
ABSTRACT 

CHACKO, ZUBIN. Thermo-mechanical Performance of Composite Metal Foam. (Under the 

direction of Dr. Afsaneh Rabiei). 

 

Steelïsteel composite metal foams (SïS CMFs) are emerging as multifunctional 

materials for applications requiring lightweight structure, high energy absorption, and thermal 

resistance under extreme environments. This dissertation delivers a comprehensive investigation 

of their thermo-mechanical and thermal transport behavior through a combined experimental and 

computational approach spanning compression, fatigue, and conductivity analyses across 

temperatures up to 1000°C. 

Thermo-mechanical evaluation under quasi-static compression reveals that SïS CMFs 

maintain substantial structural integrity and energy absorption capacity up to 600°C, with 

degradation accelerating beyond this point due to thermal softening, oxidation, and plastic 

buckling. At 800°C, more than 80% of the foamôs energy absorption capacity is lost, and lateral 

expansion becomes severe. Microstructural analysis via SEM identifies void formation along 

grain boundaries and extensive oxidation as key degradation mechanisms. 

Elastic modulus, plateau strength, and energy absorption efficiency are examined across 

temperatures ranging from 23°C to 800°C. A consistent three-region stressïstrain responseð

elastic, plateau, and densificationðis observed. A porosity-based correction factor (K꜡=꜡0.6) 

aligns closely with the foamôs physical porosity (ᶫ꜡=꜡0.6), enabling accurate conversion from 

engineering to true stress. Finite element simulations in ABAQUS, incorporating a crushable 

foam plasticity model and temperature-dependent properties, reproduce the compressive 

response with discrepancies below 4%. These simulations confirm key assumptions such as 

constant Poissonôs ratio and validate the use of porosity-informed modeling for S-S CMF design. 



Under cyclic compression, SïS CMFs exhibit strongly temperature-dependent fatigue 

behavior. At 400°C, fatigue life peaks, with specimens enduring over 1.3 million cycles at 60% 

of plateau strength due to dynamic strain aging (DSA), which delays failure through dislocation 

pinning. At 600°C, the fatigue life decreases sharply due to oxidation-induced embrittlement, 

thermal softening, and dynamic recovery. Strain evolution follows a distinct three-stage pattern: 

gradual accumulation, stable deformation, and sudden collapse. Serrated flow behaviorð

particularly prominent at 400°C and 600°Cðis linked to DSA and matrix porosity collapse. 

SEM observations reveal microstructural porosity rearrangement and twinning at high 

temperatures, suggesting a transition in deformation mechanisms from slip-dominated at room 

temperature to cyclic hardening and oxidation-assisted fracture at elevated temperatures. 

Thermal transport analysis, combining computational modeling with laser flash (LF) 

experiments, reveals that the thermal conductivity of SïS CMFs is approximately six times lower 

than that of bulk 316L stainless steel, while thermal diffusivity is reduced by half. A 3D steady-

state conduction model in ANSYS Fluent accurately reproduces effective thermal conductivity 

across 300ï1000°C, with only 2ï6% deviation from experimental values. Previous experimental 

evaluations validate the computational predictions with uncertainty levels of 3.6%. These results 

underscore the thermal insulation potential of SïS CMFs in high-temperature environments. 

Together, the findings provide an integrated understanding of the performance limits, 

degradation mechanisms, and multifunctional capabilities of S-S CMFs. This work establishes 

SïS CMFs as promising candidates for structures exposed to thermally and mechanically 

demanding environments such as crash energy absorbers, thermal barriers, and protective 

enclosures for hazardous material transport. The combined experimental-computational 



methodology offers a robust foundation for the predictive design and deployment of S-S CMFs 

in next-generation structures/systems exposed to extreme-environment. 
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CHAPTER 1:  INTRODUCTION  

1.1 Background 

Composite Metal Foams (CMFs) are an advanced class of lightweight cellular metals, 

characterized by uniformly distributed, closed-cell architecture. Typically, CMFs comprise 

hollow metallic spheres, predominantly fabricated from stainless steel, embedded within a 

continuous metallic matrix. This engineered composite structure yields exceptionally low density 

while maintaining significant fractions of the mechanical strength and stiffness inherent to 

monolithic metals. Figure 1-1 illustrates a representative steelïsteel (SïS) CMF, highlighting the 

uniformity of embedded spheres within the matrix. 

 

Figure 1-1 Cross-section of steel composite foam produced with 2 mm steel spheres embedded in 

a steel matrix.  
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The synergy between lightweight architecture, high compressive strength, controlled 

energy absorption, and markedly reduced thermal conductivity has positioned CMFs as prime 

candidates for aerospace, automotive, defense, and nuclear applications. In these sectors, 

materials are often required to simultaneously manage structural loads, impact events, and 

extreme thermal conditions. Notably, the presence of porosity within CMFs significantly disrupts 

heat conduction pathways, reducing effective thermal conductivity to approximately one-fifth 

that of the bulk 316L stainless steel from which they are derived [1].  

Steelïsteel CMFs are predominantly manufactured through powder metallurgy (PM) 

processes, resulting in high-quality interfacial bonding between the matrix and embedded 

spheres, uniform pore structures, and enhanced corrosion resistance. Existing literature provides 

comprehensive insights into their mechanical response under quasi-static, dynamic, and ballistic 

loading at ambient conditions, alongside preliminary thermal property assessments up to 

approximately 1000°C [1ï9]. 

Despite these advancements, real-world deployment often exposes CMF-based 

components to complex thermo-mechanical environments, characterized by simultaneous 

elevated temperatures and cyclic mechanical loads. Understanding how such combined 

conditions influence structural integrity, fatigue life, and microstructural stability is crucial for 

ensuring safe and reliable long-term performance. 

1.2 Overview of Existing Research 

Fabrication methods for CMFs primarily include PM and gravity casting. PM techniques 

are predominantly used for producing steelïsteel CMFs, or other CMFs composed of similar 

sphere and matrix materials, as they offer consistent sphereïmatrix bonding, controlled porosity, 

and reduced density [10,11]. In contrast, gravity casting is typically employed for fabricating 
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CMFs with dissimilar materialsðsuch as aluminum-matrix CMFsðthough this approach often 

results in interfacial variability due to the complexities of infiltration [12,13]. 

Mechanical properties of CMFs under quasi-static conditions typically exhibit a 

characteristic stressïstrain response: elastic deformation, a prolonged plateau region dominated 

by progressive sphere collapse, and final densification. Both compressive strength and energy 

absorption directly correlate with the mechanical properties and relative proportions of matrix 

and embedded spheres [2,7,14] . Strong interfacial bonds between spheres and matrix 

significantly delay structural failure under bending and shear loading conditions [3]. 

Under dynamic and ballistic loading, CMFs display marked strain-rate sensitivity, with 

substantial enhancements in yield and plateau strengths observed during high-rate Split 

Hopkinson Pressure Bar (SHPB) testing [4,5]. Moreover, multi-layered CMF armor 

configurations have demonstrated impressive ballistic performance, markedly reducing projectile 

penetration and back-face deformation through efficient energy dissipation mechanisms [6]. 

Thermally , CMFs significantly outperform monolithic metals in insulating capabilities 

due to their low effective thermal conductivity, which arises from the combined effects of 

internal porosity, air-filled voids, and disrupted heat conduction pathways across the metalïair 

interfaces and between the hollow spheres and matrix [1]. These structural features greatly 

hinder thermal transport, making CMFs excellent thermal insulators compared to their solid 

metal counterparts [9,15ï17]. 

Fatigue performance studies indicate superior cyclic loading resistance of steelïsteel 

CMFs compared to aluminum-based alternatives, attributed primarily to robust sphereïmatrix 

interfaces [18]. Nevertheless, fatigue behaviors at elevated temperatures, including associated 

microstructural evolution mechanisms, remain under-explored. 
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1.3 Motivation  

Numerous practical applications, including fire protection systems, thermal insulation 

panels for turbines, exhaust shielding in automotive sectors, and nuclear containment structures, 

expose materials to concurrent cyclic mechanical loading and elevated temperatures. Existing 

CMF literature predominantly focuses on isolated mechanical or thermal loading conditions, 

thereby limiting predictive capabilities under realistic operational scenarios.  

There exists a critical need for comprehensive experimental and computational studies 

explicitly targeting the combined thermo-mechanical response of CMFs. Detailed understanding 

of degradation mechanisms, including oxidation-induced embrittlement, grain-boundary void 

formation, and interfacial degradation, is essential for accurate life-cycle assessments and 

improved reliability. 

Addressing these critical scientific and engineering gaps motivates the comprehensive 

approach adopted in this dissertation, which integrates thermal conductivity modeling up to 

1000°C, high-temperature mechanical characterization, evaluation of fatigue behavior under 

elevated temperatures, and in-depth microstructural analysis. 

1.4 Objectives of the Dissertation 

The primary objective of this research is to elucidate the thermo-mechanical performance 

and degradation pathways of steelïsteel composite metal foams under realistic operational 

conditions. Specific objectives include: 

I. Model thermal conductivity. Develop and validate a computational finite-volume model 

to predict effective thermal conductivity of SïS CMFs across temperatures ranging from 

ambient to 1000°C. 
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II.  Quantify high temperature compression. Experimentally characterize elastic modulus, 

yield stress, plateau stress, and energy absorption under quasi-static compression at 

temperatures of 23°C, 400°C, 600°C, 700°C, and 800°C. 

 

III.  Assess fatigue life. Determine the cyclic fatigue life, deformation mechanisms, and strain 

evolution under compressionïcompression loading at 400°C and 600°C. 

 

IV.  Characterize microstructural degradation. Identify and analyze fatigue-induced 

damage mechanisms such as grain boundary voiding, oxidation processes, and sphereï

matrix interface degradation through advanced microscopy techniques, including 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). 

1.5 Scope and Methodology 

This dissertation specifically examines the thermo-mechanical behavior of powder 

metallurgy-produced steelïsteel CMFs, with both spheres and matrix fabricated from 316L 

stainless steel. Alternative material configurations, such as aluminum matrix composites or open-

cell architectures, fall beyond the scope of this research. 

The choice of 316L stainless steel as the primary material system is based on its superior 

corrosion resistance, microstructural stability, and robust mechanical properties at elevated 

temperatures. Furthermore, the compatibility between spheres and matrix in composition 

minimizes thermal expansion mismatches and interfacial stresses, essential for accurate 

characterization and modeling. 

Experimental investigations involve high-temperature uniaxial compression and 

isothermal fatigue tests, complemented by computational thermal conductivity modeling using 

finite-volume approaches. Post-fatigue microstructural analyses leverage SEM and EDS to 
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identify damage initiation and progression mechanisms at the microscale. Literature data support 

the interpretation and validation of computational models. 

1.6 Dissertation Structure 

The dissertation is structured into seven chapters, systematically presenting the research 

from foundational knowledge through experimental analyses, computational modeling, 

discussions, and concluding insights: 

I. CHAPTER 1:Introduction 

II.  CHAPTER 2: Literature Review 

III.  CHAPTER 3: Materials and Fabrication 

IV.  CHAPTER 4: Experimental and Computational Methods 

V. CHAPTER 5: Results and Discussions 

VI.  CHAPTER 6: Conclusions 

VII.  CHAPTER 7: Future Work 
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CHAPTER 2:  LITERATURE REVIEW  

2.1 Metal Foams 

2.1.1 Overview 

Metal foams (MFs) are a class of cellular metals in which a continuous metallic matrix 

encloses a high-volume fraction of gas-filled pores or hollow inclusions, resulting in ultralow 

density while largely preserving the intrinsic mechanical and thermal properties of the parent 

metal alloy [19,20]. Depending on the processing method and application requirements, their 

porosity typically ranges from 60% to 90%, situating them between porous metals (Ò60% 

porosity) and highly porous sponge-like metals (Ó90%) in the broader classification of cellular 

solids [19,20]. The unique combination of lightweight architecture and metal-like behavior 

grants MFs exceptional potential for applications in energy absorption, thermal management, 

impact mitigation, and structural insulation across the automotive, aerospace, and defense 

sectors. 

2.1.2 Classification 

Metal foams (MFs) are generally classified based on cell morphology, i.e., whether the 

pores are open, closed, or partially connected, and the chemistry of the metallic matrix. These 

two parameters primarily dictate functional characteristics such as permeability, mechanical 

integrity, and thermal response. 

Open-cell MFs consist of a fully interconnected three-dimensional network of pores. The 

residual metallic ligaments form a lightweight skeleton capable of modest load-bearing, while 

the open porosity enables high fluid permeability and an extensive internal surface area. These 

attributes make open-cell MFs well suited for applications in heat exchangers, catalytic supports, 
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filtration systems, and biomedical scaffolds [19]. Due to their architecture, mechanical properties 

such as stiffness and plateau stress follow established power-law scaling relationships with 

relative density [21]. Figure 2-1 shows an example of a nickel-based open-cell MF. 

 

Figure 2-1 Nickel-based open-cell foam. Inset: micrograph of the edges of some of the hollow 

struts [22] . 

Closed-cell foams, by contrast, feature discrete, gas-tight pores enclosed by thin metallic 

membranes. These enclosed cell faces enhance compressive strength and plateau stress, while the 

entrapped gas reduces thermal conductivity and improves energy absorption. Aluminum-based 

closed-cell MFs are extensively used in crashworthy structures, blast-resistant panels, and 

thermal insulation cores [23]. Their compressive behavior typically progresses through the 

classic elasticïplateauïdensification stages, but the plateau region tends to be longer and flatter 
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than in open-cell counterparts due to deformation being dominated by face bending rather than 

ligament buckling. Figure 2-2 illustrates a representative closed-cell MF structure. 

 

Figure 2-2 Typical cell structure of closed-cell metal foam [24] . 

