ABSTRACT

GARCIA AVILA, MATIAS. Characterization and Applications of Composite Metal Feam
(Under the direction of Dr. Afsaneh Rabiei).

Composite Metal Foam (CMF) is a lighteight highenergy absorption material
which is manufactured by packing steel hollow spheres and filling the interstitial spaces
between spheres with a solid metallic matrix. This is achieved by either casting auminu
through gravity casting or by sintering steel powder powder metallurgy techniqueThe
solid matrix surrounding the spheres provides reinforcement of the sphere walls, allowing
great specific strength and large amount of energy absorption of tl@gahand resulting in
the strongest metal foam to dat€he sphere chemical and morphological properties have a
direct effect on the structural and mechanical properties of composite foams, so these effects
need to be investigatedn addition, CMF hagroven to be a good candidate for applications
where high energy absorption under impact is needed, such as crumple zones in vehicles or
ballistic protection. The effects of strain rate on CMF must also be investigated to
understand the behavior of the teral under dynamic loading for these types of

applications.

In this study, luminuni steel Composite metal foams (8ICMF) are manufactured
using steel hollow spheres, with a variety of sphere carbon content, surface roughness, and
wall porosity, embeddk in anauminum matrix through gravity casting technique. The
microstructural and mechanical properties of the mataredtudied using scanning electron
microscopy, energy dispersive spectroscopy, and gu@$t compressive testing.The
results shar that hgher carbon content and surface roughness in the sphereareall

responsible for an increase in formation of intermetallic phases viaish strengthening



effect at lower strain levels, increasing the yield strength of the material by a fa@pr of
while higher sphere surface roughness and wall poroestyltsin a decrease on the density

of the material and higher ductility maintainiagconstant totadnergy absorption.

Steel steel Composite metal foams-§CMF) are manufactured using steelldw
spheres (with variety of different sphere sizes, surface roughness and carbon content)
embedded in a stainless steel matrix through powder metallurgy techniduee
microstructural and mechanical properties of the mataredtudied using scannirgectron
microscopy, energy dispersive spectroscopy, and gt@st and dynamiccompressive
testing. It is observed that the yieland plateau strengthas well as the energy absorption
capabilities of the composite foams are increased with incredsading rate and by
decreasing sphere sized he effecs of sphere surface roughness and carbon content on
mechanical properties of CMF seem to be minimal compared to other parameters. As a
result, the features controlling the life time and performah@®mposite metal foams under
static and dynamic loading have been categdiiz® two main groups.The first group that
controls the yield and plateau strength of the foam at lower strain levels includes bonding
strength between the spheres and mathickvis a function of the sphere surface roughness
and the gradient chemical composition between the spheres and matrix. The second group
that controls the relative density, densification strain and plateau strength at higher strain
levels belongs to thephere diameter and the porosity content in both spheres and matrix.
Moreover, increasing the loading rate improves thaldysstrength of all CMF samples,

showing strain rate sensitivity of the material.

A high-performance lightveight composite armor sgsh has been manufactured

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



metallurgy technique as a bullet kinetic energy absorber interlayer, and aluminum 7075 or
Kevlar™ panels as backplateShe ballistic toleance of this novel composite armor system
has been evaluated against the 7.62x51 mm M80 and 7.62x63 mm M2 armor piercing
projectiles according to U.S. National Institute of Justice (NIJ) standard 0101.06. The results
show tha under ballistic loading congsite metal foams absodpproximately 6670% of the

total kinetic energy of the pjectile effectively and stopoth types of projectiles with less
depth of penetration and backplate deformation than that specified in the NIJ 0101.06
standard guidelines.Finite elementanalysis predictions of the composite armor energy

absorptiorshow close agreemebétweerexperimental and analytical results.
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Chapter 171 Introduction to Metal Foams

1.1. Introduction to porous materials

Some of the most advanced structural materials found in nature are porous materials.
Wood and bone have provided the structural suppornfistliving things in this planet for
millions of years. The porous structure of wofghown in Figure 1A [1]) servesa
multifunctional purpose, witlts longitudinal channels allowg nutrients to travel from the
roots to the leaves of trgewhile at the same time providing structural support and
flexibility. Wood hasplayed anmportantrole as the main structural mateneed byman
throughout history Bone is also porous in nature and provides the main structure for the
body of animals. The porous structure of bone (showrigare 1B [2]) provides a strong
and light weight skeletorwhich allowsanimalsto move efficiently. In the case of birds,
extremely porous and low density bones provide extremely low weight skeletaag

flight possible

Until recent, most porous materials were strictly found in n&ur However,an
interest to mimic nature as an inspirationmienufacture advanced materials has provided
man with a motivatiorio manufacturdow weight porous materialsPolymeric foams such
as polystyrene have been used as packaging materials tot mhijects under impact for
decades. Advanced cellular materials such as honeycomb have gained favor in the aerospace
industry as sandwich panel cores, providing -lweight and high specific strength and

stiffnesswhen used alongheet metaand/orpolymer reinforced composite paneldviany



techniques are available to manufacture metallic, ceramic, and polymeric cellular materials.
In addition to the application of cellular materials as packaging or thermal insulation, their
increasing mechanical propedi®ave provided opportunities to usthem in structural

applications such aspact kinetic energy absorbers and sound and vibration abs[8pers

200 um

Figurel: A) 3D x-ray microtomography image of the structure of douglas fir wapend
B) SEM image of therosssection of human vertebrae bd2é

One of the important properties of cellular materials is theitivelaensity( } ), }
which is defined as the ratlmetween thalensity of the porous materiplandthe density of

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



14% of the density ofully densewood. Reléve density provides a measure of porosity

within the cellular material, and it could be as low as 0.001 for-ldtwadensity foamg$3].

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

opencell foams and closecell foams.

1.1.1. Opencell Foams

The structure of opeitell foams, alsaalled sponges, consists af mterconnected
network of ligaments forming a porous materiaigure 2 shows a adosssection ofa
polyurethaneopenicell foam [4]. This fispongelikeo structure of opermel foams allows
fluids to pass through them and offers a large surface afeamfmaterial in contact with
the fluid. As a result when these foams are made with materials with high thermal and/or
electrical conductivitythey can begreat material choicdor applications such as heat

exchangers and/or battery electrodes.

Opencell foams can be manufactured using many materials including ceramics,
polymers, or metals, and can be made using many different techniques. Although some of
the techniqguego marufacture opescell metallic foamswill be discussed in the following

sections, his studymainly focuses its attentiaon closeecell foams.



Figure2: Crosssection of an openell polyurethane foarj]

1.1.2. Closedcell Foams

Closedcell foams have porosities completely surrounded by a thin membrane of
material, like the one manufactured by Shinko Wire Company Ltd. and shokigure 3
[5]. Closedcell foams are slightly denser than ofmll foams and offer better mechanical

properties.



Within all porous materials, metallic foams are of special interest due to their
particular combination of propegs such as low weight, high strength and energy absorption

capabilities, heat resistance, and thermal and electrical conductivity.

o

- Q—

Figure3: Crosssection of Alporas type aluminum foams manufactured by Shinko Wire
Company Ltd[5]



1.2. Metallic Foams: Processing Techniques

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

powder metallurgy techniques.

1.2.1. Liquid Melt Route

Introducing gas into a liquithetalfollowed by solidificationseems to be the obvious
way to produce gas porosities inside a material. When manufacturing metal foams, this
technique can be achieve in various ways, eddiemwith a particular sebf challenges

and advantages.

1.2.1.1.Gas Injection Process

Metal foams can be processed by injecting ady&stly into a molten metal and then
solidifying the foamed materialThe low density and viscosity of liquid aluminum and the
limited oxidation of its melt in air make direct gas injection an easy and inexpensive process
to produce closedell aluminum foamg6]. When injecting air into a metal meltprae
challenges arise keeping ttiguid metal from drainingin the cell wall and preventing
bubbles from growing too much, ruping, and coalescing into larger bubblesfore
solidification of the foam takes placeThis can affect the structure of the mateeab
produes metallicfoam with non-homogenous porous structurdo address this issue, and
before gas is introduced the melt, viscosity of the meltan beincreased through the

addition of10-30% small (0.525 um) ceramic particles such as alumina, zirconia, silicon



carbide, or titanium diboridgs]. This technique preventirainageof melt within the cell

wall andstabilizzsthe foam structure Figure4 shows a schematic of a similar process used

in manufacturing Cymat aluminum foawhere gas is introduced in an aluminum njé]jt

The porosity and density of the material can be controlled by the gas injection rate and
cooling rate. This process is relatively fast aatlows for the production bmetal foamin
relatively large quantitieat a reasonable priceDue to the foaming techniquése porosity

size and distribution within the materialhard to control which leads to a Rbamogeneous

structure of the foam.

MELT GAS INJECTION

Melt
drainage

Crucible

Stirring paddle
& gas injector

Heating _-/

Figure4: Melt gas injection process to manufacture Cymat aluminum f6am



1.2.1.2.In-situ gas generation

A different technique to foam liquid meta usedby introducing asolid foaming
agent into the melt. The foaming agent undergoes a chemical reaction when exposed to heat
and releases a gaghich is trapped in the melt forming individual pores in thetemal.
Titanium hydride (TiHy) is one of the most commonly used foaming agents, which
decomposes into Ti and;Hjas when heated to 465 6]. In this case, -R% of melt
stabilizers such as calcium are added to the melt to increase viscosity. When the melt and
stabilizer argroperlymixed and the temperature kept between 670 and 6902%,TiH,is
addel to the mixturevhich immediately starts tdecompose antbam the meltproducing
closedcell metal foam. Figure5 shows a schematic of the process used by Shinke W
Company Ltdin Japan to manufacture Alporas aluminum fodra.this date, Alporas foams
(like the one shown iifrigure 3) are considered ongf the most homogenas low-density

closedcell aluminum foams.

Some variations of the process to produce Alporas also exist, such as the FORMGRIP
process shown iRigure6. In this pr@ess, the melt is prepared from@$i/SiCp composite
(Duralcan). TiHfoaming agent is heat treated in air at 500 °C for 24 hours todnowide
outerlayeron 30 um TiH, particles before it is added to the melt. This oxide layer delays the
decomposition of Tilwhen added to the aluminum melt. The-prédized foaming agent
powder is then mixed with AL12%Si alloy powder and added to the melt at 620 °C. The

melt is then stirred and poured into a closed mold, where it is heated for foentiae



place until the mold is filled in its entirety, and then it is cooled to stabilize the foam. This

technique produces nshape parts which have a foamed core and a thin skin of material.

