ABSTRACT

MARX, JACOBCHARLES. Composite Metal Foanm ExtremeEnvironmentgUnder the
directionof Dr. Afsaneh Rabigi

Extreme environments require advanced materials that operate well in a variety of
conditions whilemaintaining their structural integritpgnd safetyToday 6s transpo
vehicles undergextremeloading under accident conditiarfSor instance, tank cars carrying
hazardous materials can be punctured during derailment leading to injury andvtikzdhy
systemsalsoundergo severe loading at high strain rates brought on by ballistic impact and
explosives.The purpose of this work is to furthstudycomposite metal foam (CMRs an
advanced energy absorption mateuatler extreme loading presentedpguncture ballistic,
blast, and fragment impaahd understand tiveoenefitoverconventionabulk metas.

In the first part of this studysteelsteel composite metal foam core sandwich panels
(SSCMF-CSP)were characterizednderquaststaticloadingfor their potential use in future
tank car structures for puncture resistal8®CMF-CSP were manufactured and tested under
compression and tensioBtainless steel face sheets were attached to #@&\V&Score using
two methods: diffusion and adhesive bondifige bond line between the core and face sheets
was analyzed under scanning electron microscbipe mechanical strength of the CMF core
sandwid panelsvascompared to bare CMF samplése face sheets were found to not greatly
affect the deformation of the SSMF core under compression. However, the diffusion bonded
SSCMF-CSP vyielded a stronger product primarily duemarostructural changes ithe
sphere wallln tension, the face sheets support the core and improve the strain to failure while
microstructural changes were found to impact the failure mode of H@EVES

The use of CMF as a novel military armor is further explanetlis workas it presents

the opportunity for reduced weight of military vehicl€3MF layered hard armors were



evaluated against ballistic threats of increasing size. In this work CMF armordestré
against0.50 caliber (12.7 x 99 mnigall andM2 armor piercing/AP) roundsand 14.5 x 114
mm B32 armor piercing incendiary (API) roundshe armors stopped 0.50 caliber AP at
speeds up to 819 m/s without penetratibhe CMF layer was found to absofg75% and
68-78% of the kinetic energy of thieall and APround, repectively When compared to rolled
homogeneous steel armor (RHA), the CMF hard armavea mass efficiency of.1.Finite
element analysis was completed using ANSYS to staeiympact. The results ahown to
bein good agreement with the experimeritatlings

Preliminary tests against the 14.5 mm armor piercing incendiary (API) round were
found to outperform th&HA standard with a mass efficiency of 1.5. The CMF hard armors
were able to stop an impacting round with an average velocity of 780 més amnedal density
of 16 g/cnd. The CMF layer is calculated to absorb betwee8®% of t he bul |l et
energy. The results are compared with CMF atl
armor piercing threats. The energy absorbed by the CMF imgiiown to increase linearly
with larger rounds that have a broader impact area and engaged a higher number of hollow
spheres, improving the cushtability of the foam layer.

SSCMF panels were manufactured and tested against high explosive incendigry (H
rounds to study their resistance against explosive blast pressure and resulting fragments.
bare CMF panels were able to stop the imparted fragmanspeedsabovel500 m/s and
absorb the blast energy without cracking or bowirige CMF was also shown to outperform
the aluminum plate by locally absorbing the impact of the fragments, reducing the transfer of

stress to the surrounding structure.
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CHAPTER 1: INTRODU CTION

1.1. Extreme Environments

A variety of engineering fields place materials and their structures under extreme
conditions that are not normally experienced in the natural world. The environments are
created in order to achieve a designed outcome, whethereimergy production, high speed
travel, or exploration of currently uninhabi
used to refer to circumstances that modi fy
pressures, temperaturemnergetic or mgnetic fluxes, radiation exposyrand chemically
aggressive environments that cause corrosion and oxiddatenadvancement of fields that
experience these conditions is primarily limited to the materials that are available to survive
the exposure. It m®mes apparent that in order to improve efficiency and safety under such
harsh environments, a new wave of materials must be manufactured and studied in order to
continue to advance human technologynekgy, transportationand defense require new
materiakto expandhecurrent technologgis new steps are taken to improve plant efficiencies,
reduce vehicle weights, and continue to expand understanding of materials that can be useful
for national securityA better understanding and constant research oo rhaterials act in
extreme environments is crucial to advancing human technology across multiple platforms and

providing a safer future.

1.1.1. Extreme Mechanical Loading

The ability to understand and create materials that can withstand high strain rate and
stresses is of importance for advancing current technologies for transportation and military
defense systems. Severe loads uaderdents experienced during operatibtransportation

vehicles is responsible for damage, injury, and déaidure 1-1) [1]7[4]. These accidents
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occur at high speeds with a large accelerating pulse with rapid loading and unloading of the
vehicles. These events place materials under failure modes involving strain hardening and
strain rate effects, large plastic deformations, and comgiless statedt is paramount to
continually investigate new materials that can replace these structures and absorb energy at a
higher efficiency using advanced materidleansportation is an essential feature of everyday

life and requires materialsdahcan perform under extreme conditions such as temperature,
pressure, and corrosive environments. Transportation is also dependent on fuel efficiency and
safety. Fuel efficiency and safety are thought to be inversely related, as safer structures
generallyr equi re additions to a vehiclebs design
advanced materiathatredue the overallveight without sacrificing the structural integrity of

the vehicle. The materials used for crashwprtbhicle systems andor carlying hazardous

waste must be able to absorb energies at high rates of impact in order to protect the passengers
and cargoThe materials used for train cars and trucks to transport hazardous waste must safely
carry the cargo without risking dangerous spiknd exposure to personnel and the
environmentFrom spent nuclear fuel to chlorine for water treatment, freight rail tank cars are
one of the most popular means for transporting hazardous materials (h@kZmatitil

recently the currentank car design sanot been greatly modified sinds standardization.
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Figurel-1: Images of the aftermath of vehicle accidents involving (a) cars, (b) traif2tars
(c) airplaneg3], and (d) tank cargl].

