
Abstract  
 
NEVILLE, BRIAN PATRICK.  Processing and development of an Ultra-Light, High 
Strength Material through Powder Metallurgy. (Under the Direction of Dr. Afsaneh 
Rabiei.) 
 

The development of metal foams has produced materials with improved properties as 

compared to non-metal foams and solid metals.  Metal foams can be classified as either 

open cell or closed cell.  Open cell foam can be thought of as a network of interconnected 

solid struts, which can allow a fluid media to pass through it.  A closed cell foam is made 

up of adjacent sealed pores with shared cell walls.  Metal foams offer higher strength to 

weight ratios, increased impact energy absorption, and a greater tolerance to high 

temperatures and adverse environmental conditions when compared to bulk materials.  

The energy absorbing capability is one of the most interesting properties of closed cell 

foams.  Under compression, these foams plastically deform over a large region of strain, 

often exceeding 50%, until the cells have completely collapsed and the material begins to 

behave as a bulk material 

 

Metal foams have been created through various processes that introduce a gaseous phase, 

either by physical or chemical means, into a molten metal or a powdered metal compact.  

Due to imperfect production techniques and lack of precise control over the formation of 

the cell structure, the mechanical properties of metal foams are often unpredictable.  The 

cellular structure in closed cell metal foams is typically disordered, due in part to 

variation in the thickness of the cell walls and non-uniform shape and size of the cells.  

This leads to a variation in the cellular structure across the bulk material, creating varying 

mechanical properties.   



 

In this study, a new closed cell composite metal foam has been processed for the first 

time using powder metallurgy and characterized.  The foams are processed by filling the 

vacancies between randomly ordered, densely packed, preformed hollow spheres with a 

metal powder and sintering them into a solid structure.  Several different foams have 

been produced, using different sized hollow spheres and different sphere and matrix 

materials.  The density of the foams have been measured and compared to the theoretical 

density calculated using an equation developed for these foams.  These materials have 

undergone hardness and microhardness testing, static compression testing, and the 

microstructure has been observed on chemically etched and unetched samples through 

optical microscopy, Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy.  Compression-compression fatigue testing has been performed based on 

the plateau strength calculated from the results of static compression testing and the 

results have been evaluated  The strength of the newly developed composite foam 

averaged 127 MPa from the yield point up to 54% strain, which is a strength eight times 

greater than that of the best reported results to date.  The value for energy absorption is 

68 MJ/m
3 
at 50% strain, which is seven times greater.   

 

Although denser than foams made solely from hollow spheres, the new composite metal 

foam developed in this study displays superior compressive strength and energy 

absorption capability, while exceeding strength to density ratios, as compared to the next 

best existing metal foam, processed using similar materials, but through a different 

technique.  The combination of these properties gives opportunity for use in several 



applications where light weight, high stiffness and energy absorbing capability are 

required, such as automobile crumple zones, structural members in air, naval, and space 

craft, and in biomedical prosthesis.  
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1. INTRODUCTION 

It is well known that porous structures are useful for applications such as insulation, 

packaging, or filtering, but few believe that they can be effective structural materials [1].  

However, natural porous materials such as bone and wood that have optimized mechanical 

properties and structural function with minimum weight have existed for thousands of 

years.  The search for a man made cellular structural material has led to several choices.  

Polymers are not rigid enough and ceramic materials are too brittle.  The proper selection 

of metals could potentially create an optimum cellular material.  They are stiffer than 

polymers, and yet have sufficient ductility.  They are stable at elevated temperatures and 

possess superior fire resistance, and are fully recyclable [1]. 

 

The first metal foam was invented in 1943, by Benjamin Sosnick of San Francisco 

California [2]. He created a “sponge metal” using mercury as a foaming agent in molten 

aluminum.  In 1956, J.C. Elliot used a foaming agent to generate gas by thermal 

decomposition to avoid having to deal with the toxicity of mercury [3].  An intensified 

research effort to fully explore the potential and possible applications of these materials 

was not begun until the 1990’s, however.  This undertaking was successful in developing 

new technologies that have brought several metal foams to the marketplace. 

 

The list of metals and alloys that have been foamed is extensive.  Among the most popular 

are aluminum, iron, and titanium.  Research has been done to develop metal foams made 

from magnesium, copper, lead, tin, zinc, and refractory materials.  The research into the 

manufacturing of these cellular metals has developed various techniques to include: liquid 
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metallurgy (foaming and investment casting), powder metallurgy (PM), electro deposition, 

chemical vapor deposition (CVD) and physical vapor deposition (PVD) [4].  Liquid and 

powder metallurgy are common techniques used to manufacture larger quantities of foams 

made from steel, titanium and aluminum, whereas electro deposition, CVD and PVD are 

used to produce more exotic foams such as those using refractory metals.  Of the processes 

used to produce metal foams, the most common are melt foaming, which allows economic 

handling of large quantities of material, and powder metallurgy techniques, which can 

create complex parts and composite structures without the need for adhesives [1].   

 

Although interest in these materials has increased in the past few years, there is some 

confusion over the term “metallic foam,” which is often used to describe materials that are 

not foams in the strictest sense [5].  To properly identify a metallic foam, one has to 

distinguish between 

• Cellular metals.  This is the most general term, which refers to a metallic body in 

which any kind of gaseous voids are dispersed.  The metallic phase divides space 

into closed cells which contain the gaseous phase. 

• Porous metals.  These are a special type of cellular metal which are restricted to a 

certain type of voids.  The pores are usually round and isolated from each other. 

• (Solid) metal foams.  This is a special class of cellular metals that originate from a 

liquid state and, therefore, have a restricted morphology.  The cells are closed, 

round, or polyhedral and are separated from each other by thin films. 
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The porosity of metal foams is what gives them their unique properties.  They are 

crushable, exhibit a plateau stress when compressed, have high strength and stiffness with 

reduced weight, can absorb high impact energy in any direction and are very efficient in 

sound absorption and vibration damping [1].  While many of these properties can be 

achieved with other materials, sometimes more efficiently, metal foams have the unique 

ability to exhibit several properties at the same time. 

 

The characteristic properties that define a metal foam are its cellular structure and relative 

density.  Metal foams are classified as either open cell or closed cell, although a 

combination of the two is also possible [6].  Open cell foam can be thought of as a network 

of interconnected solid struts.  An open cell foam will allow a fluid to pass through it.  

These materials can be useful in applications where a high surface area is beneficial, such 

as heat exchangers, battery electrodes, or filters.  A closed cell foam is comprised of a 

continuous network of adjacent sealed pores, all sharing their cell walls with each other.  A 

combination of open cell /closed cell composition may be achieved in several differing 

ways.  One way is by stacking an arrangement of hollow spheres and sintering them 

together.  The interstitial space between the spheres constitutes an open cell nature, while 

the separate pore space inside the hollow spheres represents the closed cell nature.  The 

type of cellular structure in a metal foam will give the foam different inherent 

characteristics. 

 

The relative density of a foamed material is its most important parameter.  This is defined 

as the quantity ρ*/ρ
s.
, where ρ* is the density of the cellular solid itself, and ρ

s 
is the 
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density of the material from which it is made [6].  For example, the relative density of a 

cellular aluminum metal having a density of 0.54 g/cm
3 

(ρ
aluminum 

= 2.7 g/cm
3
) is 0.20, or 

20%.  The relative density will increase as the cell walls thicken and the pore size 

decreases. 

 

Figure 1 shows a representative stress – strain curve of a cellular material under monotonic 

compressive loading [6].  This image shows some of the key defining mechanical 

properties of a metal foam.  In the initial linear region, the material deforms elastically, 

usually up to a very small strain.  The stiffness modulus is the ratio of stress to strain in 

this linear elastic region, although this is not a true material modulus, as there are structural 

effects.  Beyond this initial linear region, the material begins to deform at a nearly constant 

stress.  This plateau stress is defined as the average yield stress over the course of plastic 

deformation before densification.  In most metal foams, this region is nearly flat and spans 

from approximately 10 – 50 % strain.  In this region, the cells of the foam collapse until 

most of the pore space is closed.  In the densification region, the foam begins to behave as 

a solid piece of metal and the strain rapidly increases with stress. 

 

One important mechanical property of metal foam that can be derived from the stress-

strain curve is the energy absorption capability [6].  The amount of energy absorbed by a 

material is defined as the area under the stress-strain curve up to a certain strain.  The 

defining value often quoted for metal foams is the energy absorbed at 50% strain.  Any 

foam’s ability to absorb impact energy makes it useful in packaging to protect breakable 

items.  Metal foams find use in protecting objects subject to higher forces, such as 
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automobiles in collisions.  Metal foams can deform plastically over a large region of strain 

all the while maintaining a low to moderate stress level. 

 

1.1  Applications 

Many applications have been developed to take advantage of metal foams unique 

properties, such as its energy absorbing capability and high specific stiffness. 

 

1.1.1  Lightweight Structural Armor 

One such application is for a lightweight structural armor for the US Army [7].  The 

current armor configuration uses a rubber layer between a hard ceramic layer and a 

composite backing plate.  The rubber delays the stress wave transfer to the backing plate 

and reduces the amplitude of the transmitted stress.  However, rubber is a compliant 

material and reduces the overall structural stiffness of the armor.  By replacing the rubber 

with a layer of closed cell aluminum foam within the composite armor, the stiffness and 

ballistic properties can be improved.  Testing showed that the propagation of the stress 

wave could only take place once the foam had reached densification, which greatly delayed 

the transmission of the stress wave within the armor.  The foam was also found to reduce 

the amplitude of the stress wave transferred to the backing plate, but not by any significant 

amount.  Figure 2 shows several armor designs that have been impacted with a 20 mm 

fragment simulating projectile.  The first design simply replaces the rubber layer with a 

layer of aluminum foam.  The second design adds a layer of aluminum foam to the backing 

plate, and the third sandwiches a layer of aluminum foam in the composite backing plate. 
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The best results came with the first design with less ceramic fracture, less dynamic 

deflection, localized foam deformation, and no debonding in the ceramic-foam interface. 

 

1.1.2  Graded Density Sandwich Beams 

Another application that is designed to take advantage of the high stiffness and light 

weight of metal foams is in the construction of graded sandwich beams [8].  Most natural 

porous materials, such as bone and wood, have a distributed porosity so as to maximize the 

overall performance of the structure.  In these, a natural mechanism exists for adjusting the 

local fiber distribution away from low-stress regions towards those regions that experience 

the highest mechanical stress [9]. 

 

An open cell graded sandwich structure has been manufactured by infiltration casting 

aluminum into a preform comprised of stacked layers of pressed NaCl of varying porosity 

inside a crucible [8,9].  Once the aluminum had solidified, the salt was dissolved in water, 

leaving an open cell structure with layers of differing porosity.  Using beams of constant 

dimensions with different configurations of high and low density layers, the beams were 

tested in three point bending.  It was found that the stiffest beams were those that had the 

highest fraction of material closest to the core, i.e. the stiffest beam would also be the 

heaviest.  But since the goal of the study was to maximize the beam stiffness at a constant 

mass, it was concluded that a graded porosity beam would be of little interest from the 

standpoint of specific stiffness.  From the standpoint of yield however, there is a 

motivation to create gradients in foam density for a constant beam geometry and mass.  

Since yield in bending is dictated by a combination of tensile and shear stresses in the core 
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of a beam, the point at which yield occurs could be delayed by the proper selection of 

gradients within the beam. 

 

Where there are gradients in applied moment along the beam, graded core density can lead 

to significant weight savings in yield-limited beam design, up to 15% [9].  The underlying 

reason for these weight savings is the fact that, where all stress components vary together 

with the applied load, it is always advantageous to keep the foam density at its lowest 

possible value.  This is because the modulus and local stresses decrease more rapidly with 

decreasing foam density than the foam yield stress does.  If, on the other hand, there are 

regions within the structure where stress components do not vary in proportion with one 

another (as is the case in the core of a sandwich beam wherever the moment varies), 

designing a structure with a uniform foam density to avoid yield in such regions can lead 

to significantly overdesigning the foam everywhere else. 

 

1.1.3  Automotive Design 

Passive safety regulations for vehicles require that the collision energy is dissipated in 

designated areas and the rigid passenger cell is protected [10]. In the low velocity regime 

(3 to 10 km/h), the energy is reversibly absorbed by elastic materials or hydraulic impact 

dampers.  In the intermediate range (up to 20 km/h), a controlled deformation of certain 

designated crash elements (‘‘crash boxes’’) is included.  These elements are fairly easy to 

replace after a crash making repairs affordable.  Only in the high velocity regime is the 

chassis deformed irreversibly leading to severe vehicle damage.  Various crash situations 

maybe distinguished such as head-on impacts, side impacts, oblique impacts, roll-over 
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situations, etc.  For each situation, an energy absorber has to perform in a different way but 

some general criteria for a good energy absorber can be mentioned here: 

 

• A near rectangular stress–strain behavior, i.e. yielding only after the maximum 

tolerable stress has been reached and progressive deformation at this plateau stress. 

• A high absorption capacity per volume, length or mass unit. 

• Isotropy of energy absorption, i.e. good absorption characteristics for a wide range 

of impact directions. 

 

Several applications have been identified within automotive design where metal foams 

could be used to improve fuel efficiency, safety, and comfort.  These take advantage of 

three major attributes of metal foams, including energy absorption capacity, high strength 

coupled with low weight, and good damping / sound absorption capabilities.  Considerable 

research efforts by the Cymat corporation have identified uses for their aluminum foams in 

automotive design, including bumper crash boxes [11].  These would be used to replace 

traditional steel crumble zone members with lighter weight, higher impact energy 

absorption efficient crash boxes, like those shown in Figure 3.  This design would reduce 

impact damage to a car by increasing the amount of energy absorbed locally, and has the 

ability to absorb energy in off axis impacts better than standard crumple zones.  Metal 

foams could additionally be used to fill hollow sheet metal sections to increase stiffness 

and decrease road noise and vibration [10].  Sections such as safety rails in doors, and A 

and B pillars would benefit from the use of metal foams. 
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1.1.4  Aerospace Design 

The light-weight constructional aspect of foamed metals is very similar to the automotive 

sector. In aerospace applications, the replacement of expensive honeycomb structures by 

foamed aluminum sheets or metal foam sandwich panels could lead to higher performance 

at reduced costs.  A higher buckling resistance is sought along with the important 

advantage of isotropy of the mechanical properties of panels.  The possibility for making 

composite structures without adhesive bonding gives rise to a more benign behavior in the 

case of fires where it is essential that the structure maintains its integrity as long as 

possible.  Boeing (USA) has evaluated the use of large titanium foam sandwich parts and 

aluminum sandwiches with aluminum foam cores for tailbooms of helicopters.  Further 

applications include structural parts in turbines where the enhanced stiffness in conjunction 

with increased damping is valuable. Seals between the various stages of the engine are also 

made of porous metals.  The turbine blade cuts the desired contour into the cellular 

material during its first operation and creates an almost gas-tight seal this way. 

 

1.1.5  Biomedical Engineering Design 

Titanium or cobalt-chromium alloys are often used in biomedical designs due to their 

biocompatibility with the human body [10].  Solid implants often incorporate a porous 

outer surface coating to encourage bone in-growth and bonding between the device and the 

bone.  A porous structure, such as a metal foam, can be used in place of these solid 

implants 
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The ability to adjust the foam’s mechanical properties allows opportunity for the use of 

metal foam to improve on the functionality of implants.  This can be explained through the 

example of a replacement hip joint.  The dissolving and assimilation of the surface of the 

femur bone in contact with a femoral hip replacement component contributes to premature 

wear and reduces the overall life of the prosthesis.  It is possible that this is due to the 

artificially induced stress and strain states in the femoral cortex.  When a fully dense 

titanium femoral stem is inserted into the bone, the greater stiffness of the implant deprives 

the bone of its customary load carrying duty.  Bone customarily adapts within a body to 

establish a stable mechanical environment.  By removing the necessity of the bone as a 

structural support, the bone is resorbed by the body because it does not contribute to the 

stiffness of the joint structure.  Therefore, to maintain bone mass, the replacement 

prosthesis should attempt to reproduce the mechanical characteristics of the bone it is 

replacing.  The mechanical properties of metal foams can be adjusted by varying the 

physical characteristics of cell size, shape, and distribution.  It is thus feasible to engineer 

metal foam, using a biocompatible metal, to possess physical and mechanical properties 

matching that of bone.  This would resolve the bone resorption issue associated with stiffer 

solid metal prosthesis. 
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1.2  Literature Review 

 

1.2.1  Liquid Metallurgy Techniques 

Processing closed cell metal foams through the use of molten metals is very attractive 

because this allows economic handling of large quantities of material [1].  Melt-route 

processes also allow the use of scrap metal as feedstock.  In order to foam the molten 

metal, gas must be introduced into the melt.  This can be done either by physically 

injecting a gas or by in-situ gas generation by the decomposition of a foaming agent.  In 

both methods, the escape of the gas has to be prevented.  This can be done by increasing 

the viscosity of the melt.  There are several approaches to doing this: foaming in the semi-

liquid state (close to the melting point), the addition of ceramic particles to the melt, or 

oxidation of the melt. 

 

A continuous melt foaming technique was simultaneously developed by Cymat/Alcan and 

Norsk Hydro, where gas (typically air) is injected into molten aluminum casting alloy 

through small nozzles in a rotating impeller [1].  The cell size can be controlled by 

adjusting the gas flow rate and the design of the impeller.  The chemistry of the melt is 

altered by the addition of silicon carbide or aluminum oxide particles to increase its 

viscosity and stabilize the walls of the bubbles as they form.  The ceramic particles serve 

several functions in the melt.  They trap the gas bubbles due to their favorable interface 

energy and delay the coalescence of the cell walls.  The increase viscosity of the melt also 

helps to reduce the velocity of the bubbles as they rise to the surface.  With lower kinetic 

energy, it is less likely that the bubbles will rupture when they reach the surface.  The gas 
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bubbles rise to the surface of the melt where they gather and are carried away on a 

conveyer belt, where they solidify and cool.  It is important that foam is handled gently 

before it can completely cool so that the cellular structure is not damaged.  This process is 

capable of creating foam blocks with relative densities of 2-20% (0.05-0.55 g/cm3 
) with 

average cell sizes inversely related to density in the range of 2.5-30 mm.  The facility set 

up by Cymat is capable of continuously casting panels at an average rate of 900 kg/h, up to 

1.5 m wide with a thickness range of 25-150 mm. 

 

Other foams created by a melt process, such as Alporas and those created by the 

FORMGRIP (Foaming of Reinforced Metals by Gas Release in Precursor), use chemical 

rather than physical means to inject gas into the molten metal [1].   In these, TiH2 powder 

is stirred into a melt and decomposes, releasing hydrogen bubbles.   The use of a chemical 

increases the number of bubbles that are created, producing a finer, more uniform pore 

structure. 