1.5 wt% Ca, Pure Al 1.6 wt% TiH,

@» vl B

Thickening Foaming Cooling Foamed block  Slicing

Figure5: Manufacturing processf Alporas aluminum foamsed by Shinko Wire Company
Ltd. [7]

o>
I + «  TiH2 (TiO2) and Al-12%Si Alloy Powder Mixture

4 1F
> )

Al-9Si / SiCp
Hydride Dispersion Casting Baking Cooling Product
Composite Melt Composite Expansion Solidification ~ 3-D Foam -

Precursor to Fill Die

Figure6: Manufacturing process of FORMGRIP type aluminum fof8hs



1.2.1.3.InvestmenCasting into Preform Templador Manufacturing Opegell Foams

One of the techniques to manufacture epelh foam consists of casting liquid metal
into a preform cellular structure via investmeasting technique Figure 7 shows a
schematic of thenethodused to manufacture opeell Duocel metal foanj6]. For this
technique polymer opercell foam isplacedinside a mold and a slurry containing sard
other ceramic materials cast into the mold. The sand material occupies the open $ptices
by the polymer foanmand makes a pfrm i n e g adf thevcellalar structure. A burnout
process is used to eliminate the polymer material, leaving emptyealhanrthe moldvithin
the ceramic prdorm. Themolten metal isinfiltrated under pressure toccupythe empty
channels between the sand prefama left to solidify After solidification of the metal, the
sand is removed by mechanical means, leavingpamcell metallic foamstructure These
foams can also be manufactured by packing leachable matarimles such as NaCthen
castingmoltenmetal around th&laCl particles, and followed by a remowdlthe leachable

material bysolvent submersioaf the foam.

Other techniques to manufacture omefi foams have been developed, but these are

out of the scope of this paper since mainly cleseltifoams are studied here.
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SOLIDIFICATION IN OPEN CELL MOLD
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Figure7: Process to manufacture opesll foam DUCCEL via investment casting]
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1.2.2. Powder Metallurgy Route

1.2.2.1.Particle Decomposition in Serfiolids

Powdermetallurgy techniques have also been developed to manufacturecelose
metal foams. This techniqueses a mix of powder metal and foaming ageHt, particlesto
produce a precursor material. This precursor is extruded and compacted to form a dense
matrial. This onsolidated material can be cut into small pieces, plated mold, and
exposed to a heat treatment to cause decomposition of theaidit$ubsequentoaming of
the material.Figure8 shows a schematic of this process developed by Fraunhofer Institute in
Germary, and LKR and NeumaAlu in Austria[6]. Similar to the FORMGRIP process, this
technique producesa closecell metal foam with a thin metallic skin, like the one

manufactured by Alulight GmbH and shownFigure9 [9].

Othermore economicaloamingagents with higher decomposition temperature such
as calcium carbonate (Cag)@nd dolomite (CaMg(C§),) have been used as a substitute for
TiH, [107 12]. Thesehigh temperature foaming agents decompose ##06tto 846 °(10],
which provide an alternative foaming agent tmduce foams from metals with higher

melting points than aluminum.
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Figure8: Schematic of the process to manufafcture etadkemetal foam through particle
decomposition in sersolid stat (used by Fraunhofer Institute and Ajiat) [6]
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Figure9: Aluminum foam part produced by Alulight GmUgi

1.2.2.2 Hollow Sphere Foams

The process used by Fraunhofer and HollomeGermanyto manufacture hollow
spheres is described figure 10 [13]. Hdlow spheres are produced using a lost core
technique, where polystyrene spheres are coated with a metal powder and binder slurry,
followed by heat treatment which burns the binders and polymer core and sinters the sphere
wall metal powdes together prodicing a hollow metallic sphere. As seenhkigure10 and
Figurell, these hollow spheres can alsddm@nedinto ametalfoam material by compacting

the spheres and sintering them together in the heat treating process.
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Figurel1l: Compressed and uncompressed hollow sphere foam produEedumhofef14]
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1.2.1. Propertiesof Metal Foamdechanical Properties of Metal Foams

Metal foams are a special class of materials known for their high strengikight
ratio and high impact energy absorption capabilitiga.illustration of a typical stresstrain
curve of metallic foam under compressive loading is shownFigure 12. Under
compressivéoad metal foams experienceanelast r egi on and a Youngos
a yield point. After yielding,heir cellular structure allows them to deform at a relatively
constant stres§ c al | ed p |ppthreughlarges amownts sf stfaib . Many met
foamscan deform under compression up to 50% strain until densificaf)ris( achieved.
The large area under the stress strain curve provides a measure of the amount of energy these

materials can absorb undmmpressivéoading

Many of the mechanical prepies of lowdensity metal foams can be determined
using a series of scaling laws developed by Gibson and A8hbyn these relations, mainly
the relative density of the foam is being useaorrelate the properties of foams to those of
the base bulk materialThe scaling laws used to find the mechanical and thegropkrties
of opencell and closegtell foams were collected and presented by A4bbwnd are shown
in Tablel andTable2 respectively. Although these scaling laws are not@actemethod to
find the mechanical properties for all foams, they give a good approximation for initial
property estimations. In order to find more accurate mechanical properties of metal foams
experimentakcharacterization of the material is needed.thiese cases, standard techniques

such as tension, compression, &atcjuetesting can be used to characterize metal foams.
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Figurel2: lllustrationof a typical stresstrain curve for a metallic foam under compression

[6]

17



Tablel: Scaling laws to estimate the mechanical properties of-opkkand closedell
foams[6]. These propertgeincludeY o un g 6 s
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Table2: Scaling laws to estimate ttieermalproperties of opewell and closedtell foams

[6]

Thermal properties Open-cell foam Closed-cell foam
Melting point (K), T, As solid As solid
Max. service temp. As solid As solid

{KL TH‘T(H'
Min. service temp. As solid As solid

{KL Trm'n'
Specific heat (J/kg.K), As solid As solid

C,

L8 1.65 1.8 1.65

Thermal cond. (pﬁ) < % < (pﬁ) (pﬁ) < % < (pﬁ)

(W/m.K), A ‘ ’ ‘ ‘ ’ ‘
Thermal exp. As solid As solid

(107%/K), a
Latent heat (kJ/kg), L As solid As solid
(c) Scaling laws for electrical properties
Electrical properties  Open-cell foam Closed-cell foam

—l.6 —1.85 —1.6 —1.85
G etivi -8 L P £ R £
Resistivity (10 (,O) < < (,O_,-) (pﬁ.) <R < (m)

ohm.m), R

=
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1.2.2. Deformation Mechanisms of Metal Foams

Due to the inherent inhomogeneity of their microstructtivemechanical properties
of metal foam exhibit Igght variation forfoam made with similar density and processing
technique. This variation of the mechanical properties resideshendeformation
mechanismsof metal foams When metal foams are loaded under compression, the
deformation mechanismgithin the materiabre driven by progressivecollapse of individual
cells. This deformation mechanisms had been originally studied on aluminum foams under
cyclic loading[15]. The progression of thgeformation ofan aluminum alloy foam sample
under cyclic loadings shown inFigure12b-e. When metal foams are subjectcmmpressive
loading, the stress is digiuted throughout thehin cell walls. When the stress is high
enough around the larger cells (showrFFigure 12b-e as cells A and B), #secells start to
buckle, leading to collapse of the cell. As the larger atartto collapse,the critical
buckling load on the cell walls ahe adjacent cellsvill increase causng a premature
collapse of the surrounding cell3hiscauses he f or mati on of what i s
(Figure 15) and translates into sudden increase in strain, as seen in the strain versus cycle
plot in Figure14. This collapse band phenomenon occurs throughout the entire deformation
process until full densification takes placén summary, cell inhomogeneity controls the
deformdion of the material under loady by causing premature collapse band formations, so
a homogenous cell structure is desired since it minimizes collapse band formation, allowing
better predictability of the material response under loading and increasisiyethgth of the

foam.
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strain, (e) afterlte second strain jump, 15% strain. The circles identify the membranes that
buckle between (b) and (c). The amohighlight the collapse banfis5]
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Figurel5: Formation of collapse bands in aluminum foam under compredspn

1.2.3. Structure of Metal Foams

The structural properties of metal foams are strongly influenced by their processing
technique. When porosities are introduced by blowing gas directly into a molten metal the
pore size and morphology are difficult ¢ontrol, such as in the case of Cymat aluminum
foams Figurel6a). These foams show an array of small and large porosities throughout the
material, with little homogeeity of the structure. Although their processing technique is

relatively inexpensive, the lack of a homogenous structure results in inconsistent mechanical
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properties and limits their application in structural components. Other metallic foams such as
Alporas and AlulightRigure16b andFigurel6c respectively) show more homogenous pore
structure, with similar pore size and distribution. Although some variations in structure are
present, the mechanical properties of these foams &hwer inconsistencies, making these
foams good candidates for ligiveight structural applications. Of all metal foams available,
hollow sphere foams show the most consistent pore morphology and distrilbugiore( 1),

since the porosities are provided by packing homogeneous hollow spheres. However, the
thin wall of the hollow spheres does not provide high mechanical properties and limits their

applications in higtoad bearing structures.
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Figurel6: Variability of cell structure on a) Cymat, b) Alporas, and c) Alulight aluminum
foams[6]
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1.3. Applications of Metal Foams

1.3.1. Light-Weight Cores for Sandwich Panels

Typical sandwich panels consists of a {aeight polymer foam 0 honeycomb
structure panels with two face sheets attached to either Sige.addition of a lowveight
core between these face sheets daslingstiffness and rigidity to the panky increasing
its moment of inertia This increase in stiffness of sandwich panels allows for their structural
application in body panels gfround vehiclesaircrafts and bridge decks. However, their
low temperature antdigh moisture absorptiooould limit the applications of conventional
sandwich panels. Due to their combination of properties such as low weghstiffness
shearstrength along with moisture and temperature resistanoetal foamscan bridge that

applicationgapof sandwich panel cores.

