
ABSTRACT 

GARCIA AVILA, MATIAS. Characterization and Applications of Composite Metal Foams. 

(Under the direction of Dr. Afsaneh Rabiei). 

 Composite Metal Foam (CMF) is a light-weight high-energy absorption material 

which is manufactured by packing steel hollow spheres and filling the interstitial spaces 

between spheres with a solid metallic matrix.  This is achieved by either casting aluminum 

through gravity casting or by sintering steel powder via powder metallurgy technique.  The 

solid matrix surrounding the spheres provides reinforcement of the sphere walls, allowing 

great specific strength and large amount of energy absorption of this material and resulting in 

the strongest metal foam to date.  The sphere chemical and morphological properties have a 

direct effect on the structural and mechanical properties of composite foams, so these effects 

need to be investigated.  In addition, CMF has proven to be a good candidate for applications 

where high energy absorption under impact is needed, such as crumple zones in vehicles or 

ballistic protection.  The effects of strain rate on CMF must also be investigated to 

understand the behavior of the material under dynamic loading for these types of 

applications. 

In this study, aluminum–steel Composite metal foams (Al-S CMF) are manufactured 

using steel hollow spheres, with a variety of sphere carbon content, surface roughness, and 

wall porosity, embedded in an aluminum matrix through gravity casting technique.  The 

microstructural and mechanical properties of the material are studied using scanning electron 

microscopy, energy dispersive spectroscopy, and quasi-static compressive testing.  The 

results show that higher carbon content and surface roughness in the sphere wall are 

responsible for an increase in formation of intermetallic phases which has a strengthening 



effect at lower strain levels, increasing the yield strength of the material by a factor of 2, 

while higher sphere surface roughness and wall porosity results in a decrease on the density 

of the material and higher ductility maintaining a constant total energy absorption. 

Steel–steel Composite metal foams (S-S CMF) are manufactured using steel hollow 

spheres (with variety of different sphere sizes, surface roughness and carbon content) 

embedded in a stainless steel matrix through powder metallurgy technique.  The 

microstructural and mechanical properties of the material are studied using scanning electron 

microscopy, energy dispersive spectroscopy, and quasi-static and dynamic compressive 

testing.  It is observed that the yield and plateau strength, as well as the energy absorption 

capabilities of the composite foams are increased with increasing loading rate and by 

decreasing sphere sizes.  The effects of sphere surface roughness and carbon content on 

mechanical properties of CMF seem to be minimal compared to other parameters.  As a 

result, the features controlling the life time and performance of composite metal foams under 

static and dynamic loading have been categorized into two main groups.  The first group that 

controls the yield and plateau strength of the foam at lower strain levels includes bonding 

strength between the spheres and matrix which is a function of the sphere surface roughness 

and the gradient chemical composition between the spheres and matrix.  The second group 

that controls the relative density, densification strain and plateau strength at higher strain 

levels belongs to the sphere diameter and the porosity content in both spheres and matrix. 

Moreover, increasing the loading rate improves the yield strength of all CMF samples, 

showing strain rate sensitivity of the material. 

A high-performance light-weight composite armor system has been manufactured 

using boron carbide ceramics as the strike face, composite metal foam processed by powder 



metallurgy technique as a bullet kinetic energy absorber interlayer, and aluminum 7075 or 

Kevlar
TM

 panels as backplates.  The ballistic tolerance of this novel composite armor system 

has been evaluated against the 7.62x51 mm M80 and 7.62x63 mm M2 armor piercing 

projectiles according to U.S. National Institute of Justice (NIJ) standard 0101.06.  The results 

show that under ballistic loading composite metal foams absorb approximately 60-70% of the 

total kinetic energy of the projectile effectively and stop both types of projectiles with less 

depth of penetration and backplate deformation than that specified in the NIJ 0101.06 

standard guidelines.  Finite element analysis predictions of the composite armor energy 

absorption show close agreement between experimental and analytical results. 
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Chapter 1 – Introduction to Metal Foams 

1.1.  Introduction to porous materials 

Some of the most advanced structural materials found in nature are porous materials.  

Wood and bone have provided the structural support for most living things in this planet for 

millions of years.  The porous structure of wood (shown in Figure 1A [1]) serves a 

multifunctional purpose, with its longitudinal channels allowing nutrients to travel from the 

roots to the leaves of trees, while at the same time providing structural support and 

flexibility.  Wood has played an important role as the main structural material used by man 

throughout history.  Bone is also porous in nature and provides the main structure for the 

body of animals.  The porous structure of bone (shown in Figure 1B [2]) provides a strong 

and light weight skeleton which allows animals to move efficiently.  In the case of birds, 

extremely porous and low density bones provide extremely low weight skeletons making 

flight possible.   

Until recent, most porous materials were strictly found in nature.  However, an 

interest to mimic nature as an inspiration to manufacture advanced materials has provided 

man with a motivation to manufacture low weight porous materials.  Polymeric foams such 

as polystyrene have been used as packaging materials to protect objects under impact for 

decades.  Advanced cellular materials such as honeycomb have gained favor in the aerospace 

industry as sandwich panel cores, providing low-weight and high specific strength and 

stiffness when used along sheet metal and/or polymer reinforced composite panels.  Many 
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techniques are available to manufacture metallic, ceramic, and polymeric cellular materials.  

In addition to the application of cellular materials as packaging or thermal insulation, their 

increasing mechanical properties have provided opportunities to use them in structural 

applications such as impact kinetic energy absorbers and sound and vibration absorbers [3]. 

 

 

Figure 1: A) 3D x-ray microtomography image of the structure of douglas fir wood [1] and 

B) SEM image of the cross-section of human vertebrae bone [2] 

 

One of the important properties of cellular materials is their relative density (ρ/ρs), 

which is defined as the ratio between the density of the porous material ρ and the density of 

the solid material they are made of ρs.  As an example, cork has a relative density of 0.14, or 



 

3 

14% of the density of fully dense wood.  Relative density provides a measure of porosity 

within the cellular material, and it could be as low as 0.001 for ultra-low-density foams [3].  

Foam can be categorized into two main categories depending on their cell structure: 

open-cell foams and closed-cell foams. 

1.1.1. Open-cell Foams 

 The structure of open-cell foams, also called sponges, consists of an interconnected 

network of ligaments forming a porous material.  Figure 2 shows a cross-section of a 

polyurethane open-cell foam [4].  This “sponge-like” structure of open-cell foams allows 

fluids to pass through them and offers a large surface area of foam material in contact with 

the fluid.  As a result, when these foams are made with materials with high thermal and/or 

electrical conductivity they can be great material choice for applications such as heat 

exchangers and/or battery electrodes. 

 Open-cell foams can be manufactured using many materials including ceramics, 

polymers, or metals, and can be made using many different techniques.  Although some of 

the techniques to manufacture open-cell metallic foams will be discussed in the following 

sections, this study mainly focuses its attention on closed-cell foams. 
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Figure 2: Cross-section of an open-cell polyurethane foam [4] 

 

1.1.2. Closed-cell Foams 

 Closed-cell foams have porosities completely surrounded by a thin membrane of 

material, like the one manufactured by Shinko Wire Company Ltd. and shown in Figure 3 

[5].  Closed-cell foams are slightly denser than open-cell foams and offer better mechanical 

properties.   
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Within all porous materials, metallic foams are of special interest due to their 

particular combination of properties such as low weight, high strength and energy absorption 

capabilities, heat resistance, and thermal and electrical conductivity. 

 

 

Figure 3: Cross-section of Alporas type aluminum foams manufactured by Shinko Wire 

Company Ltd. [5] 
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1.2. Metallic Foams: Processing Techniques 

 There are two main ways to manufacture metallic foams: through liquid melt or 

powder metallurgy techniques. 

1.2.1. Liquid Melt Route 

 Introducing gas into a liquid metal followed by solidification seems to be the obvious 

way to produce gas porosities inside a material.  When manufacturing metal foams, this 

technique can be achieve in various ways, each of them with a particular set of challenges 

and advantages. 

1.2.1.1. Gas Injection Process 

 Metal foams can be processed by injecting a gas directly into a molten metal and then 

solidifying the foamed material.  The low density and viscosity of liquid aluminum and the 

limited oxidation of its melt in air make direct gas injection an easy and inexpensive process 

to produce closed-cell aluminum foams [6].  When injecting air into a metal melt, some 

challenges arise keeping the liquid metal from draining in the cell wall and preventing 

bubbles from growing too much, rupturing, and coalescing into larger bubbles before 

solidification of the foam takes place.  This can affect the structure of the material and 

produces metallic foam with non-homogenous porous structure.  To address this issue, and 

before gas is introduced to the melt, viscosity of the melt can be increased through the 

addition of 10-30% small (0.5-25 µm) ceramic particles such as alumina, zirconia, silicon 
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carbide, or titanium diboride [6].  This technique prevents drainage of melt within the cell 

wall and stabilizes the foam structure.  Figure 4 shows a schematic of a similar process used 

in manufacturing Cymat aluminum foam where gas is introduced in an aluminum melt [6].  

The porosity and density of the material can be controlled by the gas injection rate and 

cooling rate.  This process is relatively fast and allows for the production of metal foam in 

relatively large quantities at a reasonable price.  Due to the foaming techniques the porosity 

size and distribution within the material is hard to control which leads to a non-homogeneous 

structure of the foam. 

 

 

Figure 4: Melt gas injection process to manufacture Cymat aluminum foam [6] 
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1.2.1.2. In-situ gas generation  

 A different technique to foam liquid metal is used by introducing a solid foaming 

agent into the melt.  The foaming agent undergoes a chemical reaction when exposed to heat 

and releases a gas which is trapped in the melt forming individual pores in the material.  

Titanium hydride (TiH2) is one of the most commonly used foaming agents, which 

decomposes into Ti and H2 gas when heated to 465 °C [6].  In this case, 1-2% of melt 

stabilizers such as calcium are added to the melt to increase viscosity.  When the melt and 

stabilizer are properly mixed and the temperature kept between 670 and 690 °C, 1-2% TiH2 is 

added to the mixture which immediately starts to decompose and foam the melt, producing 

closed-cell metal foam.  Figure 5 shows a schematic of the process used by Shinko Wire 

Company Ltd. in Japan to manufacture Alporas aluminum foam.  To this date, Alporas foams 

(like the one shown in Figure 3) are considered one of the most homogeneous low-density 

closed-cell aluminum foams. 

 Some variations of the process to produce Alporas also exist, such as the FORMGRIP 

process shown in Figure 6.  In this process, the melt is prepared from Al-9Si/SiCp composite 

(Duralcan).  TiH2 foaming agent is heat treated in air at 500 °C for 24 hours to form an oxide 

outer layer on 30 µm TiH2 particles before it is added to the melt.  This oxide layer delays the 

decomposition of TiH2 when added to the aluminum melt.  The pre-oxidized foaming agent 

powder is then mixed with Al-12%Si alloy powder and added to the melt at 620 °C.  The 

melt is then stirred and poured into a closed mold, where it is heated for foaming to take 
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place until the mold is filled in its entirety, and then it is cooled to stabilize the foam.  This 

technique produces net-shape parts which have a foamed core and a thin skin of material. 

 

 

Figure 5: Manufacturing process of Alporas aluminum foam used by Shinko Wire Company 

Ltd. [7] 

 

 

Figure 6: Manufacturing process of FORMGRIP type aluminum foams [8] 
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1.2.1.3. Investment Casting into Preform Templates for Manufacturing Open-cell Foams 

 One of the techniques to manufacture open-cell foam consists of casting liquid metal 

into a preform cellular structure via investment-casting technique.   Figure 7 shows a 

schematic of the method used to manufacture open-cell Duocel metal foam [6].  For this 

technique, polymer open-cell foam is placed inside a mold and a slurry containing sand or 

other ceramic materials is cast into the mold.  The sand material occupies the open spaces left 

by the polymer foam and makes a pre-form “negative” of the cellular structure.  A burnout 

process is used to eliminate the polymer material, leaving empty channels in the mold within 

the ceramic pre-form.  The molten metal is infiltrated under pressure to occupy the empty 

channels between the sand preform and left to solidify.  After solidification of the metal, the 

sand is removed by mechanical means, leaving an open-cell metallic foam structure.  These 

foams can also be manufactured by packing leachable material particles, such as NaCl, then 

casting molten metal around the NaCl particles, and followed by a removal of the leachable 

material by solvent submersion of the foam. 

 Other techniques to manufacture open-cell foams have been developed, but these are 

out of the scope of this paper since mainly closed-cell foams are studied here. 
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Figure 7: Process to manufacture open-cell foam DUOCEL via investment casting [6] 
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1.2.2. Powder Metallurgy Route 

1.2.2.1. Particle Decomposition in Semi-Solids 

 Powder metallurgy techniques have also been developed to manufacture close-cell 

metal foams.  This technique uses a mix of powder metal and foaming agent TiH2 particles to 

produce a precursor material.  This precursor is extruded and compacted to form a dense 

material.  This consolidated material can be cut into small pieces, placed in a mold, and 

exposed to a heat treatment to cause decomposition of the TiH2 and subsequent foaming of 

the material.  Figure 8 shows a schematic of this process developed by Fraunhofer Institute in 

Germany, and LKR and Neuman-Alu in Austria [6].  Similar to the FORMGRIP process, this 

technique produces a close-cell metal foam with a thin metallic skin, like the one 

manufactured by Alulight GmbH and shown in Figure 9 [9]. 

 Other more economical foaming agents with higher decomposition temperature such 

as calcium carbonate (CaCO3) and dolomite (CaMg(CO3)2) have been used as a substitute for 

TiH2 [10–12].  These high temperature foaming agents decompose from 706 to 846 °C [10], 

which provide an alternative foaming agent to produce foams from metals with higher 

melting points than aluminum. 
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Figure 8: Schematic of the process to manufafcture close-cell metal foam through particle 

decomposition in semi-solid stat (used by Fraunhofer Institute and Alulight) [6] 
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Figure 9: Aluminum foam part produced by Alulight GmbH [9] 

 

1.2.2.2. Hollow Sphere Foams 

The process used by Fraunhofer and Hollomet in Germany to manufacture hollow 

spheres is described in Figure 10 [13].  Hollow spheres are produced using a lost core 

technique, where polystyrene spheres are coated with a metal powder and binder slurry, 

followed by heat treatment which burns the binders and polymer core and sinters the sphere 

wall metal powders together, producing a hollow metallic sphere.  As seen in Figure 10 and 

Figure 11, these hollow spheres can also be formed into a metal foam material by compacting 

the spheres and sintering them together in the heat treating process. 
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Figure 10: Process to manufacture metallic hollow spheres through the lost-core method used 

by Fraunhofer and Hollomet [13] 

 

 

Figure 11: Compressed and uncompressed hollow sphere foam produced by Fraunhofer [14] 
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1.2.1. Properties of Metal FoamsMechanical Properties of Metal Foams 

 Metal foams are a special class of materials known for their high strength-to-weight 

ratio and high impact energy absorption capabilities.  An illustration of a typical stress-strain 

curve of metallic foam under compressive loading is shown in Figure 12.  Under 

compressive load, metal foams experience an elastic region and a Young’s modulus (E) up to 

a yield point.  After yielding, their cellular structure allows them to deform at a relatively 

constant stress (called plateau stress σpl) through large amounts of strain ε.  Many metal 

foams can deform under compression up to 50% strain until densification (εD) is achieved.  

The large area under the stress strain curve provides a measure of the amount of energy these 

materials can absorb under compressive loading. 