 

In the Alporas process, 1.5% Ca is added to molten aluminum and stirred for 6 minutes in 

an ambient atmosphere.  This increases the viscosity by the formation of CaO, Al2O3 and 

CaAl2O4.  The thickened aluminum is poured into a mold and 1.6% TiH2 is added to melt 

and stirred vigorously.  The TiH2 dissociates and the hydrogen gas causes the molten metal 

to expand and fill the mold.  The foamed material is cooled in the mold, and the resulting 

block, which is 450 mm x 650 mm x 2050 mm, is removed and cut into plates.  The 

density of the material is 0.18-0.24 g/cm3, with a mean cell size of about 4.5 mm.  Alporas 

is regarded as the best commercially available aluminum foam in terms of its regular cell 
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structure, which is partially due to the fact that handling of the still liquid foam, as in the 

Cymat process, is avoided 

 

In the two step FORMGRIP process, the foaming agent is pretreated to slow down the 

kinetics of the gas evolution [1].  By heating the TiH2 for 24 h at 400°C, then 1h at 500°C, 

the hydrogen content is slightly reduced and an oxide layer forms on the surface, acting as 

a barrier.  In the first step, this material is mixed together with AlSi12 powder and is then 

stirred into an AL-9Si/SiC melt at a reduced temperature of 620°C.  These steps reduce the 

amount of hydrogen that is released during the initial processing step.  The mixed melt is 

poured into a mold and cooled to suppress pore growth.  At this time, the resulting material 

has a porosity of approximately 14-24% [1].  In the second step, the precursor material is 

heated above the solidus temperature of the material.  The hydrogen released from the 

decomposition of the TiH2 diffuses to the pores already present and causes further 

expansion. 

 

In terms of geometrical complexity and simultaneous microstructural control, the 

FORMGRIP process is better than the Alporas process [1].  The material does not need to 

be transferred from a mold to a die while foaming.  The precursor material can also be 

shaped before the final heating step.  The economics of the process, however, are clearly 

inferior due to the discontinuous processing as well as the number of steps involved. 

 

The information presented on processing metal foams by liquid techniques is to give the 

reader familiarity with current metal foams.   This research focuses on a process to create a 
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composite metal foam through powder metallurgy, and as such liquid techniques will no 

longer be considered in this work. 

 

1.2.2  Powder Metallurgy Techniques 

The technique of creating metal foams through powder metallurgy requires the creation of 

a dense foamable precursor material [1].  While pure aluminum or aluminum alloys are the 

most common alloys used, other materials such as tin, zinc, or lead can be foamed using a 

powder metallurgy process by selecting the appropriate processing parameters and foaming 

agents.  There are many advantages to the powder metallurgy route [1].  There is much 

more flexibility in the selection of materials.  Alloys can be made simply by mixing 

elemental powders.  Near-net shaping of parts is possible.  No additives are required to 

stabilize the material, but ceramic powders, ceramic fibers, or metal fibers can be added to 

the powder for special applications, such as reinforcement or wear resistance.  There are 

some disadvantages as well.  Metal powders are more expensive than bulk metals and 

effort is required for compaction.  The size of the part is also limited to the size of the 

baking furnace. 

 

To create a metal foam through powder metallurgy, a foamable precursor powder compact 

must be made.  For successful foaming, the appropriate selection of the raw metal 

powders, alloying elements, and foaming agents is essential.  Purity, particle size, and 

particle distribution are crucial for homogeneous distribution of pores in the final product. 
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Metal powders are combined with the appropriate foaming agent and the mix is compacted 

by pressing, extrusion or powder rolling into rods, wires or sheets.  It has to be ensured that 

the foaming agent is completely embedded in the metal matrix and no open porosity 

remains.  One method is to fill thin walled aluminum containers and extrude the container.  

Another method is to use cold isostatic pressing to consolidate the powders into billets of 

70-80% relative density.  This step has the advantage of preventing powder contamination 

of powder de-mixing.  The billets are then extruded into whatever profile is desired.  The 

compacted material can either be foamed as it is or it can be worked further into a near net 

shape [1].  The precursor material can be rolled into foamable sheets or clad to solid sheets 

before rolling to produce sandwich structures.  Pieces of precursor material can be placed 

inside a mold to confine expansion and produce complex shapes.  This may be done by 

placing one piece or several smaller pieces into the mold. 

 

To foam the precursor material, it must be heated to temperatures above the solidus 

temperature of the matrix.  Gas released by the foaming agent may produce pores while the 

precursor is in the solid state, but only above the solidus temperature will bubbles be able 

to form and the matrix be allowed to expand.  To produce a high quality foam requires 

careful heating of the material.  There arises much difficulty in the fact that heating 

conditions can change constantly during foaming.  At first the mold is heated and the 

precursor only receives heat indirectly by conduction through the mold.  Additionally, 

there are initially only some point contacts between the mold and the precursor before it 

begins to expand and assume the contours of the mold.  Heat transfer due to radiation 

begins to become more important and the thermal conductivity of the precursor material 



 16

rapidly decreases as it begins to foam.  As soon as the mold is filled, it must be cooled 

below the solidus temperature to stabilize the foam structure.  Similar phenomena occur 

during cooling, adding to the complexity of the processing.  Typical densities of aluminum 

foams produced by this method range from 0.4-0.8 g/cm3 (0.15-0.30 relative density).  The 

final density may be predicted simply if the volume of the mold and mass of the precursor 

material are known. 

 

1.2.3  Hollow Sphere Foams 

The performance of existing foams has not been promising due to strong variations in their 

cell structure [12,13,14].   These variations come about because it is impossible to 

precisely control the formation of pores.  While tight processing control can control some 

properties, such as cell size and wall thickness, these can only be controlled within a range.  

Most commercially available cellular metals do not achieve the properties predicted from 

the scaling relations that connect the mechanical behavior of the foam to the bulk material 

they are produced from [15,16,6].  This can be partially attributed to morphological defects 

in the structure such as missing cell walls, wiggles in the cell wall, etc [6].  To gain the full 

advantages of these lightweight materials, these defects must be eliminated [17]. 

 

One method being utilized to reduce the variations and defects of cells in a foam is to 

create the cells in a separate process and unite them into a single structure.  Hollow sphere 

foams are made by combining premanufactured hollow spheres together into a solidly 

joined structure.  The spheres themselves are made though various powder metallurgy 

techniques.  Hollow sphere foams are unique in that they are a combination of closed and 



 17

open cell foams; the closed pores of the spheres combined with the open interstitial spaces 

between the spheres. 

 

1.2.3.1  Fraunhofer 

The Fraunhofer Institute for Manufacturing and Advanced Materials has developed a 

process for creating hollow spheres using various metals, such as titanium, nickel, and 

stainless steel [18].  Some of these materials are shown in Figure 4.  This process, outlined 

in Figure 5, produces spheres that can be varied in size and thickness and exhibit a high 

degree of uniformity.   Polystyrene granules are first expanded to create spheres, which act 

as a lost core.  These spheres provide good dimensional uniformity and are easily removed 

by thermal decomposition.  They are coated with a suspension of metal powders and liquid 

binders in a fluidized bed.  This process coats the spheres evenly and the binder dries 

rapidly, resulting in a thin shell of metal powder.  The spheres are heated to burn off the 

binders and pyrolyze the polystyrene sphere. The spheres are sintered  to bind the metal 

into a dense shell with low porosity [18].  The spheres can either be sintered individually 

and then bonded together, or placed into a preform then sintered.  By using a preform, a 

force can be applied to the green spheres to establish a greater contact area for better 

bonding and higher strength [18].  Since the spheres have not been heat treated at this 

point, they are still formable, but they will not collapse due to the polystyrene core inside. 

 

A sample of hollow sphere foam was tested in compression, using a crosshead speed of 10 

mm/min.  The size of the spheres were approximately 2-3 mm.  Figure 4c shows this 

material before and after compression . 
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1.2.3.2  Georgia Tech 

Another process for making hollow spheres through slurry injection was developed at 

Georgia Tech [19].   A slurry of metal powder, solvent, and a polymer binder is sprayed 

through the outer orifice of a coaxial nozzle, and a gas is blown through the center of the 

nozzle.  Hollow spheres can be formed by controlling the flow rate of the slurry and the 

gas. The slurry is extruded from the nozzle in the form of a hollow cylinder, and 

hydrostatic forces and surface tension cause the cylinder walls to close on themselves 

creating hollow spheres.  When the solvent portion of the slurry dries, the spheres harden 

into dry powder spheres bound in a polymer.  This process can produce anywhere from 

3,000 to 15,000 spheres per minute or 2 to 7 kg/hr from a single nozzle, depending on flow 

rates.  The sizes of these spheres can be varied from 1-6 mm with wall thickness from 40 

to 200 µm.  These spheres are heat treated to pyrolyze the polymeric binder material and 

are then sintered to form a solid metallic shell.  The hollow spheres can then be sintered 

together to form a bulk foam structure. 

 

In one test, spheres were produced using powder mix of 88.2 wt. % Fe2O3 and 11.8 wt. % 

Cr2O3 with a poly(methyl methacrylate) (PMMA) binder and an acetone dispersant.  After 

thermal processing in a hydrogen atmosphere, the metal composition is nominally that of a 

405 ferritic stainless steel (Fe-12Cr).  The spheres produced have an outside diameter of 2 

mm, with a nominal wall thickness of 0.1 mm.  The wall thickness varied from sphere to 

sphere by as much as 50% due to gravity and inertial effects in the dynamic processing of 

spheres.  The reduced spheres are vibrated to increase the packing density, and are then 
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sintered to promote bonding through inter-diffusion between of the metal spheres.  The 

foam produced by this method has a density of 1.4 g/cm3, or a relative density of 0.16. 

 

Figure 6 shows foams that underwent compression testing.  The tests were conducted at a 

strain rate of 10-3 s-1 on samples ranging in size from 2 to 10 sphere diameters.  In smaller 

samples, the mechanism of failure was seen to be fracture of the bonding at necks between 

spheres, causing separation of individual spheres on the edges of the bulk sample.  In 

larger samples, non-uniform deformation dominated behavior.  As the size of the samples 

increased, the results (shown in Table 1) became more reproducible, showing a sample size 

of 10 spheres was needed to be representative of the bulk material. 

 

1.2.4  Syntactic Foams 

Syntactic foams are a class of metallic foams where closed porosity is produced by 

embedding hollow ceramic microspheres within a metallic matrix.  Because the ceramic 

microspheres are typically non-wetting, and because their volume fraction must be 

maximized to achieve low-density foams, syntactic metallic foams are produced by 

pressure infiltration of a liquid metal (usually aluminum or magnesium) into a packed 

preform of hollow ceramic microspheres. 

 

In one study, this has been done with hollow ceramic microspheres composed of  45 vol.% 

crystalline mullite (3 Al2O3 – 2 SiO2) and 55 vol.% amorphous silica, embedded within an 

aluminum matrix [20,21].  The spheres have diameters of 15-75 μm, and wall thicknesses 

of 2-5 μm. The aluminum was cast with a pressure/vacuum infiltrator using argon gas at a 
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pressure of 3.5MPa, forcing the molten aluminum at temperatures between 700 °C and 720 

°C into the evacuated spaces between the hollow microspheres.  The resulting structure of 

the foam is shown in Figure 7. 

 

Efforts to predict the stiffness and strength of these materials using scaling laws which 

have been developed for metal foams lead to significant underestimation of these 

properties.  This is due to the fact that the models do not take into account the reinforcing 

effect of the spheres.  To explore this phenomenon, the load partitioning between the 

matrix and the spheres has been examined [20].  The hollow microspheres acted as 

reinforcements to the voids, and as is the case with metal matrix composites, the load is 

shared.  The foam was subjected to different heat treatments to strengthen the matrix [21]. 

 

When compression testing was performed, the different materials deformed by different 

mechanisms.  These failure mechanisms can be visualized in Figure 8.  The as-cast, non 

heat treated sample experienced barreling and the deformation band was very thin and only 

represented a small contribution of the total strain.  In the heat treated samples, there were 

large shear bands and very little deformation of the material outside of these bands.  The 

difference in the failure modes is explained by the difference in strengths of the matrices.  

The matrix material of the as-cast sample weaker than the spheres, and matrix plasticity 

occurred at low applied stresses, before the stresses on the spheres are high enough to 

cause their fracture.  Deformation takes place over a large volume of the foam.  In the heat 

treated samples, the higher strength matrix remains elastic to the higher applied stresses 

and the load transfer to the spheres results in the fracture of the spheres before bulk matrix 
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plastic deformation can begin.  These results show that the deformation of a composite 

foam material will be controlled by the weaker of the two components.  It therefore should 

be possible to optimize the foam by having the spheres and matrix material yield at the 

same stresses. 

 

1.3  Current State of Metal Foams 

 

1.3.1  Characterization 

While not yet fully characterized, the mechanical properties of metal foams have been 

extensively studied in recent years [22].  The performance of existing foams has not been 

promising due to strong variations in their cell structure [12,13,14].  This can be partially 

attributed to morphological defects in the structure such as nonuniform cell distribution, 

ruptured cell walls, wiggles in the cell wall, etc [6].   In order to fully understand these 

materials so the defects can be eliminated or controlled to the point where the mechanical 

properties are well defined and reproducible, much testing and characterization must be 

done. 

 

 

 

1.3.1.1  Microstructure 

The microstructure of the cell wall of a metal foam can play as important of a role in its 

overall properties as can the physical structure.  Three different closed cell aluminum 

foams, an Alporas foam (Al +5% Ca and 1.6% TiH2) produced by melt foaming 
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(designated F1), and two Alulight foams (Al-12Si-0.6Mg and Al-1Mg-0.6Si, designated 

F2 and F3 respectively), made through powder metallurgy were studied to determine the 

effects of the alloying elements on the mechanical properties [23].  Figure 15 shows 

backscatter SEM images of the microstructure of these foams.  Each foam was 

characterized by cell size, wall thickness, and density.  Compression and tensile tests were 

performed to determine mechanical properties. 

 

The Alporas foam microstructure consisted of Al dendrites and a network of Al-Ca-Ti 

eutectic, with incorporated Al-Ca-Ti-Fe particles.  The F2 foam consisted of an 

interdendritic network of eutectic silicon, plus Mg-Si and Mg-Al-Si-Fe phases in a matrix 

of aluminium solid solution.  In the F3 foam, an Mg-Al-Si-Fe phase was present in the cell 

walls. Additionally, large Ti-rich particles were randomly distributed within the cell walls.  

Under compression, the F2 foam exhibited the highest plateau stress, but also had the 

lowest densification strain.  This is due to the microstructure consisting of a coarse, low 

ductility Al-Si eutectic.  The foam showed inhomogeneous macroscopic deformation, but 

once a band of cells had collapsed, the band locked up and deformation became localized 

elsewhere.  Additionally, during straining, some fragments were ejected from the foam, 

indicating local brittle failure.  In the F1 and F3 foams, collapse occurred by plastic 

buckling of the cell walls and little or no brittle failure was observed.  These foams also 

showed inhomogeneous macroscopic deformation, but crushing tended to propagate 

throughout the structure from the initial failure site. 
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In tension, the F2 foam had the highest tensile strength, but a very low failure strain.  The 

F1 foam had a lower tensile strength, but its failure strain was much higher.  SEM imaging 

revealed the failure mechanism for each foam under tension.  F1 and F3 exhibited 

extensive plastic flow and ductile tearing.  The F1 foam had sufficient ductility to allow 

some cell wall necking along the crack path.  The F3 foam appears to have failed due to 

ductile void growth and coalescence.  It is likely that the voids were nucleated at the sites 

of the large Ti rich particles in the cell walls.  The F2 foam, however, showed a mixture of 

ductile tearing and brittle fracture. 

 

These results show that the microstructure within the cell walls can have a significant 

impact on the behavior of metal foams and optimizing their performance will require a 

clear understanding of how material selection and processing affects the mechanical 

response under various loading conditions. 

 

1.3.1.2  Compressive Properties 

Under compression, a metal foam will deform in three distinct regions [24,22].  There is an 

initial region of elasto-plactic deformation, where partially reversible cell wall bending 

occurs, up to a strain of approximately 1%.  This is followed by an extended plateau region 

to strains typically above 50%.  In this region, cell walls yield, either through buckling or 

fracture, at a relatively constant stress.  In the final region, the stress increases rapidly as 

the cell walls impinge upon each other and the foam reaches densification. 
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The collapse of metal foams under compression is characterized by the formation of 

deformation bands, which are comprised of collapsed cells [25,26].  Typically, a band 

having a width of one cell diameter initiates at loads well below the peak stress (σ/σmax ≈ 

0.3), then propagates normal to the loading direction as the load increases [25].  

Deformation is not uniform within the material, the weakest region will deform first, 

followed by the next weakest, and so on until the material has reached densification [22] .  

Figure 10 shows these collapse bands in a sample of Alporas foam. 

 

In addition to testing at low strain rates, the response of metal foams at high rates of strain 

is also important for understanding impact during applications such as packaging, armor, 

and automotive structures.  To determine how collapse is initiated and propagates in 

cellular materials, a one dimensional model of a cellular material was developed to 

simulate compression under a constant rate [27].   The model consisted of ten masses, 

connected by structural elements, as shown in Figure 11.  Each element is characterized by 

a stiffness and a critical value at which collapse will occur. 

 

1.3.1.3  Tensile Properties 

Most work on the properties of metal foams has focused on compressive properties, but for 

the design of load bearing elements, other properties such as tensile behavior are required 

as well.  In one investigation, closed cell Alporas foams with two different densities (0.25 

and 0.4 g/cm3) were used [28].  The tests were conducted on a displacement controlled 

universal testing machine with a crosshead speed of 0.2 mm/min, which corresponded to a 

strain rate of 5x10-5 s-1.  The stress strain curve in tension was similar to that of a ductile 
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metal in tension, but there were some differences.  There was only a small initial elastic 

region, followed by a larger plastic region, which did not exhibit a plateau stress.  As the 

fractured area of the material increased, the tensile stress decreased until complete 

separation.  Strain maps were determined from optical images taken during the testing.  At 

the beginning of the plastic stage, the strain regions were distributed uniformly.  At higher 

stressed, the distribution of the stress in the plastic region was very inhomogeneous.  Some 

strain peaks vanished and new ones appeared at other locations across the foam surface.  

The shifting of strain peaks was concluded to be caused by the stretching and bending of 

cell faces and edges into alignment with the loading axis.  This results in an increase in the 

local flow stress, causing a redistribution of stresses, initiating deformation in other areas.  