1.2. Tank Car Structure

The current tank structure was establishetd ime  1wdtt6tlleddsvelopment of the
DOT-111 tank car design. Thaesign itself hasot greatly changed although the importance
for hazmat protection has become the focus for the next generation of tank cars and materials
used in tank cai®]. One of the primary concerns under accident conditions is puncture of the
tank car containmentAlthough the tank cars themselves are not directly responsible for
accidents, the DOT11 cars have been prone to puncture and spilling hazardaterials. In
incidents such as theac-Mégantic Quebec rail disaster in 2013 where 74 DO tank cars
carrying crude oiberailed killing 47 resident§6]. The crude oil ignited during the accident,

destroying roufly half of the downtown ard#], [7]. These types of accidents have occurred
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in other regions involving the DOT11 tank cars through the ye48$. The DOTF111 tank

cars were originally designed with a shell made fi@®6 in. thick stee]l]. Some tank cars

are lined with an additional 1/8 in. thick steel jacket to help protect it during derailibjent

The DOT-111 is a nofpressurized tank car that has been widely used to transport ethanol and
crude 0il[9]. In 2017, the DOTL11 made up over 50% of the tank car fleet in thigddrStates

[1]. In addition, hazardous materials made up 75% daak car shipments in 2015]. The

class of hazardous materials sported by tank car are shown in the pie chaRigure 1-2

[1]. It can be seen that flammable liquids make up almost half of the hazardous material
shipped In order to safely transport these types of materials, the puncture resistance and
insulation must be improved for future tank car desifhe. DOT-111tank cars are relatively
simplistic compared to more recent designs which include a layénectuse for further

protection fromrupture and combustion.
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Figurel-2: Hazmat shipment type by cld43.

A new car design was suggested by the Railway Supply Institute (RSI) in 2014 and
adopted by the DOT shorttiieraafter[1], [10]. TheDOT-117tank car design that was adopted
uses a layered construction in order to givetdémik additionaprotectian [1], [10]. The shell
consists offive layers that are presented kigure 1-3 [10]. The outer layers are madéa
required 1/8 in. thick steel jacket that is the first layer to protecting the car from leaking during
derailmen [1], [10]. The jacket also protects the interior layers from weathering and
deteriorati on d (i}, [L0h Dhe cahhas tveo agadshields at bithdr éndreade
from half inch steel. Thhead shields are the primaginforcementor puncture resistance in
order to avoidlamage during derailment anar gileup.During derailment, a risk of puncture
is presented by the coupler of surrounding railcars as well as the crash environment, generally
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occurring at either head of the tank car. The head shields can be built into the tank car design
or can be madef a separate attachment that can provide further puncture protdgtifio].

The DOT-117 also uses a 7/16 ithick shellandalso includes a thermal jacket and
insulationlayer sandwiched between tiséell and the jackdfiO]. The insulation layer keeps
the material contents at an appropriate temperature during shipping and loading. The thermal
blanket is intended to protect the contents from exterior fires and reduce the risk of combustion
ofthecar 6s contents. The ther mal bl anket i s ma
woven ceramic fibers and is required to be at least ¥z in. thick for thelD®@Tank car§l],
[10]. In additional to the structural design changes, the DO also includes a new top high
flow pressure relief valve to avoid compl ete
events. The new valveystem and tank structure are all designed to prevent the car from

emptying its contents during accident conditifi).

TANK JACKET
THERMAL PROTECTION

INSULATION GROSS RAIL LOAD -
¥4 Afully loaded DOT-117 has a
Gross Rail Load of 286,000 Lbs.

FN . TOPFITTINGS

HEAD

SHIELD
INTERIOR

BOTTOM OUTLET VALVE @

Figurel1l-3: DOT-117 tank cadesignedo replace the DOTL11 use in transportation of
hazardous materiaJ&0].



1.2.1. Tank Car Materials

Researchers have been working closely with the railway industry and DOT to help
improvethe purture resistance of the current designcomparing it to potential material
replacementsThe current materiakquirements for tank car construction are outlined by the
Association of RAAAR) rstardards and gradticgdd]a The tvo high
strengthsteelsthat have been made standard for tank car construction are the AARSIC
Grade B and AARA516, Grade 7(1], [10]. The steels are carbon, manganese steels used for
pressurized tank car construction. The chemical composition of both grades is liEaddein
1-1[11]. TC-128B has becoméhe industry standard for most new tank car production over
A516[10]. The improvements to metal processing and manufacturing have pusHEtBBC
to its metallurgical limits for pressurized tank car construction. Alternative steels with a lower

carbon content have been explored for improved toughness and weldaBility

Tablel-1: Chemical composition of tank car steels, TC128 B and A516 70, as outlined by
the Association of American Railroafsl].

Steel C Mn S Si Nb Vv Ni Mo Cu
Grade | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wt%) | (Wi%) | (Wt%)
TC128 1.00 0.15

B 0.24 1.65 0.015 0.40 0.02 | 0.08 - - -

A516 0.85 0.15

70 0.23 1.20 0.015 0.40 0.02 | 0.03 | 040 | 0.12 | 0.40

TC-128B steel has been found to fail during rail accidentstdugrack initiation and
propagation through the tank car shfll], [13]. Ferritic steels undergo two primary
mechanisms of fractur@rittle fractureis one mechanism of fracture tletcurs due to rapid
trans granular crack propagati¢n], [13]. Ductile fracture is caused by the growth and

coalescence of small voids that exist in the material due to intrinsic defects. The voids are



formed around precipitations such as carbides or, in the case-229® and A516 70,
nonmetallic inclusions such as manganese sulfide (f#jShmages describing the brittle and
ductile fracture mechanisms are showrkigure 1-4 [7]. During the puncture of TQ28 B

tank cars, both fracture mechanisms have been docunj@htglB].

bbo4

R, Y

a) Brittle fracture (cleavage).

i

b) Ductile fracture (microvoid coalescence).

Figurel-4: Diagram of the two fracture mechanisms, (a) brittle and (b) ductile, ils Etge

An example of a tank car ruptuegperiencing both brittle and ductile failuseshown
in Figure1-5 [14]. The car was carrying hazardous anhydrous ammonia at the time of rupture

in 2002, near Minot, North Dakofd], [14]. The shell and steel jacket were unable to contain
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the hazardous material, leading to caustic gas release to the dingotegion and delaying

rescue operationg]. The failure of the Minot tank car initiated from ductileoture due to

void coalescence in the st¢€]. The microvoids grow during plastic deformation until akrac

is formed and can propagate through the tank car head/shell. Crack propagation continues
through the steel via either ductile or brittle fracture depending on the microstructure of the
surrounding materidl7], [14]. The steel used to manufacture Maot tank cars met the
standardi zed strength requiremendmng[7/leThien t hot
has led to an effort to reimagine the tank car structureyuanous geometric and material

changes to improve their overall puncture and failure resistance.