 Many of the mechanical properties of low-density metal foams can be determined 

using a series of scaling laws developed by Gibson and Ashby [3].  In these relations, mainly 

the relative density of the foam is being used to correlate the properties of foams to those of 

the base bulk material.  The scaling laws used to find the mechanical and thermal properties 

of open-cell and closed-cell foams were collected and presented by Ashby [6] and are shown 

in Table 1 and Table 2 respectively.  Although these scaling laws are not an exact method to 

find the mechanical properties for all foams, they give a good approximation for initial 

property estimations.  In order to find more accurate mechanical properties of metal foams 

experimental characterization of the material is needed.  In these cases, standard techniques 

such as tension, compression, and fatigue testing can be used to characterize metal foams. 
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Figure 12: Illustration of a typical stress-strain curve for a metallic foam under compression 

[6] 
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Table 1: Scaling laws to estimate the mechanical properties of open-cell and closed-cell 

foams [6].  These properties include Young’s modulus (E), shear modulus (G), bulk modulus 

(K), flexural modulus (Ef), compressive and tensile strength (σc and σt), endurance limit (σe), 

densification strain (εD), loss coefficient (η), hardness (H), and initiation toughness (JIC) 
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Table 2: Scaling laws to estimate the thermal properties of open-cell and closed-cell foams 

[6] 
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1.2.2. Deformation Mechanisms of Metal Foams 

 Due to the inherent inhomogeneity of their microstructure, the mechanical properties 

of metal foam exhibit slight variation for foam made with similar density and processing 

technique.  This variation of the mechanical properties resides in the deformation 

mechanisms of metal foams.  When metal foams are loaded under compression, the 

deformation mechanisms within the material are driven by progressive collapse of individual 

cells.  This deformation mechanisms had been originally studied on aluminum foams under 

cyclic loading [15].  The progression of the deformation of an aluminum alloy foam sample 

under cyclic loading is shown in Figure 12b-e.  When metal foams are subject to compressive 

loading, the stress is distributed throughout the thin cell walls.  When the stress is high 

enough around the larger cells (shown in Figure 12b-e as cells A and B), these cells start to 

buckle, leading to collapse of the cell.  As the larger cells start to collapse, the critical 

buckling load on the cell walls of the adjacent cells will increase causing a premature 

collapse of the surrounding cells.  This causes the formation of what is called “collapse band” 

(Figure 15) and translates into a sudden increase in strain, as seen in the strain versus cycle 

plot in Figure 14.  This collapse band phenomenon occurs throughout the entire deformation 

process until full densification takes place.  In summary, cell inhomogeneity controls the 

deformation of the material under loading by causing premature collapse band formations, so 

a homogenous cell structure is desired since it minimizes collapse band formation, allowing 

better predictability of the material response under loading and increasing the strength of the 

foam. 
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Figure 13: Sequential optical images of the cyclic deformations at: Δσ/σo ~0.65: (b) Image 

before testing, (c) within the incubation stage, 2% strain, (d) after the first strain jump; 8% 

strain, (e) after the second strain jump, 15% strain. The circles identify the membranes that 

buckle between (b) and (c). The arrows highlight the collapse bands [15] 
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Figure 14: Strain at maximum load-number of cycles curve indicating the number of cycles 

at which the images on Figure 13 were taken [15] 
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Figure 15: Formation of collapse bands in aluminum foam under compression [15] 

 

1.2.3. Structure of Metal Foams 

 The structural properties of metal foams are strongly influenced by their processing 

technique.  When porosities are introduced by blowing gas directly into a molten metal the 

pore size and morphology are difficult to control, such as in the case of Cymat aluminum 

foams (Figure 16a).  These foams show an array of small and large porosities throughout the 

material, with little homogeneity of the structure.  Although their processing technique is 

relatively inexpensive, the lack of a homogenous structure results in inconsistent mechanical 
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properties and limits their application in structural components.  Other metallic foams such as 

Alporas and Alulight (Figure 16b and Figure 16c respectively) show more homogenous pore 

structure, with similar pore size and distribution.  Although some variations in structure are 

present, the mechanical properties of these foams show fewer inconsistencies, making these 

foams good candidates for light-weight structural applications.  Of all metal foams available, 

hollow sphere foams show the most consistent pore morphology and distribution (Figure 11), 

since the porosities are provided by packing homogeneous hollow spheres.  However, the 

thin wall of the hollow spheres does not provide high mechanical properties and limits their 

applications in high load bearing structures. 
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Figure 16: Variability of cell structure on a) Cymat, b) Alporas, and c) Alulight aluminum 

foams [6] 
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1.3. Applications of Metal Foams 

1.3.1. Light-Weight Cores for Sandwich Panels 

 Typical sandwich panels consists of a low-weight polymer foam or honeycomb 

structure panels with two face sheets attached to either side.  The addition of a low-weight 

core between these face sheets adds bending stiffness and rigidity to the panel by increasing 

its moment of inertia.  This increase in stiffness of sandwich panels allows for their structural 

application in body panels of ground vehicles, aircrafts, and bridge decks.  However, their 

low temperature and high moisture absorption could limit the applications of conventional 

sandwich panels.  Due to their combination of properties such as low weight, high stiffness, 

shear strength, along with moisture and temperature resistance, metal foams can bridge that 

application gap of sandwich panel cores. 

 Metal foams have shown promising performance when used as sandwich panels [16–

18].  Due to their unique manufacturing techniques, some metal foams can be joined to face 

sheets and foamed in one step processing, like the one shown in Figure 17, obtaining good 

bonding strength between the core and face sheets.  Sandwich panels made with metal foam 

cores can also be formed into many shapes, like the curved solar panel prototype structure 

shown in Figure 18. 
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Figure 17: Aluminum-aluminum sandwich panel manufactured using a powder aluminum 

and TiH2 precursor [16] 

 

 

Figure 18: Parabolic sandwich panel using a metal foam core for possible application as base 

plate in parabolic mirrors for thermoelectric solar plants [18] 
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1.3.2. Dynamic Loading Applications- Impact Energy Absorbers 

 When compressed at high loading rates, some metal foams exhibit an increase in 

strength and energy absorption capabilities [19–26].  As shown in Figure 19 and Figure 20, 

for Alporas tested at strain rates up to 2500 s
-1

,
 
the yield strength of the material doubles in 

magnitude and the energy absorption up to densification is 50% higher [19].  The increase in 

strength of metal foams due to high strain rate is caused by two factors: the inertia of the 

material when impacted at high impact velocities, which is a common phenomenon in most 

bulk metals, and the cushioning effect of the air under compression inside the porosities. 

 

 

Figure 19: Yield stress/relative density
3/2

 for 0.1 relative density Alporas tested at quasi-static 

and 2500 s
-1

 strain rates, compared to dynamic testing results for a polystyrene foam [19] 
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Figure 20: Stress versus strain response of Alporas with a relative density of 0.15, subjected 

to strain rates up to 2440 s
-1 

[21]
 

 

 This increase in strength at high impact speeds, along with their high energy 

absorption capabilities, has allowed metal foams to offer additional crash protection when 

used in a variety of applications such as fillers in vehicle crumple zone structures [27–29].  

Typical vehicle crumple zones are made of hollow metallic structures such as square or 

round tubing.  When exposed to impact, these structures absorb impact energy by crushing 

and buckling.  Metal foams have been used to fill these hollow structures to increase their 

energy absorption capabilities (Figure 21).  As shown in Figure 22, filling a tube with metal 

foam has a higher-than-expected increase on the energy absorption capabilities of the 

structure.  When the crumple zone structure is compressed, the metal foam fills the inner 

folds of the tube changing the morphology of the deformation of the outer tube.  This 

effectively increases the energy absorbed and the performance of the crumple zone structure. 



 

30 

 

 

Figure 21: Crushed hollow crumple zone structures filled with metal foam [29] 

 

 

Figure 22: Load-deflection curves for a foam, a tube, and a foam filled tube.  The 

combination of foam and tube shows a higher energy absorbed than expected [6] 
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1.3.3. Composite Hard Armor and Ballistic Applications of Metal Foams 

 High-performance hard armor systems for ballistic protection of personnel, aircraft, 

and ground and amphibious vehicles have been a recent subject of study for researchers.  

Hard armor systems typically consists of multiple layers, with a ceramic or ceramic 

composite plate at the strike face, backed with a ductile material such as ballistic steel or 

aluminum, or a high performance fiber reinforced composite.  This hybrid arrangement of 

layers allows the armor system to defeat the projectile upon impact, with the ceramic layer 

blunting and eroding the projectile due to its high hardness, and the more ductile/high tensile 

backing plate absorbing the residual kinetic energy of the fractured or deformed projectile 

through plastic deformation [30].  A variety of armor options are already available, however 

their relatively high weight restricts their widespread use in many other applications.  The 

development of light-weight combat technology, such as aircraft and amphibious vehicles, 

and the need to improve higher mobility for ground troops requires the continuous reduction 

of armor weight while increasing their ballistic performance. 

 Composite armors made with ceramic strike face and high-strength fiber reinforced 

composites have been widely studied as light-weight armors in the past (Figure 23).  Several 

types of ceramic materials, such as aluminum oxide (Al2O3), boron carbide (B4C), silicon 

carbide (SiC), silicon nitride (Si3N4), and combinations of those are typically used as the 

strike face plate in hard armor systems [31–35].  These ceramics are combined with a layer 

of material that can offer high-tensile strength as backplates such as aramid fiber composites 
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like Kevlar
TM

 and Twaron
TM

, or polyethylene composites such as Spectra
TM

 or Dyneema
TM

 

to absorb the kinetic energy of the projectile.  Although some of these combinations perform 

well for ballistic protection, the high cost of the constituents along with the heavy weight of 

the total structure leaves room for improvement in the development of ballistic armors.  

 In order to reduce the weight of composite armors, porous materials such as 

polyurethane-filled open-cell SiC ceramic foams have been used as a backplate in 

conjunction with Al2O3 strike plates [36].  The performance of the ballistic system was 

satisfactory for lower impact energy threats such as 5.56x45 mm SS109 and 7.62x51 NATO 

round, however ballistic protection against high energy armor-piercing projectiles has come 

as the cost of increased armor weight.  Metal-infiltrated Al2O3 ceramic foams, sandwiched 

between ceramic strike plates and metal backplates, have also been investigated for ballistic 

protection with successful results [37].  However, the high cost of open-cell ceramic foams 

and their low tensile mechanical properties and low fracture toughness prevented their 

commercial application. 

 Low-weight closed-cell aluminum foams have also been investigated for ballistic 

protection due to their high energy absorption capabilities under compression [38,39].  

Aluminum foams placed between the ceramic strike plate and the fiber reinforced backplate 

have been shown to enhance the ballistic protection of the armor system, absorbing the 

kinetic energy of the projectile through plastic deformation and densification and acting as a 

“stress wave filter” between the ceramic and backplate (Figure 24) [38].  However, due to the 
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low strength of Al-foams, the required thickness for absorbing the total energy of the bullet 

was large, making it unacceptable for many applications such as inserts for bullet proof vests. 

 

 

Figure 23: Ballistic armor composed of alumina-mullite strike plate and Kevlar
TM

 backplate 

[31] 
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Figure 24: Different arrangements of an armor system using ceramic, polymer reinforced 

composites, and aluminum foam [38] 
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Chapter 2 - Composite Metal Foams 

The use of metal foams for structural components has been relatively limited due to 

the non-homogeneous cellular structure, which results in their low mechanical properties and 

premature failure under loading.  Due to this inhomogeneity, the mechanical properties of 

metal foams are also hard to predict.  Composite metal foam (CMF) has been developed to 

improve the strength of metal foams by providing an even size, shape, and distribution of 

porosities.  This is achieved by packing hollow metal spheres in a random loose pack 

arrangement and filling the interstitial spaces between spheres with a metal matrix.  This 

technique results in metal foam with regular cell structure which offers higher strength at 

quasi-static and cyclic loading compared to other metal foams.  The regularity of the cell 

structure allows CMF to eliminate the formation of collapse bands and premature failure, 

providing isotropic mechanical properties and their uniform deformation under loading.  The 

presence of the matrix between spheres provides better bonding between spheres and 

reinforces the thin sphere wall, further improving the mechanical properties of the foam.  

These characteristics gives CMF high strength and energy absorption capabilities under 

compression unmatched by any other metallic foam [40–46]. 

2.1. Processing Techniques to Manufacture Composite Metal Foams 

2.1.1. Casting Technique 

A casting technique is used to manufacture CMF when the matrix material has a 

lower meting point than the material of the hollow spheres.  In this technique, the spheres are 
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compacted through vibration inside a steel permanent mold and a liquid material is infiltrated 

to occupy the interstitial space between spheres, bonding the entire material into bulk foam.  

Typically, aluminum A356 (93% Al and 7% Si) is used as matrix for CMF due to its good 

castability.  Figure 25 shows a schematic of the 2-step process to manufacture aluminum 

matrix-steel spheres (Al-S) CMF.   

The steel spheres are packed inside a permanent steel mold coated with boron nitride.  

The mold is then preheated inside a high temperature furnace, along with a ceramic crucible 

containing solid aluminum pieces, up to the melting point of aluminum.  Once the aluminum 

has completely melted and the mold containing the spheres is preheated, the hot mold and 

crucible are extracted from the furnace and the liquid aluminum is poured inside the mold 

using a gravity casting technique.  The liquid aluminum flows between the spheres filling the 

interstitial spaces and the mold is left to cool.  The aluminum cools and solidifies bonding the 

entire structure together and forming bulk metallic foam. 

2.1.2. Powder Metallurgy Technique 

Powder metallurgy technique is used to make CMF where the sphere wall and the 

matrix materials have similar melting points.  This technique is typically used to manufacture 

steel spheres-steel matrix (S-S) CMF.  Figure 26 shows a schematic of the powder 

metallurgy process used to make S-S CMF.   

In this technique, a permanent steel mold is coated with a release agent (typically 

boron nitride) and hollow spheres are packed inside.  The mold is attached to a vibratory 
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surface, and while shaking at a low frequency, steel powders are added to the mold.  Shaking 

the mold while pouring the metal powders allows the powders to go inside the interstitial 

spaces between the hollow spheres and completely surround the spheres.  Once the mold is 

filled with spheres and powder, a lid is placed on it and the mold is placed inside a vacuum 

hot press or vacuum furnace.  The mold is then heated to sinter the powder particles and 

spheres together to form S-S CMF. 

 

 

Figure 25: Process schematic for manufacturing Aluminum-Steel CMF using gravity casting 

technique 
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Figure 26: Process schematic for manufacturing Steel-Steel CMF using powder metallurgy 

technique 

 

2.1.3. Structural Properties of CMF 

2.1.3.1. Aluminum-Steel CMF Manufactured by Casting  

 The structure of aluminum-steel CMF has been previously characterized  and 

reported [40,45,47,48].  As seen in Figure 27, Al-S CMF has a porous structure with a 

homogenous distribution of porosities throughout the material, with good bonding between 

spheres and matrix.  Due to the material mismatch of the steel spheres and aluminum matrix 

and the high processing temperature, Al-S CMF contains intermetallics formed by Al-Fe-Si 
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ternary system dispersed through the matrix of the material, which are hard and brittle in 

nature (Figure 28).  The formation of intermetallics in the Al-Fe-Si system is a well-studied 

phenomena [49–55] and is due to the reciprocal diffusion of Fe and other alloying elements, 

like Cr and Ni, from the sphere wall into the Al-Si matrix, and Al and Si from the matrix to 

the sphere wall.  Intermetallic formation in Al-S CMF influences the mechanical properties 

of the material and for that reason it has been widely studied and previously reported [40–

43,45–48]. 

2.1.3.2. Steel-Steel CMF Manufactured by Powder Metallurgy 

 The structure of steel-steel CMF manufactured by powder metallurgy technique has 

been previously studied and reported [40,41,44–46,56].  As shown in Figure 29, and similar 

to Al-S CMF, S-S CMF shows a homogenous distribution of porosities throughout the 

material, with the sintered powder matrix completely surrounding the spheres, and the 

spheres well bonded to the matrix.   Figure 30A shows a low magnification SEM image of S-

S CMF manufactured using low carbon steel matrix and 1.4 mm low carbon steel spheres.  

The compaction of the powder matrix by vibration and pressure allows the sintering of the 

matrix and the spheres to occur effectively, providing a strong bond and leaving the interface 

between sphere and matrix barely visible.  Figure 30B shows an SEM image of S-S CMF 

manufactured using 316L stainless steel matrix and 2 mm 316L stainless spheres.  Due to the 

low pressure powder metallurgy technique used, some residual porosity within the matrix is 

observed in the material.   
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Figure 27: Cross-section of an aluminum-steel composite metal foam sample processed by 

casting using steel spheres with 4.0 mm outer diameter 
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Figure 28: SEM images of the typical microstructure of aluminum-steel composite metal 

foam processed by casting showing intermetallic formation of the Fe-Al-Si family [47] 



 

42 

 

Figure 29: Steel-steel composite metal foam manufactured using 316L stainless steel powder 

and 2 mm steel spheres 
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Figure 30: SEM images of cross-section of steel-steel composite metal foam showing a) low 

carbon steel spheres embedded in a low carbon matrix and b) 316L stainless steel spheres 

embedded in a 316L stainless steel matrix [44] 
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2.1.4. Mechanical Properties of CMF 

 Aluminum-steel and steel-steel  CMF have been studied extensively under monotonic 

compression and fatigue testing [40–48] and  both have shown mechanical properties 

unmatched by any other metal foam.  The mechanical properties of CMF under quasi-static 

compression testing are shown in Figure 31 for 4 samples including Al-S and S-S with 

different sphere sizes [40].  The mechanical properties of composite metal foams are far 

superior than those for other metallic foams, with CMF showing energy absorption 

capabilities more than 7-8 times higher [40].   

 These superior mechanical properties are in part attributed to the homogeneous 

structure of composite metal foams.  When CMF is subjected to compressive loading, the 

material deforms by compressing and closing its porosities by means of hollow sphere 

collapse.  Due to the regularity of cell size obtained from using homogenous hollow spheres, 

CMF does not show the formation of collapse bands, preventing premature failure of the 

material.  Figure 32 shows a steel-steel CMF sample manufactured using 2 mm steel spheres 

before and after 80% deformation under compression.  In addition, the solid matrix 

surrounding the hollow spheres provides support and reinforces the sphere thin wall.  These 

two inherent properties of composite metal foams translate into some of the highest 

mechanical properties of any metal foam and makes CMF a great candidate for into high 

energy absorption applications such as structural components, vehicle crumple zone 

structures, and ballistic armor. 
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Figure 31: Stress-strain curves for quasi-static compression testing on cast Al-S CMF 

manufactured using aluminum matrix and Curve 1. 3.7 mm low carbon steel spheres Curve 

2. 3.7 mm stainless steel spheres. Also shown are powder metallurgy S-S CMF manufactured 

using Curve 3. 1.4 mm low carbon steel spheres in a low carbon steel matrix and Curve 4. 