These regions of strain had a size of approximately one cell, but had a strain about 10 

times larger than the overall strain.  Near the peak stress, crack initiation in some cell walls 

was evident.  The cracks eventually coalesced and a main crack propagated through the 

whole structure in the fracture process zone.  Figure 14 shows the formation of these 

cracks and the formation of the fracture process zone. 

 

1.3.1.4  Multiaxial Loading 

While most data generated for metal foams has been under uniaxial compression very little 

is known about their behavior under multiaxial loading conditions.  By using a conical 

shaped indenter with varying cone angles, other material properties such as shear strength 

could be estimated [29].  50 mm thick Alporas foam blocks were tested in compression 

with frustrum of cone indenters with cone angles of 0° (Flat End Punch, FEP), 15°, 30°, 

and 45°, and the load was plotted vs. the depth of indention for each case.  Figure 13 shows 
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the cross section of the indentations with the various cone angles.  The plastic regime of all 

curves was characterized by oscillations, which account for the propagation of collapse of 

one cell band after another.  For the FEP indentation, a significantly larger load was 

required than for uniaxial compression.  This is due to the additional energy required to 

tear the cell walls at the edge of the punch.  The curve for the indenter also increased 

gradually with increasing depth, as opposed to uniaxial compression, which appears 

independent of depth.  As expected, the force required to penetrate to a given depth 

increased with increasing cone indenter angle.  The cross-sectional areas of the 

indentations were inspected to help understand the trends observed.  For the FEP 

indentation, the deformation was confined exclusively to the region directly beneath the 

punch.  There was clean tearing of the walls on the surface with no indication of bending 

or shear deformation.  However, smearing of cells along the cells along the slanted surface 

was seen as the angle of the indenter increased.  Based on the observations made, it was 

determined that the load could be partitioned into the force required to crush the cells 

beneath the indenter, the force required to tear the cells along the circumference of the 

indenter, and the force required to shear the cells along the slanted face of the indenter.  

Similarly, the energy required for penetration could be partitioned into energy for crushing, 

shearing, and tearing.  By analyzing the load data and making the assumption that the 

plastic and shear strength are independent of depth of penetration, properties such as shear 

strength and tear energy could be extracted. 

1.3.1.5  Fatigue Loading 

The ability of a closed cell metal foam to perform in applications where high stiffness and 

energy absorption is required is dependent on its ability to withstand cyclic compression 
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[14].  Plastic deformation under cyclic loading occurs within deformation bands, until the 

densification strain has been reached [12,30,31,22].  The failure strain of aluminum foams 

is typically around 2%, which is on the order of the cell size, before collapse bands begin 

to form [31,14].  The main fatigue process is plastically controlled, although some brittle 

fracture of hard particles within the matrix can be found.  The initiation of a crack will 

begin preferentially at large cells in the ensemble [22].  The loading causes progressive 

shortening of the material, until the curvature of a cell is large enough to cause plastic 

buckling of the cell wall.  The local stresses are redistributed to other cells, which then 

undergo the same procedure.  The propagation of this fatigue crack takes place along the 

weakest path through the foam, which consists predominantly of the thinnest cell walls 

[31].  The performance of existing foams has not been promising due to strong variations 

in their cell structure [22,13]. 

 

The evolution of strain within a metal foam under cyclic compression can be divided into 

three stages, as illustrated in Figure 16 [14].  Following the inelastic strain, there is small 

additional strain in the first stage.  Many cycles elapse with little further strain occurring 

during the second stage.  The third stage begins at some critical number of cycles, NT, 

where strain will accumulate rapidly until the material reaches its densification strain. 

During this stage, there are often two or more abrupt strain jumps, associated with the 

formation of multiple collapse bands.  These jumps accompany displacements which are 

approximately equal to the typical cell size of the foam.  The bands are generally 

perpendicular to the loading axis and often intersect, suggesting that the formation of one 
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band may cause subsequent formation of another band.  The onset of the third stage is 

strongly affected by the maximum stress experienced during loading. 

 

Fatigue of hollow sphere structures has also been investigated [31].  Hollow sphere 

structures made of 316L stainless steel spheres 2 and 4 mm in diameter were tested in 

compression-compression fatigue, as well as compression-tension fatigue.  The strain vs. 

load response and development of crush bands were very similar to closed cell foams, but 

the actual fatigue mechanism was different.  Due to the high curvature of the sphere to 

sphere bonds, stresses were concentrated in these regions and the local deformation 

mechanism was seen to be bending, rather than buckling.  The cyclic bending of the bonds 

caused crack initiation and propagation around the bond.  This led to the separation of the 

sphere from the structure.  The fatigue cracks within the hollow sphere structures were 

discontinuous because there is no path for the crack to follow once the bond breaks, as can 

be seen in Figure 17.  Due to the compressive load however, the loosened spheres are 

pressed into closer contact with other spheres.  The redistribution of stresses led to crack 

initiation at other bonds and a feature similar to a crush band began to form.  Due to the 

high stress concentration at the bonds, the fatigue strength of the hollow sphere structure 

was lower than that of closed cell foams. 

 

Most fatigue investigations have concentrated on failure in the regime of 106-107 cycles, 

while many applications, such as structures in automobiles, can be exposed to 108-109 

cycles during their lifetime [32].  Testing materials at a high number of cycles is time 

consuming at low frequencies, so the tests were performed using ultrasonic equipment at 
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frequencies of about 20 kHz.  Initiation of cracks would increase the materials compliance 

and decrease the frequency of resonance vibration.  The resonance frequency could 

therefore be used as a measure of damage within the sample. 

 

By testing a large number of samples, an endurance limit of 1 MPa was found for Alulight 

AlMg1Si0.6 foam [32], where no samples failed below that stress.  During fatigue testing, 

the compliance of the sample would increase and the resonance frequency would decrease 

until 60-80% of the lifetime is reached.  If the sample was cycled at the endurance limit, no 

significant variation of the resonance frequency was found after 107 cycles, indicating 

fatigue damage had stopped and cracks could not grow.  SEM analysis showed that fatigue 

cracks would preferentially grow in regions where cell walls were thinnest.  Below the 

endurance limit, the cracks were trapped at the nodes of cells and could not propagate 

further. 

 

1.3.1.6  Modeling and Simulation 

To determine how collapse is initiated and propagates in cellular materials, a one 

dimensional model of a cellular material was developed to simulate compression under a 

constant rate[27].  The first simulation consisted of identical elements with an imposed 

initial displacement of the first cell at a large velocity.  Each element collapses in 

sequential order until all elements have collapsed.  Experimental results have verified that 

collapse of a one dimensional ring system initiates at the moving end and collapse occurs 

progressively.  By reducing the initial velocity of the first element, the collapse sequence 

changes at some critical velocity.  The collapse initiates at the moving end and progresses 
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toward the other end as before, but a second collapse initiates at the fixed end and moves 

towards the first element.  This shows the effect of the propagation of an elastic band 

through the cells.  When this elastic band reaches the last element, it is reflected and 

increases the strain in the final element even further, causing it to collapse.  Reducing the 

velocity further causes the collapse to start at a random element and there is no propagation 

to adjacent elements. 

 

The simulation was repeated, but this time one of the elements had a collapse strain 

smaller than the others to model a weakened element.  Again, the response was strongly 

dependent on imposed velocity.  For large and small velocities, the presence of a weaker 

element does not influence the initiation or propagation of collapse.  At intermediate 

velocities, however, collapse initiated at the weakened element and propagated either 

toward the moving end (at slightly lower velocities) or as two bands in opposite directions 

(at slightly higher velocities). 

 

The simulation was repeated a third time, this time introducing a large random difference 

in each element’s collapse force.  This would more accurately model a material with a 

random distribution of cell sizes.  In these cases, collapse would initiate in the weakest 

element and subsequently occur in the next weakest element, until all have collapsed.  If 

the difference in collapse force was not sufficiently large, propagation to the adjacent 

element may be favored, due to dynamic effects. 
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Using these results, some conclusions were made about the requirements for collapse 

propagation.  Sequential collapse is due to the transfer of momentum from one element to 

an adjacent element.  In general one mass moves faster than the other and will transfer 

momentum to the other, favoring collapse of the following element.  For large velocities, 

the collapse force is controlled by the kinetic energy imparted to each element and is the 

dominating factor.  Collapse propagation under very low velocities is not observed due to 

the very small momentum transfer from one element to another.  If it occurs in cellular 

materials, it should be due to other causes such as stress concentration or weakening of 

cells next to previously collapsed cells. 

 

It is well known that honeycomb structures and thin-walled hollow metal tubes 

progressively collapse under axial compression [33].  Progressive collapse of metal tubes 

occurs under almost a constant mean crush force with some oscillations arising from the 

instability associated with the buckling and plastic collapse of the tube wall.  In order to 

increase the mean crush force of tube crush element, it is a common practice to fill the 

crush tube with, polymeric or metal foams.  In general, the global quasi-static compression 

of metal foams can be considered as homogeneous deformation; however, the foam-filled 

tubes show that progressive collapse and radial flows of foams also happen.  Since the 

damage mechanism of homogeneous deformation and progressive collapse are 

geometrically different, their energy absorption behavior might also be different. 

 

An analytical elastic–plastic–rigid (EPR) foam model was developed to determine the 

energy absorption of metal foams under progressive collapse deformation and compare the 
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results with homogeneous deformation.  Under homogeneous deformation, metal foam 

deforms evenly over the entire volume of the sample.  In case of progressive collapse, the 

same deformation is reached by complete densification of the portion of the foam close to 

the point of load application, while the rest of the foam is assumed not to deform at all. At 

the end of complete densification, the final deformation in both the scenarios are the same. 

 

The results of the modeling give energy absorption for the homogeneous collapse as 
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And for progressive collapse, 
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where Δ is the deformation, Δmax is the maximum deformation (complete densification) Δcr 

is the deformation at the critical point, where the linear elastic region ends, A and L are the 

cross sectional area and length of the sample, respectively, and Ep and E0 are the elastic 

and plastic moduli of the foam. 

 

When Δ = Δmax the energy absorbed by both foams is 
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but below total densification, Δ < Δmax, the progressive collapse predicts a greater amount 

of energy absorbed than the homogenous collapse.  This is shown in Figure 12, which 

models the relative energy absorbed for two foams with relative densities of 0.7 and 0.85. 
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1.3.1.7  Dynamic Testing 

In addition to testing at low strain rates, the response of metal foams at high rates of strain 

is also important for understanding impact during applications such as packaging, armor, 

and automotive structures.  It has been shown that the plateau stress is fairly insensitive to 

strain rate and is constant for rates from 10-3 to 10-1 s-1.  Open cell aluminum foams were 

also tested under dynamic compression, at strain rates from 102 to 104 s-1 [34].  The linear 

elastic section of the stress-strain curve appeared to be independent of the strain rate and 

the cell size had an insignificant effect on plastic collapse.  The specific yield stress (yield 

stress per (relative density)3/2) of the open cell foam was found to be constant over all 

strain rates and essentially the same as in the quasi-static case.  In contrast, a closed cell 

Alporas foam showed a strong dependence on strain rate and its yield strength nearly 

doubled with an increase of six orders of magnitude in the strain rate.  This suggests that 

the absence of a strain rate effect is associated with the cellular structure rather than the 

microstructure of the cell material.  An increase in the relative density of the open cell 

foam was seen to increase the yield strength and decrease the yield strain. 

 

Different studies contain conflicting information on the correlation between the 

compression rate and the dynamic strength of aluminum based foams [35].  Some of the 

confusion arises from inconsistencies in the definition of parameters such as densification 

strain and plateau stress and in variations in experimental technique.  The response of 

Cymat foam specimens to dynamic loads was evaluated to try to clarify some of the 

underlying inconsistencies in the literature.  45 mm samples of two different cell sizes, 4 
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and 14 mm, were compressed at velocities ranging from 10 to 210 m/s.  Under impact, the 

cells deform by cell edge bending and cell face stretching, but inertia of the sell walls 

requires higher loads to cause cell deformation.  Similar to quasi-static collapse, dynamic 

collapse occurs in three stages.  The first phase corresponds to the initiation of elastic cell 

deformation.  The second phase begins when plastic collapse first occurs and is 

accompanied by a drop in the load.  At sub-critical velocities, the plastic collapse initiated 

at the weakest band of cells, which was almost always in the interior of the sample.  At 

super-critical velocities, the impulse generated by the impact causes the cells at the impact 

surface to undergo rapid plastic collapse and transfer residual momentum to adjacent cells, 

causing sequential collapse.  This critical velocity was found to be approximately 108 m/s 

for the 4 mm cell foam and 42 m/s for the 14 mm cell foam.  The third phase will only 

occur if all cells have completely collapsed and the impact energy has not completely 

dissipated, and the material will show rapid stiffening. 

 

1.3.2.  Limitations 

As previously mentioned, the mechanical properties of metal foams are in fact 

unpredictable.  This is due to imperfect production techniques that create variable pore 

sizes or sometimes a preferred orientation.  There is often variation across the material, 

creating varying mechanical properties.  This makes it difficult to engineer products using 

metal foam, as the extent and location of failure, as well as its method, can not be 

adequately predicted.  The cellular structure in closed cell metal foams is typically 

disordered, due in part to three main imperfections.  These phenomena are wavy 
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distortions of the cell walls, cell wall thickness variation, and non-uniform shape and size 

of the cells.  Some processing defects are shown in Figure 9 

 

As opposed to a uniform cell shape, such as a square or round cell, wavy distortions in cell 

walls produce irregularly shaped cells. This phenomena leads to reduced stiffness of that 

cell, as an irregular cell wall shape will not hold the same load.  If the cellular material 

comprises several irregularly shaped cell walls distributed among the foam, it is impossible 

to predict what the overall strength of the foam is and where it will fail under loading.  

Similarly, wall thickness variation and cell size variation contribute to the non-uniformity 

of cellular structure, and additionally contribute to the anisotropic physical and mechanical 

properties making it difficult to predict the foam’s performance characteristics. 

 

The current cost of metal foams prohibits its use in many potential applications.  Although 

production lines capable of producing large volumes of foam exist, the quality of this foam 

is not up to the standards required by most applications.  Due to the high cost of production 

processes and some of the exotic metals used, foams are limited to niche applications or 

special military and aerospace projects where cost is not a primary concern.  However, 

with increased recognition of new uses and the resulting demand, incentives will surface 

for continued research and development among industrial and academic institutions. 

 



 36

 

Figure 1.   Representative stress-strain curve of a metal foam under compression [6]. 
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Figure 2.  Impact damage to aluminum foam integral armor from 20 mm fragment 
simulating projectile [7]. 
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Figure 3.  Cymat Corporation A) Bumper design incorporating aluminum foam crashboxes, B) 
Compressed crashbox, and C) Alternate crashbox designs  [11]. 
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Figure 4.  Fraunhofer hollow sphere foams made of a) different metals, b) and c), 316L 
stainless steel [18]. 
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Figure 5.  Fraunhofer hollow sphere manufacturing process [18]. 
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Figure 6.  Densified cross sections of hollow sphere foam after compression for small (λ / 
D = 2), medium (λ / D = 5), and large (λ / D = 10) sample sizes [19]. 
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Figure 7.  Representative structure of syntactic foam.  Some infiltrates spheres as well as 
fractures sphere fragments can be observed  [21]. 
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Figure 8.  Syntactic aluminum/mullite foams showing a) failure due to matrix plasticity at 
9% strain in as-cast foam, and b) failure due to crushing of microspheres at 8% strain in T6 
heat treated foam.  The difference in failure mechanisms can be explained by the differing 
strengths of the matrix [21]. 
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Figure 9.  Defects and non-uniformities in metal foams A) Nonuniform cell distribution in 
Cymat foam, B) Ruptured cell wall in FORMGRIP foam, C) Collapse of aluminum foam 
(AlSi10Mg0.6 powder precursor) cells from gas loss due to ruptured cell walls, D) 
Incomplete foaming of precursor pieces causing reduced bonding between pieces, E) 
Nonuniform cell structure of aluminum foam (AlSi10Mg0.6 powder precursor) due to 
inhomogeneous heating [1]. 
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Figure 10.  Surface maps of incremental principal strain on Alporas foam [25]. 
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Figure 11.  One dimensional model used to simulate collapse of cellular metal under 
compression at a constant rate [27]. 
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Figure 12.  Predicted relative energy (U/Umax) absorbed by progressive collapse (UP) and 
homogeneous collapse (UH) of two foams of relative densities of 0.7 and 0.85.  The model 
predicts the same total energy absorption at maximum densification, but a greater energy 
absorption capability for progressive collapse at lower strains [33]. 
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Figure 13.  Cross section of indentations with cone angles of  a) 0° (FEP), b) 15°, c) 30°, 
and d) 45° [29]. 
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Figure 14.  Images of metal foam in tension, with the first cracks appearing at 3% strain 
and a fracture process zone developing at 7% strain [28]. 
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Figure 15.  Backscatter SEM images of the microstructure of a) an Alporas foam (Al +5% 
Ca and 1.6% TiH2), b) Alulight Al-12Si-0.6Mg and c) Alulight [23]. 
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Figure 16.  An S-N curve illustrating the behavior of a metal foam under compressive 
fatigue. Stage I involves small strains occurring.  Stage II is a period of minimal strain 
accumulation, terminating at NT, the critical number of cycles.  Strain rapidly accumulates 
in Stage III until the densification strain is reached [14]. 
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Figure 17.  Sequential images of  an Alporas foam during cyclic deformations at σ/σmax =  
0.65: (a) the strain curve indicating the number of cycles at which the images were taken. 
(b) Image before testing, (c) during the incubation stage, 2% strain, (d) after the first strain 
jump; 8% strain, (e) after the second strain jump, 15% strain.  The arrows highlight the 
collapse bands [14]. 
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Figure 18.  Fracture surface of a hollow sphere foam under fully reversed fatigue loading, 
showing the fatigue fracture mechanism [31]. 
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Table 1.  Mechanical properties of Fraunhofer Hollow Sphere Foam [18]. 

Sphere Outside Diameter (mm) 2-3 

Sphere Wall Thickness (mm) 0.25 

Sample Dimensions (diam. x height, mm) 24.7 x 23.4 

Density (g/cm3) 1.43 

Relative Density (%) 21 

Plateau Stress (MPa) 20-40 

Densification Strain (%) 60 

Energy Absorption at 50% Strain (MJ/m3) not reported, est. 10 

Strength / Density Ratio 14-28 
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Table 2.  Mechanical properties of Georgia Tech Hollow Sphere Foam [19]. 