Metal foams have shown promising perforroanvhen used as sandwich parj@g
18]. Due to their unigue manufacturing techniques, some metal foams can be joined to face
sheets and foamed one stegprocessg, like the oneshown inFigure 17, obtaininggood
bonding strength between the core and face sh&asdwich panels made with metal foam
cores can also be formed into many shajles,the curved solar panel prototype structure

shown inFigure18.
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Figurel7: Aluminum-aluminum sandwich panel manufactured using a poaiieninum
and TiH; precursof16]

Figurel8: Parabolicsandwich panealising a metal foam core for possible applicatiobhase
plate in parabolic mirrors for thermoelectric solar pldh&
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1.3.2. Dynamic LoadingApplications Impact Energy Absorbers

When compressed at high loading ratesme metal foams exhibit an increase in
strength and energy absorption capabilifie® 26]. As shown inFigure 19 and Figure 20,
for Alporas tested at strain rates up to 2500tse yield strengthof the materiaboubles in
magnitudeand the eergy absorption up to densificatioa 0% highei{19]. The increasén
strength of metal foams due to high strain rate is causdddyactors:the inertia of the
material when impacted at high impact velocitiebich is a common phen@mnon in most

bulk metals, and the cushioning effect of the air under compression inside the porosities
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Figure19: Yield stress/relative densit§for 0.1 relative densitplporas tested at quastatic
and 2500 $ strain rates, compared to dynamic testing results for a polystyrend f6am
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Figure20: Stress visus strain response of Alponagh a relative density of 0.15, subjected
to strain rates up to 2440 1]

This increase in strength at high impact speeds, along with their high energy
absorption capabilitiedjasallowed metal foamsto offer additional crash protectiowhen
used in a variety of apgiations such as fillers in vehicle crumple zone struct{#@s29].
Typical vehicle crumple zones are made of hollow metallic structures such as sguare
round tubing. When exposed to impact, thesacturesabsorb impact energy by crushing
and buckling. Metal foams have been used to fill these hollow structures to increase their
energy absorption capabilitieBigure21). As shown inFigure22, filling a tube with metal
foam has a highehanexpected increase on the energy absorption capabilities of the
structure. When the crumpleonestructure is compressethe metal foam fills the inner
folds of thetube changing the morphology of the deformation of the outer tube. This

effectivelyincreases thenergy absorbed and tperformancef the crumplezonestructure.
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Figure21: Crushed hollow crumple zone structures filled with metal f{2@h
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Figure22 Load-deflection curves for a foam, a tube, and a foam filled tube. The
combination of foam and tube shows a higher energy absorbed than expected
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1.3.3. Composite Hard Armor andallistic Applications of Metal Foams

High-performance hard armor systems for ballistic protectiopes$onnelaircraft,
and ground and amphibious vehiclezve beer recent subject of study for researchers.
Hard armor systems typically consists of multiple layers, with a ceramic or ceramic
composite plate at the strike face, backed with a ductile material such as ballistic steel or
aluminum, or a high performance fibeeinforced composite. This hybrid arrangement of
layers allows the armor system to defeat the projectile upon impact, with the ceramic layer
blunting and eroding the projectile due to its high hardness, and the more ductile/high tensile
backing plate adorbing the residual kinetic energy of the fractured or deformed projectile
through plastic deformatiof80]. A variety of armor options are already available, however
their relatively high weight restricts their widespread use in nwhgrapplications. The
development of lightveight combat technology, such as aircraft and amphibious vehicles,
and the need to improve higher mobility for ground troops requires ttiggous reduction

of armor weight while increasing their ballistic performance.

Composite armors made with ceramic strike face and-stigingth fiber reinforced
composites have been widely studied as figaight armors in the pa#figure23). Several
types of ceramic materials, such as aluminum oxideQ#] boron carbide (EC), silicon
carbide (SiC), silicon nitride ($W4), and combinations of those atpically used as the
strike face plate imardarmor system§31i 35]. These ceramics are combined watlhayer

of material that can offdmigh-tensile strengtlasbackplatesuch asaramid fiber composites
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like Kevlar™ and Twaroh", or polyethylene composites such as Sp&tma Dyneema"
to absorb the kinetic energy of the projectile. Although some of these combinations perform
well for ballistic protection, the high cost of the constituents along with the heavy weight of

the total structuréeaves room for improvement in the eééypment of ballistic armors.

In order to reduce the weight of composite armors, porous materials such as
polyurethandilled opencell SiC ceramic foams have been used as a backplate in
conjunction with A}Os; strike plates[36]. The performance of the batis system was
satisfactory for lower impact energy threats such as 5.56x45 mm SS109 and 7.62x51 NATO
round, however ballistic protection against high energy apiercing projectiles has come
as the cost of increased armor weight. Methltrated Al,O; ceramic foams, sandwiched
between ceramic strike plates and metal backplates, have also been investigated for ballistic
protection with successful resu[t37]. However, the high cost of opeell ceramic foams
and their low tensile mechanical properties and low fracture toughness prevented their

commercial application.

Low-weight closeecell aluminum foams have also been investigated for ballistic
protection due to their high energy absorption capabilities under compref3889]
Aluminum foams placed between the ceramic strike plate and the fiber reinforced backplate
have been shown to enhance the ballistic protection of the armor system, absorbing the
kinetic energy of the projectile through plastic deformation and densiitcatid acting as a

Astress wave filter o bd¢Rgwe2d[88].tHowever duetmthe ¢ and
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low strength of Alffoams, the required thickness for absorbing the total energy of the bullet

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

Figure23: Ballistic armor composed of alumimaullite strike plate an&evlar™ backplate
[31]
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composites, and aluminum fodB8]
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Chapter 2 - Composite Metal Foans

The use of metal foams for structural components has fedsnvely limited due to
the nonhomogeneousellular structurewhich results in their low mechanical properties and
premature failure under loading. Due to this inhomogeneity, the mechanipaktps of
metal foams aralsohard to predict. Composite metal foam (CMF) has been developed to
improve the strength of metal foams by providing an even size, shape, and distribution of
porosities. This is achieved by packing hollow metal spheres riandom loose pack
arrangement and filling the interstitial spaces between spheres with a metal nfatisx
technique results in metal foam with regular atucturewhich offers higher strength at
guaststatic and cyclic loading compared to other mé&aims. The regularity of the cell
structure allows CMF teliminaie the formation of collapse bands and premature failure
providingisotropic mechanical properties atheir uniform defomation under loading The
presence of the matrix between sphepesvides better bonding between spheres and
reinforces the thin sphere wall, further improving the mechanical properties of the foam.
These characteristicgives CMF high strength and energy absorption capabilities under

compression unmatched by any othestallic foam[40i 46].

2.1. Processing Techniqueso Manufacture Composite Metal Foams

2.1.1. Cading Technique

A casting techniques usedto manufactureCMF when the matrix material has a

lower meting point than the material of the hollow spheres. In this technique, the spheres are
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compactedhroughvibration inside a steel permanent mold and a liquid material is infiltrated
to occupy the irdrstitial space between spherksnding the entire material intaulk foam.
Typically, aluminum A356 (93% Al and 7% Si) is used as matrix for CMF due to d@d go
castability. Figure 25 shows a schematic of thesBep process to manufacture aluminum

matrix-steel spheres (A$) CMF.

The steel spheres are packed insigermanensteel moldcoatedwith boron nitride.
The nold is then preheated inside a high temperature furnace, along with a ceramic crucible
containing solid aluminum piecagp tothe melting point of aluminumOnce the aluminum
has completely melted and the mold containing the spheres is prettbatked; mold and
crucible are extracted from the furnace and the liquid aluminum is poured inside the mold
using a gravity casting technique. The liquid aluminum flows between the spheres filling the
interstitial spaces and the mold is left to cool. The aluminaools and solidifies bonding the

entire structure together and forming bulk metallic foam.

2.1.2. Powder Metallurgy Technique

Powder metallurgy technique is usedmakeCMF where the sphere wall and the
matrix materials have similar melting points. This tegba is typically used to manufacture
steel spheresteel matrix (SS) CMF. Figure 26 shows a schematic of the powder

metallurgy process used to me&& CMF.

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

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

the mold while pouring the metal powders allows the powders to go inside the interstitial
spaces between the hollow spheres and completely surround the spheres. Once the mold is
filled with spheres and powder, a lid is placed oanitl the mold is placed inside a vacuum

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

spheres togetheéo form S-S CMFE

1. Preheat crucible containing 2. Extract crucible and mold
aluminum and mold from furnace while hot and
containing spheres in furnace pour liquid aluminum into the
to melt aluminum mold to infiltrate matrix

material into CMF

Heat

.

Figure25: Process schematic for manufacturing Alumin8teel CMFusing gravity casting
technique
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1. Spheres are compacted ina 2. Mold is closed and put into a

steel mold and shaken at low vacuum hot press, which is
frequencies while pouring then heated to sintered steel
steel powder powders and spheres together
Steel
powder

;0

Figure26: Process schematic for manufacturing S&telel CMF using powder metallurgy
technique

2.1.3. Structural Properties of CMF

2.1.3.1 AluminumSteel CMF Manufactured by Casting

The structure of laminumsteel CMF has beenpreviously characterized and
reported[40,45,47,48] As seen inFigure 27, Al-S CMF has a @rous structure with a
homogenous distribution of porosities throughout the material, with good bonding between
spheres and matrixDue to the material mismatch of theadtepheres and aluminum matrix

and the high processing temperatuke,S CMF contairs intermetallics formed by AfFe-Si
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ternary system dispersed through the matrix of the material, which are hard and brittle in
nature(Figure28). The formation of intermetallics in the Ae-Si system is a weltudied
phenomeng49i 55] and is due to the reciprocal diffusion of Fe and other alloying elements,
like Cr and Ni, from the sphere wall into the-8i matrix, a Al and Si from the matrix to

the sphere wall. Intermetallic formation in-8I CMF influences the mechanical properties

of the material and for that reason it has been widely studied and previously r¢g0ited

43,45 48],

2.1.3.2.SteelSteel CMF Manufactured by Powder Metallurgy

The structure of steatteel CMFmanufactured by povett metallurgy techniqubas
been previously studied and repor{é@,41,44 46,56} As shown inFigure29, and similar
to Al-S CMF, SS CMF shows a homogenous distribution of porosities througtiwu
material, with the sintered powder matrix completely surrounding the spheres, and the
spheres well bonded to the matrixigure30A shows a low magnificatioBEM image of S
S CMF manufactured using low carbon steel matrix and 1.4 mm low carbon steel spheres.
The compaction of the powder matrix by vibration and pressure allows the sintering of the
matrix and the spheres to occur effectiv@sgviding a strondpond and leavinghe interface
between sphere and matrix barely visibleigure 30B shows an SEM image of-S CMF
manufactured using 316L stainless steel matrix amari2316L stainless spheres. Due to the
low pressurgopowder metallurgy techniquesed someresidualporosity within the matrix is

observed in the material.
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Stainless Steel

Made in England

Figure27: Crosssection of an aluminurateel composite metal foasample processed by
casting using steel spheres with 4.0 mm outer diameter
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(©)

Figure28: SEM images of the typical microstructure of aluminsi®el composite metal
foam processed by casting showing intermetallic formation of thi 13 family [47]
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Figure29: Steelsteel composite metal foam manufactured u8it@j stainless steel powder
and 2 mm steel spheres
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Figure30: SEM images of crossection of steesteel composite metal foam showing a) low
carbon steel spheres embedded iomadarbon matrix and b) 316L stainless steel spheres
embedded in a 316L stainless steel ma#y
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2.1.4. Mechanical Properties of CMF

Aluminum-steeland steebteel CMFhave been studied extensively under monotonic
compression and fatigue testid0i 48] and both haveshown mechanical properties
unmatched by any other metal foamihe mechanical properties of CMF under gtsistic
compression testing are shown Fingure 31 for 4 samples including AS and SS with
different sphere sizeRl0]. The mechanical properties of composite metal foams are far
superior than those for other metallic foams, with CMF shgwenergy absorption

capabilitiesmore thari7-8 times highe[40].