Figurel-5: Puncture of a TC128 Grade B tank car near Minot, ND carrying anhydrous
ammonig14].

Current research is built upon understanding the puncture strengths and dynamics of
the relatively new tank car designs (DQTI7, DOTF105, etc.) while als@valuating new
strategies for maintaining the talksitegrity under accident condition®], [15], [16].
Alternative protection systenfisr tank car structurescorporate energy absorption materials
and engineered metal systems (EMS) gl geometric cores into a sandwich pdhat can
be used in tank car designs or placed as an exterior jacket fortaarsli7]. The sandwich
panels have beetested for their bending stiffness and puncture resistance compared to bulk
steel tank car shells, while providing possible weight savings. The cores are designed with
various geometries and sizes such as: round tube car@eXand diamond core as shoin
Figure1-6 [17]. The 3 inch outer diameter tubes were chosen forstidle puncture testing

and showed improved puncture resistance against a ram imparting 3.13 mplamég17].
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The work presents the opportunity of investigating enetigoiption materials that can be
placed into a sandwich structure and attached to the exterior of existing tank cars in order to
improve puncture resistance during accidents. The exterior protection can be selectively
attached to cars at high risk regiongls as the head shields and lower half of the tank car

where shell punctures are most likely to take place.
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6"x2'x5" Pipe Round Tube Core Test Article (P1) 6"x2'x3" Round Tube Core Test Article (P2)

Figurel1-6: Digital images of the manufactured sandwich panels for potential tank car shells
[17].

High strain rate impacts, similar to those tank cars experience during ascalsot

occur in defense systems regularly exposed to high velocity blast and ballistic threats.
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Advanced materials that offeghtweight energy absorption capabilities are needed to improve

both tank car designs and the future of military armors.

1.3. Mili tary Environments

Military systems are regularly exposed to extreme environments for a number of
diverse applicationsThe military is constantly working on the cutting edge of material for
advanced defense systefosthe variety of threats that personnel and vehicles are exposed to
in war zonesMilitary vehicles require lightweight materials for improved fuel efficiency and
lower arbon emissions while improvirtgeir safety against high speed impacts by projectile
threats and explosiveghis has led to a new wave of advanced materials that can revolutionize
energy absorption and be applied to a multitude of engineering stru€mesuch example
is the necessity foadvanced materialsn defense technologiethat undergo rigorous
environments and are needed to protect forces during biattlerder to advance armor
technology, lightweight alternatives that can perform againgamety of threateind improve
upon t he c urnareuerabistyfuelreflicgency, @red reliabilitys paramount to

protect vehicles and personiies], [19].

1.3.1. Military Armors
Armor s ar e a n edesardniitayy ofeationdd prateat wehisles
and personnel in dangerosguations Materials for armors are needed to protect against a
variety of extreme threats thauclude blast, ballistic, and fragment impacts at high rates of
speed that can be lethal to exposed persdBgl[19]. The mi | i t ar ydndents uc c e s
on reliable armors for its vehicles and personnght armors are flexible and weight efficient
but only protect against small arms f[8]. Heavy armors are meant to face large caliber

threats but decrease the fuel efficiency and maneuverability of the vehicles that use them. The
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next generation of vehicle and personal armors musgbiveight, cost effective, and perform
well against an array of blast and ballistic thr¢a83.

Armors can be classified into two material categories: soft and hard armors. Soft armors
are made up of flexible composite fabric components that are able to defeat small caliber
rounds[20]. Soft armors are widely ad as personal body armors due to their light weight and
availability. Soft armors are limited to their application against small caliber rounds and low
speedfragments bufre relatively weight efficient compared ather materiablternatives.

Hard armos use ceramic and metallic plates that are heavier than soft armors but have
improved protection against larger caliber rounds and armor piercing thtdsth impact
velocities Hard armors are used for both personal and vehicle protection.

The military has various vehicles used in combat that are outfitted to protect against
different threat levels. As the threat increases, so does the weiglhe vehicle. Some
examples of this trend are showrFigurel-7(a)[21]. One of the most agile vehicles, the high
mobility, multipurpose, wheeled vehicle (HMMWYV) is able to transport troops relatively
quickly but does not offer the same protection agdim light tactical vehicle (JLTV) which
is outfitted with two levels of armor protecti¢®2]. Over the past three decades, there has
been a constant growth in military vehicle weight in order to defend against larger ballistic
threats For example, thébrams tankweight hasncreasd from 54.4 to 63metric tonsover
29 yearsn order to better defend against the advancement in ba#isticexplosive threats
[23]. The hcreased weight reduces the veliEliel efficiency and maneuverability making
it susceptible to attack and ambush during rafigedr when setting up required supply lines.

A similar trend exists for persaharmors that require advanced protection g$iravy metal

pl at es. These ar mor inserts reduce the wuser
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helpful during combaftThe next generation of military vehicles and protection for personnel
has reached a pivotal point for reevaluating and advancingutient materials used for

armors.
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Figurel-7: (a) Military vehicles shown by their armor class and increasing weight required
for protection. (b) Ground capabilities of comlahicles and their necessary fuel
requirements showing the need for improved fuel efficiency with heavy armor vdBit]es
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Table1-2: Weight of the M1 Abrams tank from 198®99 showing the increase in overall
weight due to armor improvements to protect against more penetrating {@8ats

Year Vehicle (Vr:]lgiﬂzttgznss])
1980 M1 54.4
1984 M1IP 55.3
1988 M1A1 58.9
1990 M1A2 62.1
1999 M1A2 SEP 63

Overall, the future of armors must balance three primary aXib8is[19]. The first is
based on the protection the armors provide as they are designed to defeat up to a certain ballistic
and explosive threat. The armors must be effsttive and be able to be manufactured on a
large scale that came easily outfitted to current military vehicle designs. Finally, the armors
must be weight efficient when compared to the current military standards without sacrificing
protections thatra currently in place. Weight is an important factor when considering armors
as it can help improve the survivability of the vehicle by imprgthe speed, agility, range of
travel, and transportabiliffherebymaking them easier to maneuver in and duwoonbat.

The materials that are able to perform such a task must also balance three main features
in order to achieve the desired outcom®st ballistic threats are made up of a piercing core
that can be made of hardened steel or tungsten carbide. Mbe raust be hard enough to
fracture the core, breaking it into smaller pieces, and prevent complete penetration of the round.