Sample size/sphere diameter ratio λ / D = 2 λ / D = 5 λ / D = 10 

Sphere OutsideDiameter (mm) 2 2 2 

Sphere Wall Thickness (mm) 0.1 0.1 0.1 

Density (g/cm3) 1.4 1.4 1.4 

Relative Density (%) 16 16 16 

Plateau Stress (MPa) 3-15 3-6 5-7 

Densification Strain (%) 65 65 65 

Energy Absorption at 50% Strain (MJ/m3) not reported, est. 2 for λ / D = 10 

Strength / Density Ratio 2-11 2-4 3-5 
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2.  RESEARCH OBJECTIVE 

The fundamental deficiencies with current closed cell metal foams, as mentioned 

previously, are wavy distortions of the cell walls, cell wall thickness variation, and non-

uniform shape and size of the cells.  These deficiencies are caused by the inability to 

control the evolution of the pores as they form.  This heterogeneity in the physical 

characteristics of the cells leads to non-uniform, anisotropic material properties, which can 

cause difficulties when attempting to employ metal foams in new designs and applications. 

 

Steps have already been taken in an effort to improve cell uniformity through the creation 

of hollow sphere foams.  In conventional hollow sphere foams, cells collapse at relatively 

low compressive stresses.  Hollow sphere foam technology can be combined with 

composite technology to add a solid matrix around the hollow spheres.  By supporting the 

cell walls, the deformation and collapse of the hollow spheres will be delayed, increasing 

the stiffness and strength of the foam [21]. 

 

The goal of this research is to improve on current hollow spheres by adding a similar solid 

metal matrix around a random dense array of hollow spheres.  To do this, the proper 

parameters and materials must be selected, and the necessary supplies and equipment 

acquired.  The next step is to design the production process for the creation of samples. An 

appropriate sample size will be chosen, and a mold to make the samples will be designed 

and fabricated.  The process will be tested with inexpensive solid metal spheres to simulate 

the hollow spheres. 
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Once the process has been established, the hollow spheres will be used to create a 

composite metal foam.  After being successfully processed, the composite foam will be 

tested to judge its performance.  The material will be placed in static compression, as well 

as compression-compression fatigue to determine its strength, energy absorption 

capability, and endurance capabilities.  Optical and SEM imaging will be used to 

determine how well the matrix fills the interstitial spaces between the spheres and how 

well it bonds with the spheres.  This information will then be summarized and the 

reviewed to determine how to further improve the material and determine the next steps in 

the research. 

 

2.1  Sintering 

To produce a material through powder metallurgy, a basic knowledge of sintering must be 

obtained.  This will help with the selection of materials and developing the process to try to 

achieve the optimum properties.  The sintering concepts described here often assume an 

ideal condition; that of monosized spheres in point contact under isothermal sintering 

conditions.  In reality, sintering is far from ideal and there are many gaps between theory 

and experiment. 

 

There is no single definition of sintering that covers all of its theoretical and practical 

aspects and takes into account the various stages involved.  It may be defined as “a thermal 

treatment for bonding particles together into a coherent, predominantly solid structure via 

mass transport events that occur largely at the atomic level.  The bonding leads to 

improved strength and a lower system energy” [36,37] or “heating a particulate body, 
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below the melting point of at least one major constituent in order to cause interparticle 

bonding” [38] Sintering can also be defined as “heat treatment of a powder mass or a 

porous compact in order to change their properties toward the properties of the pore-free 

body.” [39] or “a thermally activated material transport in a powder mass or a porous 

compact, decreasing the specific surface by growth of particle compacts, shrinkage of pore 

volume and change of pore geometry.” [39]  In addition to particle bonding, sintering can 

also lead to dimensional changes, relief of internal stresses, phase changes, chemical 

changes and alloying [38]. 

 

Theory is most accurate for sintering single phase powders by solid state diffusion, even 

though this is only a small portion of actual sintering practice [36].  Multiple phases may 

be present, some of which may cause a liquid phase to form.  External pressure may be 

applied during sintering to enhance densification. 

 

The driving force for sintering is the tendency for a system to seek its state of lowest 

energy [38].  This will result from many phenomena, including reduction of surface area 

due to initiation and growth of particle contact areas, a decrease in pore volume and the 

spheroidisation of the pores, the elimination of non-equilibrium lattice defects 

concentrations and the elimination of non-equilibrium states due to concentration gradients 

in multicomponent systems [39] . In a powder mass, there is some excess energy due to the 

large free surface of the powder.  This is not a large amount and is insufficient to drive the 

sintering process by itself.  For most powders in powder metallurgy, the sintering stress 
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ranges from 0.04 to 4 MPa, which are roughly the same size as those encountered 

underwater in a swimming pool [37]. 

 

The process of sintering is generally the result of atomic motion stimulated by the high 

temperatures.  In solid state sintering, a green compact is heated in a protective atmosphere 

within a furnace to a temperature below the melting point of the base metal, typically 

around 75% of the absolute melting temperature [40].  The kinetics of sintering are 

determined by several factors other than temperature as well, including the initial density 

of the powder compact, particle size, type of atmosphere used, time, and material [40]. 

 

The sintering stress associated with a curved surface is expressed as 
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where γ is the surface energy and R1 and R2 are the principal radii of curvature for the 

surface [36].  A flat surface is free from stress while a curved surface will tend to flatten 

out over time to reduce the stress.  Powder particles have a large surface area and will have 

many regions of high stress due to the curvature of the surface [37].  It is the motion of the 

atoms in response to this stress that causes sintering.  The random motion of the atoms will 

eventually produce bonds between particles.  When particles initially come in contact with 

each other, the local radii of curvature are quite small and there will be a very large stress 

gradient.  As the neck grows, the curvature gradient is reduced and the curvature around 

the pore structure becomes the driving force behind sintering.  Figure 19 shows the 

evolution of the curvature of the point contacts between particles as well as the 

development of the curvature of the pore structure as sintering progresses. 
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2.1.1  Mass Transport Mechanisms 

Transport mechanisms determine how mass flows in response to the sintering force [36].    

There are two different classes of mechanism, surface transport and bulk transport.  These 

mechanisms are illustrated Figure 20.  Each is composed of several atomic mechanisms 

which contribute to mass flow.  Surface transport process produce neck growth without a 

change in particle spacing (no densification) due to mass flow originating and ending at the 

particle surface.  Surface transport effects are generally dominant at low temperatures and 

include surface diffusion and evaporation-condensation.  Bulk transportation processes 

also promote neck growth, but there is also shrinkage during diffusion.  In order for 

densification to occur, mass must originate from within the particle interior and be 

deposited at the neck.  Bulk transport effects are most active at high temperatures and 

include volume diffusion, grain boundary diffusion, plastic flow and viscous flow. 

 

2.1.1.1  Surface Transportation 

 

2.1.1.1.1  Surface Diffusion 

Surface diffusion involves the motion of atoms between defects on the surface of 

crystalline solids such as ledges, kinks, and vacancies, as shown in Figure 21 [36].  Motion 

between these sites is thermally activated.  First, an atom breaks off from an existing bond, 

typically at a kink.  The atom moves across the surface with a random motion.  Eventually, 

the atom reattaches at an available surface site.  The number of available sites and ease of 

atomic motion determine the surface diffusion rate.  Highly curved surfaces and high 

temperatures increase the surface defect population, leading to increased surface diffusion.  
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The activation energy for surface diffusion is usually lower than that of other sintering 

mechanisms, consequently it initiates at lower temperatures than other mass transportation 

processes. 

 

2.1.1.1.2  Evaporation-Condensation 

During sintering, vapor transport leads to the repositioning of atoms located on the surface 

of the particle without densification.  Evaporation occurs at a surface and transport occurs 

across pore space, leading to condensation on a nearby surface.  Over time, this results in a 

reduction in surface area as bonds grow between particles in contact without a change in 

the distance between particle centers; i.e. atoms on convex surfaces decrease as layers of 

atoms on convex surfaces build up.  For many materials, evaporation-condensation is slow 

at typical sintering temperatures 

 

2.1.1.2  Bulk Transportation 

 

2.1.1.2.1  Volume Diffusion 

Volume diffusion (or lattice diffusion) involves the motion of vacancies through a 

crystalline structure [36].  Temperature, composition, and curvature are the dominant 

factors in the volume diffusion rate.  There are three main paths for vacancy diffusion to 

follow.   One is from the neck surface through the interior of the particle to the particle 

surface, which results in a deposition of mass at the neck surface.  This is effectively 

transportation from surface to surface, so there is no densification.  The second involves 

the flow of vacancies to the grain boundary between the particles from the neck surface.  
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This will produce densification because a layer of atoms effectively moves in a direction 

opposite to the contact between particles, allowing the centers to approach.  The third path 

is the annihilation of vacancies due to dislocation climb. 

 

2.1.1.2.2  Grain Boundary Diffusion 

In grain boundary diffusion, mass is removed along the grain boundaries and redeposited 

at the sinter bond [36].  As the sintering process progresses, transportation takes place 

between pores along the grain boundaries, which leads to pore coarsening.  This will occur 

late in sintering when the grain boundary becomes an inefficient vacancy sink and the 

structure becomes strong enough that it resists further densification. 

 

2.1.1.2.3  Plastic Flow 

Plastic flow is the motion of dislocations under stress [36].  There are two possible roles, 

dislocation climb due to vacancy absorption and dislocation glide due to surface stress 

exceeding the flow stress at elevated temperatures during sintering.  Dislocations interact 

with vacancies during sintering to improve mass transport.  The dislocations climb by the 

absorption of vacancies from pores, leading to the annihilation of the vacancies and 

dislocation motion to a new slip plane.  Plastic flow is important early in the sintering 

process, but decline shortly after reaching the sintering temperature as the number of 

dislocations is reduced. 

 

Both surface transport and bulk transport effects contribute to the bonding of particles, but 

only bulk transport is responsible for densification during sintering.  The actual sintering 
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process is a combination of all of these individual mechanisms, which shift in dominance 

as sintering progresses. 

 

2.1.2  Stages of Sintering 

The process of sintering can be divided into three stages, shown in Figure 22 [39,36].  

Depending on the conditions at which sintering is initiated, not all stages may be 

encountered.  In products where high porosity and high permeability are desired, such as 

filters and porous bearings where the particles may only be loosely compacted, the first 

stage may be the only one reached [39].  On the other hand, in highly compacted particles 

that start at a high green density, the first stages might be absent [36]. 

 

Before sintering begins, particles will form contacts with each other at random orientations 

when they are compacted or placed into a mold [36].  The particles will adhere to each 

other spontaneously with the formation of a sinter bond.    For a crystalline solid, the grain 

boundary energy depends on the crystal orientation across a grain boundary, and specific 

orientations will have lower energies [36].  Consequently, the particles will try to repack 

themselves, if possible, to obtain a higher packing density and a lower energy grain 

boundary structure.  During the sintering process, grains rotate or twist in response to the 

forces generated by the imbalanced energy surfaces, inhomogeneous packing conditions 

and different crystallographic orientations along the particle contacts [36].  These 

phenomena, along with densification which will bring particles together that are not 

initially in contact with each other, will lead to the formation of new contacts that start 

sintering later than the contacts that form at the outset of sintering.  These new contacts 



 64

will start sintering at the initial stages, even though the contacts that have previously 

formed are much further along in the sintering process.  As a result, the stages of sintering 

will overlap throughout most of the sintering process.  Thus, sintering cannot be treated as 

a distinct set of sequential stages because they can actually occur in parallel.  In addition, 

there is no distinct separation between the stages and it is often difficult to distinguish the 

end of one stage and the beginning of the next. 

 

2.1.2.1  Initial Stage – Neck Growth 

In the first stage, particle contacts are transformed into necks.  During this stage, the 

powder particles remain discreet and grain boundaries will often form between adjacent 

particles along the plane of contact.  The growth of a bond between particles from an 

initially loose powder contact characterizes the initial stage of sintering [36].  The neck 

size is sufficiently small that neighboring necks will grow independent of each other.  The 

centers of the particles approach each other only slightly, if at all, equating to very little 

shrinkage. 

 

The simplified two sphere model to explore the concepts of neck growth consists of two 

spheres of diameter D, with a neck diameter X, as shown in Figure 20 [36].  Sintering will 

occur between the spheres with conservation of volume.  Any change in the size of the 

neck will have a corresponding functional relation to the volume of the material deposited 

at the neck.  The initial stage sintering model for the neck size ratio X/D as a function of 

time t is 

m

n

D
Bt

D
X

=⎟
⎠
⎞

⎜
⎝
⎛             Eq. 5 
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where B collects material and geometric constants.  It is exponentially dependent on 

temperature in the form of 

⎟
⎠
⎞

⎜
⎝
⎛ −=

kT
QBB o exp   Eq. 6 

where Bo is dependent on properties such as surface energy, diffusivity, temperature, etc, Q 

is an activation energy term, k is Boltzmann’s constant and T is the absolute temperature.  

The exponents m (ranging from 1-4) and n (ranging from 2-7) are used to identify the 

mechanism of mass transport and can change with time and degree of sintering [36].  

Although not very exact, this equation points out some key factors in sintering.  A high 

sensitivity to the inverse of particle size means that smaller particles will give more rapid 

sintering.  Temperature appearing in the exponential term means that a small change in 

temperature will have a large effect.  In comparison to the effects of temperature and 

particle size, time has a relatively small effect. 

 

The equation gives a rough approximation up to a neck size ratio of 0.3.  This corresponds 

to the point at which the necks will begin to impinge upon one another and signifies the 

approximate end of the initial stage. 

 

2.1.2.2  Intermediate Stage 

In the second stage, the individual particles begin to lose their identity.  A coherent 

network of pores begins to form and is mostly open, i.e. connected to the surface.  Grain 

growth begins, which results in a new microstructure, and the grain boundaries usually run 

from pore to pore.  Most of the shrinkage that occurs, if any, will take place in this stage.  

This stage is the most important for determining the properties of the final sintered 
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compact.  The driving force behind the intermediate stage of sintering is the elimination of 

remaining surface energy since curvature gradients have been largely reduced in the initial 

stage [36].  Substantial surface area still remains, however.  There is an empirical 

relationship between surface area and density.  Sintering can then be monitored by 

observing that the rate of surface area loss depends on the remaining surface area S, 

αS
dt
dS

=  Eq. 7 

where α is a constant that depends on the transport mechanism [36].  The end of the 

intermediate stage will occur when all open surface area has been removed and the only 

remaining pore space is associated with closed pores. 

 

There are several intermediate stage sintering models, but in most cases these are 

inaccurate.  However, one important attribute of all models is an inverse relationship 

between sintering rate and particle size.  As with the initial stage, smaller particles will 

lead to higher sintering rates.  Attention is shifted to the pore structure that has formed 

surrounding the necks.  The pore geometry is assumed to be that of nearly cylindrical pores 

located on the grain edges.  The pores are fully interconnected and the grain boundary 

energy is low in comparison with the surface energy [36].  The interconnected nature of the 

pore structure can be seen in Figure 23.  Typically, the pores remain attached to the grain 

boundaries through much of the intermediate stage.  Densification occurs during the 

intermediate stage and the fractional sintered density Vs increases with time t as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

i
is t

tBVV ln  Eq. 8 
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where Vi and ti are the fractional density and time corresponding to the beginning of the 

intermediate stage, respectively and B follows Equation 3.  During this stage, grain 

coarsening becomes an important factor and the mean grain size G increases with time t 

according to 

KtGG o += 33  Eq. 9 

where Go is the initial grain size and K is a thermally activated parameter similar to the 

factor B in the initial stage [36].  Again, as in the model for the initial stage, small 

temperature changes will have large effects in the rate of grain growth and fractional 

density due to the factors of B and K in Equations 5 and 6.  Grain growth becomes 

increasingly active as the pore structure collapses.  The pores shrink and occupy less grain 

boundary area, reducing the pinning effect and the normal tendency for grain enlargement 

initiates rapid grain growth toward the end of the intermediate stage. 

 
 
2.1.2.3  Final Stage 

In the final stage, the porosity becomes increasingly closed and the isolated pores become 

spheroidised.  In the cases where gasses become entrapped and cannot diffuse out, further 

densification becomes impossible as soon as the gas pressure reaches equilibrium with the 

pressure due to the surface tension of the pore [39].  When the pores are empty, as in the 

case of sintering in vacuum, or the entrapped gasses can easily diffuse into the solid 

matrix, further slow densification may occur.  Compared to the initial and intermediate 

stages, sintering in the final stage is a slow process as pore coarsening effects impede 

densification [36]. 
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A cylindrical pore of length l and diameter dp will become unstable when 

πpdl ≥   Eq. 10 

Grain growth will cause elongation of the pores, increasing the length l while densification 

will reduce the diameter dp, resulting in a natural breakup of the interconnected, cylindrical 

pore network into discrete pores, as can be seen in Figure 24.  This instability will occur at 

approximately 8% porosity [36]. 

 

A pore and a grain boundary have a binding energy because the pore reduces the total grain 

boundary area [36].  The binding energy decreases with densification as the porosity and 

the pore size are reduced.  The growth of grains forces the grain boundaries to curve, 

leading to a progressively increasing grain boundary area and the boundary bows to 

maintain contact with the slow moving pore. 

 

2.1.3  Coarsening vs. Densification. 

Coarsening can also take place when sintering takes place mainly by surface transport 

phenomena, where sinter bonds form without densification.  This process is shown in 

Figure 22Figure 25, where boron is sintered for up to 48 h at 1950°C and undergoes 

coarsening rather than densification.  Even though there is little or no net dimensional 

change, there is still a reduction in surface area, increase in grain size, and compact 

strengthening, along with changes in the pore size and strength.  In some materials, 

simultaneous densification and coarsening is common, leading to complex changes in 

porosity, grain size, and pore size and shape. 
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Coarsening can occur in the final stages of sintering.   The elimination of isolated spherical 

pores is difficult because the vacancies must diffuse to distant grain boundaries, which is a 

very slow process [36].  Differences in the curvatures of pores lead to the growth of large 

pores at the expense of smaller, less stable pores in a process known as Ostwald ripening 

[36].  This can lead to a decrease in overall density of the material.  Also, with prolonged 

sintering, pore coarsening can cause the mean pore size to increase while the total number 

of pores decreases. 

 

2.2  Particle Packing 

There are two different types of packing structures, random and ordered, as illustrated in 

Figure 26 [41].  An ordered packing occurs when particles are systematically placed into 

periodic positions, such as in a crystal structure.  This structure can be recognized by the 

fact that each particle is located by a simple mathematical translation of integer steps from 

every other particle. A random packing occurs when particles are arranged by a sequence 

of events that are not correlated with one another.  This results in a structure that does not 

have long range repetition. 