Hybrid or partially open -cell MFs fall between these two categories. In such foams, 

partial rupture of cell walls during processing results in a mixed architecture that offers 

intermediate permeability and mechanical performance. These hybrid structures are under active 

investigation for use in vibration damping, acoustic liners, and multifunctional filters [19]. 
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A specialized class of MFs is the metal matrix syntactic foam (MMSF). These are 

produced by embedding prefabricated hollow spheresðceramic, metallic, or cenospheres from 

fly ashðwithin a metallic matrix. The resulting ordered, closed-cell structure enables precise 

control of relative density through the volume fraction of the inclusions. MMSFs provide 

outstanding specific stiffness and energy absorption at minimal weight, making them attractive 

for impact- and blast-resistant components. Some MMSFs also incorporate bimodal spheres or 

unidirectional fibers to further tailor mechanical performance [20]. Figure 2-3 illustrates several 

configurations of MMSFs. 

 

Figure 2-3 Different configurations of MMSFs: (a) simple MMSF, (b) hybrid MMSFs reinforced 

with two grades of hollow spheres, (c) hybrid MMSFs containing bimodal ceramic hollow 

spheres, and (d) MMSFs reinforced with unidirectional Al2O3 fibers [25] . 
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Lastly, MFs can also be distinguished by matrix material: aluminum, magnesium, 

titanium, stainless steel, nickel, and various alloys. Aluminum -based MFs are dominant in 

lightweight structural and thermal applications due to their low cost and ease of processing. 

Magnesium MFs offer electromagnetic shielding and bioresorbable properties. Titanium  and 

stainless steel MFs are preferred in high-temperature and biomedical applications for their 

excellent corrosion resistance and strength retention. Nickel-based and FeïCr alloy MFs are 

often used in chemically aggressive or catalytic environments, including solid oxide fuel cells 

and reformers.  

2.1.3 Principal Fabrication Routes 

MF processing techniques are broadly categorized into four major families: liquid 

metallurgy, powder metallurgy (PM), vapor deposition, and solid-state routes. Each method 

imposes unique thermodynamic and kinetic constraints on pore nucleation, growth, and 

stabilization, which ultimately leave a characteristic ñfingerprintò in terms of pore morphology, 

connectivity, and defect population. 

I. Liquid -metallurgy routes. These methods begin with a fully or partially molten 

alloy and introduce porosity through gas injection, decomposition of a blowing 

agent, or precipitation of dissolved gas during solidification. 

a) Direct gas injection (CYMAT/HYDRO). A rotary or vibrating lance injects 

nitrogen (N ), argon (Ar), or air into an aluminum (Al) melt pre-thickened with 5ï

15 vol.% SiC or Al2O3 particles. The particles stabilize the foam by increasing 

melt viscosity and reducing drainage. Bubbles coalesce near the free surface and 

freeze into slabs with millimeter-scale, predominantly closed cells. Insufficient 

stabilizer content leads to large, uneven pores or cell-wall tears; excess loading 
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results in dense, brittle (ñstonyò) foams with poor expansion [26]. Figure 2-4 

shows the CYMAT production route. 

 

Figure 2-4 The CYMAT process for manufacturing stabilized aluminum foam. 

b) Blowing-agent foaming (ALPORAS). TiH2 powders stirred into a Ca-treated Al 

melt decompose above ~600 ÁC, releasing hydrogen and inflating the slurry 

within a mold. Calcium-based oxides thicken the melt and delay drainage. If 

viscosity falls too early, elongated and non-uniform cells may develop. 

ALPORAS is known for achieving high porosity (~90%) with a relatively 

uniform closed-cell structure [23]. Figure 2-5 illustrates the ALPORAS batch 

casting process. 
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Figure 2-5 ALPORAS manufacturing process [24] . 

c) Gasars/lotus foams. Hydrogen gas is dissolved into Cu, Al, or Ti melts 

under high pressure (5ï50 atm) and then directionally solidified. As hydrogen 

precipitates out, it forms aligned, cylindrical pores (10 Õmï10 mm) along the 

thermal gradient. This produces open-ended, anisotropic cells with minimal 

transverse connectivityðideal for uniaxial fluid transport[26]. Figure 2-6 

illustrates one Gasar production method using the Shapovalov technique. 

Liquid-metallurgy routes often suffer from density gradients due to gravitational drainage 

during foaming. This typically results in thinner upper cell walls and a top-heavy porosity 

profile. Mechanical stirring or oscillating gas injections can reduce average cell size but rarely 

eliminate this gradient. 
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Figure 2-6 Gasar production using the Shapovalov method [27] . 

II.  Powder-metallurgy (PM) routes. PM methods produce MFs by compacting 

metal powders with either a blowing agent or a removable space holder, followed 

by heating. 

a) Powder-compact melt foaming (Fraunhofer process). Precursor compacts 

composed of Al and TiH  are densified to >98% relative density, then foamed just 

above the solidus. Decomposition of TiH2 generates hydrogen gas, forming 

equiaxed closed cells (1ï5 mm diameter). Poor densification results in early gas 

escape, producing uneven pore sizes and possible internal cracking [28]. Figure 

2-7 presents a schematic of this method. 
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Figure 2-7 Schematic illustrating foam fabrication via the blowing agent method in the PM 

process [29] . 

b) Space-holder sintering. Space holders like NaCl, carbamide, CaCO3, or 

PMMA are mixed with metal powders and compacted. After sintering, the space 

holders are removed by leaching or thermal decomposition, leaving behind pores. 

The morphology of the pores reflects the template: angular salts create faceted 

pores, while spherical carbamide yields more isotropic, near-Kelvin polyhedra. 

Residual connections between incompletely removed particles may result in 

microporosity within the struts [30]. Figure 2-8 shows the schematic of this 

process. 

 

Figure 2-8  A schematic of the space holder method with metal powders [29] . 
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PM routes are particularly effective at producing uniform, monodisperse pores (0.3ï6 

mm) with porosities exceeding 85%. However, due to gas entrapment and incomplete sintering, 

cell walls may contain small shrinkage cavities (<50 Õm). 

III. Vapor-deposition routes. In these methods, an open-cell polymer template is 

coated with a metalðtypically Ni, Ti, or Cuðusing chemical vapor deposition 

(CVD) or physical vapor deposition. The polymer is then pyrolyzed, leaving a 

metal replica with ~98% porosity and hollow ligaments. 

Cell morphology directly mirrors the template (typically 0.2ï5 mm pore size). 

These MFs offer excellent permeability and large surface area, making them ideal 

for heat exchangers, fuel cells, and catalytic reactors. However, the resulting 

structures exhibit relatively low compressive strength due to their thin-walled, 

hollow architecture. Figure 2-9 demonstrates the INCO CVD process for Ni-

based open-cell MFs. 

 

Figure 2-9 A CVD process to create open-cell nickel foam [31] . 

IV.  Solid-state routes. These fabrication routes generate porosity without entering 

the melt phase. Methods include hot isostatic pressing (HIP) of gas-charged 
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powder compacts, sintering of pre-fabricated hollow spheres (used in MMSFs), 

and diffusion bonding of wire meshes. 

In the HIP gas expansion method, metal powders (e.g., Ti or Fe) are compacted 

under high pressure while containing dissolved Ar or N . Post-HIP annealing at 

0.6 Tm causes the trapped gas to expand, forming isolated spherical pores (10ï

300 Õm). The resulting MFs typically exhibit modest porosity (15ï50%) but have 

crack-free, oxide-free struts and high structural integrity [26]. 

Solid-state methods avoid drainage and coalescence, enabling tight control over pore 

morphology. These routes are favored for structural MFs with high specific stiffness but are 

limited in applications requiring high permeability. Figure 2-10 outlines the Boeing process for 

fabricating titanium alloy sandwich panels with porous MF cores. [26]. 
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Figure 2-10 Manufacturing process steps for titanium alloy sandwich panels featuring highly 

porous closed-cell cores [26] . 
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2.1.4 Mechanical and Thermal Behavior 

Among various MF architectures, closed-cell MFs exhibit the highest compressive 

strength due to their intact cell membranes, which distribute the applied load across a continuous 

network of walls. For example, aluminum (Al) foams fabricated via melt foaming typically reach 

plateau stresses of 5ï10 MPa at relative densities near 0.1, whereas open-cell counterparts of 

similar density achieve only about half that load-carrying capacity [21]. This superior strength, 

combined with progressive deformation in the plateau region, underpins the high energy 

absorption of closed-cell MFs, making them ideal as crash-box fillers in automotive and defense 

applications. Experimental studies have shown that the area under the stressïstrain curveð

representing energy absorptionðincreases faster than linearly with relative density, reaching 

values up to ~30 MJĿm-3 in Al foams designed for protective applications. Figure 2-11 and 

Figure 2-12 illustrate the compressive behavior of closed- and open-cell MFs, respectively. 

 

Figure 2-11 Quasi-static compressive test results of closed-cell aluminum foams with varying 

porosities: (a) stressïstrain curve, and (b) energy absorptionïstrain curves [23] . 
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Figure 2-12 Compressive mechanical properties of open-cell MFs [32] . 

While open-cell MFs are mechanically weaker under compression, they offer advantages 

in terms of recoverability, lower weight, and superior permeability, which are often desirable in 

dynamic and multifunctional applications. 

Fatigue behavior at room temperature reflects similar architectural trends. 

Comprehensive studies covering nearly a century of data indicate that open-cell MFs generally 

exhibit reduced fatigue life compared to closed-cell analogues. This is attributed to localized 

stress concentrations and progressive damage accumulation in the slender ligament network. 

However, cyclic life in open-cell MFs can be significantly improved through post-processing 

strategies such as heat treatment, alloying, or surface modification, which enhance ligament 



  21 

 

strength and delay crack initiation [33]. The fatigue responses of both architectures are shown in 

Figure 2-13 and Figure 2-14. 

 

Figure 2-13 Displacement and displacement slope plotted against the number of cycles, with the 

dashed line marking failure in open-cell A332 Al alloy foams  [34] . 

Thermal behavior in MFs is equally governed by pore topology. In closed-cell MFs, the 

sealed cavities interrupt solid conduction paths and trap stagnant gas, which significantly reduces 

effective thermal conductivity. For instance, 4%-dense nickel (Ni) foams exhibit conductivities 

as low as 0.4 Wm-1K-1ðapproximately 1% of the bulk Ni value [21]. In contrast, open-cell MFs 

facilitate better solid-phase conduction through the continuous ligament framework. More 

importantly, their interconnected pore channels allow for forced convection, enhancing heat 

transfer coefficients by orders of magnitude. This makes open-cell MFs well suited for use in 

compact heat exchangers, catalytic substrates, and electronic cooling systems, where both 

surface area and convective flow are critical [19]. 
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Figure 2-14 Schematic representation of the compressive fatigue behavior of a closed-cell Al 

alloy foam [35] . 
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2.1.5 Applications 

 

Figure 2-15 Applications of cellular metals are categorized based on the required degree of 

pore openness and the functional versus structural nature of the application [22] . 

Thanks to their ultralow density, mechanical resilience, tunable thermal performance, and 

high internal surface area, MFs are being integrated into a wide array of engineering 

applications. Their functional versatility stems from the ability to tailor pore morphology, size, 

and connectivity to meet the demands of structural, thermal, acoustic, and electrochemical 

environments. Figure 2-15 categorizes MF applications based on pore openness and whether the 

dominant role is structural or functional  [22]. 

I. Structural and civil engineering. Closed-cell Al and steel MFs are widely used 

as core materials in lightweight sandwich panels for flooring systems, blast-
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resistant façades, and bridge decks. The foam core contributes stiffness and 

specific energy absorption without excessive mass. Notably, nickel (Ni) MFs have 

also been adopted in building-integrated heating systems and heat-pipe liners for 

de-icing or passive thermal control in large-scale civil structures [21,36]. 

II.  Automotive safety and lightweighting. Closed-cell Al MFs are extensively 

deployed in crash-box fillers, bumpers, A-pillars, and pedestrian impact 

structures. Compared to hollow aluminum extrusions, MF inserts can double the 

energy absorbed under comparable weight constraints. These materials are 

routinely optimized through finite element crash simulations and full-scale impact 

testing. Emerging concepts include density-graded foams and hybrid latticeïfoam 

cores, currently evaluated for use in electric vehicle battery housings, where they 

offer both thermal insulation and impact mitigation during thermal runaway 

scenarios [36]. 

III.  Aerospace and defense. Foam-core sandwich structures have been flight-

qualified in aerospace systems such as vibration-damping fairings and adapter 

cones (e.g., Ariane 5), enabling mass savings of several hundred kilograms per 

launch. Titanium (Ti) and stainless-steel MFs are proposed for satellite brackets, 

cryogenic tank supports, and bird-strike resistant leading edges. These structures 

combine impact resistance with lightweight strength, critical for both military and 

commercial aerospace platforms [33,36]. 

IV.  Thermal management and heat exchange. Open-cell MFs, particularly those 

made of Ni or copper (Cu), are prized for their large surface area-to-volume ratio 

and high gas permeability. They are utilized in compact heat exchangers, solar 
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thermal collectors, and air-heater cores. In prototype systems, Ni foam strips have 

demonstrated solar energy absorption efficiencies up to 90%. Current research 

focuses on optimizing pore topology and ligament thickness to enhance heat-

transfer coefficients for next-generation electronics cooling and energy harvesting 

devices [21,36]. 

V. Energy storage and electrochemical devices. Highly porous Ni MFs (70ï90% 

porosity) serve as current collectors and electrode scaffolds in alkaline batteries, 

supercapacitors, and fuel cells. Their open architecture allows for short diffusion 

paths, high active material loading, and mechanical robustness. More recently, 

ultralight MFs (<10 mg.cm-3) are being explored for lithium-ion and metalïair 

batteries, where they act both as electrical conductors and mechanical supports, 

often replacing heavier grid structures [33]. 