After the core is fractured, the armor must be able to absorb and dissipate the kinetic energy of
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the impacting rounds through ptac deformation in order to protect the personnel and payload.

As previously discussed, the armors must be made of materials with a lower density than
conventional armors in order to reduce their
and fuel #ficiency. Prior to discussing the next generation of armors, it is important to first
establish and understand ttneeats that these armors face andnttagerialscurrently being

used to defeat them.

1.3.2. Ballistic, Blast and Fragment Threats
Ballistic Threas

Armors outfitted to military vehicles are designed to perform up to a specified level of
protection while being resistant to other environmental exposures such as humidity, corrosion,
shock, and vibrationCurrent armors exist to protect the wearer franmjectile and fragment
impacts created from ballistic threats and explosives in order to reduce injuries and fatalities.
Bullets are one of the primary forms of aggression used around the world-c8msll
ammunition is made up of sections that include ¢artridge and bullet. The bullet is the
projectile that is launched from the threat. The cartridge contains the propellant required to fire
the bullet which is initiated by the hammer striking the primer at the base of the cartridge. The
bullet that is ired from the round has an outer jacket surrounding the bulletsmich acts
as the penetrator on impact. The core is surrounded by a faakptotects the barrel from the
hard core, engages rifling within the barrel and gives the projectile anizgdirshape for
traveling A generammunition design is shown kgure1-8 [19].

Bull ets are made in various shapes and si
and penetrating type. A bullet, such as the 7.62 x 5lbalhhas a 7.62 mm bullet diameter

and a overalllength of 51 mmwhen including the cartridgerhe diameter can also be
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described as the caliber of the threat, using inch units rather than metric. In this system a 7.62
mm round is commonly known as a 0.30 caliber and a 12.7 mm threat is referred to as a 0.50
caliber raund. Larger ballistic threats carry a higher muzzle velocity based on the size of the

cartridge and the/pe of core used in the projectile.

Recessed bullet

Propellant

Cartridge

Primer
Ammunition Vo (m/s)
5.56 x 45 mm SS109 920
7.62 x 39 mm PS Ball 720
7.62 x 51 mm Ball 820
7.62 x 51 mm FFV 950
14.5 x 114 mm BS41 1000

Figurel-8: Small arms ammunition design of most ballistie#tis and a Table showing
example threats and their muzzle velo§it9].
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The core of the bulletan bemadefrom variousmaterials in order to increase their
penetrative qualities. Ball rounds are widely used and are made up of a mild stg&bfore
The ball rounds are relatively soft with a Vickers hardness of Z0The core, upon impact
with armors, will deform along with the lead filler and copper or steel jacketild steel
rounds are relatively easy to stop using as little as 12 mm of mild steel when impacted from
10m[19]. Cores maed of harder and denser matergush asardened steelr tungsten carbide
can replace thmild steel for increasepenetratiorand impact energy. The hardened steel and
tungsten carbide cores are referred to as armor piercing (AP) threats due to pghenedn
piercing qualitieg19]. Larger threats can use much harder cores, such as tungsten carbide and
have a highemuzzle velocity, such as the 14.4 x 114 mm BS41 shown in the tabigure
1-8[19]. The hardened steel and tungsten carbide cores have a higher density and impact with
a higher kinetic energy. The kinetic energy, KE, is walied using the classical mechanics
equation of:

VO -av (1)

where m is the mass of the projectile and v is the velocity at which it impacts. By
increasing either the mass or velocity, the kinetic energy imparted into the armasas;re
hence why armor piercing rounds are more damaging than ball rounds. The penetrating quality
of a ballistic threat can also be measured by its kinetic energy densityT iEkinetic energy

density is calculated by dividing the kinetic energy bydtusssectional area of the bullet, A:
vo — (2)
The kinetic energy densities of multiple sized bullets are listddble 1-3 [24]. As

can be seen, the larger projectiles carry a higher kinetic energy density due to their larger core

mass and impact velocityhe tungsten carbide core of the 14.5 x 114 mm BS41 APl is smaller
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than the BS32, but because of the h3jwhéner den
compared t o t heé),teetpmjedile ifparts=a highkirgtic gnergyndensity.
The higher kinetic energy density makes a projectile more piercing and requires stronger and

thicker armors to stop it.

Table1-3: Projectile core properties and kinetic enedgysity of various ballistic threats

[24].
Ballistic , Core Diameter 2
Threat Core Material (mm) Core Mass (g) KEd (MJ/m*)
7.62 X 63 mm
M2 AP (0.30  Hardened Stee 6.2 5.3 71
Cal)
12.7 X 99 mm
M2 AP (0.50 Hardened Stee 10.9 25.9 112
Cal)
14.5 x 114 mm
BS32APl  Hardened Stee 12.4 41.0 170
145 x 114 mm
BS41 AP Tungsten 10.9 37.9 211

Carbide
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Blast and Fragment Threats

Figurel-9: | mage of | ED6s disarmed in ef5tern Ba

Explosive threats such as | ED6s and shape
they produce upon detonation. When a detonation occuveryafastchemical reaction
involving a solid, dust, or gas rapidigleases aurge ofhot gases and energhhe gases that
are produced expand into the surrounding environment and displace the air, creating a blast
wave and shock fronTheblast wavepropels fragments, damages vehicles and structures, and
can cause internal damaigevital organs such as the lungs, brain, and fl26h The physics
behind the propagation of blast waves is complicated, but the best protection from injury is to
further your distance from the site of detonation. A simple schematic of the propagation of a
blast waven open airis shown inFigure1-10 [19]. The blast can be seen at three distances

from the point of detonationi and r+r2. The surface area of the blast wave at both locations
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is marked by sand 3. As can be seen, the area incre&ses factor of ¥, meaning the energy
density and pressure fallfafther quickly{26]. For example, by doubling your distance from

the charge, the energy density is reduced to 1/8 of its original. value

Blast wave

Explosion

Figurel-10: Simple schematic of a ldawave propogatiofi9].