2.0 mm stainless steel spheres in a stainless steel matrix [40] 

 

 

Figure 32: Images of steel-steel composite metal foam sample manufactured using 2 mm 

spheres before and after 80% deformation under quasi-static loading [40] 

 



 

46 

2.1.5. Potential Applications of CMF 

 The high strength and energy absorption capabilities of CMF, along with their low 

density (about 30% density of their parent material), will make these materials suitable for 

applications such as impact or vibration energy absorbers.  The low density of CMF, 

compared to bulk metals such as steel, could make CMF suitable for many structures where 

low weight is crucial, such as aerospace or marine structures.  In some vehicle structural 

components, where high impact energy needs to be absorbed by deformation of the structure 

itself, CMF could be a material of choice to improve or substitute crumple zone components.  

CMF could also lower the weight and increase the performance of structures where ultra-

high impact energy absorption is necessary, such as in the case of ballistic armor for troops 

and vehicles. 

2.1.6. Outline of Research 

 In the next chapters, the structural and mechanical properties of aluminum-steel and 

steel-steel composite metal foams, as well as their application for ballistic armor will be 

studied.   

 In chapter 3, a brief review of the research objectives and the motivation for this 

research will be provided.   
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 In chapter 4, an outline of the equipment used to manufacture composite metal foams 

will be introduced.  In addition, the equipment and techniques used to study the structural 

and mechanical properties of CMF will be shown. 

 In chapter 5, the structural properties of cast aluminum-steel CMF manufactured 

using spheres with varying chemical composition, surface roughness, and sphere wall 

porosity are compared.  The effect of these sphere parameters on the mechanical properties 

of Al-S CMF under quasi-static compression loading are also investigated in this chapter. 

 Chapter 6 shows the effect of sphere size, chemical composition, surface roughness, 

and sphere wall porosity on the structural properties of steel-steel CMF manufactured using 

powder metallurgy technique.  The mechanical properties of these CMFs are also studied 

under quasi-static compression loading. 

 Chapter 7 includes the effect of loading rate on S-S CMF manufactured using 

different sphere sizes and powder metallurgy technique.  The results of this study provide an 

insight into the behavior of the material for high loading rates applications. 

 In chapter 8, S-S CMF is used along with other materials to design and manufacture a 

composite armor system.  In this chapter, the manufacturing techniques of the armor systems 

and their performance under ballistic testing for Type III and Type IV high-power rifle 

projectiles are discussed.  The energy absorption capabilities of S-S CMF under ballistic 

impact are analyzed using experimental and finite element analysis. 
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 Finally, the conclusions of all these studies are presented in chapter 9, and some 

considerations of the future work on CMF are given in chapter 10. 
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Chapter 3 – Research Objectives 

 It has been shown that the structure and mechanical properties of composite metal 

foam are influenced by their hollow sphere and matrix properties.  To this date, high quality 

hollow spheres made of low carbon and 316L stainless steel had been used to manufacture 

CMF.  These spheres where manufactured in a small scale lab environment so their chemical 

composition and structure where well controlled.  Manufacturing CMF in a large scale for 

wide spread application and commercialization requires large amounts of hollow spheres, 

with reasonably low cost spheres.  

 Some considerations must be taken into account when manufacturing hollow spheres 

in a large scale.  During processing of hollow metallic spheres, polystyrene cores and binders 

are removed by pyrolysis which leads to high amounts of carbon present in the sphere wall.  

Consequently, and inherent to the manufacturing technique, it is challenging to maintain a 

low carbon content in the sphere wall.  This can pose an issue when manufacturing stainless 

steel hollow spheres which require carbon content to be as low as 0.03% by weight.  When 

processing large amounts of hollow spheres, higher sphere surface roughness can be another 

issue to be considered.  These alterations of the sphere properties can provide variation on the 

chemical, physical, and mechanical properties of composite metal foam, and thus need to be 

examined carefully. 

 In this study, the microstructural and mechanical properties of Steel-Steel (S-S) and 

Aluminum-Steel (Al-S) CMF manufactured using spheres with a variety of outer diameters, 
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sphere surface roughness, sphere wall porosity, and sphere wall chemical composition were 

studied extensively using optical and scanning electron microscopy, energy dispersive 

spectroscopy, and quasi-static and dynamic compression testing. 

 The high strength and energy absorption capabilities makes CMF a potential 

candidate for applications where large amounts of energy must be absorbed under dynamic 

conditions, such as crash energy absorbers and ballistic armors.  Most metals show increase 

in yield strength when exposed to high strain rate compressive loading.  For this reason, and 

in order to understand the behavior of CMF under dynamic loading conditions, high strain 

rate tests were performed on S-S CMF using a hydraulic testing machine, for lower strain 

rates, and a Split Hopkinson Pressure Bar apparatus, for higher strain rates. 

 A ballistic armor system was designed and manufactured using S-S CMF panels.  

This composite ballistic armor was tested for single and multi-shot scenarios for both Type 

III and IV projectiles.  A finite element approach was used to predict the energy absorbed by 

the CMF panel within the composite ballistic armor. 
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Chapter 4 – Materials and Methods to Study Composite Metal Foams 

4.1. Materials used in manufacturing of composite metal foams 

4.1.1. Steel Hollow Spheres 

Steel composite metal foams use steel hollow spheres as a main component to 

achieve the porosities in the material.  Hollow spheres shown in Figure 33 are produced by 

Fraunhofer and Hollomet GmbH in Dresden Germany using the manufacturing process 

previously shown in Figure 10 [13], [14,57].   

 

 

Figure 33: Stainless steel hollow spheres with 3.7 mm diameter used for manufacturing steel 

Composite Foam 
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Hollow sphere properties can be controlled during their manufacturing process.  

These properties include: 

Sphere Size: Using various sizes of polystyrene spheres, hollow metallic spheres can be 

produced in many sizes, as shown in Figure 34.  This allows control of porosity size when 

manufacturing composite metal foam. 

Surface Roughness: In Figure 35, spheres were produced with different surface roughness, as 

well as different diameters by altering the manufacturing process.   

Chemical Composition: The chemical composition of the sphere wall can be modified by 

using different powder metal alloys, producing hollow spheres of many materials such as 

aluminum, steel, or titanium.   

Sphere Wall Porosity and Thickness: Altering the powder particle size and the amount of 

powder used when coating the polystyrene spheres could produce a hollow sphere with 

various wall porosity and thickness, with larger powder particles leading to more porous and 

less dense sphere walls.  Figure 36 shows scanning electron microscopy (SEM) images of the 

cross sections of 2 different hollow sphere walls having 5% (Figure 36A) and 14% (Figure 

36B) wall porosity. 
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Figure 34: Image showing steel hollow spheres with 6, 4, and 2 mm diameter and various 

surface roughness 

 

 

Figure 35: Steel hollow spheres with 2 and 5 mm diameters and 2.1 and 10.7 µm surface 

roughness respectively 
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Figure 36: Scanning electron microscopy images of cross sections of different stainless steel 

hollow spheres with various sphere wall porosity of A) 5% and B) 14% 

 

4.1.2. Matrix Material 

Matrix materials in composite metal foams can vary according to their application.  

To this date, three matrix materials have been used to manufactured CMF, aluminum 356A, 

low carbon steel, and 316L stainless steel.  As mentioned in section 2.1, two different 

techniques are developed to manufacture CMFs: casting and powder metallurgy (PM) 

techniques.  In casting technique, lower melting point materials such as aluminum A356A is 

used around steel hollow spheres; in PM technique, similar materials can be used for both 

spheres and matrix. 
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4.2. Material Characterization of Composite Metal Foams 

In order to understand the structure and properties of composite metal foam, 

microstructural and mechanical characterization of these materials is performed at the 

Advanced Materials Research Lab (AMRL) at North Carolina State University.  AMRL is 

equipped or has access to all the tools necessary for microstructural and mechanical 

characterization of materials. 

4.2.1. Material Processing 

4.2.1.1. High Temperature Furnace 

To process Al-S CMF using casting technique, a high temperature furnace Eurotherm 

2116 is used (Figure 37).  This furnace has molydisilicide heating elements, heating chamber 

inner dimensions of 305 mm x 305 mm x 305 mm, and is equipped with a programmable, 

multi-segment controller capable of heating up to 1700 °C in air or inert atmosphere.   
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Figure 37: Eurotherm 2116 high temperature furnace in AMRL used for casting Al-S CMF 

 

4.2.1.2. Vacuum Hot Press 

 A vacuum hot press is used to manufacture steel-steel CMF by powder metallurgy 

(Figure 38).  The hot press has a stainless steel chamber with tungsten heating elements.  

This vacuum hot press is programmable for multi heating profiles and is designed for up to 

2600 °C operation under 2e-5 Torr vacuum pressure or inert atmosphere.  It also contains a 

hydraulic system with a pressure capability of up to 140 MPa via a 25 mm diameter rod. 
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Figure 38: Centorr 600 Vacuum hot press used to manufacture S-S CMF 

 

4.2.1.3. H-Frame Hydraulic Press 

An H-Frame hydraulic press (Figure 39) with a 50 ton force capability is used to 

press metal powders when processing CMF via PM technique. 

4.2.1.4. Shaker Table 

A shaker table (Figure 40) is used to infiltrate the metal powder between the hollow 

spheres when processing S-S CMF via PM technique.  The mold can be attached to a 
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vibratory aluminum plate which is attached to a diaphragm-type linear actuator.  A function 

generator sends signal to an amplifier which powers the linear actuator.  This setup allows for 

complete freedom to adjust the frequency and amplitude of the vibratory motion of the 

shaker table.  The shaker table is capable of vibrating up to 150 lbs with maximum amplitude 

of 25 mm. 

 

 

Figure 39: H-frame hydraulic press used to press metal powders when processing S-S CMF 
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Figure 40: Shaker table used for shaking mold during infiltration of metal powders to 

manufacture S-S CMF 

 

4.2.2. Microstructural Characterization 

4.2.2.1. Sample Cutting and Sectioning 

Buehler Isomet 4000 precision saw (Figure 41) is used for sectioning CMF samples 

used for microstructural and mechanical characterization. This saw used a feed and rotation 

controlled diamond blade at blade rotational speed up to 5000 rpm.  The saw uses a water 

based lubricant/coolant to washout debris and cool the sample and blade while cutting, 

providing a precise and clean cross sectional cut on CMF samples. 
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4.2.2.2. Grinding and Polishing 

To prepare CMF samples for microstructural characterization, a Buehler Automet 2 

grinding and polishing station (Figure 42) is used.  The rotational speed of the grinding and 

polishing wheels is fully controllable. This station allows to wet-grind samples using a 

progression of grinding papers from 120-2500 grit, and to polish using a 9 and 3 µm diamond 

suspension, and a 1, 0.1, 0.05 µm alumina-water polishing compound. 

4.2.2.3. Fume Hoods for Chemical Handling and Etching 

The AMRL lab is equipped with two fume hoods (Figure 43 ) used for chemical 

handling and etching.  In these hoods, chemicals such as acetone and isopropyl alcohol are 

typically used to clean samples while and after polishing.  A solution of hydrochloric acid, 

nitric acid, and glycerin or water is used to chemically etch stainless steel samples to expose 

grain structure for microstructural characterization of CMF.   
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Figure 41: Buehler Isomet 4000 precision saw used for sectioning CMF samples for 

microstructural and mechanical characterization 

 

 

Figure 42: Buehler Automet 2 polishing station used to prepare CMF samples for 

microstructural characterization 
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Figure 43: Fume hood used for chemical handling 

 

4.2.2.4. Optical Microscopy 

Optical microscopy for microstructural characterization of CMF is performed using a 

Buehler Unimet Unitron 9279 microscope (Figure 44).  This microscope is equipped with a 5 

megapixel digital camera to obtain digital images of the microstructure to study porosity 

levels in the matrix and sphere wall of CMF.  Microscope images are used, along with 

commercial software Image J [58], to calculate the final porosity in the material used for 

density evaluation. 
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Figure 44: Buehler Unimet Unitron 9279 microscope used for microstructural 

characterization of CMF 

 

4.2.2.5. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

A Hitachi S-3200N variable pressure scanning electron microscope (SEM) (Figure 

45) equipped with energy dispersive X-ray spectroscopy (EDS) capabilities is utilized to 

examine the microstructure of the material, and chemically characterize the composition of 

various phases in the foam’s microstructure. 
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Figure 45: Variable pressure Hitachi S3200N scanning electron microscope at Analytical 

Instrumentation Facility at North Carolina State University [59] 

 

4.2.2.6. Sphere Surface Roughness Measurements 

Surface roughness measurements are performed using Taylor Hobson Form Talysurf 

Series 2 equipment with a stylus tip of 6μm in diameter located in the Precision Engineering 

Center at North Carolina State University.   
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4.2.3. Mechanical Properties Characterization  

4.2.3.1. Quasi-static Compression Testing 

Quasi-static compression testing on CMF is performed using a servo-hydraulic MTS 

universal testing machine (Figure 46) located in the Constructed Facilities Labs at North 

Carolina State University.  This testing machine is equipped with a 220 kips load cell, can be 

operated using displacement or load control, and contains a fully programmable work station 

for various mechanical tests such as cyclic loading, compression, tension, and 3 or 4 point 

bending tests. 

 

 

Figure 46: Servo-hydraulic MTS universal testing machine located in the Constructed 

Facilities Lab at North Carolina State University [60] 
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4.2.3.2. Dynamic Loading for Medium Strain Rate Compression Testing 

Dynamic loading for medium strain rates is performed using a high speed loading servo-

hydraulic MTS testing machine with a 490 kN actuator capacity located at Oak Ridge 

National Labs.  This machine is able to obtain loading rates of up to 8 m/s using a 

displacement control feedback loop, recording displacements using a linear variable 

differential transformer (LVDT) which indicates the actuator position.  

4.2.3.3. Dynamic Loading for High Strain Rate Compression Testing 

 For high strain rate tests on CMF samples, a compression Split Hopkinson Pressure 

Bar (SHPB) located in the Composite Vehicle Research Center at Michigan State University 

is used.  A schematic of the SHPB experimental setup is shown in Figure 47.  The apparatus 

uses aluminum incident and transmitted bars of the same length (1.8 m) and the same 

diameter (19 mm) with an aluminum striker bar of 19 mm diameter and 177.8 mm length.  A 

cylindrical sample of material to be tested is placed between the incident and transmitted 

bars.  These bars are instrumented with strain gages to measure a stress wave traveling 

through the bars.  A pressurized air tank accelerates a striker bar, which subsequently impacts 

the incident bar.  The stress wave applied travels through the incident bar, the CMF sample, 

and the transmitted bar, compressing the CMF sample at high strain rates.  This technique 

allows to apply high strain rate compression on the CMF sample and to obtain stress-strain 

behavior of the material. 
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Figure 47: Schematic of the Split Hopkinson Pressure Bar used for high strain rate loading of 

CMF 
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Chapter 5 – Effects of Sphere Morphology and Chemical Composition on Aluminum-

Steel Composite Metal Foams 

5.1. Introduction 

In this study, the microstructure of Al-S CMF was investigated using SEM images 

and EDS analysis in order to obtain an understanding of the effects of sphere wall carbon 

content, surface roughness, and sphere wall porosity on the material microstructural and 

mechanical properties of Al-S CMFs processed by casting.  The results of this study are 

published elsewhere [61]. 

5.2. Preparation of Aluminum-Steel Composite Metal Foam Samples 

Aluminum-steel composite metal foam was processed using steel hollow spheres and 

Aluminum A356 (Al-7%Si alloy) matrix.  Aluminum alloy 356 (supplied by Trialco, Inc.) 

was chosen as the solid matrix material due to its low density, high strength, good castability, 

and reduced shrinkage during solidification.  The steel hollow spheres were produced by 

Fraunhofer and Hollomet GmbH in Dresden Germany [14,57].  The outer diameter of the 

hollow spheres used was 4.0 mm, with 200 m sphere wall thickness.  Samples of Al-S CMF 

processed with 3.7 mm spheres with 196 m sphere wall thickness studied elsewhere [47] 

were also used for comparison.  The composition of the A356 alloy and steel spheres are 

shown in Table 3.  The selection of Al matrix and steel spheres with distinctly different 

melting points was made to make sure the sphere walls would not melt during casting.  The 
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spheres were placed in a steel permanent casting mold (83 x 57 x 104 mm), held at the top 

with a stainless steel mesh, vibrated to pack in a maximum dense arrangement of spheres 

[40,43,47] (which is about 59% of the whole volume) and are pre-heated to 700C in a high 

temperature furnace along with the aluminum inside a graphite crucible.  More details on the 

processing of composite metal foam via casting are presented elsewhere [40–43,45–48]. 