These superior mechanical properties are in part attributed to the homogeneous
structure of composite metal foams. When CMF is subjected to compressive loading, the
material deforms byompressing and closing its porosities by means of hollow sphere
collapse. Due to the regularity of cell size obtained from using homogenous hollow spheres,
CMF does not show the formatiasf collapse bands, preventing premature failafehe
material. Figure32 shows a steddteel CMF sample manufactured using 2 mm steel spheres
before and after 80% deformation under compressidn. addition, the solid matrix
surrounding the hollow spheres providegport and reinforces the sphere thin wall. These
two inherent properties o€omposite metal foamsranslate into some of thaighest
mechanical properties of any metal foamd makes CMFa great candidate for into high
energy absorption applications cbu as structural componentsghicle crumple zone

structures, and ballistic armor.
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Figure31: Stressstrain curves for quastatic compression testing on castNCMF
manufactured usingluminum matrix ancurve 1. 3.7 mm low arbon steel spher&urve
2. 3.7 mm stainless steel sphemso shownarepowder metallurgy S CMF manufactured

usingCurve 3. 1.4 mm low carbon steel spheneslow carbon steel matrix ar@urve 4.
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Figure32: Images of steedteel composite metal foam sample manufactured using 2 mm
spheres before and after 80% deformation under taist loadind40]
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2.1.5. Potential Applications of CMF

The high strength and energy absorption capabilities of CMF, along with their low
density @bout 30% density of their parent matgriavill makethese materialsuitablefor
applications such as impact or vibration energy absorbdise low density of CMF,
compared to bulk metals such as steel, coudtte CMF suitable for many structureshere
low weight is crucial, such as aerospacemarine structures In some vehi@ structural
components, where high impact energy needs to be absorbed by deformation of the structure
itself, CMF could be a material of choice to improve or substitute crumple zone components.
CMF could alsdower the weight andncrease the performanaé structures where ultra
high impact energy absorption is necessary, such as in the case of ballisti¢oartranps

and vehicles

2.1.6. Outline of Research

In the next chapters, the structural and mechanical properties of alursieahand
steelsteel corposite metal foamsas well as their application for ballistic armwill be

studied

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

research will be provided.
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In chapter 4, an outline of the equipment used toufsamture composite metal foams
will be introduced. In addition, the equipment and techniques used to study the structural

and mechanical properties of CMF will leown

In chapter 5, the structural properties of cast alumisteel CMF manufactured
using spheres with varying chemical composition, surface roughness, and sphere wall
porosity are compared. The effect of these sphere parameters on the mechanical properties

of Al-S CMF under quasstatic compression loading are also investigatdtis chaper.

Chapter 6 shows the effect of sphere size, chemical composition, surface roughness,
and sphere wall porosity on the structural properties of-steel CMF manufactured using
powder metallurgy techniqgue. The mechanical properties of these CMRdsarstudied

under quasstatic compression loading.

Chapter 7 includes the effect of loading rate o £MF manufactured using
different sphere sizes and powder metallurgy technique.ré&dudts of this study provide an

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

In chapter 8, S CMF is used along with other materials to design and manufacture a
composite armor system. In this chapter, the manufacturing techniques of the armor systems
and their performance under ballistic testing for Type Il and Type IV-payker rifle
projectiles are discussed. The energy absorption capabilitiesSoCBIF under ballistic

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

consideationsof the futurework on CMF are given in chapter 10.
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Chapter 317 Research Objectives

It has been shown thatéd structure and mechanical properties of composite metal
foamareinfluenced by thie hollow sphereand matrix propertiesTo this date, high quality
hollow spheresnade of low carbon and 316L stainless stel been used to manufacture
CMF. These spheres where manufactured small scale labnvironment so their chemical
composition and structure where well controlledanuacturing CMF in a large scale for
wide spread application and commercialization requiaegel amounts of hollow spheres,

with reasonably low cost spheres.

Some considerations must be taken into account when manufacturing hollow spheres
in a large scaleDuring processing ohollow metallic spheres, polystyrene cores and binders
are removed by pyrolysis which leads to high amounts of carbon present in the sphere wall.
Consequently, and inherent to the manufacturing technique, it is challenging taimaint
low carbon content in the sphesgll. This can pose an issue when manufacturing stainless
steel hollow spheres which require carbon content to be as low & 0yY&8eight When
processing large amounts of hollow sphehégher sphere surface roughness be another
issue to be considered hese alterations of the sphere propedesprovide variation on the
chemical physical and mechanical propertie§ composite metal foapand thus need to be

examined carefully

In this study, themicrostructural and mechanical properties of Sg&eél (SS) and

Aluminum-Steel (AFS) CMF manufactured using spheres with a variety of outer diameters,
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sphere surface roughness, sphere wall porosity, and spherehemalical composibn were
studied extensively using optical and scanning electron microscopy, energy dispersive

spectroscopy, and quastiatic and dynamic compressitasting

The high strength and energy absorption capabilineskes CMF a potential
candidate for appliceons where large amounts of energy must be absorbed under dynamic
conditions, such as crash energy absorbers and badlistiors Most metals show increase
in yield strength when exposed to high strain rate compressive loading. For this reason, and
in order to understand the behavior of CMF under dynamic loading conditions, high strain
rate tests were performed orRSSCMF using a hydraulic testing machine, for lower strain

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

A ballistic armor system was designed and manufactured usBgCSIF panels.
This composite ballistic armor was tested for single and +sltit scenarios fdooth Type
[l and IV projectiles A finite element approach was used to predict the energy ausbgb

the CMF panel within the composite ballistic armor.
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Chapter 41 Materials and Methods to StudyComposite Metal Foams

4.1. Materials used in manufacturing of composite metal foams

4.1.1. Steel Hollow Spheres

Steel omposite metal foam usesteel hollow spheres as a main component to
achieve theporosities in the material. Hollow sphedswn inFigure 33 are produced by
Fraunhofer andHollomet GmbH in Dresden Germarnysing the manufacturing process

previously shown irFigure10([13], [14,57]

Figure33: Stainless steel hollow spheres with 3.7 mm diameter used for manufasteghg
Composite Foam
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Hollow sphere properties can be controlled durthgir manufacturing praoess.

These properties include:

Sphere SizeUsing various sizes of polystyrene spheresllow metallic spheres can be
produced in many sizes, as showrfFigure 34. This allows control of porosity size when

manufacturing composite metal foam.

Surface Roughnesk Figure35, spheres were produced with different surface roughness, as

well as different diameters by altering the manufacturing process.

Chemical CompositionThe chemical composition of the spheralcan bemodified by
using differentpowder metaklloys produaéng hollow spheres of many materials such as

aluminum, steel, or titanium.

Sphere Wall Porosity and Thicknegdtering the powder particle size and the amount of
powder used when coating tip®lystyrenesphers could produce a hollow sphere with
various wall porosity and thickness, with larger powglrticlesleading to more porous and
less dense sphere wallBigure36 shows scanning electron microscopy (SEM) images of the
cross sections of 2 different hollow sphere whbsing5% (Figure36A) and 14% Figure

36B) wall porosity.
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Figure34: Image showingtgel hollow spheres with 6, 4, and 2 mm diamatet various
surface roughness

2 mm Sphere 5 mm Sphere
2.1 pm surface roughness 10.7 pm surface roughness

Figure35: Steel hollow spheres with 2 and 5 mm diameters and 2.1 and 10.7 pum surface
roughness respectively
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Figure36: Scanningelectron microscopy images afoss sectionof different stainless steel
hollow spheres with various spherali\porosity of A)5% and B) 14%

4.1.2. Matrix Material

Matrix materialsin composite metal foams carary according to thie application
To this date, threenatrix materias have been uséd manufacturedCMF, aluminum356A,
low carbon steeland 316L stainless steelAs mentioned in section 2.1, two different
techniques aradeveloped to manufacture CMFsasting and powder metallurgfPM)
techniques.In casting technique, lower melting point materials such as aluminum A356A is
used around steel hollow spheres; in PM technique, similar materials can be used for both

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

In order to understand the structure and properties of composite metal foam,
microstructural and mechanical characterization of these materials is performed at the
Advanced Materials Researtlab (AMRL) at North Carolina Stte University. AMRL is
equippedor has access to athe tools necessary famicrostructuraland mechanical

characterizatiof materials

4.2.1. Material Processing

4.2.1.1 High Temperature Furnace

To process AIS CMF using casting technique, a high temperdtuneace Eurotherm
2116 is usedRigure37). This furnacédhasmolydisilicide heating elements, heating chamber
inner dimensionsof 305 mm x 305 mm 805 mm,andis equipped with a programmable,

multi-segment controller capable ledéatingup to 1700 °C in air or inert atmosphere.

55



Figure37: Eurotherm 2116 high temperature furnace in AMRL used for casth®@F

4.2.1.2Vacuum bt Press

A vacuum hot press is used to manufactteelsteel CMF by powder metallurgy
(Figure 38). The hot press has a stainless steel chamber twitpstenheating elements
This vacuum hot press ogrammable for multi heating profiles anddissigned for up to
2600 °C operation under ZeTorr vacuum pressure or inert atmosphdtealso contains a

hydraulic system with a pressure capabilityip to 140 MPa via a 25 mm diameter rod.
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Figure38: Centorr 600 Vacuum hot press used to manufacuBe&CMF

4.2.1.3 H-Frame Hydraulic Press

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

press metal powders when processing GRdHPM technique

4.2.1.4.Shaker Table

A shaker tableRigure40) is used tanfiltrate the metapowderbetween thénollow

spheres when processingSSCMF via PM technique The mold can be attached to a
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vibratory aluminum plate which is attached tdiaphragmtype linear actuator. A function
generator sends signal to an amplifier which powers the linear actuator. This setup allows for
complete freedom t@djust thefrequency and amplitude of the vibratomotion of the
shaker table The shaker table is capald&vibrating up to 150 Ibs with maximum amplitude

of 25 mm.