Blast waves create ampulse of pressure to the surroundings over a relatively short
time causing an instantaneous rise in pressure that falls off over a short period of time as the
blast wave front passes. The ideal pressure profile of an open air blast wave is presented in
Figure 1-11 [19]. The pressure at an element away from the ignition point is equal to the
environment 6 s «@Thé pressure ingeasesatmost imstamaneously to a peak
pressure, R as the wave arrives at the elermantime 4. The difference between the ambient
pressure and peak pressure is referred to as the peak overpressueaklheepressure falls
of f depending on the elementds distance fror

reaching a pealhe pressure falls off exponentially over the positive duration tgnentil it
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reaches the ambient pressure valtee pressurémpulse |, of the blast wave is measured by

calculating the area under the curve for the positive duratifii®aq27]:
‘O 0 Qo 3)

where P is the pressuiéhe positive phase is followed by a decrease in pressure, below
the ambeént pressure value, referred to as the negative impulse. The negative duration is much
longer than the positive phase and is responsible for a suction force that pulls structures back
towards the point of detonation. The negative presgrogle is much bwer than the peak

overpressure and are not necessarily considered for structural integrity measurements.

Pressure
(P)
Peak B
Pressure
(Pp)
Positive
Impulse
Peak Over _ (ip)
Pressure
(Pp-Py) Incident
Pressure .
Py Negative
! Impulse
()
Ambient
Pressure
(Po) = tattotto
I~ LA v .
Negative --—-—- S L T 5 Time (t)
P"*z:s)‘"e Arrival Positive Negative X
n Time (ta) Duration (t,) Duration (t,)

Figurel-11: Pressure time history of an ideal blast wave in opej2ajr

It is first necessary to know the type and amount of explosive material that is detonated

in order to approximate the peak overpressure and blast load that will be created. There are
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several types of explosives that are used for executing terrorist attetkgndaing| ED O s .
Trinitrotoluene (TNT) has been chosen as a universal quantity for which to compare and
guantify the blast characteristics of explosive materials. This is done by dalgula
equivalent TNT weight of a chosen explosive media by catlitig the ratio of heat produced
during detonation and comparing it to that of T|RT], [28]:
W 0w — 4

where the weight of the TNT and explosive material ar@\&nd WExp, respectively
in kg. Hrn is the heat of detonation of the TNT andxfis the heat of detonation of the
explosive, both measured in MJ/K&j7], [28]. The heat of detonation of various explosive
materials has been documented and some are preseftdalan-4 [28]i [30]. The equivalent
weight of TNT can be further simplified to get the TNT equivalent weight factor. The TNT
equivalent weight factor can be used to determine the mass of TNT needed to produce an
equivalent bhdst wave created from another explosive media. The TNT equivalent weight

factors are also listed ihable1-4 for both the pressure and impulse val[&3, [29].

Table1-4: Heat of detonation and TNT pressure and imgorass equivalents for various
explosive materialf28]i [30].

. : Heat of Detonation TNT Mass Equivalen28], [29]
Explosive Material (MJ/kg) [30]
9 Peak Pressure Impulse
TNT 4.104.55 1.00 1.00
C4 5.86 1.37 1.19
RDX 5.136.19 1.14 1.09
PENTOLITE 50/50 5.86 1.33 1.14
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Tablel-4: (continued)

NITROGLYCERIN 6.30 1.54 -

NITROMETHANE 6.40 1.10 -
COMPOSITION B 6.43 1.11 0.98
PETN 6.69 1.27 1.11

NITROCELLULOSE 10.60 1.10 -

Fragment and blast wave impacts are #iseats often faced by personnel and vehicle
armors. The blast wave and high speed fragments are produced from an exploding charge, pipe
bomb, improvised explosive device (IED), high explosive incendiary (HEI) rounds, etc. The
fragments that are producedrin the explosion vary in velocity, material, and shape depending
on the type of detonation. The fragments emitted from most explosive threats are irregularly
shaped making them less aerodynamic in flight and reducing their penetrative qualities when
compaed to ballistic projectilefl9]. The fragmentation carelgenerated by the shell casing
of an explosive round, implanted in the threat like a pipe bomb, or be generated by surrounding
debris and material in the case of | EDOSs.

The armors that are designed for vehicle use can also be used to line structures
subjected to explosive threats. The armors should be able to mitigate the pressure of the blast
wave with appropriate shock resistance and be able to stop incoming fragments. This is
especially true for the under carsrhava greatlyo f mo
influenced the design and outfitting of armored military vehicles, requiring them to be able to
withstand blasts coming from below the main hull. An improvement to current military
vehicles has been the outfitting ofsWlaped hull$31]. TheJLTV was manudctured by the

military with a V-shaped hull that deflects blasts from below, reducing the chance of floor
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plate destruction and vehicle lift9], [31]. In order to maintain consistent protection for
military personnel, it is important to consider the blast and fragment protection offered by
armors along with their ballistigrotection.In order to design and test the next generation of
military armors, one must first understand the current armor standards and research that has

been completed.

1.4. Armor Material s

Armors have been constantly developed in order to reduce injury and fatalities against
projectile threatsFor individuals, the armor shields the wearer and must not inhibit their
maneuverabilittand comfortVehicles and aircraft require the armor to &lsaveight efficient
and easily incorporated to vehicle desigd®st armors are designed with specific threats in
mind, using the projectiles as a baseline for understanding the weight and thickness of each

material required to stop it upon impact.

1.4.1. Metal Armors

Metals have been widely used for armors as they are easily attached to existing armor
designs. Steels can be manufactured and alloyed to improve their performance under impact
while aluminum and titanium alloys can be used to reduce the overgltwiany studies
have been completed on high strain rate impact and energy absorption of metal armors under
ballistic impact. Understanding their advantages and disadvantages is important to designing
the next generation of advanced materials for armplicgions.
Armor Steel

Steel has long reigned as one of the most popular armor maf@2RlS83]. It is able
to perform against a variety of threats from early small arms pregtti newly encountered

threats such as |1 mpr ovi s ethkirearly pse, steels\have betenv i C e ¢
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developed for armor applications due to its commercial availability, ease of fabrication, and
industrial production capacif$2]. Homogeneous steel armors were first developed over 100
years ago during manufacturing of some of the first tanks during World Y83}. IThe first
steel armors were made from a low alltge$ with a low carbon content that could be welded
or cast to improve production efficienf38]. Over the last few decades, cast steels have been
replaced by rolled homogeneous armor (RHA) due to reduced productiofi3@siRHA is
the current military standard material for tidational Institute of Justice (NlXallistic
standarddor personal andehicle armof34], [35]. RHA is a hot rolled steel known for its
balance ohigh hardnessstrength and ductility RHA is produced under strispecifications
using hot rolling followed by heat treatment to create a fine martensitic microstructure as
defined by MIL-A-1256(K [35]. These standards were developed during World War Il and
have not changed considerably since