VI.  Acoustics, noise control, and flame arresters. Open-cell Cu and Ni MFs are 

effective in silencing industrial gas flows, acting as acoustic diffusers and 

mufflers in pneumatic systems and exhaust lines. Their permeability allows them 

to dissipate turbulent pressure waves without compromising flow. Additionally, 

their non-flammable structure makes them ideal for flame arresters capable of 

quenching hydrocarbon flames propagating at speeds exceeding 200 m s-1 [21]. 

VII.  Biomedical implants and tissue engineering. Open-cell Ti and stainless-steel 

MFs are being developed for orthopedic scaffolds, dental implants, and bone 

substitutes. These MFs offer elastic moduli that closely match cortical bone (~10ï

30 GPa), minimizing stress shielding. Their interconnected porosity supports 

vascularization and bone ingrowth, essential for long-term implant stability. 
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However, broader clinical adoption still faces challenges, particularly in terms of 

cost, biocompatibility validation, and reproducibility of microstructure [33]. 

Research continues to move toward functionally graded MFs and additively 

manufactured (AM) lattices, which integrate multiple rolesðmechanical support, thermal 

management, acoustic damping, and electromagnetic shieldingðinto a single multifunctional 

core. These advanced architectures are frequently cited in recent reviews as key enablers for 

next-generation aerospace, automotive, and energy storage systems [36]. 

2.1.6 Challenges 

Despite their unique combination of low density, multifunctionality, and structural 

potential, MFs still face several significant challenges that limit their widespread adoption. 

Cost and scalability remain the foremost barriers. Liquid-route foaming is economically 

viable mainly for aluminum (Al) due to its relatively low melting point and availability of cost-

effective stabilizers. Attempts to extend this approach to magnesium (Mg), titanium (Ti), or steel 

often fail to scale beyond prototype stages, primarily because melt stabilization becomes 

increasingly difficult and expensive. These high-melting-point alloys demand greater thermal 

input, specialized containment, and precise control of surface chemistry to avoid embrittlement, 

all of which inflate feedstock and processing costs [37].  

Powder metallurgy (PM) and additive manufacturing (AM) routesðwhile offering 

excellent control over pore size and uniformityðdepend on fine metal powders or capital-

intensive equipment. As a result, their volume throughput is limited, and unit costs remain 

several times higher than those for conventional metal castings or extrusions [37].  

Even when higher costs are accepted, process repeatability remains problematic. Reviews 

emphasize that current foaming methods often fail to deliver the precise, predictable properties 
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demanded by design engineers. Small deviations in melt viscosity, blowing-agent content, or 

furnace temperature can lead to uncontrolled variations in porosity, wall thickness, and density 

gradientsðfactors that directly influence mechanical properties like compressive strength and 

energy absorption[19]. This inherent variability forces designers to adopt large safety factors, 

which counteract the weight-saving benefits of MFs. 

The lack of comprehensive property databases and standardized testing protocols further 

complicates qualification for critical applications. Unlike well-established metallic systems, MFs 

suffer from a data deficit, especially under multiaxial loading, high strain rates, or thermal 

cycling. International test standards for metallic foams are still under development, making 

certification of MF-based componentsðparticularly in aerospace, automotive, and defense 

sectorsðchallenging and time-consuming [19,30]. 

Post-processing and joining also introduce technical hurdles. Conventional methods like 

bending, deep drawing, or riveting can easily crush the fragile cell walls. Similarly, arc welding 

may collapse pores or create heat-affected zones with degraded mechanical properties. While 

advanced techniques such as laser forming, friction stir welding, and wire-EDM offer better 

control, they require narrow parameter windows and often drive up both processing time and 

cost [37]. 

Finally, several critical structureïproperty relationships remain insufficiently understood. 

Key questions persist regarding optimal wall thickness for buckling resistance, the quantitative 

effect of cell anisotropy on fatigue life, and how pore geometry couples with thermal 

conductivity, acoustic attenuation, or energy absorption. Current experimental data in these areas 

are often sparse or contradictory, hampering robust material models and design optimization 

[19].  
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Overcoming these challengesðby reducing costs, enhancing process control, improving 

post-processing compatibility, and deepening structureïproperty understandingðis essential to 

transition MFs from promising laboratory materials to mainstream structural and multifunctional 

components in next-generation engineering systems. 

2.2 Composite Metal Foam 

2.2.1 Overview 

Composite Metal Foams (CMFs) form a distinct subclass of metal foams (MFs), 

characterized by their highly controlled, closed-cell architecture, in which prefabricated hollow 

metallic spheres are embedded within a metallic matrix  [10,38]. This contrasts sharply with 

conventional stochastic MFs, which are formed by random gas entrapment or space-holder 

techniques, leading to irregular cell shapes, nonuniform wall thicknesses, and heterogeneous 

mechanical properties. 

The hollow spheres used in CMFs are typically fabricated from low-carbon steel or 

stainless steel, with diameters ranging from ~2 mm to 6 mm and wall thicknesses between 

0.1 mm and 0.3 mm [10,12,14]. These spheres are sintered, offering tight control over shell 

geometry and microstructure. 

CMFs are typically manufactured using either powder metallurgy (PM) or casting 

processes, resulting in two widely studied configurations: 

I. Similar Material s (SteelïSteel CMF or SïS CMF): Both the matrix and the 

hollow spheres are made of steel. This configuration is typically fabricated using 

PM techniques involving compaction and sintering, ensuring good interfacial 

bonding and uniform microstructure; 
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II.  Dissimilar Material s (AluminumïSteel CMF or AlïS CMF): The matrix is 

made of aluminum, while the hollow spheres are composed of steel. This type of 

CMF is commonly produced through molten aluminum infiltration into a pre-

packed bed of hollow steel spheres [11,12], though interfacial compatibility can 

be more challenging due to the dissimilar materials. 

These architectures generally yield relative densities between 30% and 35%, depending 

on the volume fraction of spheres, matrix densification, and interfacial bonding achieved during 

processing [10]. 

 Unlike stochastic metal foams, CMFs exhibit high mechanical uniformity due to the 

periodic arrangement of hollow spheres, which minimizes local stress concentrations and 

facilitates uniform load transfer throughout the structure [4,38]. In addition to this geometric 

advantage, the metallic matrix plays a critical structural role by enveloping the hollow spheres 

and filling the interstitial gaps, thereby imparting strength and stability to the overall material 

[39,40]. It stabilizes the thin-walled spheres and provides continuous reinforcement, effectively 

strengthening both the cell walls and the entire foam structure [38,39]. The matrix also 

contributes to crack blunting and reduces premature buckling under mechanical loading, 

enhancing both strength and energy absorption [38]. Moreover, when the matrix and spheres are 

composed of the same material, strong interfacial bonding is achieved, preventing debonding and 

minimizing interfacial defects [38,39]. However, occasional formation of air pockets at the 

sphereïmatrix interface has also been reported [14]. The matrix material, whether aluminum 

(e.g., A356 alloy) or stainless steel (e.g., 316L), can influence the presence of intermetallic 

phases and mechanical behavior, depending on composition and sphere size [1,4,14]. Together, 
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the periodic packing of spheres and the structural contributions of the matrix result in more 

predictable failure modes, which are essential for structural and crashworthy applications. 

CMFs provide fully continuous metallic bonding between the matrix and sphere surfaces, 

resulting in enhanced energy absorption, impact resistance, and fire-retardant performance [6]. 

Moreover, CMFs maintain their structural integrity without relying on the geometrical intricacies 

or sharp nodes that often govern failure in lattice structures. 

At ambient conditions, CMFs exhibit markedly enhanced mechanical performance over 

conventional metal foams due to their engineered cellular architecture and the presence of a 

metallic matrix surrounding uniformly distributed hollow spheres. SïS CMFs fabricated via PM 

demonstrate high compressive strength and stiffness, largely attributed to improved interfacial 

bonding and the mechanical continuity between the matrix and spheres [41]. Experimental 

evaluations using cyclic loadingïunloading tests have confirmed their relatively high elastic 

modulus and excellent structural integrity under compressive loads [2]. These materials also 

exhibit superior energy absorption capacity due to their high plateau strength and extended 

densification strain, making them well-suited for applications requiring impact resistance [11]. In 

contrast, AlïS CMFs produced by gravity casting display lower stiffness due to the aluminum 

matrix but still achieve substantial energy absorption when optimized for sphere packing and 

intermetallic layer formation [12]. The interplay between microstructural features and processing 

conditions significantly influences the mechanical behavior of CMFs, enabling tailored 

performance characteristics that surpass those of many traditional metal foams [7]. 

CMFs exhibit distinct thermal characteristics that make them well-suited for applications 

involving thermal insulation, fire resistance, and heat shielding. Their thermal behavior is 

governed by the interplay between the metallic matrix and the hollow sphere inclusions. In SïS 
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CMFs, the specific heat is influenced by the composition and distribution of the matrix and 

spheres and has been consistently validated through both differential scanning calorimetry and 

laser flash techniques [1,42]. The thermal conductivity of CMFs is significantly lower than that 

of solid metals due to the presence of enclosed air voids and the disruption of continuous heat 

conduction pathways. This insulating behavior remains relatively stable across a broad 

temperature range, which is advantageous for applications exposed to sustained or fluctuating 

thermal loads [1]. Another important thermal parameter is surface emissivity, which governs 

radiative heat transfer. The emissivity of CMFs is influenced by surface roughness, sphere 

curvature, and material oxidation. Studies show that the matrix regions generally exhibit higher 

emissivity than the sphere interiors, and that curvature reduces the effective radiating surface 

area. These effects have been validated through combined experimental and numerical 

investigations [42]. The coefficient of thermal expansion (CTE) of CMFs has also been studied 

extensively, showing stable behavior across temperatures and good agreement with predictive 

models. Compared to conventional metal foams and solid metals, CMFs offer enhanced 

dimensional stability under thermal cycling, attributed to their composite architecture and 

controlled porosity [1].  

Overall, the sphere-in-matrix topology of CMFs imparts a unique combination of 

mechanical robustness, thermal resilience, and multifunctionality, positioning them as an 

advanced class of MFs for demanding applications where weight reduction, energy dissipation, 

and in extreme environment survivability are simultaneously required. 

2.2.2 Fabrication Routes 

CMFs are typically fabricated via two primary processing methods: powder metallurgy 

(PM) and casting. Both techniques rely on the assembly of prefabricated hollow metallic spheres, 
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densely packed to form a skeletal framework, with the interstitial spaces subsequently filledð

either through powder compaction or molten metal infiltrationðto form a continuous, closed-

cell structure. 

I. Powder Metallurgy (PM) Processing. In PM-based fabrication, hollow spheres 

are mixed with fine metal powder and compacted into a dense preform. This 

green compact is then sintered at elevated temperatures, promoting solid-state 

bonding between the matrix powder and the surface of the spheres. 

For steelïsteel CMFs (SïS CMFs), both the matrix and spheres are typically 

made from similar materials such as low-carbon steel or 316L stainless steel. For 

example, stainless steel spheres (~2 mm in diameter, ~100 Õm wall thickness) are 

densely packed and surrounded by 316L powder. The compact is sintered in a 

vacuum or reducing atmosphere at temperatures between 1200ï1250 ÁC, which 

facilitates diffusion bonding without significant grain coarsening or oxidation 

[4,43].  

PM processing enables precise control of relative density, typically in the 32% to 

40% range, and produces CMFs with high microstructural uniformity, low 

porosity, and strong metallurgical bonding between matrix and spheres [10,11]. 

II.  Casting Processing (Gravity Casting). Gravity casting is the dominant method 

for producing CMF from dissimilar sphere and matrix material such as 

aluminumïsteel CMFs (AlïS CMFs). In this process, steel hollow spheres are 

packed into a ceramic or metallic mold, which is preheated to avoid thermal shock 

and premature solidification upon contact with the molten matrix. 



  33 

 

An aluminum alloy such as A356 is melted and poured under gravity or light 

pressure into the sphere-packed mold. The liquid infiltrates the voids between 

spheres and solidifies, embedding the spheres within the matrix [12,13]. 

Preheating temperatures in the range of 700ï740 ÁC are typically used to promote 

full infiltration while minimizing intermetallic phase formation at the steelï

aluminum interface [13]. Resulting AlïS CMFs typically exhibit relative densities 

between 40% and 45% of aluminum, influenced by sphere packing density and 

infiltration quality [10]. 

SphereïMatrix Bonding Mechanisms. The bonding between spheres and matrix 

depends strongly on the fabrication method: 

I. In PM-processed CMFs, sintering facilitates solid-state diffusion at the sphereï

matrix interface, leading to robust metallurgical bonds that enhance both 

mechanical strength and thermal stability [11].  

II.  In cast CMFs, bonding occurs primarily through mechanical interlocking and 

extensive interfacial diffusion leading to intermetallics formation. However, 

excessive formation of FeïAl intermetallics at the interface can reduce ductility 

and increase brittleness. This can be mitigated by optimizing pouring temperature, 

preheat conditions, and cooling rates [13].  

Figure 2-16 presents cross-sectional views comparing conventional metal foams with 

both sintered and cast CMF architectures, highlighting the morphological differences. 
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Figure 2-16 Digital images showing cross-sections of: (a) ALPORAS aluminum foam, (b) hollow 

steel sphere foam (without matrix), (c) sintered CMF with 4꜡mm steel spheres in a steel matrix, 

and (d) cast CMF with 4꜡mm steel spheres in an aluminum matrix [38] . 