Figure39: H-frame hydraulic press used to press metal powders when processiGlyl6
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Figure4Q: Shaker table used for shaking mold duiimigtration of metal powders to
manufacture & CMF

4.2.2. Microstructural Characterization

4.2.2.1.Sample Cutting and Sectioning

Buehler Isomet 4000 precision saligure41l) is used for sectioning CMF samples
used for microstructural and mechanical characterization. This saw used a feed and rotation
controlled diamond blade at blade rotational speed up to 5000 rpm. The Saavwater
based lubricant/coolant tvashoutdebris and cool the sample and blade while cutting,

providing a precise and clean cross sectional cut on €iples
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4.2.2.2.Grinding and Polishing

To prepare CMF samples for microstructural characterizati®yedler Automet 2
grinding and polishing statiorFigure42) is used. The rotational speed of the grinding and
polishing wheelsis fully controllable. This statiorallows to wetgrind samples using a
progression of grinding papers from 12800 grit and to polish using a 9 and 3 jgamond

suspension, and a 1, 005 pm aluminavater polishing compound.

4.2.2.3.Fume Hoods fo€ChemicalHandling andEtching

The AMRL lab isequipped with two fume hood$igure 43 ) used for chemical
handling and etchingln these hoods, chemicals such as acetone and isopropyl alcohol are
typically used to clean samples while and after polishiAgsolution of hydrochloricacid,
nitric acid, and glyceriror wateris used tachemicallyetch stainless steel samptesexpose

grain structuréor microstructuratharacterization of CMF.
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Figure41: Buehler Isomet 4000 precision saw used for sectioning CMF samples for
microstructural and mechanical characterization

Figure42: Buehler Automet 2 polishing station used to prepare CMF sarigples
microstructural characterization
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Figure43: Fume hood used for chemical handling

4.2.2.4.Optical Microscopy

Optical microscopy for microstructural characterization of CMF is performed using a
Buehler Unimet Unitron 927@icroscope Figure44). This microscope is equipped with a 5
megapixel digital camera to obtain digital images of the microstructure to study porosity
levels in the matrix and sphere wall of CMAMiicroscope images are used, along with
commercial software Image[38], to calculate the final porosity in the material used for

densityevaluation
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Figure44: Buehler Unimet Unitron 9279 migscope used for microstructural
characterization of CMF

4.2.2.5.Scanning Electron Microscopy and Energy DispersiniayXSpectroscopy

A Hitachi S3200N variable pressure scanning electron microscope (SEis)ré
45) equipped with energy dispersiver®y spectroscopy (EDS) capabilities is utilized to
examinethe microstructure of the materiaind chemically characterize tkemposition of

various phasesintfeoa més mi crostructure.
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Figure45: Variable pressure Hitachi S3200N scanning electron microscope at Analytical

Instrumentation Facility at North Carolina State Univerfb§]

4.2.2.6.Sphere Surface Roughness Measurements

Surface roughness measurements are performed using Taylor Hobson Form Talysurf
Series 2 equipment with a stylus tip of 6&gm

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

4.2.3.1.Quaststatic Compression Testing

Quaststatic @mpression testing on CMF igfiormed using a servbydraulic MTS
universaltesting machineRigure 46) located in the Constructed Facilities Labs at North
Carolina State Universit This testing machine is equipped with2® Xips load cell, can be
operated using displacement or load control, and contains a fully programmable work station
for variousmechanicakests such as cyclic loadingompressiontension, and 3 or 4 point

bendingtests.

Figure46. Servehydraulic MTSuniversaltesting machine located in the Constructed
Facilities Lab at North Carolina State Univergis@]
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4.2.3.2.DynamicLoading for Medium Strain Rate Compression Testing

Dynamic loading for medium strain ratesperformed using a high speed loading servo
hydraulic MTS testing machine with a 490 kN actuator capatigated at Oak Ridge
National Labs. This machine is able to obtain loading rates of up to 8 m/s using a
displacement control feedback Iqgopecording displacements using a linear variable

differential transformer (LVDTvhichindicates the actuator position

4.2.3.3.Dynamic Loadig for High Strain Rate Compression Testing

For high strain rate tests on CMF sampkesompressiorSplit Hopkinson Pressure
Bar (SHPB)located in the Composite Vehicle Research Center at Michigan State University
is used. A schematic of the SHPB experimental setup is showsigare47. The apparatus
usesaluminum incident and transmitted bars of the same length (1).8amad the same
diameter (19 mm) withraaluminumstriker bar of 19 mm diameter and 177.8 mm length. A
cylindrical sampleof material to be tested placed between the incident and transmitted
bars. These barare instrumented with strain gages to measarstress wavéaaveling
through the bars. A pressurized air tank accelerates a striker bar, which subsequently impacts
the incident bar.The stress wave applied travels through the incident bar, the CMF sample,
and the transmitted bacompressing th€MF sample at high strain ratedhis technique
allows to apply high strain rate compression on the CMF sample and to obtairsstagss

behavior of the material.
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Figure47. Schematic of the Split Hopkinson Pressure Bar fzeligh strain rate loading of
CMF
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Chapter 51 Effects of Sphere Morphology and Chemical Composition on Aluminum

Steel Composite Metal Foams

5.1. Introduction

In this study, the microstructure of & CMF was investigated using SEM images
and EDSanalysis in order to obtain an understanding of the effects of sphere wall carbon
content, surface roughness, aspghere wallporosity on the materiamicrostructual and
mechanical propertiesf Al-S CMFs processed by casting.he results of this studgre

published elsewhelé1].

5.2. Preparation of Aluminum -Steel Composite Metal FoanSamples

Aluminum-steel composite metal foam was processed using steel hollow spheres and
Aluminum A356 (AF7%Si alloy) matrix. Aluminum alloy 356s(pplied by Trialco, Inc.)
was chosen as the solid matrix material dugstlow density, high strengtgpod castability
and reduced shrinkage during solidification. The steel hollow spheres were produced by
Fraunhofer and Hollomet GmbH in Dresden GermH®;57] The oter diameter of the
hollow spheres used was 4.0 mm, with 280 sphere wall thicknessSamples of AS CMF
processed with 3.7 mm spheres with 186 sphere wall thicknesstudied elsewherpt7]
were also used for compariso.he composition of # A356 alloy and steel spheres are
shown inTable3. The selection of Al matrix and steel spheres with distinctly different

melting points was made toake sure the sphere walls would not melt during casting. The
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spheres were placed in a steel permanent casting mold (8% X®¥ mm), held at the top

with a stainless steel mesh, vibrated to pack in a maximum dense arrangérsginéres
[40,43,47](which is about 59% of the whole volume) and aretmated to 70 in a high
temperature furnace along with the aluminum inside a graphite crucible. More details on the

processing of composite metal foara casting are presented elsewHéf# 43,45 48].

Table3. Composition (wt%) of hollow spheres and Al used foiSACMF processing

CMF
Material Fe C Mn  Si Cr Ni Mo Al Mg Cu Ti zZn
Component

3.7 mm Sphefe * 0.03 020 090 1700 1300 220 O O 0 0 0
4.0 mm Sphere * 064 0.11 0.73 1691 1235 220 O O 0 0 0

Al Matrix 05 O 0.28 7.01 0.02 0 0 * 039 0.11 0.09 0.06

* balance

#Results of previous studi¢47] at Advanced Materials Research Lab and presented here for comparist

5.3. Microstructural Observation

5.3.1. Metallographic Sample Preparation

Thin slices of AIS CMF samples wereut to investigate thie microstructure using
digital, optical, and scanning electron microscopy (SEM) imaging, while rectangular cuboids

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

and a feed rate of 1.2 mm per minute. To avoid edge effects, the mechanical test samples
were cut to sizéeaving atleast 6 cells in each direction and keeping a heamatidth ratio

of 1.75. The surfaces of the sdegused for microstructural observation were ground using
progressive grinding paper from 18600 grit, followed by polishing using a 3 pm diamond
slurry, and a progression of 1, 0.1, 0.05 alumina paste. The samples were washed and
ultrasonically clean# in water/acetone between each stage of grinding and polishing to
prevent any cross contamination. Some polished samples were chemically etched in
glyceregia (30 ml glycerin, 25 ml HCI, and 10 ml Hj@o expose grain boundariesd

various phases andqmipitations in the matrix and sphere walls
5.3.2. Surface Roughness Measurements

Surface roughness was measured experimentally for the 3.7 and 4.0 mm spheres
using Taylor Hobson Form Talysurf Series 2
Each sphergvas placed on a sample holder, then the stylus tip was brought into contact with
the sphere surface and scanned through a measuring length (L). The measurements were

collected by a computer system and the surface roughness was computed using Equation

11
Roughness T sz(x)|dx (1)
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where z is the vertical distance from the mean line at position the surface For both
sphere types the measuring length was set to 2 mm. Two different spheres were measured

from each group, and each sphere was meadutiates

5.3.3. Scanning Electron Microscopy (SEM) and Energy DispersiveRdy Spectroscopy

(EDS)

SEM images were obtained using a HitackBZBON Scanning Electron Microscope
equipped with Energy Disp&ive X-ray Spectroscopy systeta identify various phasesd

precipitates formed in the foamds microstruc

5.3.4. Density Calculation

The packing density of hollow spheres in CMF as previously repagBf.4%][42]. In
this study, the density of CMF was estimated using SEM images and open source imaging
software Image J v.1.43%8]. The porosity in the sphere wall was measured by imaging
techniques and used to determine the density of the foam. The calculated and experimental
densities for various CMF samples with di#fat sphere wall porosity are compared and

correlated to their mechanical properties.

5.3.5. Quaststatic Compression Testing

Compression testing was performed orSAICMF samples using an MTS servo
hydraulic testing machine, located at Constructed Facilities dtaNorth Carolina State

University. Tests were performed using crdssad displacement control at rates of 1.25

71



mm/min. A thin layer of light grease was used to lubricate the contact surfaces between
testing machine and CMF samples to avoid friction amdimize its barrelingunder
compression Load-displacement data was collected to calculate sgtas behavior under

compression.

5.4. Results and Discussion

5.4.1. Structural Properties

Digital images of the cross sections ofSICMF samples made with 3.7 ah® mm
spheres and a sample of the corresponding spheres prior to embedding in the matrix are
shown inFigure48A-C. As can be seen ifigure 48A-B, the structure of AB CMF for
both sphere sizes exhibits an even distribution of porosities throughout the entire sample.
The liquid cas aluminum filled the spaces between the spheres successfully joining the
spheres together and providing structural integrity for the thin shell of the spheres and

resulted CMF.

5.4.1.1 Effect of Sphere Surface Roughness and Wall Porosity

As seen inFigure 48C and the results of sphere surface roughness measurements
shown inTable4, the 4.0 mm spheres have 25% higher surface roughness than the 3.7 mm
spheres.The effects of higher surface roughness are seen when analyzing the microstructure
of composite metal foamFigure 49A showsSEM image of themicrostructureof 4.0 mm

sphere CMF, showinfprmation of a ring of micrgoorosities in the matrix and around the
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sphere walls, righbutside the intermetallic layer. This riraf micro-porositiesis more
prominent in 4.0 mm sphere & CMF with higher sphere surface roughnasd could be
caused by the surface roughness of the spherewaleair gets trappean those surface
features when casting takes place. The air cagsaape due to the high viscosity of liquid
Al but can only be pushed away from sphere wall into the matrix during solidification,
forming a ring of porosities around the sphehe.some cases, these porosities combined to

form larger porosities insidedtmatrix as solidification takes pladédure49B).