 

Table 3. Composition (wt%) of hollow spheres and Al used for Al-S CMF processing 

CMF 

Material 

Component 

Fe C Mn Si Cr Ni Mo Al Mg Cu Ti Zn 

3.7 mm Sphere
a 

* 0.03 0.20 0.90 17.00 13.00 2.20 0 0 0 0 0 

4.0 mm Sphere * 0.64 0.11 0.73 16.91 12.35 2.20 0 0 0 0 0 

Al Matrix 0.5 0 0.28 7.01 0.02 0 0 * 0.39 0.11 0.09 0.06 

* balance             

a 
Results of previous studies [47] at Advanced Materials Research Lab and presented here for comparison 

 

5.3. Microstructural Observation 

5.3.1. Metallographic Sample Preparation 

Thin slices of Al-S CMF samples were cut to investigate their microstructure using 

digital, optical, and scanning electron microscopy (SEM) imaging, while rectangular cuboids 

foam samples were used for mechanical testing.  Samples were cut using a Buehler Isomet 
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linear precision saw equipped with a wafering blade at a constant blade speed of 2500 rpm 

and a feed rate of 1.2 mm per minute.  To avoid edge effects, the mechanical test samples 

were cut to size leaving at least 6 cells in each direction and keeping a height-to-width ratio 

of 1.75.  The surfaces of the samples used for microstructural observation were ground using 

progressive grinding paper from 180-1500 grit, followed by polishing using a 3 µm diamond 

slurry, and a progression of 1, 0.1, 0.05 alumina paste.  The samples were washed and 

ultrasonically cleaned in water/acetone between each stage of grinding and polishing to 

prevent any cross contamination.  Some polished samples were chemically etched in 

glyceregia (30 ml glycerin, 25 ml HCl, and 10 ml HNO3) to expose grain boundaries and 

various phases and precipitations in the matrix and sphere walls. 

5.3.2. Surface Roughness Measurements 

Surface roughness was measured experimentally for the 3.7 and 4.0 mm spheres 

using Taylor Hobson Form Talysurf Series 2 equipment with a stylus tip of 6μm in diameter. 

Each sphere was placed on a sample holder, then the stylus tip was brought into contact with 

the sphere surface and scanned through a measuring length (L).  The measurements were 

collected by a computer system and the surface roughness was computed using equation 1: 

 dxxz
L

Roughness
l


0

1
     (1)
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where z is the vertical distance from the mean line at position x on the surface.  For both 

sphere types the measuring length was set to 2 mm.  Two different spheres were measured 

from each group, and each sphere was measured 4 times.  

5.3.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy 

(EDS) 

SEM images were obtained using a Hitachi S-3200N Scanning Electron Microscope 

equipped with Energy Dispersive X-ray Spectroscopy system to identify various phases and 

precipitates formed in the foam’s microstructure. 

5.3.4. Density Calculation 

The packing density of hollow spheres in CMF as previously reported as 59.4% [42].  In 

this study, the density of CMF was estimated using SEM images and open source imaging 

software Image J v.1.43u [58].  The porosity in the sphere wall was measured by imaging 

techniques and used to determine the density of the foam.  The calculated and experimental 

densities for various CMF samples with different sphere wall porosity are compared and 

correlated to their mechanical properties. 

5.3.5. Quasi-static Compression Testing 

Compression testing was performed on Al-S CMF samples using an MTS servo-

hydraulic testing machine, located at Constructed Facilities Lab at North Carolina State 

University.  Tests were performed using cross-head displacement control at rates of 1.25 
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mm/min.  A thin layer of light grease was used to lubricate the contact surfaces between 

testing machine and CMF samples to avoid friction and minimize its barreling under 

compression.  Load-displacement data was collected to calculate stress-strain behavior under 

compression. 

5.4. Results and Discussion 

5.4.1. Structural Properties 

Digital images of the cross sections of Al-S CMF samples made with 3.7 and 4.0 mm 

spheres and a sample of the corresponding spheres prior to embedding in the matrix are 

shown in Figure 48A-C.  As can be seen in Figure 48A-B, the structure of Al-S CMF for 

both sphere sizes exhibits an even distribution of porosities throughout the entire sample.  

The liquid cast aluminum filled the spaces between the spheres successfully joining the 

spheres together and providing structural integrity for the thin shell of the spheres and 

resulted CMF. 

5.4.1.1. Effect of Sphere Surface Roughness and Wall Porosity 

 As seen in Figure 48C and the results of sphere surface roughness measurements 

shown in Table 4, the 4.0 mm spheres have 25% higher surface roughness than the 3.7 mm 

spheres.  The effects of higher surface roughness are seen when analyzing the microstructure 

of composite metal foam.  Figure 49A shows SEM image of the microstructure of 4.0 mm 

sphere CMF, showing formation of a ring of micro-porosities in the matrix and around the 
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sphere walls, right outside the intermetallic layer.  This ring of micro-porosities is more 

prominent in 4.0 mm sphere Al-S CMF with higher sphere surface roughness and could be 

caused by the surface roughness of the sphere wall, where air gets trapped on those surface 

features when casting takes place.  The air cannot escape due to the high viscosity of liquid 

Al but can only be pushed away from sphere wall into the matrix during solidification, 

forming a ring of porosities around the sphere.  In some cases, these porosities combined to 

form larger porosities inside the matrix as solidification takes place (Figure 49B).     

 As seen in Figure 50A, the liquid aluminum did not completely fill some of the 

spaces between spheres due to its high viscosity, which was previously reported [42].  In rare 

cases in the CMF samples made with 4.0 mm spheres, the sphere and the matrix are not in 

contact with each other and show an air pocket as can be seen in Figure 50B. 

 In addition to this ring of micro-porosities, the surface roughness on the sphere wall 

caused the formation of air cavities around the sphere, as observed in Figure 50B, which 

were more prominent for the higher surface roughness 4.0 mm sphere CMF samples.  Larger 

surface roughness and imperfections at the surface of some spheres caused large pockets of 

air cavities at the sphere-matrix interface, as shown in Figure 50B.  The absence of 

intermetallic layer in this area suggests that the lack of bonding is not caused by post-

solidification de-bonding, but as a result of additional surface roughness of the spheres, 

which lowered their wettability and prevented the liquid aluminum to completely surround 

the sphere during casting and fill these imperfections on the sphere surface. 
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Figure 48: Digital images of the cross section of Al-S CMF samples processed using A) 3.7 

mm spheres and B) 4.0 mm spheres, and C) 3.7 and 4.0 mm diameter hollow spheres prior to 

embedding into the matrix of Al-S CMF showing surface roughness detail 
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Table 4. Individual and average surface roughness measurements for 3.7 and 4.0 mm 

diameter hollow spheres 

Sphere Diameter 

(mm) Radius  (mm) 

Roughness 

(µm) 

3.7 1.869 3.897 

 

1.997 2.944 

 

1.948 8.418 

 

2.350 2.971 

Average 2.041 4.558 

4.0 1.920 6.561 

 

1.860 5.831 

 

1.644 5.144 

 

2.263 5.329 

Average 1.922 5.716 

 

 

 

 



 

76 

 

Figure 49: Backscattered SEM image of 4.0 mm Al-S CMF microstructure showing A) a ring 

of micro-porosities around a sphere due to air trapped at the surface roughness of the sphere 

and B) large porosity in matrix due to coalescence of micro-porosities 
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Figure 50: Backscattered SEM images of 4.0 mm Al-S CMF microstructure showing A) 

matrix unfilled spaces between spheres due to surface tension of liquid matrix and B) unfilled 

spaces at the matrix-sphere interface due to sphere surface roughness 
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In addition to these porosities dispersed within the matrix of the foam, there are 

porosities in the sphere wall.  SEM images in Figure 51A-B compare sphere wall 

microstructure for samples made with 3.7 and 4.0 mm spheres.  Table 5 shows the calculated 

sphere wall porosity and wall thickness using imaging techniques.  Results show 5% and 

14% wall porosity for the 3.7 and 4.0 mm spheres, respectively, with 200 and 196 µm wall 

thickness.  Using the sphere wall porosity, the density of the foam is estimated using a 

theoretical technique previously developed [42] and the results are compared with the 

measured density in Table 5, with the density of CMF samples made of 3.7 mm spheres 

being 20% higher than that made of 4.0 mm spheres.  So, as a result of higher sphere wall 

porosity, there density of composite metal foam is reduced. 

 

 

Figure 51: Backscattered SEM images of the sphere wall microstructure for A) 3.7 mm and 

B) 4.0 mm sphere Al-S CMF 
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Table 5. Al-S CMF parameters including measured and predicted density 

Sphere 

Diameter (mm) 

Sphere Wall 

Thickness (μm) 

Sphere Wall 

Porosity (%) 

Measured 

Density (g/cm3) 

Estimated 

Density (g/cm3) 

3.7 200 5.0 2.5 2.4 

4.0 196 14.0 2.0 2.1 

  

5.4.1.2. Effect of Sphere Wall Carbon Content and Chemical Composition 

 SEM images of the microstructure of Al-S CMF made with 3.7 and 4.0 mm spheres 

at the interface of matrix and spheres are shown in Figure 52A-B respectively.  As mentioned 

before, the 3.7 mm spheres have much lower porosity content in the sphere wall compared to 

the 4.0 mm spheres.  For both samples there is a formation of an intermetallic layer at the 

interface between the sphere wall and the Al-Si matrix.  Further outside the sphere wall and 

next to the intermetallic layer, plate shape intermetallic phases are formed in both samples.  

Some needle-shape phases are dispersed within the matrix, which are less predominant in the 

4.0 mm sphere CMF and occupy almost exclusively the entire matrix in the 3.7 mm sphere.  

Figure 52B also shows intermetallic formations with branch-like structure dispersed 

throughout the matrix found in the 4.0 mm sphere CMF, which are not found in the 3.7 mm 

matrix. 
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Figure 52: Backscattered SEM images of the microstructure showing intermetallic 

formations for A) 3.7 mm and B) 4.0 mm sphere Al-S CMF 
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EDS analysis was performed in order to understand the differences in composition 

between the intermetallic phases on both sets of samples and the results are reported in Table 

6.  As a note, all intermetallic phases found in Al-S CMF include some traces of alloying 

elements Cr and Ni, which diffuse from the sphere wall into the matrix, occupying the sites 

of Fe atoms in the crystal lattice of the Al-Fe-Si intermetallic phases [51,52].  For this reason, 

and in order to identify the phases in the Al-Fe-Si ternary system, the atomic concentration of 

Fe, Cr, and Ni in the intermetallic phases is combined and shown as (FeCrNi) in Table 6. 

Figure 53A-D shows high magnification SEM images of etched samples of 3.7 and 

4.0 mm sphere CMF.  As can be seen, larger grain boundaries are seen for 4.0 mm sphere 

CMF sample with higher carbon content in the sphere wall, while much smaller grain 

boundaries are seen in the 3.7 mm sphere sample with lower carbon content.  EDS results 

show high amount of Cr at the grain boundaries for both samples which suggests carbide 

precipitation along the grain boundaries, but in the 4.0 mm sphere CMF, Cr-rich carbide 

precipitations are more visible both along the grain boundaries and dispersed inside the 

grains as blocky-shaped precipitations. 

During processing of Al-S CMF, inter-diffusion of Al and Si from the matrix into the 

sphere wall, along with Fe and other alloying elements from the sphere wall into the matrix, 

form an intermetallic layer, shown as a grey layer on the outer surface of the spheres of both 

samples (Figure 54A-B).  The average thickness of this intermetallic layer is about 17 µm for 

both samples.  The structure and composition of the intermetallic layer differs, with the 3.7 
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mm sphere CMF samples showing a uniform intermetallic thickness and the 4.0 mm sphere 

CMF samples showing two different phases revealed as lighter and darker grey phases 

(Figure 54A-B).  The inter-diffusion continues during solidification of Al-Si matrix and ends 

up with the formation of plate-shape intermetallic phases right outside the intermetallic layer 

(Figure 54A-B).  As shown in Table 6, the concentration of FeCrNi in this intermetallic 

phase is higher in the 4.0 mm sphere CMF samples, showing lower amounts of Si.  As 

diffusion takes place during solidification, these plate-shape intermetallics grow, detach from 

the intermetallic layer, and move into the matrix. 

As shown in Table 3, the composition of Al-Si matrix material used in the processing 

of both sets of CMF samples was identical.  However, the chemical composition of the 

spheres is different, where the 3.7 mm spheres have lower carbon content in the sphere wall 

compared to the 4.0 mm spheres.  Figure 53B-D showed large amounts of carbide 

precipitates at the grain boundaries and the formation of precipitates inside the grains of the 

sphere wall for the 4.0 mm sphere CMF.  These carbide precipitations are M23C6, where it is 

mainly referring to chromium carbides in stainless steels [62], and are formed due to the high 

carbon content in the sphere wall and the high temperature exposure of the spheres during 

processing of CMF.  This large amount of Cr carbide precipitation in the 4.0 mm spheres 

reduces the Cr content inside the grains, and as a result, increases the ratio of Fe and Ni 

inside the sphere grains, as shown in the EDS results in Table 6.  In contrast, the low amount 

of C in the sphere wall of the 3.7 mm sphere CMF samples does not promote Cr carbide 

formation at the grain boundaries as much, thus the ratio of Cr in the sphere grains is higher 
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and that of Fe and Ni subsequently lower compared to 3.7 mm CMFs.  Since Fe is one of the 

main elements controlling the formation of the Al-Fe-Si intermetallics, that results in higher 

amount of intermetallic phases formation in the 4.0 mm sphere Al-S CMF samples.  In other 

words, higher carbon content in the sphere wall of 4.0 mm CMFs will lead to higher 

proportions of Fe in the sphere walls grains, which will promote higher diffusion of Fe and 

alloy elements, like Ni and Mn, into the matrix and more intermetallic formation in the 

material.  This translates into higher concentration of these elements in the light grey 

intermetallic layer close to the sphere surface, compared to the intermetallic layer of the 3.7 

mm sphere CMF sample.  The dark gray phases on the outer-most area of the intermetallic 

layer of the 4 mm sphere sample contain more Si, which was resulted from diffusion of Si 

from the adjacent matrix into the sphere wall.  This phenomenon is not seeing in the 

intermetallic layer for the 3.7 mm sphere CMF, which forms a uniform distribution of Si 

throughout the intermetallic layer. 
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Table 6. EDS results showing the composition of intermetallic phases and Al matrix (in 

atomic %) for both 3.7 and 4.0 mm sphere Al-S CMF 

3.7 mm Fe Cr Ni (FeCrNi) Mn Mo Al Si 

Intermetallic 

Layer 16.40 4.10 0.00 20.50 0.40 0.00 72.00 7.90 

Plate Shape 11.91 2.11 0.03 14.05 1.11 0.02 75.96 8.87 

Needle Shape 12.57 0.02 0.06 12.65 0.22 0.00 70.93 16.21 

Si Precipitate 0.00 0.00 0.04 0.04 0.02 0.00 2.94 97.00 

Al Matrix 0.02 0.02 0.03 0.07 0.00 0.00 98.35 1.58 

4.0 mm Fe Cr Ni (FeCrNi) Mn Mo Al Si 

Intermetallic 

Layer (Light) 19.27 3.56 1.42 24.25 0.07 0.17 71.32 4.19 

Intermetallic 

Layer (Dark) 8.70 3.66 0.41 12.77 0.08 0.14 80.00 7.01 

Plate Shape 13.12 3.66 0.47 17.25 0.07 0.00 75.37 5.91 

Needle Shape 5.76 0.01 3.14 8.91 0.00 0.00 85.78 3.33 

Branch-like Phase 

(inner light) 17.00 2.47 1.43 20.90 0.80 0.00 76.67 2.38 

Branch-like Phase 

(outer dark) 14.81 1.58 0.58 16.97 0.06 0.00 75.58 7.38 

Si Precipitate  

(Not found) - - - - - - - - 

Al Matrix 0.08 0.01 0.04 0.13 0.02 0.00 98.45 1.40 
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Figure 53: Secondary-electron SEM images of etched samples at higher magnification for A) 

3.7 mm sphere Al-S CMF, B) 4.0 mm sphere Al-S CMF, and detail of sphere wall 

microstructure for C) 3.7 mm and D) 4.0 mm sphere Al-S CMF 
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Figure 54: Backscattered SEM images of the microstructure at the sphere-matrix interface 

showing the intermetallic layer for A) 3.7 mm and B) 4.0 mm sphere Al-S CMF samples 

 

 Figure 55 shows branch-like intermetallic phase formations in the 4.0 mm sphere 

CMF samples, with a two-phase structure formed by a lighter inner phase surrounded by a 

darker outer phase.  While both phases contain similar amounts of Al, the inner lighter phase 

contains a high concentration of FeCrNi and Mn, and low amounts of Si, and the outer darker 

phase shows a decrease in FeCrNi and Mn concentration and higher amounts of Si.  These 

branch-like precipitations are not found in the 3.7 mm sphere CMF samples. 
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Figure 55: Backscattered SEM image of branch-like formations observed in the 4.0 mm 

sphere CMF samples 

 

 Figure 52A-B showed the precipitation of needle-shape phase, which are predominant 

in the matrix of the 3.7 mm sphere CMF samples (Figure 52A) and are rare in the 4.0 mm 

sphere CMF samples (Figure 52B).  As shown in Table 6, these intermetallic precipitations 

are rich in Si for the 3.7 mm sphere CMF samples, with a much lower Si concentration in the 

4.0 mm sphere CMF samples.  Branch-like intermetallic formations in the 4.0 mm sphere 

CMF, resulted from large amounts of diffusion from sphere wall into the matrix, provided 

large surface area for the diffusion of Si from the matrix and lead to complete depletion of Si 
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in the matrix, and to precipitate as needle shape phases in the 3.7 mm sphere CMF samples.  