2.2.3 Mechanical Behavior 

Composite Metal Foams (CMFs) exhibit a broad spectrum of mechanical responses 

owing to their engineered architecture of hollow metallic spheres embedded in a metallic matrix. 

This combination enables superior performance across quasi-static, cyclic, dynamic, and ballistic 

loading regimes. The consistent sphere packing, strong interfacial bonding, and tunable relative 

density allow CMFs to outperform many stochastic MFs and even traditional bulk metals in 

several key metrics. This section outlines the principal mechanical behaviors of CMFs. 

I. Quasi-Static Compressive Behavior. CMFs exhibit the characteristic elasticï

plateauïdensification response common to cellular metals, but with significantly 
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elevated strength and energy absorption, enabled by the mechanical constraint of 

hollow spheres within a continuous matrix. For example, SïS CMFs processed 

via PM with 2 mm spheres (0.1 mm wall thickness) exhibit plateau stresses of 

~130ï140 MPa at ~37% of the density of steel [18]. In comparison, AlïS CMFs 

fabricated by casting with 3.7 mm steel spheres embedded in aluminum matrix 

demonstrate plateau stresses of ~40ï80 MPa, depending on casting temperature 

and infiltration quality at about half density of aluminum [12]. Figure 2-17 shows 

representative stressïstrain curves of CMF under quasi-static loading. 

 

Figure 2-17 Engineering stressïstrain curves for (a) SïS CMFs and (b) AlïS CMFs with varying 

sphere diameters under quasi-static compression [4] . 

Densification typically initiates at ~60% compressive strain, resulting in energy 

absorption capacities of upto 80 MJ m-3, this is about ten times greater than their 

parent material with much higher density [8, 34].This enhanced performance is 

not solely attributed to the hollow spheres but also to the metallic matrix that 

surrounds and supports them. The matrix fills the interstitial spaces between the 

spheres, providing continuous load paths and contributing to the structural 
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stability of the foam during deformation. It plays a critical role in reinforcing the 

thin sphere walls, suppressing premature buckling, and ensuring effective load 

transfer under compression [38]. Additionally, the matrix inhibits localized 

collapse by distributing stresses more uniformly, which, in conjunction with the 

periodic packing of spheres, helps prevent the formation of collapse bands and 

promotes homogeneous deformation. Notably, sphere size (1ï4 mm) has limited 

influence on plateau stress when wall thickness and interfacial bonding remain 

constant [38]. 

II.  Cyclical Loading and Fatigue. CMFs under compressionïcompression fatigue 

exhibit three deformation stagesðgradual strain accumulation (Stage-I), long 

quasi-stable cycling (Stage-II), and rapid densification to failure (Stage-III)ðbut 

without the abrupt strain jumps typical of stochastic foams. SïS CMFs endure > 1 

× 106 cycles at 50 % of their plateau stress (50% of ůpl = 68MPa), with life 

decreasing to ~104 cycles at 65 % ůpl (88.4 MPa) [18]. Cast AlïS CMFs show a 

comparable endurance limit of 64 % ůpl and survive ~1.4 × 106 cycles at which 

point only 5% cumulative strain is recorded[18]. The S-N curve of CMFs at 

different applied relative maximum stresses is illustrated in Figure 2-18. 
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Figure 2-18 Normalized maximum stress (ůmax/ůpl) versus number of cycles to failure (NT) for (a) 

PM and (b) cast CMFs. [18] . 

Fatigue damage mechanisms differ by processing route. In SïS CMFs, strong 

metallurgical bonding and matched chemistries of sphere and matrix prevent their 

debonding, so life is governed by porosity in the sintered matrix and spheres [18]. 

In AlïS foams, brittle FeïAlïSi intermetallic at the interface of matrix and 

spheres promotes local debonding initiating cracks [18]. Nonetheless, both CMF 

systems outperform conventional aluminum foams, which succumb to collapse-

band formation at far lower cyclic stresses [38]. 

III.  Flexural and Shear Behavior. The flexural response of CMFs has been 

systematically investigated through 4-point bending tests [3]. Both SïS and AlïS 

CMFs were tested, using specimens produced via PM and casting routes, 

respectively. These tests were designed to assess failure modes, maximum 

flexural strength, and stiffness while monitoring acoustic emission (AE) signals to 

capture the onset of damage and its progression. Figure 2-19 effectively 

compares the flexural stressïstrain behavior of both SïS and AlïS CMFs. 
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Figure 2-19 (a) Flexural yield strength vs. compressive yield strength; (b) maximum bending 

strength vs. compressive plateau strength [3] . 

PM-processed SïS CMFs showed a ductile flexural response, with failure 

primarily governed by the propagation of preexisting microporosities in the 

matrix and spheres. These samples maintained integrity even after full deflection, 

with digital imaging and SEM fractography confirming ductile rupture and strong 

sphereïmatrix bonding. In contrast, cast AlïS CMFs displayed a more brittle 

fracture mode. AE analysis and SEM revealed that failure was initiated at the 

sphereïmatrix interfaces, where FeïAlïSi intermetallic acted as preferential crack 

paths. The sharp AE bursts corresponded to intermetallic cracking, and SEM 

images confirmed cleavage-type features localized around these brittle phases [3].  

The ultimate flexural strength observed across both CMF types reached as high as 

86 MPa, with SïS CMF samples typically exhibiting higher post-yield ductility. 

The flexural modulus values extracted from the linear regions of the loadï

deflection curves were consistent with values obtained from monotonic 
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compression tests on larger samples, validating the use of thin flexural specimens 

for bulk mechanical property estimation [3]. 

IV.  High Strain Rate Behavior. The high-strain-rate mechanical behavior of CMFs 

has been extensively evaluated using Split Hopkinson Pressure Bar (SHPB) 

experiments to replicate conditions relevant to impact, crash, and blast 

applications. The results reveal a distinct rate sensitivity for both SïS and AlïS 

CMFs, particularly at nominal compressive strains below 30% [4]. Compared to 

quasi-static loading, dynamic compression significantly enhances yield strength 

(by up to 80%) and plateau stress (by up to 60%) in both CMF types, leading to 

higher energy absorption capacities. These effects are most pronounced in SïS 

CMFs, whose strain-rate-dependent parent matrix (316L stainless steel) amplifies 

this sensitivity relative to the more rate-insensitive aluminum matrix in AlïS 

CMFs [4]. High-strain-rate sensitivity behavior of CMF is shown in Figure 2-20. 

 

Figure 2-20 Stressïstrain curves of (a) SïS CMFs and (b) AlïS CMFs under quasi-static and 

dynamic loading [4] . 
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Dynamic strengthening is attributed primarily to the pressurization of entrapped 

air within the hollow spheres, and strain rate hardening of both the matrix and 

spheres. Micro-inertia effects and plastic shock wave propagation were evaluated 

but found to play minor roles under the strain rates tested (~1000ï3700 s-1) [4]. 

Notably, the deformation remains homogeneous across CMF specimens even at 

these high strain rates, with no evidence of premature collapse bands [4]. 

The effect of sphere size is marginal in quasi-static loading conditions but 

becomes more influential under dynamic loading. Larger spheres store and release 

more internal air upon collapse, which can momentarily elevate internal stress and 

increase peak load resistance [4]. Additionally, both solid and hollow cylindrical 

geometries showed similar strain rate sensitivity, suggesting geometric effects are 

secondary to microstructural contributions at these strain rates [4]. 

Energy absorption improvements under dynamic loading were quantified using 

the area under the stressïstrain curves. For SïS CMFs with 2 mm spheres, energy 

absorption increased from 57.1 MJ m-3 (quasi-static) to 76.0 MJ m-3 at a strain 

rate of 3728 s-1ðan enhancement of over 33% [4]. AlïS CMFs showed a smaller 

but still significant increase, from 41.0 MJ m-3 to 43.4 MJ m-3 at similar strain 

rates [4]. 

V. Ballistic Performance. SïS CMFs have demonstrated exceptional potential as 

structural energy absorbers in advanced ballistic armor systems. Their unique 

cellular architectureðcomprising hollow steel spheres embedded in a ductile 

stainless steel matrixðenables progressive densification, strain-rate-sensitive 

strengthening, and distributed impact energy dissipation under high-speed 



  41 

 

loading. These properties have been extensively validated through both 

experimental testing and computational modeling. 

 In a foundational study [6] SïS CMFs were used as intermediate backing layers 

in hybrid armor panels with boron carbide (B4C) ceramic strike plates, tested 

against NIJ Type III (7.62×51 mm M80) and Type IV (7.62×63 mm M2 AP) 

ballistic threats. All panels successfully arrested projectiles in both single- and 

multi-hit scenarios. Post-impact examinations revealed that the ceramic front 

layer underwent radial cracking and material erosion, while the CMF back layer 

dissipated the remaining kinetic energy through progressive compaction of the 

spheres and matrix plasticity. This is shown in Figure 2-21 which depicts front 

and back views of a panel following impact, highlighting the crater formation at 

the strike face and uniform densification in the foam layer. 

Energy-based analysis estimated that the CMF absorbed 60ï70% of the 

projectile's kinetic energy, while the rest was distributed across the ceramic and 

optional aluminum/Kevlar backplates [6]. Notably, the energy absorption of CMF 

increased with impact velocity, demonstrating a threefold enhancement in 

volumetric energy dissipation at speeds near 870 m s-1 due to strain-rate stiffening 

and internal air cushioning effects [6]. 

Extending to large-caliber threats, a subsequent study [44] tested CMFïceramicï

aluminum sandwich panels against 12.7×99 mm (.50 caliber) ball and armor-

piercing (AP) rounds. The CMF cores maintained structural integrity and 

effectively halted the majority of projectiles, with kinetic energy absorption by the 

foam measured between 69ï79%.  
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Figure 2-21 Ballistic impact results: A) front face with projectile stoppage; B) back face 

showing sphere compression in CMF [45] . 

The systems achieved a mass efficiency ratio (MER) of ~2.1 compared to 

traditional rolled homogeneous armor (RHA), offering significant weight 

reductions [44]. Finite element simulations using ANSYS/AUTODYN 

reproduced the key experimental findings. Lagrangian solvers were employed to 

simulate material erosion, projectile deformation, and CMF densification, 

confirming that the foam layer was primarily responsible for stress absorption and 

projectile deceleration. Although some delamination at high velocities was noted 

experimentally, the simulations closely matched impact dynamics and validated 

the material model assumptions [44].  

In a recent study on blast and fragmentation resistance [46], SïS CMF panels 

(9.5ï16.75 mm thick; 2ï3.5 mm spheres) were tested against high explosive 

incendiary (HEI) rounds producing supersonic blast waves and metal fragments. 
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The CMFs effectively arrested small, medium, and large fragments (up to 

~1525 m s-1) with minimal deformation [46]. Energy dissipation occurred through 

localized sphere crushing and matrix plasticity, with damage confined to compact 

zones. Thicker panels consistently arrested more fragments with deeper 

embedment. 

Finite element simulations using the IMPETUS Afea Solver, incorporating the 

BaiïWierzbicki fracture model, showed that SïS CMFs outperformed 

conventional 5083-H116 aluminum armor of equivalent areal density [46]. CMFs 

exhibited lower backface deformation, faster fragment deceleration (Ò 50 Õs), and 

more efficient stress wave dissipation, confirming their superior performance 

under coupled blast and fragment loading [46]. 

VI.  Elastic Modulus and Stiffness. The elastic behavior of CMFs has been 

characterized using experimental compression testing, analytical scaling laws, and 

finite element modeling. These investigations have revealed that the modulus of 

elasticity of CMFs falls within a broad range, depending on factors such as 

material system, processing technique, and loading regime. 

Experimental loadingïunloading compression tests on AlïSS CMFs (see Figure 

2-22) processed via casting showed elastic moduli between 10 and 12 GPa during 

initial unloading cycles, which are considered more reliable due to localized 

plasticity during initial loading. Alïlow carbon steel (AlïLC) CMFs exhibited 

slightly lower modulus values around 7.7ï8.6 GPa. These differences are 

primarily attributed to the varying mechanical properties of the embedded spheres 

rather than the matrix alloy itself as well as the intermetallics at their interface [2]. 
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Figure 2-22 Compressive stressïstrain behavior of cast AlïSS foam with periodic unloading 

cycles (inset highlights the elastic portion of the curve) [2] . 

Finite element simulations replicated the microstructure using idealized body-

centered cubic (BCC) arrangements of spheres and incorporated both matrix and 

interfacial intermetallic layers. These models predicted elastic modulus values of 

8.6 GPa for AlïLC and 10.3 GPa for AlïSS foams, closely matching 
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experimental results. Additionally, the use of analytical scaling laws provided 

upper and lower bounds of approximately 30 GPa and 3.4 GPa, respectively, for 

the same AlïS CMF system, confirming the consistency across methods [2]. 

The composite structure of CMFs contributes to these modulus values through a 

combination of hollow sphere elasticity (~2 GPa), matrix stiffness (~60 GPa for 

Al), and the presence of stiff intermetallic layers (~114 GPa) formed at the 

sphereïmatrix interface. Using the rule of mixtures, the upper-bound modulus for 

AlïSS CMFs was calculated to be 29.5 GPa, while the inverse rule of mixtures 

yielded a lower bound of 3.4 GPa. This bracketing highlights the contribution of 

both microstructural geometry and material phase properties [2]. 

VII.  Local Hardness and Interface Behavior. The microstructural and sphere-matrix 

interfacial behavior of CMFs plays a key role in governing their local mechanical 

performance. Specifically, the hardness distribution between the sphere walls, 

matrix, and interfacial intermetallic phases determines localized resistance to 

deformation, crack initiation, and fatigue. 