As seen inFigure 50A, the liquid aluminum did not completely filome of the
spaces between spheres due to its high viscosity, which was previously réf2jtdd rare
cases in the CMF samples deawith 4.0 mm spheres, the sphere and the matrix are not in
contact with each other and show an air poekatan be seen gure50B.

In addition to this ring oficro-porosities, the surface roughness on the sphere wall
caused the formation dfir cavitiesaround the sphere, as observedrigure 50B, which
were more prominerfor the higher surface roughness 4.0 mm sphere CMF samples. Larger
surface roughness and imperfections at the surface of some spheres caused large pockets of
air cavities at the spherenatrix interface, as shown ifigure 50B. The absence of
intermetallic layer in this area suggests that the lack of bonding is not caused by post
solidification debonding, but as a result of additional surface roughness of the sphere
which lowered their wettability and prevented the liquid aluminum to completely surround

the sphere during casting and fill these imperfections on the sphere surface.
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Figure48: Digital images of the cross section of8ICMFsamples processed using A) 3.7
mm spheres and B) 4.0 mm spheres, and C) 3.7 and 4.0 mm diameter hollow spheres prior to
embedding into the matrix of A CMF showing surface roughness detail
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Table4. Individual and average sade roughness measurements for 3.7 and 4.0 mm
diameter hollow spheres

Sphere Diameter Roughness
(mm) Radius (mm) (um)

3.7 1.869 3.897
1.997 2.944

1.948 8.418

2.350 2971

Average 2.041 4.558
4.0 1.920 6.561
1.860 5.831

1.644 5.144

2.263 5.329

Average 1.922 5.716
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Ring of porosities
around spheres

Large porosity in
the matrix

Figure49: Backscattered SEM image of 4.0 mm®&3ICMF microstructure showing A) a ring
of micro-porosities around a sphere due to air trapped at the surface roughness of the sphere
and B) larggporosity in matrix due to coalescence of miparosities
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Figure50: Backscattered SEM images of 4.0 mmALCMF microstructure showing A)
matrix unfilled spaces between spheres due to surface tension of liquid matrix andld&) unf
spaces at the matrsphere interface due to sphere surface roughness
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In addition to these porosities dispersed within the matrix of the foam, there are
porosities in the sphere wall. SEM images inFigure 51A-B compae sphere wall
microstructure for samples @ with 3.7 and 4.0 mm sphereBable5 shows the calculated
sphere wall porosity and wall thickness usingaging techniques Results show 5% and
14% wall porosity for the 3.7 and 4.0 mm spheres, respectively, with 200 and 1@@lum
thickness. Using the sphere wall porosityhe density of thdoam is estimated using a
theoretical technique previously developpt2] and the results are compared with the
measured density iTable 5, with the density of CMF samples made of 3.7 mm spheres
being20% higher than that made of 4.0 mm spher8s, as a result of higher spheavall

porosity, there density of composite metal foam is reduced.

. i i VI -

Sphere Wall Porosities

Sphere Wall Porosities

..- S PR .
i -. . o . o
* ¢ .| interface |

Figure51: Backscattered SEM images of the sphere wall microstructure for A) 3.7 mm and
B) 4.0 mm sphere A5 CMF
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Table5. Al-S CMF parameters including measured and predicted density

Sphere Sphere Wall Sphere Wall Measured Estimated
Diameter (mm) T hi c k n e: Porosity (%) Density (g/cm3) Density (g/cm3)
3.7 200 5.0 2.5 2.4
4.0 196 14.0 2.0 2.1

5.4.1.2 Effect of Sphere Waltarbon Content and Chemical Composition

SEM images of the microstructure of-8/CMF made with 3.7 and 4.0 mm spheres
at the interface of matrix and spheres are showrigare52A-B respectively. Asnentioned
before the 3.7 mm spheres have much lower porosity content in the sphere wall compared to
the 4.0 mm spheres. For both samples there is a formation of an intermetallic layer at the
interface between the splkewall and the AISIi matrix. Further outside the sphere wall and
next to the intermetallic layer, plate shape intermetallic phases are formed in both samples.
Some needkshape phases are dispersed within the matrix, which are less predominant in the
4.0 mm sphere CMF and occupy almost exclusivelyghtre matrix in the 3.7 mm sphere.
Figure 52B also shows intermetallic formations with brantke structure dispeesd
throughout the matrix found in the 4.0 mm sphere CMRich are not found in the 3.7 mm

matrix.
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Figure52: Backscattered SEM images of the microstructure showing intermetallic
formations for A) 3.7 mm and B) 4.0 mm sphéiteS CMF
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EDS analysis was performed in order to understand the differences in composition
between the intermetallic phasas both sets of samplesd the results are reportedTiable
6. As a note, all intermetallic phases found IRSACMF include some traces of alloying
elements Cr and Ni, which diffuse frotine sphere wall into the matriwccupying the sites
of Fe atoms in the crystal lattice of the Ré¢-Si inteemetallic phasef51,52]. For this reason,
and in order to identify the phases in theF& Si ternary system, the atomic concentration of

Fe, Cr, and Ni in the intermetallic phases is combined and shown as (FeCFhlla®.

Figure 53A-D shows high magnification SEM images of etched samples of 3.7 and
4.0 mm sphere CMF. As can be selanger gain boundaries are seen for 4.0 mm sphere
CMF samplewith higher carbon content in the sphere walhile much smaller grain
boundaries are seen in the 3.7 mm sphere lgawifh lower carbon contentEDS results
show high amount of Cr at the grain bounisrfor both samples whickuggestscarbide
precipitaton along the grain boundaries, but in the 4.0 mm sphere CMiAcICrcarbide
precipitations are more visible both along the grain boundaries and dispersed inside the

grainsas blockyshaped precipitaiins

During processing of AB CMF, interdiffusion of Al and Si from the matrix into the
sphere wall, along with Fe and other alloying elements from the sphere wall into the matrix,
form an intermetallic layer, shown as a grey layer on the outer swuffalse spheres of both
sampleskigure54A-B). The average thickness of this intermetallic layer is about 17 pum for

both samples. The structure and composition efittermetallic layer differs, with the 3.7
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mm sphere CMF samples showing a uniform intermetallic thickness and the 4.0 mm sphere
CMF samples showing two different phases revealed as lighter and darker grey phases
(Figure54A-B). The interdiffusion continues during solidification of Ai matrix and ends

up with the formation of platehape intermetallic phases right outside the intermetallic layer
(Figure 54A-B). As shown inTable 6, the concentration of FeCrNi in this intermetallic
phaseis higher in the 4.0 mm sphere CMF samples, showing lower amounts of Si. As
diffusion takes place during solidification, these plsttape intermetallics grow, detach from

the intermetallic layer, and move into the matrix.

As shown inTable3, the composition of ABi matrix material used in the processing
of both sets of CMF samples was identical. However, the chemical composition of the
spheres is dfierent, where the 3.7 mm spheres have lower carbon content in the sphere wall
compared to the 4.0 mm spheredrigure 53B-D showed large amounts of carbide
precipitaes at the grain boundaries and the formation of precipitates inside the grains of the
sphere wall for the 4.0 mm sphere CMF. These carbide precipitations#g Whereit is
mainly referring tochromium carbides in stainless stgéi8], and ardormeddue to the high
carbon content in the sphere wall and the high temperature exposure of the spheres during
processingdf CMF. This large amount of Cr carbide precipitation in the 4.0 mm spheres
reduces the Cr content inside the grains, and as a result, increases the ratio of Fe and Ni
inside the sphere grains, as shown in the EDS resulighle6. In contrast, the low amount
of C in the sphere wall of the 3.7 mm sphere CMF samples does not promote Cr carbide

formation at the grain boundarias muchthus the ratio of Cr in thepkere grains is higher
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and that of Fe and Ni subsequently lowempared to 3.7 mm CMFsSince Fe is one of the
main elements controlling the formation of the-P&-Si intermetallicsthatresuls in higher
amount of intermetallic phases formation in thé mm sphere A& CMF samples. In other
words, higher carbon content in the sphere w&ll4d.0 mm CMFswill lead to higher
proportions of Fe in the sphere walls grains, which will promote higher diffusion of Fe and
alloy elements, like Ni and Mn, into éhmatrix and more intermetallic formation in the
material. This translates into higher concentratidnthese elements in the lighgrey
intermetallic layer close to the sphere surface, compared to the intermetallic layer of the 3.7
mm sphere CMF sampleThe dark gray phases on the outerst area of the intermetallic
layer of the 4 mm sphere sample contain more Si, which was resultedliffasion of Si

from the adjacent matrix intthe sphere wall. This phenomenon is not seeing in the
intermetallic lyer for the 3.7 mm sphere CMF, which forms a unifatistribution of Si

throughout thentermetalliclayer.
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Table6. EDS results showing the composition of intermetallic phases and Al matrix (in
atomic %) for both 3.7 and 4.0 mmphere AIS CMF

3.7 mm Fe Cr Ni  (FeCrNi) Mn Mo Al Si
Intermetallic
Layer 16.40 4.10 0.00 2050 0.40 0.00 72.00 7.90

Plate Shape 1191 2.11 0.03 14.05 1.11 0.02 75.96 8.87
Needle Shape 12.57 0.02 0.06 12.65 0.22 0.00 70.93 16.21

Si Precipitate 0.00 0.00 0.04 0.04 0.02 0.00 294 97.00

Al Matrix 0.02 0.02 0.03 0.07 0.00 0.00 9835 1.58
4.0 mm Fe Cr Ni  (FeCrNi) Mn Mo Al Si
Intermetallic

Layer (Light) 19.27 356 142 2425 0.07 0.17 7132 4.19

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

Plate Shape  13.12 3.66 0.47 17.25 0.07 0.00 75.37 5091
Needle Shape 5.76 0.01 3.14 8.91 0.00 0.00 85.78 3.33

Branchlike Phase
(inner light) 17.00 2.47 1.43 2090 0.80 0.00 76.67 2.38

Branchlike Phase
(outer dark) 14.81 1.58 0.58 16.97 0.06 0.00 7558 7.38

Si Precipitate
(Not found) - - - - - - - -

Al Matrix 0.08 0.01 0.04 0.13 0.02 0.00 9845 1.40
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Figure53. Secondanrelectron SEM images of etched samples at higher magnification for A)
3.7 mm sphere AB CMF, B) 4.0 mm sphere A5 CMF, and detail of sphere wall
microstructure for C) 3.7 mm and D) 4.0 mm spherSAIMF
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Figure54: Backscattered SEM images of the microstructure at the spiedrex interface
showing the intermatlic layer for A) 3.7 mm and B) 4.0 mm sphere ACMF samples