 

Ordered packing will produce several different packing densities depending on the 

geometry of the packing.  These geometries are well known because of their similarities to 

models of atomic crystal structures.  The highest ordered packing density will occur with a 

FCC configuration with a density of 74%. 
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There are two types of random packing that are important to most uses of particulate 

material; random loose and random dense.  Random loose packing is the packing of 

particles which are poured into a container and allowed to settle as they fall without any 

agitation or vibration.  This is analogous to the apparent density.  Random loose packing 

can have a wide range of values and the final packing density will be affected by the 

method of packing; i.e. factors such as dropping height of the particles and rate of filling, 

as well as material factors, such as friction coefficient and restitution coefficient [42].  

Random dense packing occurs when particles in a container have been agitated or vibrated 

in order to attain the closest packing possible without introducing long range order or 

particle deformation.  This is analogous to the tap density. 

 

2.2.1  Factors Affecting Packing 

There are several factors that will cause variations in fractional packing densities.  Some of 

the key factors of the material are particle size, particle shape and surface texture.  The size 

of the container and the amount of energy supplied during vibration, if any, will also affect 

the final packing density. 

 

To ensure stability within a powder mass, an individual particle must have at least four 

contacts which cannot lie on a single equator or single hemisphere of the particle[41].  In 

adding a particle to an existing layer of particles, the initial point of contact of one particle 

to another is unstable in comparison to a lower energy position with two contacts.  The 

energy can be further lowered by coming in contact with a third sphere.  Within a random 

packing of spheres, there are generally six to seven contacts per particle. 
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Considerable variability in packing density is still possible once a stable structure is 

established.  For packings of large particles, the particle size is not important to the 

density.  If the mean particle size is below 100 um, the ratio of interparticle force to the 

weight of particles is greater than unity and particle bridging, or the formation of relatively 

large gaps or voids as shown in Figure 27, is more likely to occur [43,42]. The decrease in 

packing density is due to an increase in interparticle friction, an increase in surface area, 

and a greater significance of short range, weak forces, such as electrostatic fields [41]. 

 

2.2.1.1  Agglomeration 

Small particles can also cause difficulty in attaining a high packing density because of 

agglomeration due to cohesion, as shown in Figure 28.  The attractive forces between 

particles become relatively larger as surface area increases and particle mass decreases.  

There is a greater tendency for vapor condensation to occur at contacts between small 

particles [41].  As the particle size decreases and the number of particles in the 

agglomeration becomes larger, the agglomerations become stronger and they exhibit a 

lower maximum packing density [41].  Along with reducing packing density, 

agglomerations can also interfere with mixing, compaction and sintering, especially for 

systems with wide particle distributions. 

 
 
Irregularities on the particle surface will lead to interparticle friction.  The greater the 

surface roughness or the more irregular the particle shape, the lower the packing density.  

For particles of the same size, the packing density will decrease as the shape departs from 
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spherical.  During the mixing of powders, irregular shapes will interfere with mixing, but 

can also help maintain a homogeneous mixture by interfering with particle segregation. 

 

The container used to hold a powder will induce a local area of order at the wall in an 

otherwise random packing [41].  For a flat, smooth container, the effect is more 

pronounced and will cause oscillating regions of high and low porosity in the first few 

layers of particles near the wall.  Depending on the size and shape of the particle, as well as 

the container shape, it can take anywhere from one to ten particle diameters to establish a 

truly random packing. [41]  For nonspherical particles, there is more inherent randomness 

in the packing, thus the effect from the wall will decay over a shorter distance.  Mixed 

particle sizes will also aid in minimizing the porosity variations.  As the distribution of the 

particle size increases, there is less influence from the container wall. 

 

In addition to the particle characteristics, there are also several dynamic variables that will 

have an affect on the packing [43].  In a case where particles are dropped into a container, 

these factors can include the dropping height and dropping rate, or deposition intensity.  

These will in turn introduce dependencies on other material properties such as the 

restitution coefficient.  A computer simulation where spheres are dropped into a container 

and dropping height, deposition intensity, and friction and damping coefficients could be 

varied was run.  It was found that increasing the dropping height increased packing 

density, up to a value approximately 150 sphere diameters.  Increasing the height supplies 

more energy to the particles, enabling them to remove local bridging and rearrange 

themselves into a denser local packing.  Packing density was found not to be sensitive to 
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low deposition intensities.  However, once the intensity reached about 1000 

particles/second, the packing density decreased sharply.  This is due to the effect of the 

simultaneous settling motion of closely neighboring particles which increases the chance 

that particle bridges will form. 

 

2.2.1.2  Segregation 

One of the major concerns during the mixing of powders is segregation, which is the 

separation of powders into distinct regions of the different components.  Segregation is 

typically caused by differences in particle size, density and shape, with size segregation 

being the most dominant.  Size segregation will occur when smaller particles can pass 

through the holes between large particles.  One consequence of size segregation is the 

overall density of the packing will decrease and there will be a variation in density from 

one location to another.  The density at any point in the particle mass will depend on the 

local particle size distribution. 

 

A common cause of size segregation is agitation of the particles.  In a randomly mixed 

powder with different particle sizes present, larger particles will move to the top of the 

container as the particles are agitated.  This process is more pronounced when there is a 

vertical component to the agitation.  The agitation opens up the spacing between the large 

particles, increasing the probability that the small particles will fall through the interstitial 

space.  As the smaller particles fill out the lower positions in the container, the larger 

particles are forced to rise to the top, as illustrated in Figure 29  This process can occur 
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with a particle ratio as small as 1.7:1 [41].  When the size ratio is at least 6:1, the smaller 

particles can simply fall through. 

 

2.2.2  Multiple Mode Packing Systems 

 

2.2.2.1  Bimodal Packing 

One method of increasing the maximum packing density of particles is to add particles of 

varying sizes.  Bimodal particle combinations can pack to higher densities than can 

monosized particles [41].  The key to improving the packing is to select the proper particle 

size ratio.  The small particles must be selected such that they are able to fit into the 

interstitial space between the large particles without forcing them apart.  This effect is 

illustrated in Figure 30.  Experimental data has shown that the particle size ratio must be at 

least 7:1 for maximum benefit [44].  This size corresponds to one particle filling the 

triangular pore space between larger particles.  Beyond a particle size ratio of 20:1, 

packing density is unchanged. 

 

To obtain the maximum packing density, it is also important to select the right proportion 

of the number of large and small particles.  The behavior of a random dense packing of 

spheres is shown in Figure 31.  The packing density is shown as a function of the 

composition for a mixture of large and small spheres.  At some point there will be a 

maximum packing density, the composition of which will depend on the sizes of the 

particles involved.  Beginning with 100% large particles, the specific volume (volume to 

mass ratio) will decrease with the addition of small particles.  These particles fill the voids 
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between the large particles, increasing the mass of the system.  Eventually, all the voids 

will be filled and additional particles will force the large particles apart and no longer 

improve the packing density.  Starting with 100% small particles, clusters of particles and 

their associated voids can be removed and replaced with large particles.  Because the 

particles are fully dense, this will lead to the reduction of voids between small particles and 

an increase in density; i.e. a porous region is replaced by a fully dense region wherever a 

large particle is placed.  This benefit will increase until the point at which the large 

particles come in contact with one another.  The intersection of these two curves 

corresponds to the minimum specific volume, or maximum packing density.  For a particle 

size ratio of 7:1, the corresponding composition for maximum packing density is 73% 

large spheres and 27% small spheres [41].  This will give a packing density approaching 

0.86. 

 

2.2.2.2  Trimodal Packing 

The concept of bimdal packing can be extended by adding an additional component to a 

bimodal system.  A trimodal packing system can be made by using particles that will fit 

between the interstitial spaces of the smaller particles.  For bimodal packing systems, a 

size ratio of at least 7:1 is needed for optimal packing.  For a trimodal packing, this will 

correspond to a 49:7:1 size ratio.  The optimum composition of the spheres is 75% large, 

14% medium, and 11% small spheres.  This will give a packing density approaching 0.95. 

 

There are disadvantages to using multimodal packing systems, however.  In the case of a 

trimodal system, if the smallest particle is 1 μm, the largest particle will then be 49 μm.  
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The sizes of the particles are certainly within a reasonable range for many particulate 

material systems, but the separation of particles into discreet classifications of 1, 7, and 49 

μm may be difficult.  By increasing the smallest particle to 5 μm and the largest to 245 μm, 

the classification of the particles into discreet sizes will be easier, but the larger particle 

sizes may not be suited for many applications.  It is the rapid increase in particle size that 

poses a major problem with using trimodal powder systems, or even systems made with 

four or five components. 

 

Another argument against trimodal systems is that there is a decreasing benefit to adding 

more components to a system.  With monosized spheres, the maximum fractional packing 

density will be around 0.64.  By using a bimodal mixture, the fractional density can 

increase up to 0.86, or an increase of 34%.  Adding another component for a trimodal 

system will achieve a fractional packing density of 0.95, which is only slightly more than a 

10% increase in packing over the bimodal system.  While the packing fraction has 

increased, the associated problems in forming such a mixture may make a trimodal system 

impractical. 

 

Another difficulty in the use of varying particle sizes is the effect they may have on 

sintering of powder compacts.  As will be discussed in later sections, smaller particles 

sinter at faster rates and experience more shrinkage than do large particles.   For a powder 

compact of uniform particle size distribution, the particles will densify uniformly.  

Introducing large particles may constrain the shrinkage of the small particles near the 



 77

surface of the large particles, leading to large pores and possibly cracking, as illustrated in 

Figure 32 

 

2.2.2.3  Continuous Particle Size Distributions 

The effect of mixing particle sizes on packing density is clearly demonstrated by the 

bimodal and trimodal packing systems.  This obviously leads to the possibility of using 

four, five, or even more components.  This is the basis for study of a continuous particle 

distribution [41].  The packing density of a multiple mode mixture increases with the 

number of components, as long as the particles are sufficiently different in size and an 

optimal composition is maintained.  Higher packing densities are attained with wide 

particle size distributions.  The highest predicted maximum fractional densities are near 

0.96, although the actual densities fall short [41].  This is due to the fact that there is no 

method for placing the particles in their optimum sites. 

 

2.3  Vibration 

In order to transform a random loose particle arrangement into a denser one, energy must 

be supplied to the system.  This can be done by vibrating the particles.  Vibration allows 

particles to shift about their position, seeking to find a more stable, energetically favorable 

position. 

 

Some experiments have been performed in order to find methods to obtain reproducible, 

homogeneous packings through vibration of the packed particles [45].   Subjecting a 

packing to vertical vibration did not lead to homogeneity as there was a large dependence 
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on the initial conditions of the packing.  There was a large variation in porosity from the 

top to the bottom and there was always a greater change in porosity on the top than on the 

bottom after the vibration.  It was determined that there was such a strong influence of the 

height of the packing that a reproducible packing could not be achieved through vertical 

vibration of an existing packing.  However, by supplying a horizontal vibration to a 

container into which particles are deposited by a controlled technique, the packings 

became reproducible. 

 

By controlling the first particles in a packing, the overall structure could be better 

controlled.  There were certain parameters that had to be controlled during the deposition 

of the particles in order to maintain homogeneity.  The particles always had to be added 

from a height that would allow them to reach free fall velocity.  The vibration applied 

during the deposition will supply the incoming particles energy to reach a favorable 

position.  For a given system, there will be optimum vibration parameters, but typically the 

amplitude will be on the order of the particle diameter.  The rate of deposition should also 

be low enough that the incoming particles do not interfere with the particles in the packing 

reaching their final place, and this rate should be held constant throughout the entire 

deposition.  Once the container is filled, placing a weighted piston over the packing and 

continuing vibration will increase the homogeneity of the packing, but will not reduce the 

porosity of the bulk of the packing. 

 

Vibration can lead to particle segregation, where particles will separate into bands, 

although this effect is much more pronounced in vibration with a vertical component.  The 
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vibration opens local interstices between particles, making it easier for small particles to 

fall by gravitational action [45,41].  The process fills lower positions with the smaller 

particles, allowing larger particles to rise to the top.  This process can occur with particles 

with a size ratio as small as 1.7:1.  The degree of segregation increases with increasing 

particle diameter.  There is also a slight dependency on particle shape as an irregular shape 

will inhibit segregation.  Similarly, there is less segregation within particles smaller than 

100 μm due to the greater influence of interparticle friction. 

 



 80

 

Figure 19.  Schematic diagram of the changes in the curvature of the pore structure and the 
initial sinter contacts in solid state sintering.   As sintering progresses, the curvature of the 
particle necks decreases while it increases in the pores, changing the driving force behind 
sintering from neck growth to reduction of pores [36]. 
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Figure 20.  Surface transport and bulk transport mechanisms as applied to a two-sphere 
sintering model, where D is the particle diameter and X is the neck diameter.  Surface 
transport mechanisms cause neck growth by moving mass along the surface (E-C: 
evaporation-condensation, SD: surface diffusion, VD: volume diffusion).  Bulk transport 
cause neck growth by moving mass from internal sources (PF: plastic flow, GB: grain 
boundary diffusion, VD: volume diffusion.  Only bulk transport mechanisms cause 
shrinkage, bringing the two particles closer together [36]. 
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Figure 21.  Schematic of a crystalline surface, showing defects that provide active sites for 
atomic detachment and reattachment during surface diffusion [36]. 
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Figure 22.  Micrograph of tungsten powder during various stages of sintering, showing the 
evolution of the pore structure [36]. 
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Figure 23.  Three particles and the associated three dimensional, interconnected pore 
structure during the intermediate stage of sintering [36]. 
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Figure 24.  Tetrakaidecahedron grain shape with spherical pores at the grain corners 
resulting when the intermediate, open, cylindrical pore structure collapses during the final 
stage of sintering [36]. 
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Figure 25.  Optical micrographs of boron sintered at 1950°C for a) 1.5 h, b) 18h, and c) 
48h..  Bonding and coarsening take place without densification [36]. 
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Figure 26.  Images contrasting the structures of monosized disks in a close packed, ordered 
array and a random distribution [41]. 
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Figure 27.  Diagram illustrating particle bridging and the creation of large pores.  This can 
be caused by high interparticle friction, irregular particle shapes, or particle cohesion [41]. 
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Figure 28.  Low packing density caused by agglomeration of particles.  In addition to the 
porosity within the agglomerates, there is porosity between the agglomerates [41]. 
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Figure 29.  Size segregation of particles due to vibration causes large particles to rise to the 
top as smaller particles filter through the large gaps [39]. 
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Figure 30.  Two dimensional representation of the effects of combining spheres of 
different sizes; a), monosized, b), bimodal with a large size difference, c) trimodal with a 
large size difference, and d), bimodal with a small size difference [41]. 
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Figure 31.  The reduction in specific volume for mixed large and small spheres, showing 
the condition for optimal packing [41]. 
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Figure 32.  Densification behavior of small particles and mixtures of small and large 
particles.  Small particles will densify uniformly, while mixtures of small and large 
particles may constrain the shrinkage of the small particles, leading to defects [36]. 
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3.  MATERIALS AND EQUIPMENT 

 

3.1  Materials 

 

3.1.1  Fraunhofer Hollow Spheres 

The hollow spheres used in these studies are produced by Fraunhofer in Dresden Germany, 

using a powder metallurgy technique[46,18].  The composition of the low carbon steel 

spheres is <0.002% oxygen, <0.007% carbon, and the balance iron.  The low carbon steel 

spheres were produced in two different sizes, with nominal outer diameters of 3.7 mm and 

1.4 mm with wall thicknesses of 200 µm and 50 µm, respectively.  The porosity of the 

sphere walls is approximately 5% for both sizes.  Figure 33 shows the statistical size 

distribution of the 3.7 mm low carbon steel hollow spheres.  The stainless steel spheres 

have a nominal outside diameter of 2 mm with a wall thickness of 100 µm.  The porosity 

of the sphere walls ranged from 6-15%.  The microstructure and porosity through the wall 

thickness have been studied using optical and SEM observation.  Images of the spheres are 

shown in Figure 34 

 

The sizes of the spheres were chosen because they are close to the common cell size found 

in many metal foams.  Both the Georgia Tech and Fraunhofer materials used hollow 

spheres that were 2-3 mm in size, with a wall thickness that was from 0.1-0.25 mm.  All 

spheres in this experiment had a wall thickness/diameter ratio of approximately 1:20.  The 

wall thickness represents a tradeoff between desired properties.  A thicker wall will give 
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higher strength, but at a cost of higher relative density.  A thinner wall will reduce the 

weight of the material, but the cell walls will buckle at lower stresses. 

 

3.1.2  Powders 

The solid matrix in these studies is produced by using materials similar to the spheres.  

Ancorsteel-1000C from ARC Metals, sieved to 81.3% -325 +400 mesh (44-37 μm), and 

18.7 % -400 mesh (37 μm) was used for the low carbon steel composite foam.  An 

additional 0.8% carbon was mixed in with the steel powder for strengthening  and to 

control shrinkage of the matrix during sintering [47,48,49].  The powder used for the 

stainless steel foam was 316L stainless steel from ANCOR Specialties, sieved to -325 

mesh (44 µm).  No additions were made to the stainless steel powder.  The compositions of 

the matrix materials are shown in Table 3 and Table 4. 

 

For sintered steel, the tensile strength increases rapidly by increasing carbon content, up to 

0.8%, at which point the rate of increase is sharply reduced [47].  The transverse rupture 

strength also increases with increasing carbon content, up to a maximum of 0.85%, where 

the strength drops rapidly.  As the carbon content of sintered steel increases, the amount of 

pearlite in the microstructure increases, up to 0.8%.  Beyond this, around 1.0% carbon, free 

cementite begins to form at the grain boundaries, reducing the transverse rupture strength.  

At 1.2% carbon, the free cementite forms a continuous network, further reducing the 

strength.  It has also been shown that the shrinkage of sintered steel will decrease with 

increasing carbon content for sintering conditions similar to those selected for this study 

[48,49]. At 0.8% carbon, no shrinkage was noted. 
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These powders were chosen mainly for their size and availability.  Smaller powders would 

allow better packing between the tight spaces near the contact points of the spheres.  The 

small size powder will also have a higher sintering rate.  A powder with a high sintering 

rate was desired to reduce the time the material would spend at high temperatures.  

Prolonged exposure to high temperatures during sintering will cause grain growth in the 

spheres, which will lead to an unwanted reduction in mechanical properties.  It was 

decided not to try to use a multimode powder system due to the difficulty in finding the 

proper sizes of powders.  

 

The carbon added to the low carbon steel powders was in the form of natural crystalline 

graphite.  It is -300 mesh (50 μm) 99% pure carbon.  