Microhardness measurements performed on SïS CMFs processed via PM 

revealed that the hollow steel spheres consistently exhibited hardness values 

approximately 40 Vickers units higher than the matrix. This disparity is primarily 

attributed to greater porosity within the matrix material. These differences in local 

hardness can lead to strain localization in the matrix and impact the overall yield 

behavior of the foam [10]. 

In AlïS CMFs produced by casting, a wide variety of intermetallic compounds 

were identified at the sphereïmatrix interface, including Fe2Al 7Si, FeAl4Si, and 
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Fe25Al 60Si15. Vickersô hardness values for these phases varied significantly 

depending on morphology and composition. Plate-shaped intermetallic phases 

close to the sphere surface exhibited values as high as 736 HV, while the 

surrounding aluminum matrix recorded much lower values, near 45 HV [12]. The 

gradient in hardness across this interface is a direct result of elemental diffusion 

from the steel spheres (Fe, Cr, Ni, Mn) into the aluminum matrix and vice versa 

(Al, Si). 

Furthermore, the formation of eutectoid branch-like intermetallics in CMFs 

processed with 4.0 mm spheres was associated with elevated carbon content and 

increased surface roughness, both of which enhance interdiffusion and 

intermetallic formation. These branch-like intermetallics, observed in 

backscattered SEM images, showed distinct two-phase structures with varying 

FeCrNi and Si content, reflecting compositional heterogeneity and mechanical 

anisotropy at the interface [14]. Figure 2-23 presents SEM micrographs of these 

interfacial zones. 

 

Figure 2-23 Backscattered SEM images of AlïS CMFs: A) 3.7꜡mm spheres with uniform 

intermetallic; B) 4.0꜡mm spheres with two-phase intermetallic layer [14] . 
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2.2.4 Thermal Behavior 

The thermal behavior of Composite Metal Foams (CMFs) has been extensively studied to 

assess their performance under elevated temperatures, fire exposure, and thermally extreme 

environments. Owing to their hybrid structureðcomprising hollow metallic spheres filled with 

air and embedded within a solid metallic matrixðCMFs exhibit thermal properties distinct from 

those of their monolithic parent alloys. This section outlines the key thermal characteristics of 

CMFs, including thermal conductivity, diffusivity, specific heat, expansion, and emissivity.  

I. Thermal Conductivity and Thermal Diffusivity.  The effective thermal 

conductivity of steelïsteel CMFs (SïS CMFs) is substantially lower than that of 

bulk 316L stainless steel, primarily due to the entrapped air in the hollow spheres 

and micro-porosity within the matrix. Experimental data show that thermal 

conductivity in SïS CMFs increases from approximately 2.9 W m-1 K-1 at room 

temperature to 6.4 W m-1 K-1 at 1000°C, whereas bulk 316L stainless steel ranges 

from 13.4 to 28.3 W m-1 K-1 over the same temperature interval [8]. This 

reduction is attributed to the disruption of continuous conductive pathways by 

voids and interfaces within the composite structure.  

Thermal diffusivity exhibits similar trends. Measured values for SïS CMFs 

increase from 2.3 mm2 s-1 at room temperature to 3.8mm2 s-1 at 1000°C, 

remaining roughly half those of bulk 316L stainless steel across all test conditions 

[8]. These findings demonstrate that SïS CMFs offer significantly improved 

thermal insulation capabilities, which are crucial for fire-resistant and thermally 

protective applications [8]. Table 2-1 summarizes the thermal conductivity and 

diffusivity values for SïS CMFs across a range of temperatures. 
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Table 2-1 Thermal properties of SïS CMFs at elevated temperatures [8] . 

Temperature ( C) 

Thermal Diffusivity  

(mm2 s-1) 

Thermal Conductivity  

[W m-1 K -1] 

26 2.317 Ñ 0.045 2.920 Ñ 0.05 

196 2.573 Ñ 0.087 3.570 Ñ 0.10 

398 2.880 Ñ 0.090 4.230 Ñ 0.10 

598 3.203 Ñ 0.054 4.96 Ñ 0.10 

699 3.373 Ñ 0.119 5.35 Ñ 0.18 

823 3.653 Ñ 0.141 5.92 Ñ 0.25 

896 3.707 Ñ 0.181 6.14 Ñ 0.26 

996 3.773 Ñ 0.218 6.39 Ñ 0.32 

 

In contrast, aluminumïsteel CMFs (AlïS CMFs), due to the inherently high 

thermal conductivity of the Al matrix, exhibit higher effective thermal 

conductivity values, ranging from 30 to 32W m-1 K-1 at 300ï500°C [1]. However, 

these are still substantially lower than bulk Al, owing to the thermal impedance 

introduced by embedded steel spheres and voids [1].  

II.  Specific Heat Capacity. The specific heat capacity (Cp) of SïS CMFs follows the 

same general temperature trend as bulk 316L stainless steel but shows a modest 

increase at higher temperatures. Values typically range from ~0.47 J g-1 K-1 at 

room temperature to ~0.66 J g-1 K-1 at 1000°C [8,42]. The slight enhancement in 

Cp is attributed to minor compositional variations, particularly elevated carbon 

levels in the hollow spheres and potential matrix heterogeneities [1,8]. 
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Measurements were conducted using both differential scanning calorimetry 

(DSC) and laser flash analysis, with both techniques yielding results within ~5% 

of each other, indicating good repeatability and measurement robustness across 

the full temperature range up to 1200°C [42]. Figure 2-24  compares Cp trends 

for CMFs and bulk stainless steel. 

 

Figure 2-24 Specific heat capacity of CMFs measured via laser flash and DSC, compared to 

316L stainless steel [42] . 

III.  Coefficient of Thermal Expansion (CTE). The coefficient of thermal expansion 

(CTE) for SïS CMFs lies within the range of 16.5 Ĭ 10C-1 to 19.0 Ĭ 10C-1 

between 100°C and 1000°C. These values are slightly lower than those of 

monolithic 316L stainless steel, due to the damping effects of the hollow sphere 

architecture and internal porosity [8]. However, the difference remains within 
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~10% across the full temperature range, ensuring compatibility in thermal cycling 

scenarios. 

Interestingly, the sphere diameter (2 mm vs. 4 mm) does not significantly 

influence the CTE, provided the wall-to-diameter ratio is preserved. This confirms 

that geometric scaling of the hollow spheres has a negligible effect on bulk 

thermal expansion behavior, further supporting the structural scalability of CMFs. 

Table 2-2 lists measured CTE values for S-S CMF with different sphere sizes.  

Table 2-2 Average CTE values for SïS CMFs with 2꜡mm and 4꜡mm hollow spheres [8] . 

Temperature ( C) 

Average CTE (x 10-6) 

[2-mm sphere] 

Average CTE (x 10-6) 

[4-mm sphere] 

100 16.45 Ñ 1.24 17.05 Ñ 0.69 

200 16.74 Ñ 0.13 16.77 Ñ 0.72 

300 16.81 Ñ 0.37 16.83 Ñ 0.32 

400 16.95 Ñ 0.44 17.13 Ñ 0.37 

500 17.38 Ñ 0.38 17.37 Ñ 0.34 

600 17.86 Ñ 0.37 17.86 Ñ 0.31 

700 18.38 Ñ 0.53 18.49 Ñ 0.35 

800 18.68 Ñ 0.66 19.07 Ñ 0.36 

900 18.82 Ñ 0.64 20.07 Ñ 0.42 

1000 19.00 Ñ 0.82 21.18 Ñ 0.45 

 

IV.  Thermal Emissivity. The thermal emissivity of CMFs is influenced by their 

surface morphology, curvature of the hollow spheres, and local microstructure. 
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For SïS CMFs, matrix emissivity ranges from ~0.60 at room temperature to ~0.22 

at 200°C, while the hollow spheres exhibit higher emissivity valuesðranging 

from ~0.78 at 50°C to ~0.56 at 250°C [42]. These differences are primarily 

attributed to curvature-driven surface effects and differential oxidation. 

Due to the complex surface geometry, direct emissivity measurement is 

challenging. To address this, analytical models have been developed that 

incorporate both curvature and roughness to predict hemispherical emissivity 

more accurately. These models confirm that CMFs can significantly slow heat 

transmission during fire exposure, owing to their reduced radiative heat transfer. 

Figure 2-25 demonstrates the robustness of the emissivity reported experimentalï

analytical approach. 

 

Figure 2-25 Comparison of the emissivity values determined for the 2꜡mm CMF using the 

analytical approach with those previously measured experimentally [42] . 
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These combined thermal characteristicsðincluding very low thermal conductivity, 

reduced thermal diffusivity, stable thermal expansion behavior, and high thermal emissivity 

controlðposition CMFs as highly effective materials for applications demanding both structural 

strength and thermal protection. Their performance under sustained heat flux and transient fire 

conditions makes them ideal candidates for aerospace insulation, blast/fire walls, and 

multifunctional heat management systems. 

2.2.5 Computational Studies 

Computational modeling has played a critical role in characterizing the thermal response 

and mechanical deformation behavior of Composite Metal Foams (CMFs). These studies 

complement experimental investigations, enabling parametric design and predictive assessment 

of CMF-based systems under application-relevant conditions. Current efforts span a range of 

domains, from fire simulations and heat conduction modeling to large-deformation mechanical 

response under static and dynamic loads. 

Thermal performance modeling has primarily focused on SïS CMFs subjected to 

extreme fire environments, such as pool fire [9,15] and torch fire [16,17] exposure scenarios. In 

one approach, Fire Dynamics Simulator (FDS) was employed to simulate jet flame exposure, 

replicating flame temperatures exceeding 1200°C and flow velocities consistent with industry 

fire test standards [16]. These simulations yielded detailed through-thickness temperature 

gradients and provided estimates for minimum CMF panel thicknesses required to meet thermal 

protection thresholds [17]. Figure 2-26 presents the computational setup for the full-scale torch 

fire test. 

To overcome the inherent one-dimensional heat transfer limitations of FDS, three-

dimensional finite element (FE) models were developed using COMSOL Multiphysics. These 
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models incorporated temperature-dependent thermal conductivity, specific heat capacity, and 

density for both matrix and hollow sphere materials, enabling a more accurate representation of 

lateral heat conduction within CMFs under full-scale heating conditions. Figure 2-27 illustrates 

the COMSOL geometry and mesh used in these simulations [17]. 

 

Figure 2-26 (a) Smokeview visualization of the jet fire domain, (b) Side view showing jet 

burnerïplate spacing, c) Mesh discretization in FDS [17] . 
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Figure 2-27 (a) COMSOL geometry for full-scale torch fire test, (b) Mesh configuration for 

thermal simulation [17] . 

Beyond thermal response, finite element modeling has also been used to replicate the 

compressive deformation behavior of SïS CMFs under quasi-static loading [47]. In these 

simulations, detailed three-dimensional geometries were created to explicitly represent hollow 

sphere arrays, matrix regions, and entrapped internal gas. Hollow spheres were modeled using 

the JohnsonïCook plasticity law, while the matrix was represented using the DeshpandeïFleck 

foam model to capture nonlinear plasticity typical of cellular metals. To account for pressure 

buildup during sphere collapse, Smooth Particle Hydrodynamics (SPH) elements were included 

to simulate gasïsolid interactions [47].  
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These models accurately reproduced experimental stressïstrain responses, capturing the 

full progression from elastic behavior to plateau formation and final densification. Deviations in 

predicted plateau stresses were within 5% of experimental values up to 30% compressive strain, 

validating the robustness of the model formulation [47]. Figure 2-28 illustrates the simulated 

deformation of an SïS CMF under increasing strain. 

In addition, three-dimensional heat transfer simulations have been developed to evaluate 

heat conduction within CMF panels exposed to high heat flux environments, such as those 

encountered during nuclear cask fire exposure. These models utilized idealized body-centered 

cubic (BCC) packing arrangements to represent the internal CMF architecture. Material inputsð

including temperature-dependent thermal conductivity and specific heatðwere drawn from 

experimental data. Radiation and convection within hollow spheres were neglected due to the 

relatively small sphere diameters and low internal gas motion [1]. 

Results from these simulations closely matched experimentally measured temperature 

profiles under full flame engulfment conditions, further confirming the thermal insulation 

capabilities of CMFs. Figure 2-29 shows the simulation output for SïS CMF and monolithic 

304L stainless steel [1]. 

While existing studies have successfully modeled thermal and mechanical behavior 

independently, there is a notable lack of coupled thermo-mechanical simulations that incorporate 

concurrent mechanical loading and elevated temperature exposure. Key phenomena such as 

temperature-dependent material softening, oxidation-induced degradation, and potential creep-

fatigue interactions remain largely unexplored in current computational literature. Addressing 

these gaps is essential to simulate real-world service conditions, especially for applications in rail 
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tank cars, nuclear containers, and defense systems, where CMFs are exposed to combined 

loading and thermal events [38]. 

 

Figure 2-28 Deformation sequence of SïS CMF at engineering strains of A) 0%, B) 16.3%, C) 

32.5%, D) 45.5%, E) 47.5%, and F) 52%; G) side-by-side comparison before and after 

compression [47] . 
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Figure 2-29 Center-section FEA views of a) SïS CMF with 2꜡mm spheres and b) 304L stainless 

steel exposed to an 800°C flame [1] . 
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2.3 Metal Foams Under Elevated Temperatures  

The thermo-mechanical response of metal foams (MFs) under elevated temperature 

environments is of considerable relevance for applications in energy, transportation, and thermal 

protection systems. High temperatures affect the mechanical integrity, deformation modes, 

energy absorption capability, and thermal stability of MFs by inducing matrix softening, altering 

cell wall behavior, and modifying failure pathways. This section examines how these behaviors 

manifest across a range of MF systems, including closed-cell, open-cell, and syntactic foams, 

while drawing on comparative data and validated simulations. 