Figure 55 shows branctike intermetallic phaseformations in the 4.0 mm sphere
CMF samples, with amo-phase structure formed by a lighter inner phase surrounded by a
darker outer phase. While both phases contain similar amounts of Al, the inner lighter phase
contains a high concentration of FeCrNi and Mn, and low amounts of Si, and the outer darker
phase shows a decrease in FeCrNi and Mn concentration and higher amounts of Si. These

branchlike precipitationsare not found in the 3.7 mm sphere CMF samples.
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Figure55: Backscattered SEM image of brardte formations observeith the 4.0 mm
sphere CMF samples

Figure52A-B showedhe precipitation of needishape phase, which are predominant
in the matrix of the 3.7 mm sphere CMF sampleigyre52A) and are rare in the 4.0 mm
sphere CMF samplegigure52B). As slown in Table 6, these intermetallic precipitations
are rich in Si for the 3.7 mm sphere CMF samples, with a much lower Si concentration in the
4.0 mm sphere CMF sangd. Branchlike intermetallic formations in the 4.0 mm sphere
CMF, resulted from large amounts of diffusion from sphere wall into the matrix, provided

large surface area for the diffusion of Si from the matrix and lead to complete depletion of Si
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in the matrix and to precipitate as needle shape phases in the 3.7 mm sphere CMF samples.
As seen inTable6, branchlike intermetallic phases in the matrix contain large amo@isi

and Mn, where Mn forces the Si to diffuse at the outer surface of the branches, creating two
distinct shades in the image. This result agrees with other studies in which Mn content

controls the diffusion of Si in AFe intermetallic phasdS4].

Figure 56 showsneedleshapeSi precipitations dispersed through the matrix in the

3.7 mm sphere CMF samplehich arenotfound in the 4.0 mm sphere CMF.

Si Precipvit‘zif'é's'

e

A

Needle-shape intermetallics

Figure56: Backscattered SEM image of needle@pe intermetallics and Si precipitates for
the 3.7 mm AIS CMF sample
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5.4.2. Mechanical Properties

The monotonic compression tests results for 3.7 and 4.0 mm sphere CMF are shown
in Figure57A-B, with Figure57A showing the engineering stress vs. strain dataFande
57B showing the specific engineering stress vs. strain, in order to eliminate the effect of
density for comparison. The yield strength at 0.2% strain offset and energy and specific

energy absorption at 50% strain are calculatedsaod/n inTable7.

The 4.0 mm sphere CMF samples with higher carbon content and higher surface
roughness show an improvement of 110% on the yield strength compar@d tmm sphere
CMF samples. The energy absorption at 50% strain is similar for both 3.7 and 4.0 mm
sphere CMF, while a 20% improvement in specific energy absorpfidn densifications

observed for the 4.0 mm sphere CMF.

As mentioned beforehé exta porositiesin the sphere wall and matrix &MFs
made with 4.0 mm spheresuld have compromised the integrity of the bonding between the
spheres and the matrix, lowering the strength of the material after yield point explaining the

drop in the stresstrain curve.
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Figure57: A) Engineering stress vs. strain and B) Specific engineering stress (stress/density)
vs. strain plots for quasitatic compression tests on-8ICMF manufactured using 347]
and 4.0 mm spheres
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Table7. Yield strength and energy absorption for Bl7] and 4.0 mnAI-S CMF samples

Density Yield Energy abs. at 50% strain  Spec. Energy abs. at 50%
CMF Strength 3 :
(g/cnT) (MPa) (MJ/n) strain (J/g)
3.7 mm 2.5 52 43.31 17.68
4.0 mm 2.0 110 40.02 19.72

As mentioned beforehé higher surface roughnestthe sphere caused some large
air cavitiesobserved at the sphemneatrix interface of the 4.0 mm sphere CMHgure50B).
Although such features are rare, thesel¥@ould have caused initiation of cracks in the 4.0
mm sphere CMF samples during loading and, along with the high porosity of spheres, could
cause the lower strength of the foam after yielding. The spheres with higher surface
roughness provide larger miact area between the aluminum matrix and the steel spheres
which resulted in more diffusion of elements between spheres and matrix. This suggests that
Al-S CMF processed with rougher spheres may contain a higher amount of intermetallic
phases throughotite materialvhich effectively hardens the material, exhibiting higher yield

strength.

The larger amount of porosities in the sphere wall of CMF processed with 4.0 mm
spheres caused a lower density of the matamal made the spheres and the foam more
ductile. This attenuated thkigher yield strengthof the material due to the higher

intermetallic content and allowed the 4.0 mm spher8& AIMF to sustaithe densification at
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high strain levels maintaining a high energybsorption capability, and improving the

material 6s specific energy absorption by aln

The higher carbon content in the sphere wall, which resulted in higher amount of hard
intermetallic phases present in the matrix of the 4.0 mm sphere CMF saaiptdsad a
hardening effect on the foam, which explains the improvement in its yield strength by over a
factor of 2 compared to 3.7 mm sphere CMF samples with lower sphere wall carbon content.
Although the hard and brittle nature of the intermetallicspacauses a drop on the strength
of 4.0 mm sphere CMF after yieldingigure 57A-B), the higher sphere wall porosiand
matrix counteracts that efte balancing the total energy absorption capability of the material

between the two sets of samples.
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Chapter 61 Effects of Sphere Morphologyand Chemical Composition on Steebteel

Composite Metal Foams

6.1. Introduction

The effects of sphere size, sphere surface roughness, and chemical composition on the
microstructural and mechanical propertiesStéetSteel compositemetal foams processed
using powder metallurgy techniqaee being analyzed and reported hefle resits of this

study are published elsewhg63].

6.2. Preparation of SteelSteel Composite Metal Foansamples

Steelsteel Composite Metal Foam-8CMF) was manufactured through the pew
metallurgy (PM) technique.n this study, three differertypes of SS CMF samples were
manufactured using hollow spheres with outer diameters of 2.2, 4.0, and 5.2 mm and 104,
196 and 244 um sphere wall thicknesses, respectively. A ratio of wall thickwnessuter
diameteris maintained at 5% for all spheresThe chemical composition of the hollow
spheres used in this study is shownTiable 8 and compared to those used in previous

experiments reported elwhereg44].

It is notable that the chemical composition of the matrix material (316L stainless
steel) is the same iboth previous and current CMF samples. However, the chemical
composition of spheres is close to that of 316 stainless steel with the exception of higher

carbon and lower manganese contemtaew 4.0 mm sphere816L stainless steel powder
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used as the matrix awerial was produced by North American Hoganas High Alloys LLC
with particle size sievetb -325 mesh (95%) and®00/+325 mesh (5%). Composition of the
stainless steel powder is also showiTable8. The steel hollow spheres used were made by
Fraunhofer (for previous studiesiand Hollomet GmbH(for new sampels)n Dresden
Germany[14]. The spheres and powder were pthdnside a stainless steel mold and
vibrated at 20Hz frequency in order to achieve a dense packing arrangement of the spheres in
the matrix. The & CMF samples were sintered at 1200°C in a vacuum hot press to bind the
powder and spheres together. Fartprocessing details ofS CMF can be found elsewhere

[44]. In previous experiments, a@xcellent bonding at the interface of the spheres and the
matrix was achieved with a high percentage of porpsibout 46%, in the matrijd4]
resulted from pressuiess sintering of the materialn this study the carbon and manganese
contents of spheres are different than those in the matrix and in thesspbedein previous
studies. A comparison between the properties of this new arrangement with previous studies
will provide a complementary insight on the effect of the gradient chemical composition

between spheres and matrix materaghe microstruct@rand mechanical properties
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Table 8: Chemical composition of hollow spheres and the stainless steel powder used for
manufacturing S CMF

CMF Material Chemical Composition Wt%

Component Fe C Mn Sj Cr Ni Mo

2.2 mm spheres balance 0.68 0.13 0.82 16.11 11.53 2.34

0.58 0.15 114 17.34 12.28 2.28

4.0 mm spheres balance 569 007 032 1648 1242 211

5.2 mm spheres balance 0.87 0.07 0.34 17.09 12.60 2.12

2.0 mm spheres* balance 0.17 0.15 0.9 16.2 13.3 2.2

316L Steel Matrix 1600 1000  2.00
Powder balance 0.03  2.00 100  7e'90 1400  3.00
*Ref. [44]

6.3. Microstructural Observation

6.3.1. Metallographic Sample Preparation

Thin slices of samples were used to investigate their microstructure using digital,
optical and scanning electron microscopy (SEM) imaging, while rectangular cuboids and
cylindrical samples of CMF were used for mechanical testing. The cutting of samtples i
the desired sizes was conductsihg a Buehler Isomet linear precision saw equipped with a
wafering blade at a constant blade speed of 2500 rpm and a blade feed rate of 1.2 mm per

minute. The test samples for microstructural observations were thiéacted by progressive
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grinding and polishing using a progression of diamond slurries on a Buehler Automet 2

Power Head grinding and polishing stations. Grinding was done at 150 rpm speed using a
progression of 180200 grit papers. All samples were pbés at 150 rpm speed using a 3

pm diamond slurry followed by a progression of 1, 0.1, and 0.05 um alumina paste to obtain

a mirror finish. Samples were cleaned in an ultrasonic cleaner between each grinding and

polishing step to prevent cresentaminatio.

6.3.2. Chemical Etching

Some samples were etched using a 50%%0C HO solution and dipped into a 5%
HNO3-95% HO solution followed by a final rinsing with water to reveal the grain structure

and any potential phases or precipitations.

6.3.3. Optical and SEMMicroscopy

Optical microscopy was performed using a Buehler Unimet Unitron 9279 microscope
with digital image capture capabilities to observe the higher magnification of individual
sphereds cross section as wel | -3280N varigdble t ot a
pressure Scanning electron microscope (SEM) equipped with Energy dispersase X
Spectroscopy (EDS) capabilities is utilized to examine the bonding between spheres and
matrix and to chemically characterize the various phases formed in then fos

microstructure.
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6.3.4. Density Calculation

The packing density of hollow spher@scomposite metal foams has been evaluated
experimentally and is reported to be in a randoose manner with a packing density of
59.4%][42,44]. In this study, the percentage of porosities in the matrix and within the sphere
wall were eimated using the optical micrographs and open source imaging analysis
software Image J version 1.4368] and utilized towards estimagnthe density of CMF.

