibits a slight inverse temperature
dependence, likely due to increased phonon scattering at higher temperatures and the
expansion of internal pores.
(3) Theoretical models like the Reuss, Maxwell, and Bruggeman models were used to
predict the thermal conductivity of the IPCs. The models were able to closely match the
experimental results for the IPCs with higher preform porosity, but underestimated the
thermal conductivity for the lower porosity samples.
(4) Accounting for interfacial thermal resistance and porosity effects improved the
agreement between the theoretical predictions and experimental data, particularly for
the lower porosity samples. However, differences remained, indicating the need for
further investigation into the complex microstructural factors influencing the thermal

behavior of these IPCs.
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Conclusions

In the realm of advanced materials, three-dimensional network interpenetrating
phase composites (IPCs) have emerged as a subject of intense scholarly interest and
research. Over the past decades, diverse compositions of [PCs, spanning metal-ceramic,
metal-polymer, metal-metal, ceramic-polymer, and polymer-polymer IPCs, have been
meticulously developed and investigated. Notably, metal-ceramic IPCs have garnered
paramount attention owing to their exceptional amalgamation of ceramic's inherent
properties, such as wear resistance, high hardness, and dimensional stability, with the
advantageous traits of metals, including good plasticity, high toughness, and superior
thermal and electrical conductivity. This unique synergy engenders metal-ceramic IPCs
with remarkable mechanical and thermal characteristics.

Among metallic phases, aluminum and its alloys stand out due to their remarkable
attributes, encompassing low density, high specific strength, excellent thermal
conductivity, corrosion resistance, and eco-friendliness. Consequently, considerable
research endeavors have centered on leveraging aluminum-based IPCs as promising
materials. While extensive studies have delved into the mechanical and thermal
properties of aluminum-based IPCs, the ceramic phases have predominantly featured
compositions of Al2O3 and SiC, with limited exploration concerning AIN.

Aluminum Nitride (AIN) presents a compelling alternative, boasting notable
advantages such as high hardness, stiffness, thermal conductivity, and a coefficient of
thermal expansion compatible with SiC. Moreover, its chemical stability mitigates
potential adverse reactions at the interface with aluminum alloys, thus preserving
interfacial bonding integrity. Hence, the exploration of AI/AIN IPCs holds immense

potential, particularly in aerospace and electronic packaging applications
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Given the critical significance of this research direction, a systematic investigation
into the mechanical and thermal properties of AI/AIN IPCs emerges as an imperative
undertaking, promising to contribute significantly to the advancement of materials
science and engineering.

In this study, AIN preform with varying porosities were fabricated via the slurry

impregnation method and subsequently processed into AI/AIN IPCs utilizing low-
pressure casting techniques. Microstructural analysis employed SEM, EPMA, and
XRD techniques, while mechanical properties were assessed via nanoindentation and
room-temperature compression. Thermal expansion behaviors were examined using
finite-element simulation methods. Its thermal conductivity was also studied. This
study offers a theoretical basis for the application of AI/AIN IPCs. The conclusions of
this thesis can be summarized as follows:
1) AI/AIN interpenetrating phase composites with different preform porosity were
successfully prepared by immersing PU foam in a mixture slurry containing AIN
powder and Al>Os3 sol, followed by infiltration with molten A356 alloy using the low-
pressure casting method. SEM analysis indicated a clean and well-bonded interface
between the components. As the preform porosity increased, the relative density of the
composites also increased. The compression behavior of the IPCs was found to vary
greatly; samples with 84% and 79% preform porosity exhibited ductile fracture, while
those with 76% and 71% porosity exhibited brittle fracture. Compressive strength and
yield strength showed an overall increase with increasing preform porosity. Notably,
the 84% preform porosity IPCs demonstrated the highest compressive strength (140
MPa) and the best toughness (48.98 MJm™3). The nanoindentation hardness is
minimally affected by the presence of pores. As the porosity of the preform decreases,
the nanoindentation hardness increases. Additionally, higher interfacial hardness
indicates effective interfacial bonding.

2) The thermal expansion behaviors of AlI/AIN IPCs with varying preform porosity have
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been investigated. The experimental results, analytical models, and finite element
analysis were employed to gain insights into the thermal characteristics of these
materials. AIN preform effectively decreased the CTEs of AI/AIN IPCs, the reduction
in preform porosity resulted in decreased CTE values for the IPCs. The unique structure
of IPCs effectively constrains the expansion of the aluminum matrix, resulting in a
lower CTE compared to conventional particlereinforced AI/AIN composites.
Experimental values align with the analytical boundaries, affirming the accuracy of the
analytical model’s predictions. Finite element analysis of 3D RVEs validated the mesh
independence and showcased the intricate distribution of thermal stresses within the
IPCs. The FE model accurately predicts experimental results at high preform porosity
levels. However, as preform porosity decreases, a significant disparity arises between
calculated and actual values. This discrepancy is attributed to the FE simulation’s
omission of plastic deformation and residual thermal stresses.

3) AVAIN IPCs with varying preform porosity were examined for TC. With an increase
in preform porosity, the TC of IPCs also increases. The material's crystalline nature and
the existence of pores contribute to a reduction in its TC as the temperature rises. The
experimental results for sample 84 align well with the results derived from the
theoretical models. In contrast, the experimental data for sample 79 show a considerable
deviation, notably lower than the corresponding theoretical predictions. After
considering interfacial thermal resistance and porosity, the disparity between the
calculated results of the theoretical model and the experimental values for 79 samples
decreases notably. The experimental values align with the theoretical model, whereas
for 84 samples, they diverge from the calculated values. This discrepancy is primarily
attributed to the decreased porosity of the prefabricated body, enlarging the interfacial
region and amplifying the impact of interfacial thermal resistance. Further exploration
is required to understand the impact of factors beyond porosity and interfacial thermal

resistance.
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