2.3.1 Compressive Strength and Modulus 

Elevated temperatures cause substantial reductions in both compressive strength and 

elastic modulus in MFs due to progressive matrix softening and the loss of structural stability in 

the cell walls. In closed-cell Al-alloy foams, the compressive yield strength decreases from 6.87 

MPa at 25°C to 2.62 MPa at 450°C, while the elastic modulus declines from 246 MPa to 100 

MPa over the same temperature range [48]. Similar behavior is reported for closed-cell Cu 

foams, where plateau stress drops from ~25 MPa to ~10 MPa between room temperature and 

500°C, and initial compressive modulus reduces from 1462 MPa to 266 MPa [49].  

Syntactic foams composed of Al matrices and ceramic fillers also demonstrate a 

consistent reduction in plateau stress with increasing temperature, mainly governed by the 

thermal degradation of matrix strength [50]. However, steel-based foams behave differently. 

Powder metallurgy (PM) steel foams such as Distaloy AB and Astaloy Mo exhibit non-

monotonic temperature dependence, with compressive strength increasing up to 400°C due to 

dynamic age-hardening, followed by softening above that temperature [51]. Similar behavior is 
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observed in expanded metal mesh (EMM)-reinforced composite metallic foams, which retain 

substantial compressive strength up to 350°C before softening dominates [52]. 

 Closed-cell AlSi foams also demonstrate progressive strength reduction with increasing 

temperature from 25°C to 560°C but exhibit marked strain-rate sensitivity under dynamic 

compression, which helps partially offset thermal weakening [53]. 

Foam-filled tubes (FFTs) subjected to axial or lateral loading also exhibit diminished 

mechanical properties at high temperatures. For instance, axial compression of ex-situ aluminum 

FFTs at 300°C results in significant reductions in plateau and densification forces, although 

FFTs still outperform empty tubes due to the synergistic interaction between foam and tube [54]. 

Across all systems, these reductions correlate with established scaling laws, which 

predict foam strength as a function of the parent metal's yield strength at constant relative 

density. Figure 2-30 displays representative stressïstrain curves for various MFs, illustrating 

these degradation trends. 
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Figure 2-30 Engineering stress-strain curves at different temperatures of a) copper foam [49] , 

b) Al-alloy foams [48] , and c) aluminum syntactic foams [50] . 
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2.3.2 Anisotropy and Loading Direction 

Due to the non-uniform geometry and directional packing of cells, MFs display inherent 

anisotropy in mechanical response, which becomes more prominent under thermal exposure. 

Higher compressive strength and modulus are observed when loading is applied along the 

foaming direction (Z-axis), attributed to the preferential alignment of closed-cell structures in 

this direction [55]. At elevated temperatures, anisotropic deformation intensifiesðcompression 

in off-axis directions (X and Y) initiates early buckling and collapse, while the Z-direction 

maintains higher plateau stress and delayed densification. 

Anisotropy is further highlighted in reinforced CMFs and FFTs. Lateral compression in 

FFTs, for example, results in lower energy absorption and more premature failure than axial 

compression, particularly at high temperatures such as 300°C and above [54,56]. Figure 2-31 

highlights this directional dependence in Al-alloy foams tested across a range of temperatures. 
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Figure 2-31 Influence of anisotropy on the compressive behavior of aluminum metallic foams 

across different testing temperatures [55] . 

2.3.3 Strain Rate and Temperature Interaction 

The combined influence of strain rate and temperature introduces nonlinearities in the 

deformation behavior of MFs. In Al syntactic foams, a critical strain rate exists (~0.03 s-1 at 100ï

150°C), below which increasing strain rate leads to reduced plateau stress due to interfacial 
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debonding and hollow particle cracking. Beyond this point, plateau stress increases with strain 

rate as matrix-dominated plasticity takes over [50].  At higher temperatures (e.g., 200°C), this 

critical point shifts to ~0.1 s-1 due to further softening of the matrix. 

Closed-cell Al foams demonstrate strong strain-rate sensitivity at both room and elevated 

temperatures. For example, compressive strength increases from 20.6 MPa at 10-3 s-1 to 37.3 

MPa at 500 s-1 at 25°C, and from 3.0 MPa to 10.5 MPa at 560°C. Dynamic increase factors 

(DIF) rise with temperature, indicating growing rate sensitivity as matrix softening amplifies 

deformation resistance [53]. 

 In Cu foams, the temperature effect dominatesðcompressive strength reduces markedly 

with increasing temperature, whereas strain rate sensitivity remains negligible under quasi-static 

conditions [49]. Figure 2-32 presents these trends in syntactic foam systems under varying 

thermal and strain rate regimes.  

 

Figure 2-32 Change in plateau stress with temperature under different strain rate conditions 

[50] . 
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2.3.4 Energy Absorption Efficiency 

The energy absorption efficiency of MFs under elevated temperature depends on the 

thermal degradation of cell walls, filler behavior, and matrixïparticle interactions. In Al syntactic 

foams, efficiencies up to 75.8% were retained at 250°C for samples containing 500 µm hollow 

alumina particles at 0.86 relative density [57]. Elevated temperatures slightly enhance efficiency 

due to a flatter plateau region, which allows for extended plastic deformation before 

densification.  

Higher t/D ratios and smaller particle sizes delay the onset of densification and promote 

stable energy absorption. In Zn syntactic foams with expanded perlite and expanded glass fillers, 

energy absorption decreased linearly up to 300°C, followed by a minor rise near 350°Cð

coinciding with microstructural transitions in the ZA27 matrix [58]. Closed-cell Cu and Al foams 

exhibit declining energy absorption with temperature, but graded structures or ceramic 

reinforcements mitigate this degradation to some extent. 

Reinforced composite metallic foams retain superior energy absorption capacity across 

elevated temperatures compared to unreinforced foams. For example, steel mesh-reinforced AlSi 

foams retain high absorption up to 350°C, with only moderate losses relative to room 

temperature, while unreinforced foams show sharp degradation beyond 250°C [52,59]. 

Figure 2-33 and Figure 2-34 present comparative data on syntactic foams with varying 

architectures and reinforcement types. 
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Figure 2-33 Energy absorption of expanded perlite metallic syntactic foam (P-MSF) and 

expanded glass metallic syntactic foam (G-MSF) [58] . 
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Figure 2-34 Energy absorption efficiency vs. strain curves at elevated temperatures for 

aluminum matrix syntactic foams with different alumina hollow sphere diameters: a)ïc) 500꜡Õm, 

d)ïf) 1000꜡Õm, and g)ïi) 1500꜡Õm [57] . 

2.3.5 Densification Strain 

Temperature elevation reduces the densification strain of MFs due to decreased matrix 

ductility and premature failure of the cell structure. In Al syntactic foams, densification strain 

dropped from 0.57 to 0.52 as temperature rose from room temperature to 250°C, particularly in 

samples with high hollow particle fractions [57]. For Zn syntactic foams, the reduction in 

densification strain was sharp between 25°C and 100°C, followed by stabilization at higher 

temperatures due to recrystallization effects and ductile-to-brittle transitions [58].  
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Closed-cell Cu foams showed a decline from 0.29 to 0.14 as temperature increased to 

500°C, while Al foams exhibited similar behavior beyond 200°C due to cell wall rupture. 

Reinforced CMFs and FFTs exhibit delayed densification under thermal exposure due to 

metallurgical bonding and stiff reinforcement effects [56,59]. 

Figure 2-35 and Figure 2-36 illustrate these temperature-dependent trends across foam 

systems. 

 

Figure 2-35 Plateau end strain (or densification strain) of zinc syntactic foams [58] . 
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Figure 2-36 Variation in densification strain of an aluminum syntactic foam at different 

temperatures as a function of relative density for different t/D ratios  (t =particle thickness and 

D=diameter of particle) [57] . 

 

2.3.6 Failure Mechanisms and Microstructural Aspects 

A complex interplay of cell wall stability, microstructural defects, filler interactions, and 

thermal softening effects governs the failure mechanisms of metal foams under elevated 

temperature compression. Across both closed-cell and syntactic architectures, elevated 

temperatures progressively modify the dominant deformation and failure modes, shifting from 
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brittle fracture at low temperatures to ductile collapse and localized plastic flow at higher 

temperatures. 

At low temperatures, the deformation of closed-cell foams is often initiated by the 

presence of microstructural defects such as intracellular cavities, thin cell walls, and local 

variations in cell size and orientation. Elliptical cell morphology, frequently observed in cast 

aluminum alloy foams, contributes significantly to directional sensitivity during collapse. When 

the major axis of elliptical cells aligns parallel to the applied load, higher compressive strengths 

are achieved due to more stable load transfer pathways, whereas perpendicular orientations 

promote early buckling and localized failure initiation (see Figure 2-37) [60]. 

With increasing temperature, a gradual transition from brittle fracture to ductile collapse 

is consistently observed. In closed-cell aluminum foams, deformation transitions from initial cell 

wall bending and localized brittle failure at low temperatures to more uniform plastic collapse at 

elevated temperatures, as matrix softening facilitates large-scale cell wall bending without 

immediate rupture [60,61]. A similar behavior is observed in syntactic aluminum matrix foams, 

where the brittle cracking of the hollow particles dominates at lower temperatures, while at 

elevated temperatures, progressive crushing and matrix flow enable delayed densification [57]. 

In zinc-based syntactic foams reinforced with SiC particles, the incorporation of ceramic 

fillers introduces additional complexities into the failure mechanisms. While SiC particles 

enhance cell wall strength by impeding dislocation movement, their presence also elevates 

brittleness and local stress concentration under compressive loading. At lower temperatures, 

foam failure initiates via brittle fracture along the particle-matrix interface and by particle 

fracture itself. As temperature increases, however, matrix softening reduces stress gradients 
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around the particles, promoting a transition towards bending-dominated deformation and higher 

compaction ability without catastrophic shear failure [62]. 

 

Figure 2-37 Deformation progression of aluminum metallic foams at room temperature based 

on the loading direction [60] . 
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In Al/SiCp composite foams, increasing the SiC content results in thicker, more stable 

cell walls that resist early collapse, even under elevated temperatures. At temperatures up to 

400°C, samples containing higher SiC volume fractions exhibit delayed densification and more 

uniform load redistribution as cell walls undergo progressive bending rather than abrupt fracture. 

The reinforcing effect of SiC particles maintains elevated plateau stresses and energy absorption 

capacities at temperatures where unreinforced foams exhibit significant degradation [61]. 

However, at sufficiently high temperatures, even these reinforced structures exhibit homogenized 

deformation and gradual compaction, driven by matrix flow and the softening of the metallic 

matrix surrounding the SiC network. 

Across all systems, microstructural observations confirm that defect sites such as micro-

pores, thin walls, and local variations in filler distribution serve as primary initiation sites for 

localized collapse bands and early failure zones, particularly during the onset of compression 

[60ï62]. These initial defects amplify under thermal softening, promoting localized yielding that 

coalesces into broader collapse mechanisms governing the full deformation response at high 

strains. 

2.3.7 Microstructural Evolution and In -Situ Deformation Monitoring  

Recent advancements in in-situ imaging and digital volume correlation (DVC) techniques 

have enabled direct observation of microstructural evolution in metal foams at elevated 

temperatures. High-resolution synchrotron X-ray microtomography reveals that under axial 

compression at 300°C, closed-cell Al foams exhibit localized pore collapse, ligament bending, 

and bilinear porosityïstrain relationships, with critical transitions near 30% strain [63]. These 

phenomena correspond to deformation localization and volumetric collapse in foam cores. 
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Temperature-induced changes in pore topology and morphology affect effective thermal 

conductivity and load transfer pathways. 

Complementary ɛ-CT studies further confirm mesostructure-dependent behavior, where 

pore elongation and anisotropic growth intensify with rising temperatures. In Al foams with 

different cell geometries, the deformation mode shifts from uniform compression at room 

temperature to cell-wall shearing and collapse bands at 300ï400°C [64]. 

2.3.8 Composite Tube and Panel Structures at Elevated Temperatures 

Metal foams are increasingly employed as cores or fillers in composite structures exposed 

to heat. Axial and lateral compression tests on foam-filled tubes (FFTs) reveal mode transitions 

from diamond to concertina deformation as temperature rises, with overall performance superior 

to empty tubes [65]. ALPORAS-filled tubes exhibit lower densification stresses but enhanced 

energy absorption under high-temperature loading due to stabilizing friction and constraint 

effects [66]. 

Thermal effects exacerbate anisotropy in tube structures: lateral compression induces 

early buckling and localized collapse bands, while axial loading allows more distributed 

deformation. These interactions are vital in aerospace and automotive energy absorbers, where 

directionality of impact and temperature variability are both critical. 

2.3.9 Blue Oxide Film and Stiffening Phenomena in Steel Foams 

In certain steel-based foams, such as low-alloy Fe-Cr systems, exposure to temperatures 

near 300°C leads to the formation of thin blue oxide films that increase local stiffness and 

strengthða phenomenon known as "blue oxide stiffening" [67]. This effect temporarily 

counteracts matrix softening and results in a modest increase in compressive modulus. However, 

above ~400°C, further oxidation and diffusion cause embrittlement and a decline in mechanical 
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performance. This transient reinforcement mechanism is particularly important in assessing 

thermal fatigue and creep resistance in CMFs used in exhaust systems or thermal shields. 

2.3.10 Strain RateïTemperature Synergy 

High-strain-rate testing (e.g., SHPB) of aluminum foams across elevated temperatures 

reveals that plateau stress can increase up to 30% compared to quasi-static values, even at 300°C 

[68]. This strain-rate sensitivity is attributed to rapid collapse inhibition and inertia stabilization 

of foam cells. However, beyond certain thermal thresholds (e.g., >400°C), matrix softening 

overcomes rate hardening, reducing energy absorption efficiency. 