 

3.1.3  Mold release 

The mold release used to coat the mold was supplied by ZYP Coatings [50].  It is a water 

based, high purity boron nitride suspension with an Al2O3 binder.  It can be used in any 

atmosphere and has a maximum temperature rating of 1400˚C in vacuum.  It can be 

applied either by regular brush or airbrush. 

 

3.2  Equipment 

 

3.2.1  Hot Press 

The hot press is a Centorr 600-4X6W4-26HP (Figure 35and Figure 36).  It has a two stage 

vacuum system, with a roughing pump capable of producing a vacuum operating pressure 
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of 3 x 10-2 Torr and a diffusion pump that can produce a vacuum operating pressure of 

2x10-5 Torr.  It is capable of heating up to 2600˚C using tungsten mesh heating elements 

(Figure 37)  The heating elements are surrounded by 6 layers of tungsten heat shields, each 

0.01” thick and spaced approximately 0.2” apart.  The main body of the vacuum chamber 

is constructed out of stainless steel.   The entire system is cooled by an open loop water 

jacket.  The usable working space within the heating elements is a cylinder, 4” in diameter 

by 5” high.  A hydraulic ram can apply axial pressure up to 20,000 psi to the working 

space via a 1” diameter rod. 

 

3.2.2  Universal Testing Machine  

The Constructed Facilities Laboratory (CFL), within NCSU Civil Engineering, provided 

use of their large capacity universal testing machine.  Monotonic compression testing as 

well as compression-compression fatigue testing was conducted using an MTS-810 

universal testing machine, shown in Figure 38.  It has a 220-kip load cell and closed-loop 

control.   The data acquisition system is an Optim Megadaq using 808FB1 input module.  

For the static testing, crosshead speed was 1.25mm/min.  Load (lbs) and displacement 

(inches) data were taken at one second intervals.  For fatigue testing, the machine was set 

in load control to vary the force applied between the maximum and minimum force at 

10Hz, which was the highest frequency allowed that still permitted precise load control.  

Crosshead displacement was collected at 50 Hz, which allowed several points to be taken 

along each loading and unloading cycle and ensured capture of the entire cycle. 
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3.2.3  Vibration equipment 

Vibration was done using an APS Dynamics model 113 shaker (  

) and an APS model 114 amplifier.  The table is an electrodynamic force generator, the 

output of which is directly proportional to the instantaneous value of the applied current, 

independent of frequency and load response. It can deliver random or transient as well as 

sinusoidal waveforms of force to the load. The table can apply a maximum force of 30 lbs 

and has a maximum stroke of 6.25 in.  The units employ permanent magnets and are 

configured such that the armature coil remains in a uniform magnetic field over the entire 

stroke range - assuring force linearity.  The amplifier is designed specifically to provide 

drive power for electrodynamic shakers.  It has a frequency range of 0-2000 Hz. 

 

3.2.4  Scanning Electron Microscope  

A Hitachi S-3200N scanning electron microscope (SEM) was used for high magnification 

imaging and compositional analysis.  This was available in the Analytical Instruments 

Facility (AIF) at NCSU Centennial Campus.  Most images were captured using the 

secondary electron detector.  The backscatter detector was sometimes used to capture 

images showing high contrast between different phases.  Energy dispersive x-ray 

spectroscopy (EDS) was done to determine the compositional analysis.  The analysis was 

primarily qualitative to determine the various phases present in the sample and where each 

phase was located.  A quantitative analysis was also done, making it possible to estimate 

the proportions of elements present and thus the feature’s molecular formulas.  Detection 

of lighter elements such as carbon and oxygen is not very accurate at the percentages 

present in our materials using this method, however.  
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3.2.5  Microhardness Tester 

Microhardness testing was performed using a Buehler Micromet microhardness tester.  

The tester is equipped with an indenter in the form of a right pyramid with a square base 

and an angle of 136 degrees between opposite faces.  It has a test load range of 10-1000 g.   

The microhardness tester is shown Figure 40. 

 

3.2.6  Linear Precision Saw 

Samples were cut using a Buehler Isomet 4000 linear precision saw, as shown in Figure 

26.  A diamond tipped wafering blade was used to cut the edges off foam samples and to 

partition samples.  It has adjustable blade speed up to 5000 rpm, and a variable feed rate as 

low as 0.05 inch / minute. Cutting with a slow feed rate assures a clean edge and reduces 

damage to the cell edges. A water based cutting fluid is used to maintain low blade and 

sample temperatures and to flush and lubricate the cutting area.  Typical settings used 

when cutting samples were a feed rate of 0.2 in/min and a blade speed of 4000 rpm for the 

low carbon steel and a feed rate of 0.1 in/min and a blade speed of 2200 RPM for the 

stainless steel. 

3.2.7  Grinding and Polishing Stations  

 
Samples were prepared for testing and imaging using the Buehler Automet 2 Power Head 

systems, as shown in Figure 42.  The rotating grinding/polishing discs can be used alone to 

manually prepare samples, or the automated heads can be used to automatically polish 

samples.  
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The top and bottom surfaces of samples for mechanical testing were ground and polished 

to ensure a flat, smooth surface between the sample and loading stage.  Some of the larger 

samples were ground to create a scratch free surface for digital imaging during testing.  

The samples were processed using a progression of grinding papers from 180 grit to 800 

grit.  A stream of water was always maintained while grinding samples to flush away 

debris.  The wheel rotational speed used was 100 rpm.  

  

Smaller samples intended for SEM and optical imaging and analysis were mounted in 

epoxy.  These samples can then be set into a fixture that mounts to the power head for 

automatic polishing.  The power head allows the amount of pressure exerted on the 

samples to be varied, as well as rotating the sample against the polishing disc.  The force 

on the powerhead was set at 4 lbs, which is the lowest usable setting.  These mounted 

samples were first ground using a series of papers from 180 to 1200 grit.  After grinding, 

these samples were polished using a polishing wheel with 9µm, 3µm, and 1µm diamond 

suspension polish, and then finished with alumina paste (0.05 µm particle size).  The wheel 

rotational speed used was 120 rpm.  

 

3.2.8  Optical Microscope  

An optical microscope was used to examine the surface of the samples during polishing to 

ensure all scratches were removed for high quality SEM imaging.  The microscope is a 

Unimet Unitron 9279 optical microscope, and is shown in Figure 43.  It has a 

magnification capability of 5 – 1000 X and is equipped with a Hitachi KP-M1 CCD black 
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and white digital camera, and Omnimet image grabber software on a dedicated computer 

station.   

3.2.9  Ball Mill 

Mixing of powders was done using a U.S. Stoneware variable speed ball mixer, shown in 

Figure 44.  The mill is a model 755RMV and has a ¼ HP motor with a speed range of 20-

300 RPM.  The stainless steel mixing jar has a capacity of 1.8 liters, a diameter of 6 ¼ 

inches and a height of 4 ¾ inches. The jar rolls on 2” diameter neoprene rollers.   

3.2.10  Sonic Cleaner  

Samples were cleaned in water or acetone to remove debris and residual polishing 

compound as well as cutting fluid from the saw using the Buehler Ultramet 2002 Sonic 

cleaner, shown in Figure 45.  It has a 3 liter stainless steel tank and a 47 kHz transducer.  

Due to the open porosity of the matrix, the interior of the composite foams would retain the 

cutting fluid or polishing compound through capillary action.  Samples were typically 

cleaned for a minimum of 30 minutes.  Acetone was always used as a final cleaning fluid 

to remove any moisture that could lead to oxidization of the foam. 

3.3  Mold Design 

The main goal in the design of the mold was to be able to create samples of a minimum 8-

10 cells per side to obtain statistically valid tests [25,51,13,14].  This size is needed to 

eliminate edge effects so that the data can be considered to be representative of the bulk 

material.  The largest spheres used in this experiment had a diameter of 3.7 mm, so the 

minimum length of any dimension of the interior of the mold would need to be 37 mm.   
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An additional consideration was the maximum size of the mold.  The heating chamber of 

the hot press is a cylinder approximately 100 mm in diameter and 125 mm high.  The mold 

would have to be able to fit within this diameter to avoid contact with the heating elements.  

It would also have to be short enough that the entire height would fit in the heating zone to 

ensure uniform heating throughout the height of the mold. 

 

The mold needed to be constructed of a material that would be able to withstand 

temperatures up to 1200°C and be easily machinable.  The material selected was 304 

stainless steel.  The interior dimensions of the mold were chosen to be an area 2 in. x 2 in. 

with a height of 4 in.  This would allow two samples to be processed with each run by 

cutting the block in half, with each piece being a 2 x 2 x 2 in cube.  This size would still 

allow some material to be cut from the edges of each sample (for optical and SEM 

imaging, and to expose the cell structure for observation) and still maintain approximately 

10-12 spheres per side.  It has also been shown that a cell size/sample length ratio of at 

least 10 will produce repeatable test results [19].  The sides of the mold were designed as 

two identical halves that could be taken apart and reassembled easily, with two plates for 

the top and bottom covers.  For each half, a 2 in. x 1 in. channel was cut into a steel plate, 

with a 0.08 in radius at each corners.  A 0.1 in. lip was cut into the sides to help seal the 

mold so no powder would escape when it was placed under vacuum.  The profile of one of 

the mold walls is shown in Figure 46.  Two end caps (base and top)  were cut from 0.25 in. 

thick plates into the same profile as the mold to seal the top and bottom. 
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For processing using samples when using the smaller spheres (1.4 mm low carbon and 2.0 

mm stainless steel), the mold design was modified by placing two removable 1/8 in 

stainless steel plates in the mold to divide the interior into four separate chambers, each 

with a cross section of  15/16 x 15/16 in.  For the 2 mm spheres, this would still produce 

samples with approximately 11 spheres per side.  By creating smaller samples, the 

necessity of having to cut a larger block into smaller pieces was avoided, saving time and 

ensuring more accurate dimensions of the sample.   
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Figure 33.  Size distribution of Fraunhofer 3.7mm low carbon steel hollow spheres. 
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Figure 34.  Fraunhofer 3.7 mm low carbon steel hollow spheres showing a) size 
distribution and spherocity, b) optical image of the cross section of a single sphere, c) 
micrograph of a sphere wall showing porosity. 
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Figure 35.  Centorr hot press. 
 
 
 
 
 
 
 



 107

 

Figure 36.  Inside heating chamber of Centorr hot press. 
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Figure 37.  Tungsten heating elements. 
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Figure 38.  220-Kip MTS-810 Closed-Loop Universal Testing Machine.  
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Figure 39.  APS Dynamics model 113 shaker. 
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Figure 40.  Buehler Micromet Microhardness Tester. 
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Figure 41.  Buehler Isomet 4000 linear precision saw.  
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Figure 42.  Buehler Automet 2 Power Head grinding and polishing stations. 
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Figure 43.  Unimet Unitron 9279 Optical Microscope.  
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Figure 44.  U.S. Stoneware ball mill and stainless steel jar. 
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Figure 45.  Buehler Ultramet 2002 sonic cleaner, 
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Figure 46.  Profile and detail of one of the mold walls.  All dimensions are in inches. 
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Table 3.  Alloying elements in Ancorsteel-1000C steel powder (wt %). 
 

Element C P S Si O Ni 

Wt % 0.003 0.006 0.007 0.002 0.005 0.03 

Element N Mo Mn Cu Cr Fe 

Wt % <0.001 0.02 0.1 0.05 0.02 Bal. 
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Table 4.  Alloying elements in 316L stainless steel powder (wt %). 
 

Element Cr Si Mn Ni Mo C O Fe 

Wt % 17 0.9 0.2 13 2.2 0.03 0.3 Bal 
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4.  COMPOSITE FOAM PROCESSING 

 

4.1  Powder mixing 

The graphite must be properly mixed with the low carbon steel powder in order to produce 

a homogenous mixture.  At some critical rotational rate, Nc, the mixing of powders in a 

cylindrical mixer represents a balance between centrifugal and gravitational forces [52].  

The centrifugal force on a particle of mass m in the mixer is 

2

2

4
D
VmF c =  Eq. 11 

 
and the gravitational force is 

mgFg =  Eq.12 
 
where D is the container diameter in meters and V is the outer velocity of the mixer (given 

by πDN).  At the critical condition, where Fg=Fc, 

DD
gNc

3.42
2 2 ==
π

 Eq. 13 

 
The optimum mixing of the powder will occur when the mixer is operated at 

approximately 75% of Nc.  For the mixer used, this gives a rotational speed of 

approximately 80 RPM.  The volume of powder in the mixer should be between 20-40% of 

the mixer capacity for optimal mixing [52].  The powder was mixed for approximately 30 

minutes. 
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4.2  Mold Assembly 

First, the mold is thoroughly cleaned and degreased to remove any oils from machining or 

from touching the mold.  Great care was taken to avoid direct contact with the mold as any 

oils may cause outgasing under vacuum and could possibly interfere with the sintering 

process.   Once cleaned, the mold was only handled while wearing latex gloves. Next, all 

pieces were coated with a layer of hexagonal boron nitride mold release.  This was applied 

as a water based suspension using an air brush.  The mold release was sprayed onto the 

pieces of the mold after they were heated on a hot plate to approximately 100˚C.  This 

preheating step would help to rapidly remove the water and produce a thin, even coating of 

boron nitride. 

 

After the pieces were allowed to cool, the two side halves of the mold were placed together 

and held together with four ¼-20 stainless steel screws.  The bottom cap was also attached 

with short ¼-20 screws and the mold was filled.  Once filled, the top was fixed with screws 

and the entire assembly was ready to be placed in the hot press.  Figure 47 shows a 3D 

solidworks model of the partially assembled mold. 

 

4.3  Filling the Mold 

The goal of filling the mold was to pack the spheres as densely as possible so as to achieve 

the greatest weight reduction possible.  To do this, the spheres had to be vibrated into a 

more dense packing arrangement.  Figure 48 shows representative images of the 

progression of filling the mold.  The mold was vibrated as the spheres were slowly added, 

so as to allow the spheres time to settle and so the incoming spheres would not interfere 
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with the packing of the spheres already in the mold [45].  Once the mold is filled with 

spheres, a small weight was placed on top of the spheres and vibration was continued for a 

short time to increase the homogeneity of the packing [45].  This was then followed by the 

addition of the powder and further vibration to completely fill the spaces between the 

spheres.  The powder would flow through the interstitial space of the spheres fairly rapidly 

with the applied vibration.  Occasionally, the powder would appear as if it had stopped 

flowing, usually when the mold was nearly full.  By varying the frequency of the amplifier, 

the powder would sometimes begin to flow again.  If there was no further motion from the 

powder due to the changing vibration, it signified that the powder had reached its 

maximum density.  The addition of the powder was done in stages so as not to overfill the 

mold.  Once the added powder had flowed down between the spheres, more powder was 

added.  This was repeated until all of the spheres were covered and further vibration did 

not result in an apparent further densification of the powder.  The total vibration time was 

approximately 30 min. at 15-20 Hz.  The amplitude of the vibration was around 2-3 mm. 

 
 
4.4  Sintering Cycle 

The proper sintering conditions must be selected in order to attain good mechanical 

properties as well as dimensional control of the sample.  The sintering cycle for all low 

carbon and stainless steel samples consisted of heating the sample at 10˚C/min up to 

850˚C, a 30 min soak at 850˚C, heating at 5˚C/min up to 1200˚C, a 45 min soak at 1200˚C 

and cooling at 20˚C/min.  A duplex cycle was selected to achieve higher mechanical 

properties [53].  The lower temperature step causes a reduction of remaining oxides and 

removal of organic impurities and helps bring the mold to thermal equilibrium to avoid 
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gradients in properties.  Surface transport effects are most prevalent at lower temperature, 

so the particle bonds are strengthened without densification [37].  At higher temperatures, 

strength is increased greatly as a result of the higher sintering rate due to greater atomic 

motion.  For both temperatures, rapid increases in strength have been reported for soaking 

times up to 30 minutes [47]. 
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Figure 47.  3D Solidworks drawing of mold wall and attached base. 
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Figure 48.  Progressive image of the mold A) filled with spheres, B) partially filled with 
spheres and powder, C) completely filled with spheres and powder.  The white coloring of 
the mold is the coating of boron nitride mold release. 
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5.  CHARACTERIZATION 

 

5.1  Packing Density and Relative Density  

To attain isotropic material properties within the composite metal foam, a uniform 

distribution of hollow spheres is needed.  There are three types of packing arrangements 

that are possible for particles; ordered, random loose and random dense [41].  Ordered 

packing has a periodic, repeating structure.  For spheres, the densest packing attainable is 

that of the FCC close packed structure, in which the spheres will occupy 74% of the 

volume, with the remaining 26% being unoccupied interstitial space.  However, unless the 

spheres are manually arranged, it is unlikely that they will settle into a close packed 

structure.  Random loose packing results when spheres are poured into a container and 

allowed to settle as they fall without any agitation or vibration.  Random loose packing can 

have a wide range of values and the final packing density will be affected by the method of 

packing; i.e. factors such as dropping height of the particles and rate of filling, as well as 

material factors, such as friction coefficient and restitution coefficient [42].  Random dense 

packing occurs when a random loose collection of spheres is vibrated to an increased 

density.  Given perfect, uniform, monosized spheres, the greatest possible random dense 

packing arrangement has been found to be 63% [41]. Given additional factors, such as a 

non uniform size distribution, edge effects from the sides of the container, friction between 

spheres, etc, the maximum packing factor may be reduced.   
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5.1.1  Packing Density Experiment  

An experiment was carried out to verify the packing density of the hollow spheres.  For 

this experiment, a clear acrylic plastic box was constructed to the same interior dimensions 

of a mold used in a parallel project [54].  The Fraunhofer hollow spheres were used in the 

experiment, and isopropyl alcohol was used to measure the volume of space not taken up 

by the spheres.  The goal of the experiment was to determine the value of the packing 

density of the hollow spheres in both a random loose configuration and a random dense 

configuration. 

  

The experiment was conducted as follows:  

1) The weight of the acrylic box was measured on a scale.  

2) The spheres were poured in the container and the container was weighed to 

determine the weight of the spheres within the container.  For the random dense 

packing configuration, the box was vibrated by hand for 20 minutes with spheres 

continually added to ensure the box was completely full before weighing.  The 

vibrating motion was in both the forward and backward direction as well as tapping 

on the table.  

3) The interstitial space was then occupied with isopropyl alcohol filling the box, and 

the setup was subsequently weighed.  By knowing the density and the weight of the 

alcohol added (total weight of the container, minus the weight of the spheres and 

the weight of container), the volume of the space within the container which was 

not occupied by the spheres could be determined. The results of this trial (listed in 

Table 5) indicate that a random loose arrangement has a 56.4% packing density, 
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and a random dense arrangement has a 59.4% packing density.  Fraunhofer reports 

a bulk density (random loose arrangement) of their spheres to be 1.3 g/cm3.  This 

corresponds to a packing density of 56.9%, verifying the value of 56.4% 

experimentally determined for the random loose arrangement.  