The chemical composition of RHA steedrmors can be varied following the
requirements outlined in MHA-12560K and shown ifiable1-5 [35]. The carbon content is
important for producing the martensitic microstructure created through quenching. The other
alloying elements such as nickel, chromium, manganese, molybdenum, and boron all improve
the hardenability of the final structure. Silicorlps to delay the onset of martensitic
embrittlementand improve the tempering temperature raf3§¢. The microstructure of the
steel armors is ghly dependent on the post treatment following hot rolling during
manufacturing37]. Armor steels are quenched and tempered to give them their martensitic
microstructurg33], [38]. Quenching of the steel creates a smaller grain structure due to the
rapid cooling rat¢33], [38]. The tempering phase can vary the hardness and ductility of the

final product in order to obtaioptimal resuk [33], [38]. A lower tempering time and
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temperature will lead to laarder steel with higher strength at the expense of a lower ductility
and toughnesg38]. A higher tempering timand temperature allow for further relaxation of
the residual stresses created during manufactanigreduces the hardness of the product
while improving its ductility and toughnef38]. The general microstructure of RHA is shown

in Figure1-12[37]. The figure highlights carbide precipitations that form during quenching of
the steel that gives it its improved hardn@4. The microstructure is a balance of hardness,
needed to erode impding rounds, and ductilitgo the plate does not fail immediately

following impact[38].

29



Table1-5: Chemical composition for manufacturing of RHA as required by-KL2560K

[35].
MAXTMUM LIMIT for T ABLE FAN
ELEMENT DECLARED CHEMISTRY A}I_LI:.'R?EE;%{ED%T,?C%ED?r
(WEIGHT PERCENT) LOTS (WEIGHT PERCENT)
0.27 up to 27 thuck, incl
Carbon 0.20 over 2" up to 4 £0.05
031 over 47
MNONE REEQUIRED, HOWEVEER. IF:
Manganese = 1.00 =015
= 1.00 =020
Phospharus 0.020E z
Sulfur 0010E I
Silicon NONE EEQUIRED, HOWEVER IF:
= 0.60 =0.10
= 060 to =1.00 =015
= 1.00 =020
Nickel NONE REQUIRED ¥ =025
Chromium MNONE REEQUIRED, HOWEVEER. IF:
=1254 =0.15
= 125 =025
Molybdenum NONE REQUIRED, HOWEVER IF:
=020% +0.035
= 0.20 +0.075
Vanadium NONE REQUIRED = =003
Niobium NONE REQUIRED < =0.05
Boron _ i
Copper 025 & g
Nitrogen 003 £ e
Titanium 0.10 £ I
Alnminum 010 ¥ 4
Lead 001 £ i
Tin 0.02 £ I

[

Pt

0.003 percent.

Phosphorus and sulfur total shall not exceed 0.020 wila.

When the amount of boron 1= specified in the alloy, its content as determuned by heat analysis shall not exceed

£ When the amount of an element is less than 0.02 percent the analysis may be reported as [ = 0,02 wi%a].

= Thkere are no limits on the allowable values for future lots; however, the values may not exceed those listed as the

maximum limit,

= |tk

Values are actual tolerance limits NOT percent tolerances.
— Elements not listed in Table, but intentionally added, shall be reported.




i

Particles —>

v

Figurel-12: Microstructure of RHA highlighting the carbide precipitations and revealing the
slightly martensitic grain structuf87].

Due to its initial success and strength, RHA is still widely used as a military armor. The
panels are easily incorporated into vehicle design as they can be easily welded and attached to
the exterior such as the armor survivability kit outfitted on thé hngbility, multipurpose,
wheeled vehicle (HMMWYV) irFigure 1-13. However, the primary drawback to RHA is its
relatively high density (7.9 g/cth As such,RHA is the mass efficiency standard for
developing new hard armors and materials as per theAiIRS60K specifications. Following
the Second World War, ballistic threats have become more penetrating and threatening to

conventional armors. Ballistic threats have been developed to use hard steel, tungsten carbide,
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and ceramic composite cores that are beéegnmcreasingly destructivi@9]. In addition, the
military has been seeking alternatives to RHAwetreduced density in order to improve fuel
efficiency and maneuverability. This push has led to the development and study of improved

steel armors by in8lreasing RHAG6s hardness

A,

%"&'ltl'ﬂ‘

L1k

Figurel-13. Armored survivability kit (ASK) developed by the Army Research Lab (ARL),
primarily made up of RHA, outfitted onto a HMMW22].

High Hardnessand Ultra High HardnesSteelArmors

Monolithic metal armor alternatives to RHA have been studied for over half a decade
[40], [41]. There have been a variety of modificasatone to the processing of RHA that have
yielded harder steel armordigh hardnesarmors (HHA)and ultrahigh hardness (UHH)
armor steel plates can provide improved protection agadtigttic threats using hardensiel
and tungsten carbide armor igg (AP) cores. The standard for high hardness andhitira

hardness steel plate armors are governed by-DMIL-46100E and MILDTE32332
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respectively [42], [43]. The hardened steel plates are manufactured through a similar
guenchingprocesswith altered tempering to achieve a fine martensitic microstructure with
improved hardnesgl4], [45]. The chemical compositions of HHA and UHtdvea slightly
higher carbon content requirement than both Ridth a weight percentage of 0.32 and 0.55
[42], [43]. The increase in carbon contesuid faster cooling ratecreatesa martensitic
microstructurgoresented ifrigure1-14 [45]. The additional carbide precipitans and lower

tempering temperatures lead to a much harder product.

Figurel1-14: Microstructure olJHH showing the martensitic grain struct(4ée].