Empirical models fitted to experimental data (paper 6.pdf) show that dynamic increase 

factors (DIF) for plateau stress are non-linear with both strain rate and temperature, peaking at 

intermediate thermal regimes where plasticity dominates over brittleness. 

These synergistic effects must be accounted for in design models of metal foams 

subjected to dynamic thermal-mechanical loading, such as crash events during re-entry or high-

speed impact under heat. 

2.3.11 Fatigue Behavior 

The fatigue performance of metal foams under elevated temperature conditions has 

received limited attention in the literature, despite its critical relevance to high-temperature 

structural applications. Among the few existing studies, experimental investigations on open-cell 

metal sponges composed of AlSi7Mg and brass alloys have provided valuable insight into their 

cyclic behavior under both isothermal and thermomechanical conditions [69].  

Under isothermal cyclic loading at room temperature, stress-controlled fatigue tests 

revealed an initial period of cyclic hardening, followed by significant cyclic softening. This 

softening was predominantly associated with progressive fracture of the cell struts, resulting in a 
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gradual loss of stiffness, particularly in the tensile half of the hysteresis loops. While 

compressive stiffness remained relatively stable during early cycles, it showed signs of 

degradation near failure. At elevated temperatures (e.g., 250 ÁC), fully reversed strain-controlled 

tests exhibited a rapid transition from yield strength reduction and initial hardening to extensive 

cyclic softening, driven by continuous cracking and plastic deformation of the struts. Figure 

2-38 presents stressïstrain hysteresis loops under fully reversed cyclic loading at 250 ÁC from 

the study [69]. The observed decrease in tensile stiffness and the asymmetry in mechanical 

response highlighted the onset of temperature-assisted fatigue damage mechanisms. 

 

Figure 2-38 Stressïstrain hysteresis loops of brass sponge subjected to fully reversed cyclic 

loading (R = ï1) under strain-controlled conditions at 250꜡ÁC [69] . 
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Thermomechanical fatigue (TMF) conditions introduced additional complexity due to 

temperature-strain phasing. In in-phase TMF loadingðwhere peak tensile strain coincides with 

peak temperatureða significant compressive mean stress is developed due to thermal softening 

in the tensile regime. Conversely, in out-of-phase TMF loading, the combination of high tensile 

strain and low temperature resulted in tensile mean stresses, higher plastic strain amplitudes, and 

more severe fatigue degradation. The cumulative plastic strain and mean stress effects under 

these conditions were particularly detrimental, reducing fatigue life and accelerating the 

coalescence of strut-level cracks. 

Overall, the fatigue damage in metal foams at elevated temperatures is dominated by 

localized strut fracture, stiffness degradation, and cyclic plasticity. The microstructural evolution 

under thermal and mechanical cycling suggests that both phase relations and material ductility 

play decisive roles in controlling fatigue resistance. These findings underscore the need for 

advanced damage models capable of capturing cell-strut level degradation under coupled 

thermomechanical loading environments [69]. 

2.3.12 Computational Extraction of Thermal Properties in Metal Foams 

Metal foams exhibit complex internal structures characterized by stochastic pore 

distributions and varying cell morphologies, which make analytical approaches challenging for 

precisely estimating their thermal properties. Therefore, numerical methods have emerged as 

essential tools for accurately assessing the effective thermal conductivity and diffusivity of these 

materials. 

Finite Element Method (FEM) is extensively utilized for analyzing heat transfer within 

metal foams. This approach discretizes the complex foam structure into finite elements, solving 

heat conduction equations numerically. FEM analyses have revealed dependencies of effective 
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thermal conductivity on structural parameters, including porosity, pore size, and anisotropy. For 

example, detailed FEM studies demonstrated that thermal conductivity decreases with increasing 

porosity due to reduced solid-phase continuity and enhanced thermal radiation in high-porosity 

foams [70ï73]. 

The Lattice Monte Carlo (LMC) method is another numerical technique particularly 

suited for stochastic simulations of thermal conduction in metal foams. LMC is advantageous for 

capturing random pore morphologies accurately, and its effectiveness has been validated against 

experimental data and classical analytic predictions, particularly for aluminum foams [74]. 

Computational Fluid Dynamics (CFD), combined with X-ray microtomography, has been 

utilized effectively to investigate convective heat transfer phenomena within metal foams (see 

Figure 2-39). CFD simulations offer detailed insights into the dependence of convective heat 

transfer on structural parameters such as pore size distribution and linear porosity gradients 

[75,76]. 

The Three-Dimensional Thermal Fin (TTF) theory represents an innovative approach for 

modeling thermal conductivity in foams by conceptualizing the foam structure as a network of 

interconnected thermal fins. Compared to traditional FEM, TTF significantly reduces 

computational complexity while maintaining accurate predictions of effective thermal 

conductivity, proving particularly beneficial for heat exchanger designs [77]. 

The Fractal-Skeleton Model leverages fractal geometry integrated with FEM to model 

heat transfer in foams with very high porosity (see Figure 2-40). Notably, this method has 

highlighted the increasing significance of thermal radiation in foams with smaller cell wall 

thicknesses and higher porosity levels, thus emphasizing the multifaceted nature of heat transport 

in these materials [70]. 
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Figure 2-39 (a) Metal foam area and (b) pore area, with an inset displaying the mesh structure 

of a 10꜡ppi foam sample [76] . 
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Figure 2-40  Illustrative diagram of fractal-skeleton models [70] . 

Lattice Boltzmann Method (LBM) has been successfully applied to open-cell metal 

foams, offering efficient handling of complex geometries and direct simulation of conductive 

heat transfer. Comparisons between LBM and FEM have shown strong agreement, confirming 

the robustness of LBM in predicting the thermal behavior of intricate foam structures [78]. 

Geometric modeling approaches, such as cubic lattice and tetrakaidecahedronal unit-cell 

models, provide simplified but effective representations of foam structures. These models 

facilitate quick approximations of thermal conductivity based on key parameters like porosity 

and specific surface area, significantly streamlining the evaluation process for practical 

engineering applications [79].  

Numerical studies have consistently identified critical factors influencing the thermal 

properties of metal foams, including porosity, relative density, cell size, pore distribution, and 
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anisotropy. Particularly, anisotropic structures exhibit distinct directional dependence of thermal 

conductivity, effectively captured by generalized analytical models aligned with numerical 

simulations [80]. 

Metal foams embedded with phase change materials (PCMs) have demonstrated 

significant potential in thermal energy storage and management applications, notably in battery 

thermal management systems [81]. Numerical simulations have provided valuable insights into 

the optimization of pore structures, porosity gradients, and void distributions to enhance 

temperature uniformity and thermal storage efficiency [81,82].     

In conclusion, numerical methods, including FEM, LMC, CFD, TTF, fractal modeling, 

and LBM, have advanced the understanding and prediction of thermal conductivity and 

diffusivity in metal foams substantially. These methods, validated against experimental findings, 

continue to serve as indispensable tools for optimizing metal foam structures for diverse thermal 

management applications. 

2.4 Stainless Steel at Elevated Temperatures 

316L stainless steel (SS) is widely utilized in high-temperature structural environments 

such as nuclear systems, aerospace components, and thermal enclosures due to its combination 

of corrosion resistance, mechanical robustness, and microstructural stability. Its elevated-

temperature performance is governed by a series of interrelated degradation phenomena, 

including matrix softening, precipitation, oxidation, and time-dependent damage processes such 

as creep and fatigue. These phenomena impact a wide range of mechanical properties, including 

yield strength (YS), ultimate tensile strength (UTS), ductility, creep life, fatigue resistance, and 

deformation mechanisms. 
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2.4.1 Yield Strength and Tensile Strength 

The strength of 316L SS deteriorates with rising temperature due to thermally activated 

processes such as dynamic recovery and recrystallization. As shown in Figure 2-41, both YS and 

UTS exhibit a consistent decline with increasing temperatures.  

 

Figure 2-41 Temperature-dependent variations in ultimate tensile strength and yield strength of 

316LN stainless steel (Rp0.2: yield strength and Rm: ultimate tensile strength) [83] . 

Beyond 600 ÁC, the drop becomes more pronounced, and by 1000 ÁC, YS and UTS 

nearly converge, indicating diminished strain hardening capacity and the onset of diffusion-
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assisted mechanisms [83]. This behavior is observed in both conventionally wrought and LPBF-

manufactured 316L, although the latter often exhibits more rapid strength degradation due to its 

fine microstructure, residual stresses, and sub grain cellular structure [84]. 

2.4.2 Ductility  

Ductility in 316L SS exhibits a non-monotonic trend with temperature. Initially high at 

ambient temperature, it decreases in the 400ï600 ÁC range due to dynamic strain aging (DSA), 

where interactions between mobile dislocations and diffusing solutes (notably carbon and 

nitrogen) result in serrated flow and strain localization [85,86]. Scanning electron microscopy 

(SEM) analyses reveal mixed-mode fracture surfaces with localized shear and ductile dimples in 

this range (Figure 2-42). Beyond 800 ÁC, ductility increases again, attributed to dynamic 

recrystallization and grain boundary migration, which accommodate strain more uniformly 

(Figure 2-43) [83]. 
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Figure 2-42 SEM fracture surface images displaying a predominant mixed fracture mode at 

intermediate temperatures, characterized by shear features and ductile dimples. The specimens 

were tested at (a) 623꜡K (350꜡ÁC), (b) 673꜡K (400꜡ÁC), (c) 723꜡K (450꜡ÁC), (d) 873꜡K (600꜡ÁC), 

and (e) 973꜡K (700꜡ÁC) under a strain rate of 3.16 Ĭ 10-4 s-1 [85] . 
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Figure 2-43 SEM images of tensile fracture surfaces of 316LN stainless steel tested at (a) 200꜡ÁC 

and (b) 800꜡ÁC [83] . 

2.4.3 Creep Resistance 

Creep in 316L is strongly dependent on microstructural factors, including grain size, 

grain boundary character, and precipitate distribution. Conventionally wrought material exhibits 

relatively longer creep life due to stable grain structures, while LPBF variants display reduced 

creep life due to fine grains, residual stress fields, and higher boundary area susceptible to void 

formation [84]. Creep failure often initiates along grain boundaries populated with precipitates, 

particularly M23C6 carbides, which weaken cohesion and promote intergranular fracture. The 

accelerated creep degradation in LPBF material is primarily due to limited resistance to cavity 

nucleation and faster creep strain accumulation in the secondary stage [84]. 

2.4.4 Fatigue Performance 

Fatigue resistance of 316L SS under high-temperature loading is degraded by DSA, 

oxidation, and creep-fatigue interaction (CFI). DSA contributes to elevated cyclic stress but 

accelerates crack initiation due to embrittled slip bands [87]. At elevated temperatures, oxidation 

at the surface and grain boundaries promotes intergranular crack propagation, especially during 

hold periods. When creep and fatigue act simultaneously, surface roughening and micro-void 
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coalescence are accelerated, significantly reducing fatigue life [88]. Notably, DSA-induced 

hardening treatments have shown promise in delaying damage accumulation under cyclic 

loading by reducing cyclic softening and increasing fatigue crack initiation life [89]. 

2.4.5 Microstructural Evolution  

The microstructural evolution of 316L SS under elevated temperature directly governs its 

thermomechanical response: 

I. Grain Growth:  Grain coarsening is limited below 500 ÁC but becomes 

significant beyond 800 ÁC due to recrystallization and sub-grain rotation, which 

reduce strength by lowering boundary hardening effects  [83]. 

II.  Carbide Precipitation: M23C6 carbides precipitate along grain boundaries 

predominantly between 500ï700 ÁC. These can temporarily strengthen the 

material but ultimately embrittle the grain boundaries, serving as crack initiation 

sites during creep or fatigue (see Figure 2-44) [90]. 

III.  Phase Instability: At extended exposures to Ó750 ÁC, the formation of 

intermetallic ů, ɢ, and ɖ phases has been documented, especially in weld-affected 

zones. These phases degrade fracture toughness and elongation by introducing 

hard, brittle inclusions [90]. 

IV.  Oxidation:  At prolonged high-temperature exposures, oxidation penetrates grain 

boundaries, causing void formation, carbide oxidation, and intergranular 

decohesion. These effects exacerbate embrittlement and fatigue crack growth (see 

Figure 2-45) [87]. 
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Figure 2-44 SEM images of fractured samples tested at (a) 20꜡ÁC, (b) 550꜡ÁC, and (c) 750꜡ÁC. (d) 

TEM images along with selected area diffraction patterns (SADP) for the specimen tested at 

750꜡ÁC [90] . 
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Figure 2-45 (a) Surface slip bands with oxidation and (b) oxidation-induced intergranular 

cracking observed during 90-minute tension dwell tests on 316L(N) stainless steel [87] . 
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2.4.6 Dynamic Strain Aging 

DSA is prominent between 350ï600 ÁC, characterized by serrated yielding (PortevinïLeï

Chatelier effect), ductility minima, and strain rate sensitivity transitions. It arises from the 

pinning of dislocations by diffusing solutes like C and N. As shown in Figure 2-46, distinct 

serration types (A, B, C) emerge based on the strain rate, affecting both monotonic and cyclic 

behavior [85,90]. DSA delays dislocation recovery and enhances localized deformation, 

facilitating fatigue crack nucleation. Transmission electron microscopy (TEM) studies reveal a 

transition from planar dislocation arrays at low temperatures to dislocation cell formation and 

sub-grain structures above 700 ÁC, indicating dynamic recovery and rearrangement (Figure 

2-47) [90].  