 

This experiment was repeated with the other sizes of hollow spheres.  There was no effect 

due to the size of the spheres and all hollow spheres had the same packing density. 

 

The tap density of the steel matrix powder has also been evaluated experimentally.  In this 

case, the matrix powder is first weighed and placed in a graduated cylinder and tapped 

until no further reduction of volume is observed.  The final volume, along with the mass is 

used to calculate the tap density.  The tap density of the steel powders used to process our 

composite foam was found to be 4.25 g/cm3 (54% relative density).  

  

The density of the composite steel foams can then be estimated as a function of the density 

of components as  

 
fmmfsSCF VV ρρρ +=  Eq. 14 

 
where ρCF is the density of the composite foam, ρ s is the density of spheres, V fs is the 

volume fraction of spheres or the packing density of spheres, ρ m is the density of matrix 

and V fm is the volume fraction of matrix.  Considering the effect of porosity in the wall 

thickness of our steel spheres, the equation becomes  
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where ρ Steel  is the density of steel, r in / r out is the ratio of inner to the outer radius of the 

spheres and V fp  is the volume fraction of porosity in the sphere wall, which is 5% for the 

low carbon steel spheres and 10-15% for the stainless steel spheres.  Considering the actual 

density of the sintered matrix, which will be the tap density, the equation becomes 
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 Eq. 16 

in which ρ t is the tap density of the steel powder. 

 

5.2  Scanning Electron Microscopy and  Energy Dispersive X-ray Spectroscopy 

SEM images were taken to examine the porosity within the matrix and determine how well 

the matrix had packed between the spheres and how well it had bonded with the hollow 

spheres.  EDS was used to identify the phases present in the foams and to determine the 

compositional analysis of the various phases.  Typical settings are shown in Table 6. 

 

5.3  Microhardness 

Microhardness measurements were taken on the composite foam samples to determine the 

relative strengths of both the spheres and the matrix.  Microhardness testing was performed 

using a load of 20 g for the low carbon steel foam and a load of 50 g was used for the 

stainless steel foam.  Due to the porosity of the matrix, there was difficulty in attaining 

accurate readings.  Some indentations were greatly distorted and others were on edges of 
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pores.  Only readings where the indentation was able to be read accurately were used to 

calculate the average.   

 

5.4  Compression Testing 

Monotonic compression testing was performed on all foams to determine the plateau 

strength, energy absorption capability, and densification strain for that type of material.  

This would help determine the maximum stresses for fatigue testing.  All samples were cut 

into blocks with edges containing at least 9 spheres on each side.  Load and displacement 

data were obtained and used to calculate stress-strain data.  Images were taken every 30 

seconds using a digital camera.  These images were used to evaluate the strain state within 

the material and to identify any collapse bands that formed.   

 

5.5  Fatigue Testing 

Once the plateau stresses had been determined, the composite foams could be tested in 

fatigue.  As with static compression, all samples tested in compression-compression 

fatigue were cut so that they had a minimum of 9 cells on a side to avoid edge effects.  

Testing was performed at a frequency of 10 Hz and a loading ratio of R = σmin/σmax = 0.1.  

The maximum stress used for each test was determined by the plateau stress of that 

material.  Tests were carried out between 47 and 72% of the plateau stress.  Images were 

taken every 5 minutes (3000 cycles) using a digital camera during testing.  These were 

used to analyze the deformation within the material during fatigue. 
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Table 5.  Results from the hollow sphere packing density experiment. 

 

Nominal Inside dimensions of container (in) 3.125w x 2.125d x 4.125h (449cc)

Measured volume of the container (cc) 451 

Trial 1. Random loose 

Volume of alcohol (cc) 196.5 

Packing density of spheres 56.4% 

Trial 2. Random dense 

Volume of alcohol (cc) 183.1 

Packing density of spheres 59.4% 
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Table 6. Typical ranges of  SEM settings used suring analysis. 
 

Accelerating voltage 15-20 kV 
Magnification 40-2000 

Working Distance 15-17 mm 
Beam Current 50-60 mA 
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6.  COMPUTER MODELING 
 
A computer simulation was run using ANSYS to model the elastic modulus of the 

composite foams.  Three different models were used to represent typical packing structures 

found within the foams.  For the two dimensional model, where unit thickness is assumed, 

these simple representations (shown in Figure 49) were  

 

A. Two rings, one on top of the other, with the matrix material filling the space in 

between.  This is representative of a simple cubic packing structure. 

B. Three rings in close contact with each other, forming a triangle, with the matrix 

material filling the space in between.  This is representative of a body centered or 

hexagonal structure. 

C. A combination of the first two models, with one additional ring resting on top of 

the uppermost ring of the second model. 

 

For these models, the matrix was assumed to be fully dense with reduced properties to 

simulate its porosity.  The displacements at the sphere/matrix interface are enforced to be 

the same, assuming perfect bonding between sphere and matrix.  The applied load is static 

and the model is assumed to be perfectly elastic. 
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Figure 49.  ANYSIS models for composite foam Representative Volume Elements (RVEs) 
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7.  RESULTS AND DISCUSSION 
 
Digital images from cut sections of various composite foams that have been produced are 

shown in Figure 50.  The visible pores are the interior cavities of the spheres, separated by 

the thickness of the sphere walls and the matrix.  As can be seen, the spheres have a good 

distribution and a high packing density.  There is little or no visible porosity between the 

spheres and the matrix which has filled the entire volume between the spheres, appears 

solidly formed and bonded to the spheres.  The spheres have all remained spherical and 

show no signs of deformation as a result of processing.  Careful inspection of the spheres 

reveals that none of the spheres have been penetrated by the matrix and they are all still 

hollow.  Some spheres appear to have some material in them, but this is a consequence of 

the cutting and grinding process.  This process can smear or press the thin metal shell of 

the sphere across the cavity of the sphere, making it appear filled.  This material is mostly 

removed with further polishing, although manual removal is sometimes necessary. 

 

7.1  Physical Properties 

The relative density of the foam was calculated using a comparison to a solid, fully dense 

steel matrix with solid steel spheres.  The dimensions as well as the measured densities of 

all of the composite steel foams tested are shown in Table 7 and are compared to the 

estimated densities calculated by Eq. 16. 

 

7.2  Microstructure  

SEM/EDS was used to identify any precipitation, diffusion, or presence of other phases in 

the matrix or sphere walls.  The EDS on low carbon steel composite foams showed the 
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presence of ferrite both in the matrix and spheres.  No alloying element has been detected 

confirming the lack of diffusion from the stainless steel mold into the sample.  

Microstructural observation on samples of the low carbon steel composite foams etched 

with 2% nital revealed the presence of pearlite along the grain boundaries of both the 

spheres and the matrix, as shown in Figure 51.  The pearlite was distributed uniformly 

throughout the spheres and the matrix, with a greater percentage of pearlite in the spheres 

than in the matrix.  It is notable that although the percentage of carbon in the matrix is 

higher due to the addition of 0.8% graphite to the steel powder, the lower porosity and 

greater integrity of the sphere walls facilitated the diffusion of carbon from the matrix into 

the sphere walls.  As a result, a higher percentage of pearlite has been observed in the 

sphere wall.  The grain structure of the spheres has been observed to be larger than that of 

the matrix as well.  The presence of larger grains as well as higher precipitations in the 

sphere walls can all be related to the exposure of the spheres to high temperatures during 

sintering of the matrix, which facilitated the grain growth and precipitation formation in 

the sphere walls. 

 

Grain boundary precipitations were also found in stainless steel samples, both within the 

sphere walls and in the matrix.  Figure 52 shows SEM images of the grain boundary 

structure and precipitations in the stainless steel sample.  The compositional analysis of 

these precipitates was evaluated using SEM/EDS and is listed in Table 8 along with the 

nominal composition of the 316L stainless steel matrix powder, and the composition of the 

sphere walls at various distances from the grain boundaries.  As can be seen, the regions 

close to the grain boundaries are depleted of Cr while the percentage of Cr in regions far 
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from the grain boundaries stayed closer to the nominal composition.  It appears that the Cr 

has diffused into the grain boundary regions to precipitate as a Cr rich phase, most likely 

M23C6 which is often the main carbide formed in the 316 stainless steels [55,56].  During 

slow cooling from 850 to 400˚C, chromium carbides precipitate in the grain boundaries 

[57]. Due to the sintering temperature and vacuum level, there was some concern that the 

chromium in the stainless steel powder would evaporate, reducing the corrosion resistance 

capability of the matrix for the stainless steel foams [47].  SEM/EDS showed that the 

composition of the stainless steel was near the nominal composition range of the powder as 

given by the manufacturer, as can be seen in Table 8.  The microstructural study on etched 

samples of stainless steel composite foams revealed larger grains in sphere walls compared 

to the matrix, similar to the low carbon steel samples as discussed above. 

 

7.3  Mechanical Properties 

 

7.3.1  Microhardness 

Figure 53 shows the SEM image of one indentation site in a stainless steel sphere wall 

(Figure 53A) and two in the stainless steel matrix (Figure 53B).  One of the indentation 

sites in the matrix is inside the grain with repeatable read out while the other one is at a 

precipitation site on the grain boundary.  This explains some of the inconsistencies of the 

microhardness read outs presented in Table 9.  It is notable that the lower percentage of 

porosity in the sphere wall led to a better read out of its microhardness.  Only readings 

where the indentation was able to be read clearly and were reasonably consistent with other 

read outs were used to calculate the average microhardness.  Although the matrix is made 
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of the same material as the spheres in both cases, there is a 40 HV difference between the 

hardness of the spheres and the matrix for both low carbon and stainless steel materials.  

For the low carbon steel composite foam, the spheres are 79% harder than the matrix, 

while the spheres are 31% harder than the matrix in the stainless steel composite foam. The 

grain size of the matrix material is observed to be smaller than that of the spheres in both 

cases, as can be seen in Figure 51B, Figure 51C, and Figure 52A.  The average grain size 

in the low carbon steel composite foams was found to be 28 μm in the matrix and 35 μm in 

the spheres, or 25% larger than that of the matrix.  There was a much larger difference in 

the grain size of the stainless steel composite foam, with an average grain size of 33 μm in 

the matrix and 73 μm in the sphere walls, or 120% larger than that of the matrix.  As a 

result, the lower hardness of the matrix can be attributed to its greater percentage of 

porosity.  The smaller grain size of the matrix may even help to compensate for the high 

porosity of the matrix, increasing its hardness. 

 

7.3.2  Compression Testing 

Figure 54 and Figure 55 show the stress strain responses for the low carbon steel foams 

and the stainless steel foams.  As can be seen, they all have the same form and experience 

an initial linear elastic region, a nearly level plateau region where the stress increases 

slowly as the spheres deform plastically, and a densification region defined by the rapidly 

increasing load. 

 

To determine the mechanical properties of the composite foams, a few key points had to be 

determined; the critical strain and the densification strain.  The critical strain of a foam is 
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the point at which it no longer behaves elastically, or the yield point.  The critical point 

was considered to be simply the 0.2% strain offset yield point.  To find the densification 

strain, first a line tangent to the stress-strain curve is drawn at the point (1-ρ/ρs) [58,59,33].  

A second line is drawn tangent to the plateau region of the stress-strain curve that passes 

through the yield point.  The intersection of these two lines is considered the densification 

strain.  This process is illustrated in Figure 56.  From the two strains, the mechanical 

properties of the foams can be determined.  The plateau stress is the average of the stresses 

found between the yield stress and stress at densification.  The energy absorbed by the 

foam is the area under the curve up to the densification strain.  The mechanical properties 

of all foams is shown in Table 10. 

 

Figure 57 shows a sequence of images taken during static compression testing of sample 4 

(2.0 mm 316L stainless steel).  Deformation appears uniform throughout the entire sample 

and there is no evidence of individual collapse band formation.  Through 56% strain, the 

sample has collapsed uniformly and has not shown any evidence of buckling or shearing.  

 

To determine the elastic modulus of the foam, one sample of the low carbon steel foam 

made with 3.7 mm spheres underwent a sequence of loading and unloading.  During the 

initial loading, the foam experiences some plastic deformation as well as elastic 

deformation.  By straining the material beyond the yield stress, when the material has 

experienced some plastic deformation, a more accurate modulus can be found.  Similarly, 

the modulus in unloading will give a more accurate representation of the true modulus 

because every time the material is loaded in compression, there may be some effects due to 
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compression of the porous matrix or plastic deformation of the sphere walls. The loading 

and unloading moduli were both 2.2 GPa, with a standard deviation of 0.13 GPa (6%) over 

20 readings. 

 

The loading-unloading experiment was also repeated for the stainless steel composite 

foam.  Averaged over 10 readings, the modulus in loading was calculated to be 9.1 GPa, 

with a standard deviation of 1.3 GPa (14%).  The modulus in unloading was calculated to 

be 10.0 GPa, with a standard deviation of 2.3 GPa (23%).  This loading and unloading 

curve can be seen in Figure 58.   

 

For a closed cell foam, the elastic modulus scales as a function of the relative density by  

( ) ( )[ ]ssscECE ρρρρ /3.0/5.0 2 +=  Eq. 17 

where Cc is a constant which depends on the closed cell geometry of the structure [16].  

This constant can be found by using the equation for the compressive strength of the foam 

( ) ( )[ ]ssscC ρρρρσσ /3.0/5.0 3/2 +=        Eq. 18 

Using the average yield strength of the stainless steel composite foams, 43 MPa, a value of 

0.385 is found for Cc.  Substituting back into Eq. 17, a modulus of 14.0 GPa is predicted.  

This is reasonable, although high compared to the experimental value of 10 GPa.  It may 

be a little inaccurate since these equations are more suited for materials with relative 

densities less than 30%.   
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Using the average yield strength of the low carbon steel composite foams, 11 MPa, a value 

of 0.103 is found for Cc.  Again substituting this value into Eq. 17, an elastic modulus of 

3.9 MPa is predicted. 

 

It is notable that a composite foam with a modulus in this range would be highly suited for 

use in biomedical applications.  The modulus of bone is approximately 10 Gpa.  By using a 

material with a similar stiffness as the natural bone, the bone is required to carry at least a 

portion of the load.  This maintains the health of the bone and prevents it from being 

resorbed by the body. 

 

The mechanical properties of metal foams are typically functions of their relative densities 

[16], i.e. for the same base material, decreasing the density would result in lower strength 

and energy absorption capability.  Observing the low carbon steel composite foams show 

that the foam made from 1.4 mm spheres has a relative density of 0.32 and a plateau 

strength of 81 MPa, while the foam made from 3.7 mm spheres has a relative density of 

0.39 and a plateau strength of 36 MPa.  The density of the foam with the larger spheres is 

greater, but the strength is lower, contrary to the scaling laws.  Also, the 3.7 mm spheres 

are over twice the size of the 1.4 mm spheres, but the resulting material has half the 

strength.  This suggests that the strength of the composite foams is not strictly dependent 

of the density itself, as there are also size effects to be taken into consideration.  The higher 

strength of foams composed of smaller spheres with larger interfacial areas suggests that 

the bonding strength between the spheres and the matrix is high enough and should not be 

considered as a weakening factor.  The smaller spheres will have a higher resistance to 
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buckling, so the strength of the material should increase with smaller spheres.  It is 

concluded that the mechanical and microstructural properties of the spheres, as well as 

their geometry (diameter, wall thickness), and bonding to the matrix are the main factors to 

control the plastic deformation of composite foam. 

 

7.3.3  Image Analysis 

Strain mapping was used to analyze the strain of the composite foams under static 

compression to determine if there were any collapse bands within the material.  Surface 

Displacement Analysis software (SDA) from Instron Corporation was used to measure the 

u and v components of the planar surface displacement of the composite foam at various 

stages during compression [60].  Images of the composite foam under compressive loading 

are broken up into subimages which provide an array of analysis sites across the surface.  

Displacement vectors are evaluated through a series of 2D Fast Fourier Transformation 

(FFT) calculations of corresponding pairs of subimages.  The displacement vector is 

determined from the coordinates of the maximum peak of the 2D function resulting from 

the inverse transform of the sub image FFT ratio.  A history of the deformation field can 

then be developed and the deformation studied across the principal strain axis.  The 

displacement vector field was then further analyzed to evaluate the incremental in-plane 

Almansi strain tensor, which is used to evaluate deformation mechanisms. 

 

To do this, the original images from Figure 57 are transferred to greyscale images, and the 

area outside the foam is cropped.  The resulting pictures are 626 x 376 pixels.  The average 

cell size in the image is approximately 30 x 30 pixels, so a subwindow size of 40 x 40 
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pixels is selected and each subwindow is centered at nodal points that are 5 pixels apart.  

The analysis is carried out by applying the FFT to an array of subimages.  The SDA 

software provides the first derivative of the displacement field which was then evaluated 

by a second order polynomial fit.  The displacement field was then analyzed using a 

FORTRAN program, which applied a central difference scheme to the incremental 

displacement vectors.  This was done to evaluate the Almansi strain components.  The 

resulting strain map shows the displacements as bands of varying color. 

 

From the images, it can be seen that there is no distinct collapse band formation, as 

compared to Figure 10, where three distinct collapse bands have formed at less than 2% 

strain. Deformation between the first and second image (Figure 61, 2.8% strain) and the 

first and third image (Figure 62, 5.6% strain) show the strain is distributed uniformly 

throughout the material.  The majority of the deformation appears to be along the bottom 

of the sample, showing the deformation is a progressive deformation, rather than a 

completely uniform densification.  The regions in white are areas where the strain is to 

large to be accurately calculated using this technique.   

 

Figure 63 through Figure 68 show the step by step images from the 2.8% strain up to 19.6 

% strain.  Several of the images show regions of localized deformation.  These regions are 

distributed across the entire surface of the sample and do not develop into full collapse 

bands which travel through the thickness of the material.  Some of the regions become 

inactive and remain at the same level of strain throughout testing. 
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The maps of the strain components show that while the loading direction is in the Y-

direction, strains are evident in both the Y-direction and the X-direction.  For this material, 

the plastic poisson ratio is not zero, unlike other metal foams [61].  Poissons ratio is found 

by physical measurement of the strains of the steps between the compression images.  

Using this technique, the plastic poisson ratio for the sample in the images is found to be 

approximately 0.34.  The samples were also measured after compression, where poisons 

ratio was found to be between 0.32 to 0.35. 