The procedure includes the use of optical microscope images and turning those into black
and white binary images. In the next step, a negative of the binary image is obtained in
which the porosities are shown as white dots. Thevaoé then estimates the porosity for a

given region by measuring the area of white dots in the negatives. This procedure is
represented ifrigure 58. These results are used in the same manner that was presented in
previous studies [27] to predict the total density of CMF samples and compared with the
previously predicted density as well as the actual density for each sample. The effect of

porosity ontent is then compared using the mechanical properties of various samples.
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Optal Microécope Image — BiAnaryAI‘mage — ‘g‘;ative Imae

Figure58: Optical microscope images of a 2.2 mm sphe@VF and corresponding
imaging process used to calculate the porosity in the spheréviEi) and the matrix
(44%)

6.3.5. Sphere Surface Roughness Measurements

Digital images were taken to observe the surface roughness of as received spheres as
well as the structure of CMFs after processing. A quantitative technique was used to
measure the sura roughness of 2.2, 4.0, and 5.2 mm diameter hollow spheres. The
experiment was carried out using Taylor Hobson Form Talysurf Series 2 equipment with a
stylus tip of 6em di ameter. Each sphere was
was broughto contact with the sphere surface, and the measuring length was set to 1, 2, and
3 mm for the 2.2, 4.0, and 5.2 mm spheres respectively. Two different spheres were
measured for each sphere size, and each sphere was measured twice (a total of four
measuement for each sphere size). The data was collected by an attached computer system

that stores and analyzes the data.
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6.4. Results and Discussion

Figure59A-C shows the digital images from the cross section of various composite
metal foam samples. As can be seen, the spheres are well bonded to the surrounding matrix
and distributed uniformly in all samplet is notable that the cut is not through ttenter of
all spheres and as a result, the sphere diameter and wall thickness does not appear as their
real size in all spheres. Some areas show a small debonding at thensatierénterface in
CMFs made with the larger sphereSuch areas are hightiged with boxes irFigure 59B
and C In order to find out the reason for such partiatbdeding, the outer surface
roughness of spheres was observed and measkirgare 59D-F shows digital images of the
spheres6 outside surface roughness. As cal
smoother surface than the 4.0 and 5.2 mm spheres. The average surfaneswoglhe
spheres was measured and the results are shownTablg9. On average, the roughness
for the 2.2, 4.0, and 5.2 mm sphevexe2.0,5.7, and 10.7 um respectively. On the 5.2 mm
spheres, surface i mperfections were found t
expected that a rougher surface could provide a larger surface contact and cause a better
mechanical bonding betweenetlsphere and matrix. In this case, both digital and SEM
images Figure 59G-I) show a better bonding between the spheres and the matrix in CMF
procesed with 2.2 mm smootlurface spheres compared to the 4.0 and 5.2 mm +ough
surface spheresAs can be seeim Figure 59G, the matrix powder is sintered and well
bonded to the sphere walls in all 2.2 mm sphere CMFs. The other samples made with 5.2

and 4.0 mm spheres show well bonded spheres to the matrix with the exception of a small
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amount of partial ddonding between some spheres and the surrounding r{fagiwe59H-

).

Table9: Results for surface roughness measurements performed on 2.2, 4.0, and 5.2 mm

spheres
Sphere Diameter Roughness
(mm) Radius (mm) (um)

2.2 1.022 2.579
1.036 3.203
1.022 1.308
1.008 1.298
Average 1.022 2.097
4.0 1.920 6.561
1.860 5.831
1.644 5.144
2.263 5.329
Average 1.922 5.716
5.2 2.790 8.449
2.567 5.715
2.557 7.623

4.091 20.983*

Average 3.001 10.692

*Areas with imperfections at the surface
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Figure59: SteeiSteel composite foam samplesade withvarious steel spheres of 2.2, 4.0,
and 5.2 mm diameter. A), B) and §ljow digital images of their crosssection. D), E), and F)
show digital images of individual spheres and, G), H), and 1) show SEM images of the
sphere/matrix interface (Sph. = sphere wall, Mtx. = matrix)
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This effect can be partially attributed to tlaek of penetration of matrix particles to
the spacing between spheres with rougher surfaces and lack of matrix compaction in those
areas which will leave some leftover voids at the spheatix interface after sintering.
Figure 59G-I show such interface areas with lack of complete penetration of powder in
between spheres that eventually caused a partial debondisgiotable that not all spheres
are debonded andhose that are deonded have shown only paittde-bonding in certain

areasaround the circumference of spheres.

Figure60 shows an SEMmage of a paial debonding irsteelsteelcomposite foam
made with 5.2 mm spheres. As can be seen the trace of sphere is left on the adjacent matrix
showing that the matrix and sphere were in contact at some point and debonding must have
happened after sintering. iShwas observed in rare cases where the sphere wall had
imperfections and the debonding can be due to the uneven shrinkage of spheres during the
final cooling stage of sintering. Such effect can be more obvious in composite foams made
with larger sphereas they undergo larger amount of shrinkage that may pull the sphere wall

inward and debond it from the surrounding matrix.
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and imperfection

Figure60: SEM image showing partial debonding on 5.2 mm sphe3eC8F due to sphere
wall imperfection and itshrinkageduring processing

The spheres used for processing CMF samples in this study contained a higher
amount of carbon compared to the spheres in previous studies as shiatei® Table10
shows the change in chemical composition of some elements as determined from EDS
observation on sphere wall and matrix of al SCMF samples. Although EDS is less than
ideal to measure carbon content precisely, the gradient of carbon and manganese content
between the sphere and matrix suggests a diffusion of C from the spherenttrilieat the
same time of diffusion of Mn from matrix to sphere wall, reducing the content of C in the

sphere wall and Mn in matrix, making the two in balance. Further detailed EDS analysis
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showed a reduction in Cr and Mo content in both matrix and sphkail which must have

been due to the formation of precipitations of those elements in the form of carbides inside
the grain boundaries as can be seefkigure 61A. In samples with thicker sphere walls,
some carbides have also precipitaathe grains as well as the grain boundaries of spheres.
These precipitates are showrFigure61B and correspond to MCs phase which is the main
carbide found in austenitic stainless stgél8]. It is notable that the formation of such
carbides inside the grains is limited to sphere walls only due to their additional exposure to
heat during matrix sintering period, and there is no such carbide phase in the nib#i

low carbon content of the matrix does not allow for such precipitation either.

Table10: SEM-EDS results showing % change in chemical composition of hollow spheres
and matrix in the samples after processing

Location Mn Cr Mo

Sphere Wall  0.14 -0.56 -0.42
2.2 mm sphere:
Matrix -1.74 -1.39 -1.26

Sphere Wall  0.12 -0.45 -0.63
4.0 mm sphere:
Matrix -1.68 -1.6 -1.02

Sphere Wall 0.08 -0.4 -0.95
5.2 mm sphere:
Matrix -1.74 -1.46 -1.33
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Figure61: SEM images showing carbide precipitations inside A) grain boundaries and B)
sphere wall grains for 5.2 mm spherS £MF
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Figure62: SEM images of microrosity in sphere wall and matrix for A) 2.2, B) 4.0, and
C) 5.2 mm sphe&rSS CMF samples
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Another feature shown iffigure 62A-C is the presence of micqmorosities in the
sphere walls and matrix of all CMF samples. As can be seen, the only distinction between
the sphere wall and matrix in CMF ike percentage of porosity between the twihis
matrix porosity are typical in BF made with powder metallurgy techniqyd4,44] where
some spacing between the powder particles is left after sintering due to lack of fulkpowde
compaction. The percentage of porosity was calculated using image analysis techniques to
avarageabout4, 6, and &b at the sphere walbr 5.2, 4.0, and 2.2 mm sphere sampbeyd
30-60% in the matrixof all samples with an average of about 50%Using the above
porosity percentages and the upper and lower bound rule of mixtures, the density of CMF
with various sphere sizes is calculated and presentddbte 11. It can be seen that the
experimental results fall well between the calculated densities using upper and lower bound
rule of mixtures. The density of 2.2 mm composite foam samples is also compared to the
results of previous studies on CMfamples made with same size sphdre. It is
concluded that new samples contained a slightly higher level of porosity in the matrix and
lower level of porosity in the sphere wall resulting inogal 5.8% drop in the density of

CMF, compared to same sphere size CMF samples reported before.

In summary, the gradient of carbon content between sphere wall and matrix facilitates
the diffusion of carbon from the sphere wall to the matrikhis pheromeron causs the
formation of carbides at the grain boundaries of sphere walls near the surface of spheres as
well as in the matrix near the interface region making that region more prone to interface

failure and debonding. These effects along with thisnkage of spheres and lack of powder
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compaction between spheres made the composite steel foams with larger spheres show some

partial debonding at the interface of spheres and matrix.

Tablell: Physical properties of different types of CMFs processed using variety of sphere
sizes and comparison between measured and estimated density

Estimated
CMF Sphere density Estimated
sphere wall % Lower Measure density
size thickness matrix % wall bound d density Upper bound

(mm) ( € m) porosity porosity  (gricn®)  (grlent)  (gr/cnt)

2.0% 100 460 6115 2.87 2.95 3.04

2.2 104 50.4 8 2.70 2.78 2.91

4.0 196 50.1 6 2.77 2.75 2.99

5.2 244 50.9 4 2.73 2.74 2.90
*Ref. [16]
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Chapter 71 Effects of Loading Rate on SteeSteel Composite Metal Foam

7.1. Introduction

The effects of loading rate on the mechanical properties of-Steel composite
metal foams are studied and reported hdiee results of this study are published elsewhere

[63].

7.2. Preparation of SteelSteel Composite Metal Foam Samples for Compressive

Loading

The mechanical test samples were machined using a linear precision saw to the
desired size in the lateral and longitudinal directioBgveral sets of samglevere cut into
different sizes and shapes to accommodate each mechanical testing proceahlse12
shows a list of different samples used for mechanicéihtgsandFigure 63 and Figure 64
show some of the samples prepared for ségpdraulic and SHPB mechanical testing

respectively.

For the quasstatic compression tests performed in the sémdraulic machine,
rectangular cuboidsvere cut from 2.2, 4.0, and 5.2 mm spherS €MF samples. A
mi ni mum of 6 spheres was mai nt a-isett®mmtoav@d 0SS

edge effects. All samples maintained a height/width ratio of 1.75.

For the dynamic testing performed in a Split Hopkinson Pressure Bar (S€LRBp

the limitation of the equipment capacity and the need to maintain a minimum of 6 spheres
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across the diameter of the sample, only the 2.2 mm sphere CMF samples were tested. In this
case, cylindrical samples with a 19 mm diameter were cut to a 9.5emght giving a

height/diameter ratio of 0.5.

Figure63: SS CMF samples manufactured using 2.2, 4.0, and 5.2 mm spheres prepared for
dynamic loading using a sertydraulic machine

Figure64: S-S CMF samples manufactured using 2rin spheres prepared f8plit
Hopkinson Pressure Bagsting
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