 

Figure 2-46 Portions of loadïelongation curves illustrating various serration patterns in 

316L(N) stainless steel at strain rates of a) 3.16 Ĭ 10  s ĭ and b) 3.16 Ĭ 10  s ĭ [85] . 
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Figure 2-47 Bright-field TEM images showing dislocation structures near the fracture zones of 

samples tested at (a) 20꜡ÁC, (b) 350꜡ÁC, (c) 550꜡ÁC, and (d) 750꜡ÁC [90] . 

2.4.7 High-Temperature Degradation Pathways 

The degradation of 316L SS in service is often the result of concurrent and synergistic 

effects: 

I. Creep-fatigue interaction (CFI): Under cyclic thermal and mechanical loading, 

accelerated crack growth and premature failure are frequently observed. 

II.  Oxidation-assisted damage: At Ó650 ÁC, oxidation at grain boundaries promotes 

premature failure through crack tip blunting and intergranular cracking. 

III.  Residual stress effects in AM alloys: LPBF 316L is especially prone to early 

damage due to high residual stress and rapid microstructural instability [84,88]. 
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2.4.8 Modeling and Thermomechanical Testing 

The thermomechanical response of 316L has been modeled using constitutive 

formulations such as the modified ZerilliïArmstrong model, which accounts for temperature, 

strain rate, and microstructural softening. These models are calibrated using hot tensile, creep, 

and stress-relaxation experiments and successfully capture flow behavior over a broad range of 

service conditions [84]. Validation studies on both conventional and LPBF-fabricated 316L 

highlight the role of processing route and resultant microstructure in defining strength, ductility, 

and thermal stability. 
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CHAPTER 3:  MATERIALS AND FABRICATION  

3.1 Raw Materials 

The fabrication of the steelïsteel composite metal foam (S-S CMF) panels employed two 

primary raw materials: hollow stainless-steel spheres to generate the foam structure, and 316L 

stainless steel powder to serve as the solid matrix phase. Both constituents were selected for their 

mechanical integrity at elevated temperatures and compatibility with the powder metallurgy 

(PM) fabrication method. 

The hollow steel spheres were manufactured by Hollomet GmbH (Dresden, Germany) 

via a proprietary powder metallurgy technique [91]. The spheres had a nominal outer diameter of 

2.0 mm, an average wall thickness of 100 Õm, and an average wall porosity of approximately 

8%, ensuring structural uniformity across the foam volume.  The chemical composition of the 

spheres was consistent with 316L stainless steel except for its higher carbon content, 

approximately 0.71 wt.% carbon. Figure 3-1 shows the image of 2 mm stainless steel hollow 

spheres employed in the fabrication of S-S CMF. 

The matrix material was a gas-atomized 316L stainless steel powder, supplied by North 

American Hºganªs High Alloys LLC. The powder had an average particle size of 44 Õm, with a 

size distribution of approximately 95% below ī325 mesh and 5% between ī200 and ī325 mesh.  

The chemical composition of the hollow spheres and the matrix powder has been 

summarized in Table 3-1. 
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Figure 3-1 Digital image of 2-mm stainless steel hollow spheres that were utilized in the 

fabrication of S-S CMF. 
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Table 3-1 Chemical composition (wt.%) of 2 mm stainless steel hollow spheres and 316L 

stainless steel powder. 

Material  C Mn Si Cr  Ni Mo Fe 

2 mm Hollow SS 

Spheres 

0.68 0.13 0.82 16.11 11.53 2.34 Balance 

316L SS Powder 0.03 2.00 1.00 

16.00-

18.00 

10.00-

14.00 

2.00-

3.00 

Balance 

3.2 Fabrication of S-S CMF Panels 

The S-S CMF panels were produced using a powder metallurgy approach, following a 

fabrication protocol established in prior studies and patents [10,11,92]. A custom 304 stainless 

steel mold was fabricated with internal dimensions of 12 in. x 12 in. x 2 in. (30.5 cm x 30.5 cm x 

5.1 cm), allowing the production of large-scale composite foam panels suitable for subsequent 

sectioning and testing. Before use, the mold cavity was cleaned and coated with a boron nitride 

mold release to prevent adhesion during sintering. 

To initiate the fabrication, the hollow spheres were introduced into the mold and 

subjected to vibration packing to achieve a dense, random loose configuration with a typical 

packing density of ~59%. Vibration was carried out using a shaker system operated at 15ï20 Hz 

for 30 minutes. Once the spheres were packed, the 316L stainless steel powder was added 

incrementally, with further vibration applied to ensure full infiltration of the powder into the 

interstitial spaces between spheres. 

Following packing, the mold was sealed and transferred to a vacuum hot press. Although 

no external pressure was applied during sintering, the cap of the mold was held in place by the 
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hydraulic ram, and thermal expansion of the spheres provided internal compaction pressure on 

the powder matrix. 

A duplex sintering cycle was applied to optimize inter-particle bonding and mechanical 

performance of the composite. The cycle consisted of the following steps: 

I. Heating at 10 ÁC min-1 to 850 ÁC, followed by a 30-minute soak. 

II.  Further heating at 10 ÁC min-1 to 1200 ÁC, with a 45-minute soak. 

III.  Cooling at 10 ÁC min-1 back to ambient temperature. 

The first soak step at 850 ÁC promoted oxide reduction and surface transport, while the 

high-temperature soak at 1200 ÁC enhanced densification through atomic diffusion. 

After completion of the sintering cycle, the furnace was allowed to cool naturally under 

vacuum to avoid oxidation. Once the system cooled below 100 ÁC, the vacuum was released, and 

the mold was removed. 

3.3 Specimen Extraction 

3.3.1 Compression Specimen 

Following the successful sintering of the SS-CMF panels, individual specimens were 

sectioned from the bulk panels for subsequent mechanical and thermal testing. Each panel was 

machined using precision cutting techniques to extract samples of uniform geometry and internal 

structure. 

Sectioning was performed using a Buehler Isomet 4000 linear precision saw equipped 

with a diamond wafering blade, which enabled sectioning with minimal mechanical vibration 

and thermal distortion. The nominal dimensions of the cuboidal test specimens were 1 in. x 1 in. 

x 1.5 in. (25.4 mm x 25.4 mm x 38.1 mm). These dimensions were selected to ensure that each 

spatial direction contained at least ten hollow spheres, which is critical to minimize boundary 
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effects and ensure that the mechanical response reflects bulk behavior [18,93]. A representative 

specimen can be seen in Figure 3-2. 

 

Figure 3-2 Image of SS-CMF cuboidal specimen sectioned from a 12 in. x 12in. × 2 in. panel 

[94] . 

The overall nominal density of the cuboidal compression specimens, calculated from 

mass and volume, was approximately 3.3 g cm-3, corresponding to a room-temperature porosity 

of approximately 59.7% ± 0.8%. This value is consistent with the target packing density of the 
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hollow spheres (~59%) [11] and confirms minimal deformation or collapse during the sintering 

process. 

3.3.2 Microstructural Specimen 

In addition to mechanical testing specimens, thin sections of S-S CMF were extracted 

from the fabricated panels for microstructural characterization. Two types of samples were 

prepared depending on the imaging condition: room temperature (RT) SEM imaging and in-situ 

high-temperature SEM imaging. 

For RT SEM analysis, slices were sectioned parallel to the face of the S-S CMF cuboidal 

specimens used for compression testing. This orientation allowed direct correlation between 

mechanical deformation and microstructural features observed on the same spatial plane. The 

slices were cut using a diamond wafering blade to minimize mechanical damage and maintain 

surface integrity. 

For in-situ SEM analysis at elevated temperatures, 1 mm-thick rectangular slices of CMF 

were cut directly from the sintered panels. The typical dimensions of these samples were 20 mm 

x 5 mm x 1 mm, suitable for mounting onto the in-situ heating stage within the SEM (see Figure 

3-3). This thickness provided sufficient mechanical stability while enabling uniform thermal 

conduction and allowing clear observation of surface microstructural features under high-

resolution SEM.  

 

Figure 3-3 S-S CMF sample for in-situ microstructural analysis. 
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CHAPTER 4:  EXPERIMENTAL AND 

COMPUTATIONAL METHODS 

4.1 Mechanical Characterization 

4.1.1 High-Temperature Compression Test System Design 

To evaluate the mechanical performance of steelïsteel composite metal foam (SïS CMF) 

at elevated temperatures, a custom high-temperature compression test system was developed. 

The system was designed to function at temperatures up to 800 ÁC while safeguarding the 

mechanical and thermal integrity of the universal testing machine (UTM). All experiments were 

conducted using a servo-hydraulic MTS 810 UTM equipped with a 980 kN load cell. The system 

supported both quasi-static and cyclic loading protocols. 

A primary design constraint was the 65 ÁC operational temperature limit of the UTMôs 

load frame and internal electronics. Direct heat conduction from the heated specimen to the grips 

could risk damaging the load cell or introducing thermal drift, thereby compromising force 

measurements. Moreover, conventional metallic compression platens were unsuitable for high-

temperature testing, as most metals tend to soften or deform at elevated temperatures, potentially 

resulting in uneven load transfer or test failure. 

To overcome these limitations, high-purity alumina ceramic was selected for use as 

compression platens. Alumina offers excellent compressive strength at high temperatures, low 

thermal expansion, and dimensional stability. However, its brittleness posed challenges for 

mechanical interfacing. Direct gripping using serrated UTM jaws was avoided due to the risk of 

fracture from localized stress concentrations. 
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Each ceramic platen was therefore shrink-fitted into a counterbored 310 stainless steel 

rod, which served as a mechanical adapter. 310 stainless steel was selected for its high-

temperature strength and oxidation resistance. To assemble the hybrid structure, stainless steel 

rods were heated to approximately 550 ÁC in a furnace, allowing the alumina rods to be inserted 

into the counterbores. Upon cooling, the stainless steel contracted around the alumina, forming a 

tight, concentric mechanical bond. 

Finite element simulations were conducted using ANSYS Mechanical and Thermal to 

evaluate the mechanical performance of the hybrid platen design. Simulations examined axial 

deformation, von Mises stress distribution, and buckling resistance under the maximum expected 

compressive loads. Conservative assumptions were made by applying room-temperature 

mechanical properties to introduce an inherent safety margin. 

Figure 4-1 presents the simulated deformation field and equivalent von Mises stress 

distribution in the ceramicïmetal assembly under peak loading. A separate eigenvalue-based 

buckling analysis confirmed the absence of lateral instability, as shown in Figure 4-2. 
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Figure 4-1 Simulated results of the hybrid compression platen: (a) axial deformation and (b) von 

Mises stress distribution under peak compressive load (evaluated at room temperature). 

 

Figure 4-2  Eigenvalue buckling analysis of the hybrid compression system showing acceptable 

load multipliers and no risk of instability. 
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Following validation of the design, the components were fabricated. High-purity alumina 

ceramic rods were sourced from Stanford Advanced Materials. The measured material properties 

are provided in Table 4-1. 

Table 4-1 Material properties of the alumina ceramic rods used in the compression platens (data 

provided by Stanford Advanced Materials). 

Property Magnitude 

Density 3.8 g cm-3 

Hardness 9.0 (Mohs scale) 

Flexural strength at 20 C 340.0 MPa 

Compressive strength at 20 C 2210.0 MPa 

CTE from 25 C to 800 C 7.6 x 10-6 C-1 

 

Stainless steel rods were machined with precision counterbores to match the outer 

diameter of the ceramic rods. The shrink-fitting process was performed as described, and each 

assembly was allowed to air cool, ensuring uniform radial contraction and mechanical locking. 

An image of one of the trial assemblies using a spare alumina rod is shown in Figure 4-3. 
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Figure 4-3 Trial setup showing an alumina ceramic platen shrink-fitted into a counterbored 310 

stainless steel rod. 

To thermally isolate the UTM grips from the heated test zone, a copper cooling coil was 

wrapped around the exposed portion of the stainless steel rod extending outside the furnace. Tap 

water was circulated through the coil to actively remove heat and maintain safe temperatures 

near the load frame. 

A custom furnace was designed and fabricated in collaboration with Mellen Company, 

tailored to the geometric and thermal constraints of the test setup. Key design features included: 

I. Vertical pass-through ports to accommodate the ceramicïmetal platen assemblies, 



  101 

 

II.  Internal hot zone dimensions matched to the length of the ceramic rods, 

III.  Argon gas compatibility for oxidation control, 

IV.  Integrated feedthroughs for thermocouples and gas lines. 

Iterative design consultations were held with Mellen to finalize the configuration. The 

resulting engineering drawing and fabricated system are shown in Figure 4-4 and Figure 4-5, 

respectively. 

 

Figure 4-4 Final engineering drawing of the custom high-temperature furnace developed with 

Mellen Company (units: inches). 

The temperature was monitored using K-type thermocouples placed near the specimen. 

The furnace featured a PID-based controller capable of executing precise ramp-and-hold thermal 

profiles. Before testing, a burnout sequence was performed to eliminate moisture and 

contaminants. Multiple dry-run cycles were conducted to confirm temperature uniformity across 

the hot zone. 

A swing-arm support structure was fabricated at the Construction Facilities Laboratory at 

NCSU to enable precise furnace alignment. This assembly allowed translation and rotation in all 

three principal directions, ensuring accurate positioning relative to the compression axis. 
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Figure 4-5 Image of the fabricated furnace used for high-temperature compression testing of Sï

S CMF specimens. 

 To prevent oxidation during high-temperature testing, the furnace chamber was 

continuously flooded with high-purity argon gas, introduced from the top to displace ambient air 

downward. The argon stream was routed through the same copper coil used for cooling, allowing 

it to preheat before entering the furnace. This reduced thermal gradients and minimized the risk 

of thermal shock. 

An illustration of the top compression platen with the cooling and argon purging 

assembly is shown in Figure 4-6 .(Note: the ceramic rod is not visible as it would be positioned 

inside the furnace during operation.) 
























































































































































