As seen in Table 6, branch-like intermetallic phases in the matrix contain large amount of Si 

and Mn, where Mn forces the Si to diffuse at the outer surface of the branches, creating two 

distinct shades in the image.  This result agrees with other studies in which Mn content 

controls the diffusion of Si in Al-Fe intermetallic phases [54]. 

 Figure 56 shows needle-shape Si precipitations dispersed through the matrix in the 

3.7 mm sphere CMF sample, which are not found in the 4.0 mm sphere CMF.   

 

 

Figure 56: Backscattered SEM image of needle-shape intermetallics and Si precipitates for 

the 3.7 mm Al-S CMF sample 
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5.4.2. Mechanical Properties 

 The monotonic compression tests results for 3.7 and 4.0 mm sphere CMF are shown 

in Figure 57A-B, with Figure 57A showing the engineering stress vs. strain data, and Figure 

57B showing the specific engineering stress vs. strain, in order to eliminate the effect of 

density for comparison.  The yield strength at 0.2% strain offset and energy and specific 

energy absorption at 50% strain are calculated and shown in Table 7. 

 The 4.0 mm sphere CMF samples with higher carbon content and higher surface 

roughness show an improvement of 110% on the yield strength compared the 3.7 mm sphere 

CMF samples.  The energy absorption at 50% strain is similar for both 3.7 and 4.0 mm 

sphere CMF, while a 20% improvement in specific energy absorption up to densification is 

observed for the 4.0 mm sphere CMF. 

 As mentioned before, the extra porosities in the sphere wall and matrix of CMFs 

made with 4.0 mm spheres could have compromised the integrity of the bonding between the 

spheres and the matrix, lowering the strength of the material after yield point explaining the 

drop in the stress-strain curve.   
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Figure 57: A) Engineering stress vs. strain and B) Specific engineering stress (stress/density) 

vs. strain plots for quasi-static compression tests on Al-S CMF manufactured using 3.7 [47] 

and 4.0 mm spheres 
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Table 7. Yield strength and energy absorption for 3.7 [47] and 4.0 mm Al-S CMF samples 

CMF 
Density 

(g/cm
3
) 

Yield 

Strength 

(MPa) 

Energy abs. at 50% strain 

(MJ/m
3
) 

Spec. Energy abs. at 50% 

strain (J/g) 

3.7 mm 2.5 52 43.31 17.68 

4.0 mm 2.0 110 40.02 19.72 

 

 As mentioned before, the higher surface roughness of the sphere caused some large 

air cavities observed at the sphere-matrix interface of the 4.0 mm sphere CMF (Figure 50B).  

Although such features are rare, these voids could have caused initiation of cracks in the 4.0 

mm sphere CMF samples during loading and, along with the high porosity of spheres, could 

cause the lower strength of the foam after yielding.  The spheres with higher surface 

roughness provide larger contact area between the aluminum matrix and the steel spheres 

which resulted in more diffusion of elements between spheres and matrix.  This suggests that 

Al-S CMF processed with rougher spheres may contain a higher amount of intermetallic 

phases throughout the material which effectively hardens the material, exhibiting higher yield 

strength. 

 The larger amount of porosities in the sphere wall of CMF processed with 4.0 mm 

spheres caused a lower density of the material and made the spheres and the foam more 

ductile.  This attenuated the higher yield strength of the material due to the higher 

intermetallic content and allowed the 4.0 mm sphere Al-S CMF to sustain the densification at 
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high strain levels, maintaining a high energy absorption capability, and improving the 

material’s specific energy absorption by almost 20%. 

 The higher carbon content in the sphere wall, which resulted in higher amount of hard 

intermetallic phases present in the matrix of the 4.0 mm sphere CMF samples, also had a 

hardening effect on the foam, which explains the improvement in its yield strength by over a 

factor of 2 compared to 3.7 mm sphere CMF samples with lower sphere wall carbon content.  

Although the hard and brittle nature of the intermetallic phases causes a drop on the strength 

of 4.0 mm sphere CMF after yielding (Figure 57A-B), the higher sphere wall porosity and 

matrix counteracts that effect, balancing the total energy absorption capability of the material 

between the two sets of samples. 
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Chapter 6 – Effects of Sphere Morphology and Chemical Composition on Steel-Steel 

Composite Metal Foams 

6.1. Introduction 

 The effects of sphere size, sphere surface roughness, and chemical composition on the 

microstructural and mechanical properties of Steel-Steel composite metal foams processed 

using powder metallurgy technique are being analyzed and reported here.  The results of this 

study are published elsewhere [63]. 

6.2. Preparation of Steel-Steel Composite Metal Foam Samples 

 Steel-steel Composite Metal Foam (S-S CMF) was manufactured through the powder 

metallurgy (PM) technique.  In this study, three different types of S-S CMF samples were 

manufactured using hollow spheres with outer diameters of 2.2, 4.0, and 5.2 mm and 104, 

196 and 244 µm sphere wall thicknesses, respectively.  A ratio of wall thickness over outer 

diameter is maintained at 5% for all spheres.  The chemical composition of the hollow 

spheres used in this study is shown in Table 8 and compared to those used in previous 

experiments reported elsewhere [44].  

 It is notable that the chemical composition of the matrix material (316L stainless 

steel) is the same in both previous and current CMF samples.  However, the chemical 

composition of spheres is close to that of 316 stainless steel with the exception of higher 

carbon and lower manganese contents in new 4.0 mm spheres. 316L stainless steel powder 
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used as the matrix material was produced by North American Hoganas High Alloys LLC 

with particle size sieved to -325 mesh (95%) and -200/+325 mesh (5%).  Composition of the 

stainless steel powder is also shown in Table 8.  The steel hollow spheres used were made by 

Fraunhofer (for previous studies) and Hollomet GmbH (for new sampels) in Dresden 

Germany [14].  The spheres and powder were placed inside a stainless steel mold and 

vibrated at 20Hz frequency in order to achieve a dense packing arrangement of the spheres in 

the matrix.  The S-S CMF samples were sintered at 1200°C in a vacuum hot press to bind the 

powder and spheres together.  Further processing details of S-S CMF can be found elsewhere 

[44].  In previous experiments, an excellent bonding at the interface of the spheres and the 

matrix was achieved with a high percentage of porosity, about 46%, in the matrix [44] 

resulted from pressure-less sintering of the material.  In this study the carbon and manganese 

contents of spheres are different than those in the matrix and in the spheres used in previous 

studies.  A comparison between the properties of this new arrangement with previous studies 

will provide a complementary insight on the effect of the gradient chemical composition 

between spheres and matrix materials on the microstructure and mechanical properties. 
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Table 8: Chemical composition of hollow spheres and the stainless steel powder used for 

manufacturing S-S CMF 

CMF Material 

Component 

Chemical Composition Wt% 

Fe C Mn Si Cr Ni Mo 

2.2 mm spheres balance 0.68 0.13 0.82 16.11 11.53 2.34 

4.0 mm spheres balance 
0.58-

0.69 

0.15-

0.07 

1.14-

0.32 

17.34-

16.48 

12.28-

12.42 

2.28-

2.11 

5.2 mm spheres balance 0.87 0.07 0.34 17.09 12.60 2.12 

2.0 mm spheres* balance 0.17 0.15 0.9 16.2 13.3 2.2 

316L Steel Matrix 

Powder 
balance 0.03 2.00 1.00 

16.00-

18.00 

10.00-

14.00 

2.00-

3.00 

*Ref. [44]        

  

6.3. Microstructural Observation 

6.3.1. Metallographic Sample Preparation 

 Thin slices of samples were used to investigate their microstructure using digital, 

optical and scanning electron microscopy (SEM) imaging, while rectangular cuboids and 

cylindrical samples of CMF were used for mechanical testing.  The cutting of samples into 

the desired sizes was conducted using a Buehler Isomet linear precision saw equipped with a 

wafering blade at a constant blade speed of 2500 rpm and a blade feed rate of 1.2 mm per 

minute.  The test samples for microstructural observations were then surfaced by progressive 
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grinding and polishing using a progression of diamond slurries on a Buehler Automet 2 

Power Head grinding and polishing stations.  Grinding was done at 150 rpm speed using a 

progression of 180-1200 grit papers.  All samples were polished at 150 rpm speed using a 3 

µm diamond slurry followed by a progression of 1, 0.1, and 0.05 µm alumina paste to obtain 

a mirror finish.  Samples were cleaned in an ultrasonic cleaner between each grinding and 

polishing step to prevent cross-contamination.   

6.3.2. Chemical Etching 

 Some samples were etched using a 50% HCl-50% H2O solution and dipped into a 5% 

HNO3-95% H2O solution followed by a final rinsing with water to reveal the grain structure 

and any potential phases or precipitations. 

6.3.3. Optical and SEM Microscopy 

 Optical microscopy was performed using a Buehler Unimet Unitron 9279 microscope 

with digital image capture capabilities to observe the higher magnification of individual 

sphere’s cross section as well as the total foam structure.  A Hitachi S-3200N variable 

pressure Scanning electron microscope (SEM) equipped with Energy dispersive X-ray 

Spectroscopy (EDS) capabilities is utilized to examine the bonding between spheres and 

matrix and to chemically characterize the various phases formed in the foam’s 

microstructure. 
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6.3.4. Density Calculation 

 The packing density of hollow spheres in composite metal foams has been evaluated 

experimentally and is reported to be in a random loose manner with a packing density of 

59.4% [42,44].  In this study, the percentage of porosities in the matrix and within the sphere 

wall were estimated using the optical micrographs and open source imaging analysis 

software Image J version 1.43u [58] and utilized towards estimating the density of CMF.  

The procedure includes the use of optical microscope images and turning those into black 

and white binary images.  In the next step, a negative of the binary image is obtained in 

which the porosities are shown as white dots.  The software then estimates the porosity for a 

given region by measuring the area of white dots in the negatives.  This procedure is 

represented in Figure 58.  These results are used in the same manner that was presented in 

previous studies [27] to predict the total density of CMF samples and compared with the 

previously predicted density as well as the actual density for each sample.  The effect of 

porosity content is then compared using the mechanical properties of various samples. 
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Figure 58: Optical microscope images of a 2.2 mm sphere S-S CMF and corresponding 

imaging process used to calculate the porosity in the sphere wall (6.5%) and the matrix 

(44%) 

 

6.3.5. Sphere Surface Roughness Measurements 

 Digital images were taken to observe the surface roughness of as received spheres as 

well as the structure of CMFs after processing.  A quantitative technique was used to 

measure the surface roughness of 2.2, 4.0, and 5.2 mm diameter hollow spheres.  The 

experiment was carried out using Taylor Hobson Form Talysurf Series 2 equipment with a 

stylus tip of 6μm diameter. Each sphere was placed on a sample holder, then the stylus tip 

was brought to contact with the sphere surface, and the measuring length was set to 1, 2, and 

3 mm for the 2.2, 4.0, and 5.2 mm spheres respectively.  Two different spheres were 

measured for each sphere size, and each sphere was measured twice (a total of four 

measurement for each sphere size). The data was collected by an attached computer system 

that stores and analyzes the data.   
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6.4. Results and Discussion  

 Figure 59A-C shows the digital images from the cross section of various composite 

metal foam samples. As can be seen, the spheres are well bonded to the surrounding matrix 

and distributed uniformly in all samples.  It is notable that the cut is not through the center of 

all spheres and as a result, the sphere diameter and wall thickness does not appear as their 

real size in all spheres.  Some areas show a small debonding at the sphere-matrix interface in 

CMFs made with the larger spheres.  Such areas are highlighted with boxes in Figure 59B 

and C.  In order to find out the reason for such partial de-bonding, the outer surface 

roughness of spheres was observed and measured.  Figure 59D-F shows digital images of the 

spheres’ outside surface roughness.  As can be seen, the 2.2 mm spheres have a much 

smoother surface than the 4.0 and 5.2 mm spheres.  The average surface roughness of the 

spheres was measured and the results are shown on in Table 9.  On average, the roughnesses 

for the 2.2, 4.0, and 5.2 mm spheres were 2.0, 5.7, and 10.7 µm respectively.  On the 5.2 mm 

spheres, surface imperfections were found to be up to 21 μm in size in some cases.  It was 

expected that a rougher surface could provide a larger surface contact and cause a better 

mechanical bonding between the sphere and matrix.  In this case, both digital and SEM 

images (Figure 59G-I) show a better bonding between the spheres and the matrix in CMF 

processed with 2.2 mm smooth-surface spheres compared to the 4.0 and 5.2 mm rough-

surface spheres.  As can be seen in Figure 59G, the matrix powder is sintered and well 

bonded to the sphere walls in all 2.2 mm sphere CMFs.  The other samples made with 5.2 

and 4.0 mm spheres show well bonded spheres to the matrix with the exception of a small 
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amount of partial de-bonding between some spheres and the surrounding matrix (Figure 59H-

I).   

Table 9: Results for surface roughness measurements performed on 2.2, 4.0, and 5.2 mm 

spheres 

Sphere Diameter 

(mm) Radius  (mm) 

Roughness 

(µm) 

2.2 1.022 2.579 

 

1.036 3.203 

 

1.022 1.308 

  1.008 1.298 

Average 1.022 2.097 

4.0 1.920 6.561 

 

1.860 5.831 

 

1.644 5.144 

  2.263 5.329 

Average 1.922 5.716 

5.2 2.790 8.449 

 

2.567 5.715 

 

2.557 7.623 

  4.091 20.983* 

Average 3.001 10.692 

*Areas with imperfections at the surface 
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Figure 59: Steel-Steel composite foam samples made with various steel spheres of 2.2, 4.0, 

and 5.2 mm diameter. A), B) and C) show digital images of their crosssection. D), E), and F) 

show digital images of individual spheres and, G), H), and I) show SEM images of the 

sphere/matrix interface (Sph. = sphere wall, Mtx. = matrix) 
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 This effect can be partially attributed to the lack of penetration of matrix particles to 

the spacing between spheres with rougher surfaces and lack of matrix compaction in those 

areas which will leave some leftover voids at the sphere-matrix interface after sintering.  

Figure 59G-I show such interface areas with lack of complete penetration of powder in 

between spheres that eventually caused a partial debonding.  It is notable that not all spheres 

are de-bonded and those that are de-bonded have shown only partial de-bonding in certain 

areas around the circumference of spheres. 

 Figure 60 shows an SEM image of a partial debonding in steel-steel composite foam 

made with 5.2 mm spheres.  As can be seen the trace of sphere is left on the adjacent matrix 

showing that the matrix and sphere were in contact at some point and debonding must have 

happened after sintering.  This was observed in rare cases where the sphere wall had 

imperfections and the debonding can be due to the uneven shrinkage of spheres during the 

final cooling stage of sintering.  Such effect can be more obvious in composite foams made 

with larger spheres as they undergo larger amount of shrinkage that may pull the sphere wall 

inward and debond it from the surrounding matrix.  
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Figure 60: SEM image showing partial debonding on 5.2 mm sphere S-S CMF due to sphere 

wall imperfection and its shrinkage during processing 

 

 The spheres used for processing CMF samples in this study contained a higher 

amount of carbon compared to the spheres in previous studies as shown in Table 8.  Table 10 

shows the change in chemical composition of some elements as determined from EDS 

observation on sphere wall and matrix of all S-S CMF samples.  Although EDS is less than 

ideal to measure carbon content precisely, the gradient of carbon and manganese content 

between the sphere and matrix suggests a diffusion of C from the sphere to the matrix at the 

same time of diffusion of Mn from matrix to sphere wall, reducing the content of C in the 

sphere wall and Mn in matrix, making the two in balance.  Further detailed EDS analysis 
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showed a reduction in Cr and Mo content in both matrix and sphere wall which must have 

been due to the formation of precipitations of those elements in the form of carbides inside 

the grain boundaries as can be seen in Figure 61A.  In samples with thicker sphere walls, 

some carbides have also precipitated at the grains as well as the grain boundaries of spheres.  