7.3.4  Fatigue Testing 

By using the plateau strengths of the composite foams under monotonic compression 

testing, the fatigue life of the material can be determined.  Cyclic compression at or near 

the plateau stress leads to the material experiencing large strains and failing within very 

few cycles.  The farther away from the plateau stress, the longer the material will be able to 

delay densification.   

 

Composite foams made of 2.0 mm hollow spheres underwent compression-compression 

fatigue testing.  The maximum stress for these samples were selected to be 47%, 54%, 

60% and 65% of the plateau stress with R = σmin/σmax = 0.1.  The sample which underwent 

testing at 47% of the plateau stress withstood cyclic fatigue for over 1.1 million cycles 

before beginning densification.  The samples which underwent testing at 54%, 60%, and 

67% of the plateau stress withstood 520,000, 50,000, and 11,000 cycles. 

 

The composite foams made from 3.7 mm low carbon steel foams were tested at 67 and 

72% of their plateau stress (45 MPa).  The sample which underwent testing at 67% 
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withstood cyclic fatigue for over 127,000 cycles before failure.  The sample which 

underwent testing at 72% of the plateau stress withstood 56,000 cycles.  The 1.4 mm low 

carbon steel was tested at 65% of its plateau stress (84 MPa) and withstood 83,000 cycles.  

The dimensions and loads for each sample are shown in Table 11.   

 

The fatigue life of a regular metal foam is associated with the formation of cyclic 

deformation bands.  Formation of each band is associated with an abrupt increase in strain 

after a certain number of cycles [14].  Upon further cyclic loading, each band completely 

densifies with a displacement equal the average cell size [14].  Further cycling will cause  

either an additional band to form or causes the band to spread until full densification 

occurs [14].   

 

In all of our composite foam samples, a uniform distribution of deformation has been 

observed throughout the entire cycling period, up to the beginning of densification.  In 

three of the 2.0 mm stainless steel samples, a total of over 8% strain has been observed 

before the beginning of densification.  This can be associated to approximately a 3 mm 

contraction in the sample while no distinct collapse band has been observed and no abrupt 

jump in the S-N curve has been seen.  The total deformation occurs as a uniform strain 

throughout the entire cycling period prior to the beginning of densification.  In the case of 

the sample tested at 65% of the plateau stress, a total of nearly 17% strain, a contraction of 

5.5 mm, was observed prior to the initial densification without any jump in the S-N curve.   

 



 146

In the low carbon steel samples, a total of about 9.5% and 12% strain was observed in the 

3.7 mm samples with no distinct collapse band formation and no abrupt jump in the S-N 

curve.  These strains correspond to 4.7 mm and 5.7 mm displacement.  In the case of the 

1.4 mm sample, 7.5 % strain was observed, prior to densification.  This is a displacement 

of almost 3 mm. 

 

Observing the low carbon steel composite foams shows that they all have a similar fatigue 

life for testing at approximately the same percentage of their plateau stress.  This shows 

that the size effects are taken into consideration by the plateau stress and there is no size 

effect on fatigue life when comparing percentage of maximum load. 

 

During fatigue loading, the materials underwent uniform densification until failure.  No 

abrupt jump in the S-N curves or any obvious localization of the strain has been observed 

in any of our samples.  There was no evidence of any collapse band formation in any of the 

tests.  Each sample had an incubation strain approximately equivalent to at least one cell 

size.  It can be concluded that the behavior of the composite metal foams is very different 

than that of regular metal foams and is much more uniform.   

 

7.3.5  Modeling 

To model the behavior of the composite foam, the properties of each phase had to be 

known.  The spheres were modeled as steel with a modulus of 200 GPA and a poisson 

ratio of 0.3.  Because the matrix is a highly porous structure, its modulus is not explicitly 
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known.  The matrix can be thought of as an open celled material, where the modulus scales 

as a function of the relative density by 

2
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with the constant C depending on the structure of the material [16].    Similar to the method 

to find the modulus of the composite foam, a block of the matrix material, which had been 

sintered (without spheres) to test the composition of the stainless steel powder after 

sintering, was tested to find its compressive strength.  Using the equation for the 

compressive strength of an open cell foam, 
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the constant was found to have a value of  0.252.  Using Eq. 20, the modulus of the porous 

matrix is found to be 14.7.  Again, these equations are most accurate for cellular materials 

with relative densities of less than 0.3, so there may be some inaccuracy in the estimate.  

Using the yield strength of the sintered porous low carbon steel matrix, which was 

experimentally determined to be 7.7 MPa, the constant Co in Equation 4 was found to have 

a value of 0.103.  Using Equation 3, the elastic modulus of the porous matrix is found to be 

4.2.  Poisson’s ratio does not scale with porosity, so its value was set at 0.3 as well.  

 

To verify the accuracy of the calculated data, published information of the modulus of 

porous sintered material was also used [47].  Information was given for relative densities 

of 0.76 and greater, so the data was extrapolated to a relative density of 0.54, the density of 

the matrix.  This method gives a modulus of the matrix of 30 MPa.  Data was also listed 
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for poissons ratio, which decreases with relative density.  This data was extrapolated to 

give a poissons ratio of 0.11 for material with a relative density of 0.54. 

 

The two dimensional models were created in ANSYS and meshed using Plane 42 

elements.  Once meshed, the boundary conditions and loads were applied.  The bottoms of 

the models were constrained in the Y-direction.  Symmetric boundary conditions were 

applied to the left and right sides.  The load was applied along the top surface as a pressure 

of 3 MPa in the Y-direction.  Each model was run with both values of the modulus for the 

matrix to give the entire possible range.  Poissons ratio was also varied from 0.11 to 0.3, 

but this had no effect on the composite foam modulus.  The results are shown in Table 12. 

 

For a given matrix modulus, all models give similar predictions for the predicted foam 

modulus.  Compared to the modulus obtained through compressive testing, the lowest 

modulus modeled is greater than that obtained experimentally.  There may be several 

reasons for the models giving a higher modulus than that observed experimentally.  First, 

and most importantly, the models are only a two dimensional representation of the foam.  

The models are also only representations of two or three spheres in perfect packing.  By 

increasing the model to represent more spheres or even a random packing of several 

spheres, a more accurate prediction may be made. 
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7.4 Comparison 

When compared to other materials manufactured from hollow spheres of similar size and 

materials, such as the foams made by Fraunhofer [18] and Georgia Tech [19], the 

composite metal foam produced here displays superior plateau strength, strength to density 

ratios, and energy absorption capability, while maintaining similar densification strains.   

Graphical results are shown in Figure 70 and Figure 71.  The specific stress strain curve 

shows the stress per density of the composite foams as well as hollow sphere foams.  Bulk 

steel is included because it is a similar material to the composite foams and aluminum is 

included because the composite foam has approximately the same density.  As can be seen, 

the bulk materials exhibit higher stresses for a given stress, which translates to a higher 

energy absorbed for a given strain.  But by looking at the specific energy curve, Figure 71, 

it can be seen that the amount of energy absorbed per unit mass by the composite foams is 

much greater at lower stresses.   

 

Table 13 shows the comparison of the composite foams to hollow sphere foams.  As is 

evident, the amount of energy absorbed is nearly five times greater, while the strength to 

density ration is almost three times higher.  Comparing the specific strength and specific 

energy absorption capabilities of the materials, the composite foams are over 2.5 times 

greater than the hollow sphere foams. 
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Figure 50.  The three different composite foams produced through powder metallurgy. 
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Figure 51.  SEM images of the etched low carbon steel composite foam made of 3.7 mm 
spheres.  A) General cross sectional image showing the sphere wall and matrix, B) higher 
magnification image of the sphere wall with pearlite highlighted by arrows, C) higher 
magnification of the matrix with large porosity and pearlite highlighted by arrows,  D) 
pearlite formation in the matrix. 
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Figure 52.  SEM images showing cross section of etched stainless steel composite foam A) 
general image showing the difference in grain size between the spheres and the matrix, B) 
grain boundary precipitations in the sphere wall. 
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Figure 53.  SEM images showing traces of microhardness indentations on A) stainless steel 
sphere, B) stainless steel matrix.  Note that some indentations, such as the one marked with 
an arrow in B, are distorted due to overlap with pores or precipitations. 
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Figure 54.  Stress strain curves for 3.7 and 1.4 mm low carbon steel composite foams.  The 
numbers refer to the sample numbers in Table 7. 
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Figure 55.  Stress strain curves for 2.0 mm 316L stainless steel composite foams.  The 
numbers refer to the sample numbers in Table 7. 
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Figure 56.  Stress strain curve of sample 4 showing definitions of critical strain and 
densification strain. 
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Figure 57.  Compression testing of sample 4 (2.0 mm 316L stainless steel) up to 282 MPa 
at 56% strain.  
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Figure 58.  Loading and unloading curves for 2.0 mm stainless steel composite foam 
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Figure 59.  S-N curve of 2.0 mm 316 L Stainless Steel composite foam under compression-
compression fatigue loading. 
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Figure 60.  S-N curves of 1.4 and 3.7 mm Low Carbon Steel composite foam under 
compression-compression fatigue loading. 
 
 
 
 



 162

 
 
Figure 61.  Strain mapping image between reference (0% strain) and 2.8% strain. 
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Figure 62.  Strain mapping image between reference (0% strain) and 5.6% strain. 
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Figure 63.  Strain mapping image between 2.8% strain and 5.6% strain. 
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Figure 64.  Strain mapping image between 5.6% strain and 8.4% strain. 
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Figure 65.  Strain mapping image between 8.4% strain and 11.2% strain. 
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Figure 66.  Strain mapping image between 11.2% strain and 14% strain. 
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Figure 67.  Strain mapping image between 14% stain and 16.8% strain. 
 
 



 169

 
 
 
Figure 68.  Strain mapping image between 16.8% strain and 19.6% strain. 
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Figure 69.  Strain mapping image between 19.6% strain and 22.4% strain. 
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Figure 70.  Specific stress (σ/ρ) –strain curve for composite foams and bulk materials. 
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Figure 71.  Specific energy absorbed (U/ρ) vs. stress for composite foams and bulk 
materials. 
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Table 7.  Dimensions and physical properties of all composite steel foams tested in 
compression. 
 
Sample 

#  Sample Dimensions 
(L x W x H, mm) 

Volume 
(cm3) Mass (g) 

Measured 
Density 
(g/cm3) 

Predicted 
Density 
(g/cm3) 

Relative 
Density 

(%) 

1 3.7 mm 
LC Steel 44.1 x 44.3 x 54.8 320.7 107.06 3.01 3.06 38.3 

2 3.7 mm 
LC Steel 40.2 x 39.7 x 53.1 263.6 84.74 3.11 3.06 39.5 

AVERAGE  3.06  38.9 

3 1.4 mm 
LC Steel 17.5 x 19.2 x 38.6 33.1 12.97 2.65 2.55 32.4 

 

4 2.0 mm 
316L SS 20.0 x 20.2 x 34.9 40.9 14.10 2.90 2.93 36.9 

5 2.0 mm 
316L SS 23.1 x 22.9 x 46.6 71.8 24.65 2.91 2.93 37.0 

6 2.0 mm 
316L SS 23.2 x 20.6 x 45.4 66.7 21.70 3.07 2.93 39.1 

7 2.0 mm 
316L SS 23.2 x 20.6 x 45.2 63.2 21.60 2.93 2.93 37.2 

AVERAGE  2.95  37.5 
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Table 8.  Composition of the matrix and sphere grain boundary precipitations found in 
stainless steel foam. 
 

Sphere Matrix 

 Inside 
grain 

Near 
grain 

boundary 
Precip. Nominal Inside 

Grain 

Near 
grain 

boundary 
Precip. Nominal

Si 1.4 1.4 2.2 0.9 1.4 1.4 2.2 0.9 
Cr 18.2 15.8 28.3 16.2 18.3 15.6 28.9 16.2 
Mn 0.76 0.66 0.24 0.15 0.73 0.66 0.49 0.15 
Fe 65.7 66.6 57.1 66.9 65.8 66.8 56.5 66.9 
Ni 12.0 13.6 9.6 13.3 12.1 13.7 9.3 13.3 
Mo 1.4 1.3 2.6 2.2 1.4 1.4 2.6 2.2 
C * * * 0.17 * * * 0.03 
• below detection limits of EDS 
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Table 9.  Vickers Hardness of different regions in the low carbon and stainless steel foams, 
together with the average grain size of each phase.  The readings in bold are those that 
were used to calculate the averages. 
 
 

 Low Carbon Steel Stainless Steel 
Region Matrix Spheres Matrix Spheres 

41.2 90.4 140.3 186.4 
50.8 92.7 137.0 181.4 
47.3 80.2 259.5 208.2 
29.4 91.8 262.2 198.6 
33.9 62.8 153.1 196.8 
20.8 66.6 156.9 202.4 
48.7 93.7 129.0 176.7 
47.7 91.8 128.1 169.2 
73.9 94.6 115.3 198.6 
41.2 92.7 119.0 183.1 
35.3 72.6 184.7 165.0 
30.1 67.7 156.9 167.8 
22.0    
67.7    
61.3    
64.4    
52.4    
55.3    

HV 

57.0    
AVE HV 49.6 88.9 142.0 186.3 

  
Grain Size 

(μm) 28 35 33 73 
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Table 10.  Mechanical properties of all composite steel foams tested in compression 
 

Sample 
# 

Sample 
Material 

Yield 
Stress 
(MPa) 

Yield Strain 
(mm/mm) 

Densification 
Strain 

(mm/mm) 

Plateau 
Stress 
(MPa) 

Energy 
Absorbed  

up to 
Densification 

(MJ/m3) 

Modulus 
(GPa) 

1 3.7 mm  
LC Steel 10.3 0.008 0.51 44.5 24.1 1.6 

2 3.7 mm  
LC Steel 9.0 0.013 0.56 27.8 13.6 0.7 

AVERAGE 9.7 0.01 0.54 36.2 18.9 1.2 
 

3 1.4 mm  
LC Steel 34.3 0.007 0.57 81.4 41.7 7.2 

 

4 2.0 mm 
316L SS 52 0.008 0.56 147 81.4 7.9 

5 2.0 mm 
316L SS 44.5 0.008 0.53 117 61.7 4.5 

6 2.0 mm 
316L SS 45.7 0.011 0.53 135 66.7 6.8 

7 2.0 mm 
316L SS 39.9 0.011 0.55 110 61.3 5.1 

AVERAGE 43.0 0.01 0.54 127 67.8 6.1 
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Table 11.  Dimensions and loads for all foams in fatigue testing. 
 

 
Sample 

Dimensions  
(L x W x H, mm) 

σmax  
(MPa) 

% of 
Plateau 
Stress 

Approximate 
Number of 
Cycles to 
Failure 

Total 
Displacement 

before 
Densification 

(mm) 

Total Strain 
before 

Densification 
(mm/mm) 

1 20.8 x 21.6 x 34.8 68 47 1,130,000 2.7 0.078 
2 22.6 x 22.4 x 35.4 78 54 483,000 2.8 0.079 
3 19.8 x 19.8 x 31.9 66 60 39,500 2.6 0.082 

2.0 mm 
316L 
SS 

4 23.6 x 23.1 x 34.7 72 65 5,400 5.7 0.164 
 

1 33.3 x 32.3 x 49.8 30 67 127,000 4.7 0.094 3.7 mm 
LC 2 31.0 x 32.0 x 47.5 32 72 56,200 5.7 0.12 

 
1.4 mm 

LC 3 26.4 x 25.1 x 38.9 53 70 83,400 2.9 0.075 
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Table 12.  ANSYS prediction of composite foam elastic modulus. 
 

Matrix Elastic Modulus (GPa) Effective Foam Elastic Modulus (GPa) 
3.7 mm Low Carbon Steel Model 1 Model 2 Model 3 

4.2 7.9 8.0 8.2 
30 9.7 8.9 9.9 

2.0 mm Stainless Steel Model 1 Model 2 Model 3 
14.7 12.1 12.2 12.5 
30 14.9 13.6 15.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 179

Table 13.  Comparison of hollow sphere foams to composite metal foams. 
 

NCSU Composite 

Steel Foam 
 

Low Carbon Stainless 

GA-Tech 

Stainless 

Steel  

Foam [19]

Fraunhofer  

Stainless Steel

Foam [18] 

Sphere OD (mm) 3.7 1.4 2.0 2 2-3 

Sphere Wall Thickness (mm) 0.2 0.05 0.1 0.1 0.25 

Measured Density (g/cm3) 3.01 2.55 2.90 1.4 1.4 

Relative Density (%) 38.2 34.2 36.8 17.8 17.8 

Plateau Stress (MPa) 36.2 81.4 127 5 23 

Densification Strain (%) 54 57 54 65 60 

Plateau Strength/Density Ratio 12.0 31.9 43.7 4 16 

Energy Absorption  at densification 

(MJ/m3) 
18.9 41.7 68 2.5* 13* 
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8.  CONCLUSION 
 
The composite metal foam produced in this work displays significantly improved 

properties of compressive strength, energy absorption, and strength to density ratio.  This 

material displays the properties that are characteristic of an elastic – plastic foam in 

compression; an initial linearly elastic region, a long strain region with a level plateau 

stress, and a densification strain beyond 50%.  This combination of properties can allow 

this foam to be used in applications where cellular metals may not have been able to be 

used before, due to their lack of performance.  

 

When the composite foam undergoes densification, it does so uniformly, with no regions 

of preferential deformation.  The material collapses through a large range of strain without 

any barreling, shear, or buckling.  Strain mapping has shown regions of localized 

deformation that do not form continuous collapse bands.   

 

The composite foam has shown the ability to withstand fatigue at very high stresses for 

large numbers cycles without the formation of collapse bands.  The total strain during 

cyclic fatigue is on average larger than that of the cell size.  However, no abrupt jumps in 

the S-N curves have been seen before the onset of densification. 

 

The potential for the application of metal foams is vast and as of yet, relatively unexplored.  

Due to the shortcomings of the current materials; non-uniform cell structure, low plateau 

strengths, formation of collapse bands, etc, these materials are not being used to their full 

potential.  With the improvement of these deficiencies in mind, the goals of this project 
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were to design a new foam product and develop a new method of production to overcome 

the present defects.  As is evident by the results shown, it is clear that these areas for 

improvement have been addressed, and the knowledge gained from this work lends 

valuable information to plan future actions for further improvement to this product.  

 

The experimental procedure designed here was successful in producing a new composite 

foam, and the methods and analysis used to characterize the material yielded valuable 

qualitative and quantitative results to gage the relative success of the work compared to 

current technologies.  Future actions to explore are the effects of sphere wall thickness, the 

use of different materials, and further modeling and simulation. 
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