The standards require HHAOGs t o-53tankile a

UHH armors are required to be above HBW 570 (measured using a tungsteterny[de],
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[43]. The use of UHH steel plates are still limited as appliqué armors due to their high hardness,
limited weldability due to increased carbon content, and weaker structural properties when
compar ed t o RHAkebhaderaammdrs ddrHaAoivfveight reduction by reducing
the thickness required to stop incoming ballistic thii#k [45]. Bi sal |l oydés UHH
against 7.62nm(0.30 caliberpnd12.7 mm Q.50 calibey AP round show much improvement
over RHA and achieve the same level of protection with a 33% reduction in overall weight
[45]. Yet, against deformable cores and #d projectiles, the RHA is more mass efficient
due to the reduced piercing nature of the thmedtlower hardness required to break down the
incoming core UHH steel armor plates require further prsgiag and therefore are not as cost
efficient as RHA buwith further studycanpossibly be used for structural components and
offer improved protection for personal armors and vehicles with a lower overall weight and
thicknesq46].
Aluminum

Recent research has focused on monolithice@#iernatives to homogeneous steel
armors with a lower density. Aluminum allolgave adensitythatis approximately 1/3 that of
steel armors (2-2.8 g/cnd) and can potentially be used to reduce the overall weight of
personnel and vehicle arm@4s]. Aluminum offers other advantages over RHA as ividely
manufactured for industrial use and can be processed in large quahtageBigh specific
strength, and is known for its good corrosion resistafioe use of aluminum as a lightweight
armor structure was applied over a century ago in 1895 when Yarrow & Co built an aluminum
torpedo boa{48]. The boat used an ahinum frame that was 25% thicker than its steel
counterpart but weighed half as muye8]. The weight savings improved the speed of the

torpedo boat without sacrificing structural integif@8]. Aluminum has since been fourd
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perform well against large blasts loadwspacts by multiple threats, and fragments created
from conventional and improvised explosive devigEd. Recent advancements in alloying
and production of aluminum alloys has made it a viable candidate for replacing/Rdght
aluminum dloys are separated into seven primary alloying classes depending on the principle
alloying elements. The wrought aluminwathoy designationsise a four digit number arade

shown inFigurel-15along with the primary alloying element and their primary attribjdt@ls

—f:;-:-:/ .E‘:i‘-:;—"-:-"-—.
— -t P * . - T~
Cu Mn Si Other
1XX'X 2XXX 3xxX Axxx 5XXX BXXX 8XXX
Electrical, strength Formability  Brazing, Strength  Strength  Strength
Therm_al. Weldline After  Extrudability
Conductivity Filler Welding

Studi e
Ball i stic
Ar mor s

Nonheat-treatable
Heat-Treatable

Figurel-15: Wrought aluminum alloy designations and their primary alloying elerbgrx,
6xxX, and 7xxx series alloys have been the focus of recent research of aluminun{4®mors

The currentwroughtaluminum alloy in use fodS combat vehicleand aircraftss an
aluminummagnesium alloy 5083 while alloy 5456 is used for naval applicaf8#js[47].
Both alloysareknown fortheirweldability and strength following weldiregs well as improved
corrosion resistance over most steels. The US military standards for aluminum armors were
devel oped iamdhatvehbeen ds@d6td cvrapare various aluminum alloys for their

weight savings and performance against various projefil§sThe armor grade 508and
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5456 alloys get their strength over commercial grades by additional strain hardening through
rolling and plate tempering7]. The 5xxx series alloys though are limited in theifqrenance
in its wrought form, limiting its overall production and availabil[§7]. The 7xxx series
aluminum alloys are potentiahprovements to the 5xxx series for their higher strength and
hardnes$47].

The 7xxx series aluminum alloys have a higher modulus, yield sirebsltimate
tensilestrengththan the 5083 and 5456 armor allp§8]. Various 7xxx series aluminum alloys
are currently being tested to replat®39 aluminurrzinc alloy, the only 7xxx series given a
military specification[50], [51]. Bgrvik et al. have tested multiple aluminum alloys against
bdlistic impact with 7.62 mm AP core projectil§s?], [53]. The higher strength alloys offer
improved ballistic protection but suffer from large backplate fragmentatidrspalling. The
additional spalling can be seerFigurel-16 where the 7039 plate shows large cracking at the
back of the armor while the 5083 shows localized gilng with minimal back face spalling
[47]. The 7xxx series alloys amsomore susceptible to stress corrosion cracking than the
5083 or 5456 arors[47]. Heat treatment and validation of AA6070, AA7055 and other alloy
variations followedn attempts to find an alternative solution to thghhstrength 7039 and
7075 alloys with reduce fragmentation riskem back face spalling53], [54]. The heat
treatment of wrought aluminum alloys is used to enhance the mechanical strength of the sampl
without drastically changing the crystal struct{BB]. More recently, there has been interest
in exploring pray formed AA7055. The spray forming process uses nitrogen to atomize
aluminum melt and deposit the droplets onto a substrate to form a billet. The billet is hot formed
to create a dense product and then quenched in water. Spray forming creates a refined

microstructure with hard metastable intermetallic compounds, when compared to conventional
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forming methods, due to the higher cooling rate involved in its proce$Stig The
development of new high strength aluminum alloys for armor applications has been growing
with areal densities almost half that required by the RHA equivalent. The aluminum alloy
panels also require almost twice the thickness to stop impending AEsr@ma cannot

compete with current hardened steel armors at operating muzzle velaeiiies
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Back of 50.8mm 5083 aluminum plate

Figurel-16: Back face spalling comparing the aluminum alloy 7039 and 5083 armor plates
impacted by the same rouf#v].

Magnesium
Magnesium alloys are similar to aluminum alloys as a possible weight saving material
for ballistic armors. Magnesium is known for itghistrength to density ratio and relatively
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stable response to shock loadif&y]. Magnesium alloy AZ31B has been tested against
ballistic threats and compared to 58331 aluminum anor and RHA. AZ31B has similar
or greater specific strength values than the 89831 when discussing the ultimate tensile
strength, yield strength, and stiffness. The results show that the AZ31B has the ability to
outperform the aluminum and steel all@against lower caliber threats. For larger threats such
as the 0.50 caliber APM2, the AZ31B has performance similar to RHA, but is 4.5 times thicker.
RHA, in this case, is more desirable for vehicle applications as it has a lower total thickness
with a simlar areal density. Current magnesium alloys do however have poor corrosion
resistance and formability where specific geometries are required. The initial testing of Mg
alloys for ballistic armors seem promising and can spark interest in a field of amenctass
that currently has little data.
Titanium