These precipitates are shown in Figure 61B and correspond to M23C6 phase which is the main 

carbide found in austenitic stainless steels [62].  It is notable that the formation of such 

carbides inside the grains is limited to sphere walls only due to their additional exposure to 

heat during matrix sintering period, and there is no such carbide phase in the matrix.  The 

low carbon content of the matrix does not allow for such precipitation either. 

 

Table 10: SEM-EDS results showing % change in chemical composition of hollow spheres 

and matrix in the samples after processing 

  Location Mn Cr Mo 

2.2 mm spheres 
Sphere Wall 0.14 -0.56 -0.42 

Matrix -1.74 -1.39 -1.26 

4.0 mm spheres 
Sphere Wall 0.12 -0.45 -0.63 

Matrix -1.68 -1.6 -1.02 

5.2 mm spheres 
Sphere Wall 0.08 -0.4 -0.95 

Matrix -1.74 -1.46 -1.33 
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Figure 61: SEM images showing carbide precipitations inside A) grain boundaries and B) 

sphere wall grains for 5.2 mm sphere S-S CMF 
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Figure 62: SEM images of micro-porosity in sphere wall and matrix for A) 2.2, B) 4.0, and 

C) 5.2 mm sphere S-S CMF samples 
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 Another feature shown in Figure 62A-C is the presence of micro-porosities in the 

sphere walls and matrix of all CMF samples.  As can be seen, the only distinction between 

the sphere wall and matrix in CMF is the percentage of porosity between the two.  This 

matrix porosity are typical in CMF made with powder metallurgy techniques [41,44] where 

some spacing between the powder particles is left after sintering due to lack of full powder 

compaction.  The percentage of porosity was calculated using image analysis techniques to 

avarage about 4, 6, and 8% at the sphere wall for 5.2, 4.0, and 2.2 mm sphere samples, and 

30-60% in the matrix of all samples, with an average of about 50%.  Using the above 

porosity percentages and the upper and lower bound rule of mixtures, the density of CMF 

with various sphere sizes is calculated and presented in Table 11.  It can be seen that the 

experimental results fall well between the calculated densities using upper and lower bound 

rule of mixtures.  The density of 2.2 mm composite foam samples is also compared to the 

results of previous studies on CMF samples made with same size spheres [44].  It is 

concluded that new samples contained a slightly higher level of porosity in the matrix and 

lower level of porosity in the sphere wall resulting in a total 5.8% drop in the density of 

CMF, compared to same sphere size CMF samples reported before.   

 In summary, the gradient of carbon content between sphere wall and matrix facilitates 

the diffusion of carbon from the sphere wall to the matrix.  This phenomenon causes the 

formation of carbides at the grain boundaries of sphere walls near the surface of spheres as 

well as in the matrix near the interface region making that region more prone to interface 

failure and debonding.  These effects along with the shrinkage of spheres and lack of powder 
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compaction between spheres made the composite steel foams with larger spheres show some 

partial debonding at the interface of spheres and matrix. 

 

Table 11: Physical properties of different types of CMFs  processed using variety of sphere 

sizes and comparison between measured and estimated density 

CMF 

sphere 

size 

(mm) 

Sphere 

wall 

thickness 

(μm) 

% 

matrix 

porosity 

% wall 

porosity 

Estimated 

density 

Lower 

bound 

(gr/cm
3
) 

Measure

d density 

(gr/cm
3
) 

Estimated 

density 

Upper bound 

(gr/cm
3
) 

  2.0* 100 46.0 6 – 15 2.87 2.95 3.04 

2.2 104 50.4 8 2.70 2.78 2.91 

4.0 196 50.1 6 2.77 2.75 2.99 

5.2 244 50.9 4 2.73 2.74 2.90 

*Ref. [16]      
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Chapter 7 – Effects of Loading Rate on Steel-Steel Composite Metal Foam 

7.1. Introduction 

 The effects of loading rate on the mechanical properties of Steel-Steel composite 

metal foams are studied and reported here.  The results of this study are published elsewhere 

[63]. 

7.2. Preparation of Steel-Steel Composite Metal Foam Samples for Compressive 

Loading 

 The mechanical test samples were machined using a linear precision saw to the 

desired size in the lateral and longitudinal directions.  Several sets of samples were cut into 

different sizes and shapes to accommodate each mechanical testing procedure.  Table 12 

shows a list of different samples used for mechanical testing, and Figure 63 and Figure 64 

show some of the samples prepared for servo-hydraulic and SHPB mechanical testing 

respectively. 

 For the quasi-static compression tests performed in the servo-hydraulic machine, 

rectangular cuboids were cut from 2.2, 4.0, and 5.2 mm sphere S-S CMF samples.  A 

minimum of 6 spheres was maintained across each side of the samples’ cross-section to avoid 

edge effects.  All samples maintained a height/width ratio of 1.75. 

 For the dynamic testing performed in a Split Hopkinson Pressure Bar (SHPB), due to 

the limitation of the equipment capacity and the need to maintain a minimum of 6 spheres 
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across the diameter of the sample, only the 2.2 mm sphere CMF samples were tested.  In this 

case, cylindrical samples with a 19 mm diameter were cut to a 9.5 mm height giving a 

height/diameter ratio of 0.5. 

 

 

Figure 63: S-S CMF samples manufactured using  2.2, 4.0, and 5.2 mm spheres prepared for 

dynamic loading using a servo-hydraulic machine 

 

 

Figure 64: S-S CMF samples manufactured using 2.2 mm spheres prepared for Split 

Hopkinson Pressure Bar testing 
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Table 12: Geometry of S-S CMF samples used in a variety of mechanical test experiments 

Experimental Procedure Average Sphere 

Diameter (mm) 

Sample Size 

(mm) 

Quasi-static Compression 

Rectangular Cuboids  

Previous Studies [44] 

2.0  

 

24x24x46 

Quasi-static Compression 

Rectangular Cuboids   

2.2  

4.0 

5.2  

24x24x42 

24x24x42 

36x36x63 

 

Split Hopkinson Bar (Cylindrical samples) 2.2 19 D x9.5 L  

   

 

7.3. Dynamic Compression Testing Techniques 

 Compression testing was performed using servo-hydraulic and SHPB techniques to 

achieve loading rates from 0.01 to 26 m/s. 

7.3.1. Servo-Hydraulic Dynamic Compression Testing 

Both quasi-static and low speed dynamic compression tests were performed in an 

MTS servo-hydraulic testing machine with a 490 kN actuator capacity located at Oak Ridge 

National Laboratories with loading rates from 0.01 up to 8 m/s under displacement control.  

Tests were performed on multiple specimens of each CMF type at 4 different crosshead 

displacement speeds of 0.01, 0.1, 1, and 8 m/s.  Graphite powder was used to lubricate the 
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contact surfaces between the samples and the testing machine to minimize friction and 

resulted barreling effects.  High speed video was utilized to record the deformation for each 

test at 500-10000 frames per second depending on loading rate (the higher the loading rate, 

the higher number of frames per second). 

7.3.2. Split Hopkinson Pressure Bar Testing 

 The dynamic loading experiments were performed in the Composite Vehicle 

Research Center in Michigan State University using their Split Hopkinson Pressure Bar 

(SHPR) unit.  A schematic of the SHPB experimental setup is shown back in Figure 47.  

CMF samples were placed between the incident and transmitted bars and held by friction 

between the contact surfaces.  Magnesium powder was used to lubricate the contact surfaces 

between the sample and the bar surfaces to prevent barreling effects under loading.  The 

striker bar was accelerated through the barrel of a gas gun to impact the incident bar.  The air 

pressure on the gas gun ranged from 0.35-0.70 MPa achieving equivalent loading rates up to 

26 m/s on the CMF samples.  Strain gages installed on the incident and transmitted bars are 

used to obtain strain profiles during deformation.  Strain gages are connected to a signal 

conditioner which amplifies and sends the signals to an oscilloscope.  The data were reduced 

to obtain the stress-strain response of the CMF sample under loading.  High speed video 

recorded the deformation of samples under loading at 96,000 frames per second.  

Each mechanical test was performed on four samples and the results were compared for 

repeatability before an average stress-strain graph is put together and presented in this report. 
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7.4. Results and Discussion 

7.4.1. Effect of Carbon Content and Porosity 

 To compare the stress vs. strain data for all 2.2 mm sphere CMF samples at loading 

rates from 0.01 to 26 m/s, the stress was expressed as a specific stress (stress/ρ) by dividing it 

by the density (ρ) of each sample.  Figure 65 shows the specific engineering stress-strain 

curve of compression loading at 0.01 m/s on 2.2 mm sphere S-S CMF compared to the old S-

S CMF made with similar spheres and slightly lower sphere wall carbon content and lower 

density (due to the higher porosity in the matrix).  It is notable that all the results are the 

average of four different tests with a standard deviation of about ±4 MPa/(gr/cm
3
).  It can be 

seen that the new samples with higher carbon content have higher yield point and plateau 

strength.  This can be related to their higher hardness resulting from the high percentage of 

carbide in those samples.  However, at about 17% strain, the two graphs intersect and show 

exact same strength.  In other words, at higher strain levels, the plateau strength of the CMF 

samples made from higher carbon content spheres fall below that of previous samples with 

low carbon content.  This effect is attributed to the higher porosity level in the matrix of new 

samples.  It is notable that the new samples with higher porosity percentage and lower 

density are showing a larger densification strain (55% strain which is about 5% higher than 

old samples).  Another noteworthy point is that the energy absorption of these two sets of 

samples is exactly the same around 40% strain.  As a result, it seems that the effect of 

chemical composition (or higher carbon content of spheres) on the mechanical properties of 
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CMFs is playing a more dominating role in the lower strain levels below 17% strains and the 

total density of the foam is a more dominating effect in the upper strain levels above 17% 

strains.  In other words, the density (or porosity content) has a more pronounced effect on 

densification strain while the carbon content will mostly impact the yield strength of 

composite metal foams.  

 

Figure 65: Specific engineering stress (stress/ρ) vs. strain results comparing old and new 2.2 

mm S-S CMF with different sphere wall carbon content and total densities 
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7.4.2. Effect of Sphere Size  

 Figure 66A-D shows a comparative engineering stress-strain data obtained for all S-S 

CMF samples at variety of loading rates from 0.01 to 8 m/s.  Since all composite steel foams 

made with variety of sphere sizes have similar ratio of the sphere wall thickness to sphere 

diameter, their densities ended up to be very close to each other - about 2.75 gr/cc (Table 11 

shows more details).  As a result, the effect of sphere sizes on mechanical properties at the 

lower strain levels seems to be minimal.  However, at higher strains, the samples made of 

larger spheres show lower plateau strength.  This can be due to the fact that the larger spheres 

tend to buckle faster under loading compared to smaller spheres.  At the same time, the 

presence of those pre-existing partial debonding in samples made of larger spheres could be 

another nucleation site for cracking or localized deformation causing lower plateau strength 

at high strain levels.  There is an overall increase on the yield strength with increasing 

loading rate for all sphere size S-S CMF.  For the 2.2, 4.0, and 5.2 mm sphere S-S CMF this 

average improvement is around 72, 67, and 50% respectively at loading rates of 8 m/s, 

compared to those at 0.01 m/s loading rate. 

 It is notable that the test results for the 8 m/s loading rate showed a wavy pattern due 

to some ringing on the load cell caused by the high stiffness of CMF.  This high frequency 

vibration of the load cell is noticeable in the plots shown in Figure 66D as an up and down 

pattern.  It is noticeable that the 5.2 mm sphere CMF shows a lower amplitude vibration 

pattern suggesting that the larger sphere CMF could absorb some of the resonance vibration 
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due to the larger sphere size of the foam.  Also, some amount of compliance in the testing 

machine was observed at this loading rate after the initial contact of the impacting surface 

and the sample.  This caused the elastic region of the stress-strain curve in Figure 66D to 

show a shallower slope.  This effect was more pronounced on the 5.2 spheres CMF which 

had a larger cross-sectional area and therefore needed more force for deformation to take 

place.   

 The area under the stress-strain curves provides a direct measure of the energy 

absorption of the material under deformation.  Table 13 shows a comparative of the energy 

absorbed (MJ/m
3
) and specific energy absorbed (J/gr) for all samples tested up to 50% strain 

for all loading rates.  In general, the plateau strength of S-S CMF increases by decreasing 

sphere sizes, with the highest plateau strength belonging to the 2.2 mm sphere CMF.  Thus, 

higher amounts of energy absorption are obtained for smaller sphere CMF.  When comparing 

samples with different sphere sizes, the 2.2 mm sphere CMF samples absorbed 30% more 

energy than the 5.2 mm sphere CMF at 8 m/s loading rate.  This is due to the fact that larger 

spheres will buckle faster under compression loading compared to the smaller spheres. 

Although the wall thickness to diameter ratio and the resulted moment of inertia of all 

spheres are kept constant, the critical load for buckling of larger spheres will still have an 

inverse relation to the sphere diameter according to Euler’s formula for buckling under 

compression. 
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Figure 66: Engineering stress vs. strain results of compressive tests for all sphere size CMF at 

loading rates of A) 0.01 m/s, B) 0.1 m/s, C) 1 m/s, and D) 8 m/s 
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 Table 13: Energy (Eabs) and specific energy absorbed (Spec. Eabs) at 50% strain for all 

CMF samples at different loading rates 

S-S CMF Type Loading 

rate (m/s) 

Eabs (MJ/m
3
) @ 50% 

strain 

Spec. Eabs (J/gr) @ 50% 

strain 

2.2 mm sphere 

CMF 

0.01 51.42 18.47 

0.1 52.07 18.58 

 1 56.29 20.32 

 8 59.56 21.90 

4.0 mm sphere 

CMF 

0.01 45.52 15.73 

0.1 46.41 16.60 

 1 47.47 17.12 

 8 54.28 19.00 

5.2 mm sphere 

CMF 

0.01 36.57 13.10 

0.1 41.88 15.06 

 1 42.86 16.69 

 8 46.19 17.03 
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7.4.3. Effect of Loading Rate 

 Figure 67 shows a comparative of the yield strength for all 2.2 mm sphere S-S CMF 

samples at variety of loading rates from 0.01 to 26 m/s.  Higher loading rates up to 26 m/s 

were achieved using a Split Hopkinson Pressure Bar (SHPB) apparatus, while lower loading 

rates were achieved in a quasi-static compression testing servo-hydraulic machine.  However, 

due to the limitations of the test system it was not possible to obtain large amounts of strain 

(higher than 5%) in the SHPB test, thus a complete flow stress curve was not obtained and 

the energy absorbed was not computed.   As can be seen, continuous increase in the yield 

strength of the material is observed with increasing loading rate, with 130% improvement up 

to 26 m/s.  This 2-fold improved in yield strength of metal foams under higher loading rates 

has been observed before [19,21]  and is related to the inertia of the material and the air 

trapped inside the spheres that resist the deformation of CMF under higher speed loading.  As 

the strength of CMF increases by increasing the loading rate, so does the area under the 

stress-strain curve and the energy absorption capability of the material. 
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Figure 67: Increase in yield strength with increasing loading rate obtained for 2.2 mm sphere 

S-S CMF tested up to 26 m/s 
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Chapter 8 – Ballistic Performance of Steel-Steel Composite Metal Foam 

8.1. Introduction 

 Composite Metal Foam (CMF) has shown superior mechanical properties compared 

to any other metal foam [40–48,56].  In addition, CMF has shown over two-fold 

improvement on yield strength and higher energy absorption capabilities under dynamic 

loading compared to quasistatic loading.  These properties have made composite metal foams 

strong candidates for applications in the structure of armor systems.  In this paper, CMF 

manufactured with 2 mm steel hollow spheres, embedded in a stainless steel matrix, and 

processed using powder metallurgy technique was used to fabricate a new light-weight high 

performance composite armor systems. The CMF was bonded to a ceramic plate strike face.  

Some samples were tested without any backing plates and some used aluminum or Kevlar
TM

 

backplates.  Ballistic testing was performed using U.S. National Institute of Justice (NIJ) 

standard 0101.06 [64] for 7.62x51 mm M80 (Type III) and 7.62x63 mm M2 Armor Piercing 

(AP) (Type IV) threats. 

 A finite element approach was used to simulate ballistic impact and predict the 

energy absorbed of the Steel-Steel Composite Metal Foam (CMF) layer within the composite 

armor system.  A full 3D model of the composite armor was studied using a Lagrangian 

formulation in Abaqus/Explicit 16.3 commercial solver. 

 The results of this study are published elsewhere [65]. 
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8.2. Material processing 

 Steel-steel Composite Metal Foam (S-S CMF) panels were manufactured using 

hollow spheres embedded in a stainless steel powder matrix and processed using powder 

metallurgy technique previously developed [40,41,44,46,63].  Hollow steel spheres with 2 

mm outer diameter and 200 µm sphere wall thickness were manufactured by Hollomet 

GmbH in Dresden, Germany using lost core technique [14,57].  316L stainless steel powder 

with 44 µm particle size from North American Hoganas high Alloy LLC was used as matrix 

material.  Figure 68A shows a 30 x 30 cm CMF panel after processing. 

 

 

Figure 68: A) CMF panel processed using powder metallurgy technique for the application in 

armor system and B) schematic of the side cross-section of the complete armor system 

showing CMF panel between a B4C ceramic strike plate and a Kevlar
TM

 or Al-7075 

backplate (thicknesses not to scale) 
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 Boron Carbide (B4C) ceramic tiles were used as the strike plate, and Kevlar
TM

 or 

aluminum 7075 panels were used as backing plates in the armor system.  All plates were 30 x 

30 cm with different thicknesses of ceramic or CMF to maintain a total thickness less than or 

equal to 25 mm in all samples with or without backing plates. 

 The multi-layered composite armor system was assembled by bonding the CMF panel 

to a ceramic tile on one side, and either no backplate, an Al-7075 (Ceramic-CMF-AL), or a 

Kevlar
TM

 plate (Ceramic-CMF-KV) on the other side.  The assembled sandwich panel was 

wrapped with a single layer of epoxy-infused fiber glass in an attempt to keep failed ceramic 

fragments from ejecting during impact.  Figure 68B shows the assembly of the composite 

armor system, with a backplate and a total thickness less than 25 mm. 

8.3. Ballistic Experiments 

 Ballistic testing of the composite armor system was performed using the guidelines 

included in the National Institute of Justice (NIJ) standard 0101.06 [64] for Type III (7.62x51 

mm M80) and Type IV (7.62x63 mm M2 AP) threats, with projectile speeds around 847 and 

878 m/s respectively.  Figure 69 shows a top view sketch of the setup for the ballistic 

experiments.  The composite armor system was placed against a heated Roma Plastilina No. 

1 (clay), following the standard guidelines, in order to monitor the total out of plane 

deformation on the back of the armor, which is an indication of the potential body trauma 

caused by the impact.  To prevent serious injury, NIJ 0101.06 specifies a maximum of 44 

mm for the depth of penetration (DOP) into the clay and no limit on the diameter of the 
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footprint, or back face signature (BFS).  A “Mann” gun mounted on a two axis rig was used 

for the ballistic tests.  Accurate measurements of the projectile speeds were possible using 

two velocity chronographs located between the gun and the target.  Two high speed cameras 

were aimed at the impact face and the rear of the target to monitor the impacts.  A 5 m 

distance was maintained between the gun and the target with a zero angle of obliquity the 

gun. 

 

 

Figure 69: Top view sketch of the ballistic test setup showing gun barrel, bullet velocity 

chronograph, target location, and high-speed cameras 
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8.3.1. Experimental Results 

 All various types of samples without backplates and with Kevlar
TM

 or Al backplates 

were able to stop the projectiles with DOPs less than 44 mm, which is considered the 

maximum allowable penetration according to the NIJ 0101.06 standard.   

 Digital images of the front strike face and rear face of a Ceramic-CMF (no backing) 

armor panel after NIJ-Type III impact test are shown in Figure 70A-B respectively.  The 

combination of ceramic and S-S CMF showed superior ballistic performance under Type III 

threats at impact speeds at or above NIJ standard requirements.  The ceramic strike plate 

successfully blunted and eroded the projectiles upon impact.  As seen in Figure 70A a very 

small amount of NIJ-Type III bullet jacket material is left embedded in the armor.  Radial 

cracks on the ceramic plate are seen spreading out of the impact area, forming an outward 

crater seen in Figure 70A.  The ceramic layer successfully spread the load onto the CMF 

layer, which is going to absorb most of the kinetic energy of the bullet through plastic 

deformation and subsequent densification.  As seen in Figure 70B, the residual tensile 

stresses on the back of the CMF layer formed radial cracks extending from the impact area.  

Some fragments of the CMF were ejected from this area. This observation encouraged the 

idea of adding a thin layer of backplate behind the CMF to absorb those residual tensile 

stresses and catch any low velocity fragments. 
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Figure 70: Digital images of a Type III impact area on an armor system without backing 

plate: A) front strike face showing complete arrest of the bullet and B) rear face showing 

bulging of CMF and small amount of cracking due to tensile stresses 

 

 Figure 71A-B shows front and rear faces on Ceramic-CMF-AL and Ceramic-CMF-

KV composite armor respectively after an NIJ-Type III impact.  Both types of composite 

armor systems successfully stopped the projectiles for single and multi-hit scenarios, for 

bullet speeds at or higher than those specified by NIJ 0101.06 standard.  It is observed that 

the ceramic plate caused failure of the projectile upon impact.  A post impact inspection of 

the CMF layer showed that it had successfully absorbed the kinetic energy of the projectile 

through compression and the aluminum and/or Kevlar
TM

 backing plates supported the CMF 

layer as it was compressed, absorbing any residual tensile stresses and catching ejecta.   Little 

or no fragments of projectile could be found after the NIJ-Type III tests on either one of the 
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composite armor systems, which suggests a complete disintegration of the 7.62x51 M80 

bullet for all samples tested. 

 

 

Figure 71: Front-strike and rear face digital images of impact area of NIJ-Type III tests 

showing complete arrest of the bullet and rear bulging of backing plate for: A) Ceramic-

CMF-AL, B) Ceramic-CMF-KV 
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 Figure 72 shows a comparison of the areal density for CMF (ECMF) for Ceramic-CMF 

(no backing), Ceramic-CMF-AL, and Ceramic-CMF-KV samples for different impact 

velocities using NIJ-Type III projectiles, where all armors stopped the bullets.  Using a stand-

alone Ceramic-CMF composite armor system yielded successful results against Type III 

threats up to speeds at or above the NIJ standard requirements.  The dynamic loading results 

shown in Chapter 7 suggested an increase on the yield strength of CMF material at high 

strain rates by over a factor of 2 at impact speeds up to 26 m/s.  In addition, a preliminary 

study of the ballistic properties of CMF suggested an energy absorption increase between 2-3 

times higher at NIJ-Type III and IV impact speeds [66].  This increase in performance of 

CMF at high loading rates suggested a possible reduction in thickness of the ceramic and 

CMF layers, resulting in lighter and thinner armor plates.  Also, adding Aluminum or 

Kevlar
TM

 backing plates to the back of the CFM allowed a reduction of the thickness of both 

ceramic and CMF, which resulted in a weight reduction of 17% compared to the no backing 

samples. 

 Similarly, Figure 73A-B shows front and rear faces of Ceramic-CMF-AL and 

Ceramic-CMF-KV composite armor respectively after impact of NIJ-Type IV AP projectiles.  

As can be seen, similar behavior of the armor system was obtained for Type IV projectiles.  

In this case, the partially disintegrated bullet’s hardened steel core and part of its jacket were 

left embedded in the armor, as shown in Figure 74A.  The AP projectiles tested on the 

Ceramic-CMF-AL and Ceramic-CMF-KV showed 40-65% mass loss at impact velocities 

between 860-890 m/s (Figure 74B), depending on the thickness of the ceramic. 
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Figure 72: Areal density for Ceramic-CMF, Ceramic-CMF-AL, and Ceramic-CMF-KV 

composite armor tested under Type III conditions at different impact speeds, where all armor 

stopped the bullet 

 

 Areal density for CMF (ECMF) versus projectile speed for NIJ-Type IV tests are 

shown in Figure 75 for Ceramic-CMF (no backing), Ceramic-CMF-AL, and Ceramic-CMF-

KV composite armors.  For the Ceramic-CMF-AL, and Ceramic-CMF-KV composite armor 

systems designed for NIJ-Type IV threats, the addition of the backing plate and the reduction 

in thickness of ceramic and CMF layers resulted in a 13% and 20% weight reduction 

respectively compared to the Ceramic-CMF armor, with the KV backed samples being 5% 

lighter than the AL backed samples due to a thinner ceramic layer used. 
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Figure 73: Front-strike and rear face digital images of impact area of NIJ-Type IV tests 

showing complete arrest of the bullet and rear bulging of backing plate for: A) Ceramic-

CMF-AL, B) Ceramic-CMF-KV 
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Figure 74: A) NIJ-Type IV AP projectile embedded in a Ceramic-CMF-KV sample after 

ballistic test at 865 m/s projectile speed and B) recovered AP projectiles from Ceramic-CMF-

KV and Ceramic-CMF-AL showing 40-65% bullet mass loss  

 

 

Figure 75: Areal density for Ceramic-CMF, Ceramic-CMF-AL, and Ceramic-CMF-KV 

composite armor tested under Type IV conditions at different impact speeds, where all armor 

stopped the bullet 
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 Figure 76 illustrates the deformation mechanism of a Ceramic-CMF-backing plate 

composite armor system.  As discussed before, upon impact, the hard ceramic plate blunts 

the projectile due to large compressive stresses developed at the projectile tip.  When the 

compressive stresses travel through the ceramic layer and reach the interface between 

ceramic and CMF layer, tensile stresses are created due to the sudden change in mechanical 

impedance between the two layers.  These tensile stresses are then reflected back towards the 

impact face.  The intersection between the compressive and tensile stress waves traveling 

through the ceramic layer creates a high stress concentration area at angles between 25°-75° 

normal to the outer surface of the ceramic, which results in the failure of the ceramic material 

forming a Hertzian cone zone [67].  This cone detaches from the ceramic and serves to 

distribute the compressive load at the ceramic-CMF interface over a larger area.  The residual 

tensile waves in the ceramic form circumferential and radial cracks and due to this localized 

fracture and comminution in the vicinity of the impact area, results in an outward crater at the 

impact face.  As penetration progresses, compressive waves build up on the CMF layer until 

its yield point and further, deforming plastically at high compressive loads and absorbing the 

kinetic energy of the projectile.  The light weight backing plate below the CMF layer absorbs 

any residual tensile stresses of the armor system, maintaining the integrity of the impact area 

and keeping debris contained inside the perforation.  Using a combination of ceramic, CMF, 

and backing plate, provides a layer-based functional design solution where each constituent 

contributes in a collaborative fashion to the ballistic energy absorption process. 
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Figure 76: Representation of the failure mechanism of Ceramic-CMF-Backing plate 

composite armor subjected to ballistic loading (thicknesses are not to scale) 

 

 In ballistic impacts, most of the kinetic energy of the projectile is transformed into 

brittle fracture of the ceramic under compression and tension, plastic deformation of the 

projectile and backing plate, and heat.  For this study, and since the temperature of the clay 

did not show a major change after each ballistic impact, the heat generation is considered 

negligible for energy calculations.  Using an energy approach previously discussed [66], the 

energy absorbed by each component in the composite armor system can be approximated.  

Upon impact, the kinetic energy of the projectile (EKE) is transferred to the armor system as 

the energy used for plastic deformation of the bullet (Ebullet), energy absorbed by the ceramic 
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(Eceramic), energy absorbed by CMF layer (ECMF), energy absorbed by the backing plate 

(Ebacking), and residual energy from clay deformation or debris ejected from the target in the 

event of complete penetration (Eres,), as shown in equation (2): 

                                           (2) 

 Similar studies on energy absorption of armor systems have been reported in the 

literature [68].  The energy per unit volume of material for the projectile, ceramic, backing 

plate, and clay can be calculated from their respective stress-strain curves by calculating the 

area under the curve using a strain energy (wp) method according to equation (3) 

   ∫         (3) 

where wp is essentially the area under the stress-strain curve in J/m
3
.  Using material 

properties of each layer and multiplying the value of this strain energy by the total amount of 

material under deformation per layer (bullet, ceramic, backing plate, clay), the total kinetic 

energy dispersed by each component of the composite armor system is calculated.  Figure 

77A-C shows a representation of each method of calculating strain energy for each layer of 

the composite armor under both NIJ-Type III and Type IV projectile impact, where σy and εy 

are the yield strength of the material and the corresponding strain, σu and εu is the ultimate 

strength and corresponding ultimate strain.  The values of material properties for each 

material are obtained from the literature [69–71] and shown in Figure 77.  Residual energy 

(Eres) was calculated from BFS and DOP measurements on clay. 
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Figure 77: Stress-strain curve used for analytical method to calculate plastic strain energy for 

each layer with A) corresponding to hardened steel bullet core of NIJ-Type IV projectile and  

NIJ-Type III projectile, B) Kevlar
TM 

backing plate, and C) aluminum 7075-T6 backing plate 

 

 Solving for ECMF in equation 2 and substituting all energy values calculated gives the 

estimated energy absorption by the CMF layer.  Values for all energy absorbed per layer in 

percentage of total kinetic energy are shown in Table 14.  It is observed that for the samples 

with aluminum or Kevlar
TM

 backing plate, which used a thinner ceramic plate, the energy 

absorbed by the CMF layer was higher.  The backing plate supported CMF during 
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compression and prevented excessive tensile stresses from developing on CMF, increasing 

CMF’s performance.  Also, for Type IV tests on the no-backing plate armor systems, the 

entire bullet was completely disintegrated upon impact due the thicker ceramic used, while 

for the aluminum and Kevlar
TM

 backed armor, only 65 and 40% of the bullet was eroded 

respectively and the backing plates absorbed the rest of the kinetic energy by deformation 

under tension.  This effect is shown in the energy absorbed to deform and erode the bullet in 

Table 14.    

 Figure 78 shows the kinetic energy absorbed by the CMF layer in the composite 

armor system for both NIJ-Type III and Type IV tests.  As can be seen, with the appropriate 

arrangement of layers, CMF was capable of absorbing 60-70% of the kinetic energy of the 

bullet, proving the superior energy absorption capabilities of composite metal foams at high 

impact speeds.  It is also observed that by adding a soft backing plate behind CMF, the areal 

density was decreased with no adverse effect on the energy absorption capabilities of the 

total composite armor system. 
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Table 14: Energy absorbed by each layer in the composite armor system as the % of bullet 

kinetic energy for both NIJ-Type III and Type IV impacts 

Backing 

Material 

Threat 

Type 

Impact 

Velocity 

(m/s) 

KE (J) % ECMF % Eceramic % Ebacking % Ebullet % Eres 

Al III 841.55 3399.41 57.98 7.58 17.94 13.65 0.01 

Al III 837.29 3365.03 63.03 7.87 10.13 13.79 0.01 

Al III 833.63 3335.69 60.14 7.06 13.68 13.91 0.01 

KV III 843.08 3411.74 70.73 11.90 3.75 13.60 0.02 

KV III 822.35 3246.05 64.15 17.62 3.91 14.29 0.03 

KV III 844.91 3426.55 70.13 13.53 2.77 13.54 0.03 

KV III 842.16 3404.34 61.95 15.83 8.53 13.63 0.06 

KV III 841.55 3399.41 63.57 16.88 5.85 13.65 0.05 

None III 853.15 3493.72 40.16 46.50 na 13.28 0.05 

None III 861.07 3558.92 23.53 63.39 na 13.04 0.04 

None III 852.54 3488.72 22.24 64.42 na 13.30 0.04 

Al IV 863.19 4023.56 56.19 8.46 18.66 19.86 0.01 

Al IV 863.80 4029.24 55.57 8.75 20.02 19.84 0.01 

Al IV 861.67 4009.36 53.76 8.39 30.17 19.93 0.02 

KV IV 892.15 4298.03 68.30 10.96 8.95 11.73 0.06 

KV IV 865.33 4043.47 66.00 14.13 7.36 12.47 0.04 

None IV 869.00 4077.83 47.13 22.71 na 30.15 0.01 

None IV 861.68 4009.46 40.43 28.90 na 30.67 0.01 
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Figure 78: Energy absorbed by CMF layer for both NIJ-Type III and Type IV tests in all 

composite armor systems tested 

 

8.4. Finite Element Analysis 

 Studying the behavior of the armor system under ballistic impact using finite element 

analysis (FEA) provides an understanding of the failure mechanisms and a powerful and 

inexpensive tool for optimization of the ballistic system. 

 Simulations of the ballistic performance of steel plates under impact from 7.62 mm 

ball and 7.62 mm APM2 armor piercing projectiles has been previously studied using LS-

DYNA finite element code [72].  In that study, ballistic steel Weldox 500E, 700E, Hardox 

400, Domex Protect 500, and Armox 560T plates with 6 mm thickness were simulated on a 
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single and double armor plate arrangement and the results were compared to experimental 

data.  A Lagrangian-Eulerian formulation was used for the simulation of the softer 7.62mm 

ball projectile, while a pure Lagrangian formulation was used for the 7.62mm APM2 armor 

piercing projectile.  No successful results were obtained for the softer projectile due to the 

complexity of simulating large plastic deformations of the projectile.  However the results for 

the ballistic limit of the armor piercing simulation were within 12% compared to 

experimental data. 

 Ceramic/polymer matrix composite armor systems have also been studied using finite 

element analysis.  Bürger et al. [73] performed ballistic simulation of alumina plates backed 

by an ultra-high molecular weight polyethylene UHMWPE (Dyneema
®

) composite panel 

using ABAQUS/Explicit finite element code.  Although the residual velocity of impacts was 

closely predicted compared to experimental results, some issues arose in obtaining the exact 

failure patterns on the ceramic and the delamination within the composite layers.  Similarly, 

Krishnan et al. investigated the impact of a 0.30 caliber armor piercing bullet on a boron 

carbide/UHMWPE composite armor using a Lagrangian formulation in LS-DYNA FEA 

solver [74].  It was found that, although damage evolution in ceramic face plates is a complex 

phenomenon and hard to simulate, a reasonable prediction was obtained using FEA.  Once 

again, the delamination process within the composite material was hard to predict, and the 

back face signature (BFS) obtained from such computational analysis was under predicted 

compared with experimental results. 
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 Feli et al. simulated the impact of tungsten carbide projectiles on alumina 99.5% 

plates backed by Twaron fiber composite using a 2D model in LS-DYNA explicit and a 

Lagrangian formulation [75].  Results for the residual velocities for complete penetrations 

were comparable to other numerical models.  It was found that at increasing impact speeds, 

the semi-angle of the fragmented conoid formed on the ceramic layer decreased.  This is in 

part due to the fact that at higher speeds, there is less time for the ceramic to form sufficient 

cracking, so the projectile perforates the ceramics faster than cracking expands in the 

ceramic, which produces a smaller comminuted area in the ceramic.  It was also found that at 

increasing impact speeds, the failure by delamination of the top layers in the composite 

decreases since there is not enough time for transversal stress waves to form, thus making the 

composite less efficient in absorbing kinetic energy. 

 Other simulation studies have been performed on 9 mm caliber bullets impacting 

ceramic and steel composite armor systems [76].  In this study, different thicknesses of an 

alumina plate were used along with a steel backing plate and tested under a 9 mm projectile 

impact with speeds around 420 m/s.  ABAQUS/Explicit was used as a finite element solver 

with a Lagrangian definition, with the bullet considered elastic and rigid.  Considering the 

bullet as a rigid material required the tensile strength of the ceramic to be artificially raised, 

which allowed the ceramic to absorb nearly 80% of the kinetic energy of the projectile.  

Nevertheless, the results obtained for this study showed good agreements with experimental 

results. 
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 Hydrocodes are computer programs which handle propagation of shock waves, stress, 

strain, velocities, etc. within a continuum material as a function of time and position [77].  

The relationship between these changes in the material state can be calculated using classical 

continuum mechanics such as conservation of mass, momentum, and energy.  There are two 

major types of hydrocodes descriptions to create a system of differential equations, 

Lagrangian and Eulerian.  To solve these equations, material properties are used to relate 

stress and strain and define failure mechanisms within the material, and equations of state 

relate internal energy and density changes with internal pressure [77].  Typically, Lagrangian 

solutions are simpler and require fewer equations to be solved than that of Eulerian 

definitions, thus requiring less computing power.  For this reason, Lagrangian descriptions 

are preferred to solve the majority of finite element models. 

 Lagrangian hydrocodes can be defined with the following equations: 

Conservation of mass:   
  

  
  

   

   
        (4) 

Conservation of momentum:   
   

  
    

 

 

    

   
     (5) 

Conservation of energy:  
  

  
      

 

 

 

   
           (6) 

where density ρ, velocity vi, stress tensor σji, and external body forces per unit mass fi are 

part of the kinematic deformation equations.  This definition makes the Lagrangian 

description a material description, meaning that the material is confined to a cell defined 
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within the body in the model, and as the cell is deformed and the volume changes, the mass is 

kept constant which induces a change in the density of the material within the cell [77].  

Lagrangian solutions allow for a straight forward definition of contact and interaction 

between free surfaces of individual cells of material, which is another reason why they are 

widely used.   

8.4.1. Material Models 

8.4.1.1. Johnson-Cook Plasticity Model 

 Gordon Johnson and William Cook developed a constitutive model for ductile 

materials subject to high strain rates [71].  Their material model gives an expression of stress 

as a function of strain, strain rate, and temperature and has become the standard when 

modeling metals at high strain rates.  Equation 7 shows the expression of the Johnson-Cook 

material model, with σ being the stress, ε and  ̇  the strain and reference strain rate 

respectively, T
* 
the homologous temperature, and five material constants A, B, C, n, and m. 

     [     ][      ̇ ][      ]    (7) 

 Constant A represents the yield strength, with B and n being strain hardening 

constants of the material which can be obtained through quasi-static loading tests.  Constant 

C is the strain rate sensitivity of the material and it is found from high strain rate testing.  T* 

gives a material softening effect with increasing temperature and can also be found by 

monitoring the temperature of the sample while testing.  Due to the accurate prediction of the 
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material strength by this model, several materials models for metals have already been 

developed by Johnson and Cook [71].  

8.4.1.2. Multi-Linear Plasticity 

 Composite Metal Foam (CMF) has unique material properties that are not easy to fit 

to any preexisting constitutive material model.  Typical quasi-static compression stress-strain 

curves for S-S CMF manufactured using 2 mm spheres and powder metallurgy technique, 

like the one shown in Figure 79, are characterized by an elastic region, followed by a yield 

and relatively constant strength region (plateau region) up to ~50% strain (densification), 

ending in a hardening effect after densification.  When loading S-S CMF under high strain 

conditions, the material exhibits an increase in yield strength due to the inertial effects and 

cushioning effect caused by the compression of the air trapped in the porosities [63,78] .  

This effect is seen in Figure 79 by the dotted stress-strain curve corresponding to dynamic 

loading at 3277 1/s strain rate [78].  This increase in yield strength raises the strength of the 

material and its energy absorption capabilities by ΔEabs at high strain rates for strains up to 

25-30%, as represented by the shaded area in Figure 79.  At higher strain levels (above 25-

30%) the strength of the material matches to that under quasi-static loading.  In order to 

replicate this complex material behavior, a multi-linear plasticity curve fit can be used for its 

respective strain rate. 
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Figure 79: Typical stress-strain curves for composite metal foam for quasi-static and dynamic 

loading curve [78] 

 

8.4.2. Model Setup 

 In first step single layer CMF and aluminum 7075-T6 panels with 300 mm x 300 mm 

dimensions were modeled separately and meshed in Abaqus/Explicit.  A solid and non-

deformable cylinder with 12 mm diameter was used to simulate the bullet and perforate the 

armor system up to their corresponding depth of penetrations obtained in experimental 

ballistic tests.  Figure 80 shows the finite element model setup.   
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Figure 80: Finite element model setup in Abaqus/Explicit 16.3 showing the mesh for the 

projectile (red), CMF layer (yellow) and Aluminum 7075-T6 backplate (green) 

 

 Quadratic tetrahedral elements were used for all bodies and the model was 

constrained using a fixed support at the outside edges of the plates.  The 1 MPa yield strength 

of the ballistic clay was applied as a support boundary condition at the back of the aluminum 

plate to simulate the resistance provided by the clay in the ballistic tests.  Frictionless contact 

definition was defined for all surfaces.  Lagrangian formulation was used to solve the 

conservation equations. The energy absorbed by each panel was obtained from the simulation 

and compared to the experimental tests. 
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8.4.3. Material Model Definitions 

 Due to the complexity of the composite armor system, several material constitutive 

models were considered for each layer material: 

8.4.3.1. Aluminum 7075-T6 backing plate 

 Johnson-Cook constitutive material model was used for the aluminum backing plates 

in the composite armor and the parameters [70] are also shown in Table 15.    

8.4.3.2. Steel-Steel Composite Metal Foam 

A multi-linear material definition, like the one shown in Figure 81 was used for S-S 

CMF.  This multi-linear stress-strain definition accounts for strengthening effects at lower 

strain levels, followed by a return to quasi-static material strength at strain higher than 25%.   

The values for the yield strength have been approximated from the dynamic loading 

experimental results reported elsewhere [65].  The density of the material is 2.8 g/cm
3
, with 

an elastic modulus of 13.2 GPa and Poisson ratio of 0.1. 
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Table 15: Johnson-Cook and elastic material properties for Al7075-T6 plate [70] 

Parameter Al7075-T6 [70] 

Density (kg/m
3
) 2800 

E (GPa) 72 

Poisson’s Ratio (ν) 0.33 

Specific Heat (J/kg ˚C) 848 

A (MPa) 546 

B (MPa) 678 

n 0.71 

C 0.024 

m 1.56 

 ̇  (s-1
) 1.0 

T
melting

 (˚C) 650 
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Figure 81: Multi-linear stress-strain definition used for S-S CMF at ballistic relative strain 

rates 

 

8.4.4. Finite Element Analysis Results 

8.4.4.1. Mesh Sensitivity Study 

 In order to reduce errors from the simulation caused by mesh sensitivity, a study was 

conducted varying the size of the plate elements.  As shown in Figure 82, three different 

mesh sizes were used to simulate penetration impact on an aluminum backing plate: coarse, 

medium, and fine.  Since the load would be applied at the center of the plate, a center area of 

the plate of 100 mm in diameter was meshed using smaller elements.  For the coarse, 
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medium, and fine meshes, the center area was meshed using 2, 0.9, and 0.7 mm elements and 

the outer area used 15, 10, and 9 mm elements respectively.   Net nodal force reactions on the 

penetrator were obtained and plotted against projectile displacement for a depth of 

penetration of 20 mm, as shown in Figure 83.  It can be seen that the solution for both 

medium and fine meshes is comparable and a finer mesh does not provide a more accurate 

solution.  For this reason, and to save on computing power, a medium mesh definition was 

used in the model. 

 

 

Figure 82: Different mesh sizes used for the mesh sensitivity study, showing a coarse, 

medium, and fine mesh description 
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Figure 83: Force-displacement results obtained for a 20 mm DOP simulation for the mesh 

sensitivity study for coarse, medium, and fine mesh definitions 

 

8.4.4.2. Finite Element Solution 

 Von-Mises stress plots for a 15.17 mm depth of penetration simulation are shown in 

Figure 84 at 10, 30, 60, and 90 µs of penetration time.  Compression of the CMF layer is 

obtained after 90 µs with a full densification of the CMF layer of 80%, showing a similar 

deformation pattern obtained in experimental tests.  The aluminum backplate supports the 

rear face of the CMF panel under compression, and deforms in tension absorbing the residual 

kinetic energy of the penetrator, leaving a bulging profile on the armor system similar to that 

shown in Figure 71A and Figure 73A. 
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 Figure 85 shows the simulation results for energy absorbed by CMF and aluminum 

layers for all Type III and Type IV bullet speeds and compared with analytical results.  Close 

prediction of the energy dissipated by the aluminum plate is obtained for all tests.  For the 

CMF layer, an over-prediction of the energy absorbed by the FEA model is seen in Figure 

85.  As seen in Figure 86, high shear loading in the x-y plane develop in the CMF layer under 

puncture by the penetrator.  These shear stresses could cause failure in the material and could 

hinder plastic flow under ballistic loading, artificially raising the energy absorption of the 

material in the FEA model. However, the understanding of CMF behavior under shear 

loading has not been studied to this date and thus was not taken into account in the material 

model.  Although close prediction of the behavior of CMF has been obtained by this model, 

further characterization of CMF under shear and ballistic loading is needed to considered 

complete material failure definitions and develop a more accurate model. 
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Figure 84: Cross-sectional Von-Misses stress contour plots on CMF and Al layer obtained 

for a depth of penetration of 15.17 mm at 1, 10, 30, 60, and 90 µs 
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Figure 85: FEA and analytical results for the energy absorbed by CMF and Al 7075-T6 

layers for both NIJ-Type III and Type IV tests in all composite armor systems tested 

  



 

154 

 

Figure 86: Cross-sectional x-y shear stress plots for a 15.77 depth of penetration simulation, 

showing high shear areas on the CMF and aluminum layers 
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Chapter 9 - Conclusion 

9.1. Effects of Sphere Morphology and Chemical Composition on Aluminum-Steel 

Composite Metal Foams 

 Al-steel composite metal foam was manufactured using 3.7 and 4.0 mm diameter 

hollow steel spheres.  Higher carbon content in the sphere wall, along with its higher sphere 

surface roughness resulted in higher amounts of hard and brittle ternary Al-Fe-Si 

intermetallic phases dispersed throughout the Al matrix, which caused a 110% improvement 

on the yield strength of the material.  Higher surface roughness causing more air trapping 

between spheres and matrix, along with higher sphere wall porosity, translated into lower 

density of the material which provided ductility after yield point counteracting the increased 

brittleness of the material due to the higher intermetallic content, and allowed Al-S CMF to 

maintain its energy absorption capabilities and increase its specific energy absorption by 

almost 20%.   

9.2. Effects of Sphere Morphology and Chemical Composition on Steel-Steel 

Composite Metal Foams 

Steel-steel Composite Metal Foam with sphere sizes of 2.2, 4.0, and 5.2 mm diameter 

was produced using powder metallurgy techniques.  The material showed a good porosity 

distribution and structural homogeneity.  Since the 4.0 mm and 5.2 mm spheres had a rough 

surface finish, the spheres/matrix interface in CMF made of those spheres showed some 

partial de-bonding between the sphere and matrix after processing which could be related to 
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the shrinkage of spheres during the final cooling step in their processing.  Such shrinkage 

was more severe in larger spheres and as the result, CMFs made of larger spheres showed 

some level of sphere/matrix partial de-bonding. 

EDS data showed diffusion of alloying elements from the matrix to the sphere wall, 

which suggested a backwards diffusion of C from the sphere wall into the matrix, thus 

balancing the concentration of C and other elements between the sphere and matrix and 

making the foam more ductile.  The larger carbon content in spheres seems to impact the 

yield strength of CMF while the percentage of porosities or the density of the foam seems to 

affect their densification. 

9.3. Effects of Loading Rate on Steel-Steel Composite Metal Foams 

Steel-steel Composite Metal Foam with sphere sizes of 2.2, 4.0, and 5.2 mm diameter 

was produced using powder metallurgy techniques and tested using a servo-hydraulic testing 

machine and Split Hopkinson Pressure Bar at loading rates up to 26 m/s.   

When comparing the specific energy absorption of CMF at 50% strain for the same 

loading rates, the smaller 2.2 mm sphere CMF absorbed about 30% more energy than the 

larger 5.2 mm sphere CMF at 8 m/s loading rate.  The energy absorption of all S-S CMF 

samples up to 50% strain was improved by 20-30% at 8 m/s compared to those at 0.01 m/s 

loading rates.  As loading rate increased a consistent improvement of the yield strength of the 

material was observed. 
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9.4. Ballistic Application of Steel-Steel Composite Metal Foam 

 Composite metal foam panels manufactured using 2 mm steel hollow spheres 

embedded in a stainless steel matrix and processed through powder metallurgy technique 

were used together with boron carbide ceramic and aluminum 7075 or Kevlar
TM

 back panels 

to fabricate a new composite armor system.  This composite armor was tested against NIJ-

Type III and Type IV threats using NIJ 0101.06 ballistic test standard.  The highly functional 

layer-based design allowed the composite metal foam to absorb the ballistic kinetic energy 

effectively, where the CMF layer accounted for 60-70% of the total energy absorbed by the 

armor system, and allowed the composite armor system to show superior ballistic 

performance for both Type III and IV threats. 

 Finite element analysis results for ballistic loading of the armor system closely 

predicted the behavior and energy absorption of the CMF and aluminum layers.  However, 

the failure mechanisms of CMF under ballistic loading are complex and further 

characterization of the material under shear loading is needed in order to fully understand and 

predict its behavior under ballistic loading. 
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Chapter 10 – Future Considerations 

 It has been shown that even though the quality of hollow spheres manufactured at a 

large scale production is lower, it has no detrimental effects on Composite Metal Foams 

properties in general.  Using highly porous and rough spheres with high carbon contents 

increases intermetallic formations in Al-S CMF, increases the strength of the foam, and 

decreases density by 25%, which is beneficial.  Producing steel-steel CMF with different 

sphere sizes does not change the properties of the material dramatically as long as the ratio 

between sphere diameter and wall thickness is kept constant.  The smaller sphere S-S CMF 

showed slightly higher strength due in part to its higher critical buckling load.  Larger 

spheres showed some debonding with matrix.  

 The manufacturing of S-S CMF in large quantity to produce ballistic panels was 

successful, proving the viability of large scale manufacturing of CMF in future.  Ballistic 

panels of CMF performed successfully under ballistic loading, lowering the weight of Type 

III armor by 20%.  More composite armor systems using CMF should be studied under 

higher caliber ballistic loading and explosives, always aiming to decrease weight and 

increase performance.  Different ceramic and backplate materials should also be considered 

to find an optimal ballistic armor system.  

 Some issues were encountered when predicting the plastic behavior of CMF using 

finite element techniques.  In order to develop a more accurate material model, more material 

characterization is needed.  The shear and tensile strength of the material should be studied 
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using quasi-static and dynamic loading techniques in order to fully predict the behavior of the 

material under a variety of loading scenarios.  This will allow the development of a more 

accurate model of the material and will aid in the design and optimization of components 

using CMF in different applications. 
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