Titanium alloys are another alternative to aluminum and magnesium alloy plates. A
variety of titanium alloys make formidable replacements to RB&xly testing of a dual
hardness titanium armor alloy showed good protection against the 7.62 mm M2 ABEBjreat
The dual arrangement used two titanium alloys bonded together, one harder than the other, and
was more effective than homogeneous titanium alloy arifitanium has a higher density
than aluminum but is known for its high streng@me of the most populgrades of titanium
is grade 5, also known as Ti6Al4Which makes up 60% of all titanium alloys in production
and is commonly used for titanium armor applicati@®. Titaniumas a homogeneous armor
offersa 1535% weight savings over aluminum and RHA when tested against similar threats
[60]. The Bradey Infantry Fighting Vehicle and Abrams Main Battle Tank have both

accommodated titanium alloys into sections of its hatch and external Ehjofitanium,
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although an efficient and effective armor material, iseegove to produce and machine. For

this reason, using titanium as a bulk armor by itself is much too expensive when aluminum and
RHA remain cheaper and widely availabMore recently, work on titanium has been
expanded due to advancements in metal pramtuand the ability to pair titanium with lighter
materials and harder surface coatifj§8]. Titanium does have good compatibility with
composites and is able to be used in layered armors, where a thin sheet is implefimented

cost effectiveness$o stop ballistic impacts.
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Figurel-17: The M2 Bradley and M1A2 military vehicles that use titanium for protective
armors in regions such as tehlJe commander

1.4.2. Layered Composite Armors
Layered hard armors are an arrangement of a ceramic face plate with a composite or
metal backing[63]i [65]. Layered armrs have become more advantageous over standard

monolithic metal or ceramic armors. The layered armors paiotwoorematerials together
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in order to stop piercing rounds. The layers are made up of a disruptor and an absorbing
material. A schematic of a lgered armor and the impact stages of a bullet are shokigune

1-18. The disruptor is used to break down the impacting threat and redirect its energy by either
turning the projectile or fracturing its components. The disruptor layer is usually made of a
ceramic or high hardness steel. The absorber is placed behind the disruptor to absorb the kinetic
energy of the projectile through large plastic deformation witatiowing it to fully penetrate

the armor Armors with a metallic backing are heavier than those with a composite backing
but are needed for protection from a wider variety of ballistic thréatgered composite
armors can defend against armor pierchrgats and consist of a ceramic faceplate backed by

a composite or metal panel. The composite backings are generally made with aramid fibers
such as Kevlar [66], E- and Sglass compositef67], [68], and ultrahighmolecular weight
polyethylene fiber composites such as Dyneef6&]. The ceramic layer blunts the core of

the projectileand spreads the load of the impact to a larger atlaying the backplate to
absorb the residual energy of the bullet. Ceramic faceplates are desirable for their low density
and high hardness. In rettestudies, ceramics such as aluminum oxided@#l [70], [71],

silicon carbide (SiC)69], [71], and boron carbide ¢B) [72] have been effectively used as

faceplates.
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Figurel-18: Impact stages of a ballistic threat into a layered armor showing haserttueic
erodes the bullet and its core and allows the backing plate to absorb the kinetic energy.

The ceramic layer has been tested as a single panel as well as configurations made up
of smaller panels or cylindej89]. Both geometries have been studied under a wide variety of
ballistic threats and configurations. Layered armors have aso btudied using metallic
backing plates in combination with the composite pajT€ls The layered composite armors
can be more effective than monolithic metal armor plates by pairing the high hardness of a
ceramic with the ductility of composites and metals rather than relying on amsiatggal for
both propertied.ayered hard armors can be made using advanced energy absorption materials,
such as metal foams, for increased effectiveness and lightweight application for military

personnel and vehicles
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CHAPTER 2: LITERATURE REVIEW OF COMPOSITE ME TAL FOAM

2.1. Metal Foams

In this section a literature review ofetal foams andomposite metal foafCMF) is
presented in order to fully understatheir properties andarious applicationas well as their
potential use in extreme environmefi8]. The literature review of CMF included in this
chapter can be found published elsewHe&®]. Metal foamsare a relatively new class of
materials thapossesspecific thermal, mechanical, acoustic, and electrical properties desirable
in many engineering applicatiofig4]i [78]. Metal foams are known for their high strength to
density ratio, high specific stiffness, and greatly improved energy absoapmabilities
compared to bulk materig)g7]. Metal foams are defined by the inherent pores integrated into
thar metallic structureThey can be split into two primary categoriepen and closed cell
metal foamsOpen cell metal foams are made up of an interconnected network of pores that
are easily penetrable by air and other me@iased cell metal foams are made up of pores that
aresealed off from one another. Open and closed cell metal foams are manufactured using a

variety of methods.

2.1.1. Manufacturing of Metal Foams
Open Cell Foams

Open cell foams can use placeholders to create porositiasbulk metal. These
placeholders are crest by particles that can be washed out from the metal product, such as
salt, or polymer preforms designed for use in investment castinginVastment casting
method can be engineered to have a rafgell size and shap&vestment casting begins by
creating a polymer preform that acts as a space holder and is designed with the desired ligament

and cell size. The polymer is then placed in a mold and surrounded with a slurry that is used
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to cast around the prefor mdésovedihmopgh a buinbue p ol
phase that leaves behind the desired channels and negativingbaceasing slurryhat will

make up the opecell foam. The molten metal is added to the mold and additional pressure is
used to ensure complete filling of the |ligar
After cooling, the casting slurry is removed and leavédnoea metal structure with the same
shape as the starting polymer. An example of
structureas presented inFigure 2-1 [77]. Open cell foams are thdoge made up of an
interconnected network of ligaments that allow gas and other media to easily pass through the
open porosities. This differs from closed cell metal foam, where all of the porosities within the

structure are closed off from one another.
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Figure2-1: Processing method used to manufacture
casting[77].

Closed Cell Foams

Closedcell foams havenultiple methods of manufacturing that have become popular
for creating sealed off porositiegthin a bulk metal The porosities within closecell metal
foams can be made by bubbling gas through a molten akiadinum is popularly use@dnd
cooling the product in such a way to capture the bulppisin order to do this, gas is injected
into a molten metal such as alinum in a heated crucible. The bubbles float to the top of the
melt surface and can be drained from the crucible ioge#te metal foam. The melt gas
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injection process creates a product with variation in pore size ranging from 5 to 20 mm such
as CYMAT alminum metal foamThere are many other methods that can be used to make
closed cell metal foam such gas particle foamingndentrapped gas expansipf¥]. These
methods generally create produetith varying cell size and organization. Though the initial
particle size can be controlled, it is difficult to uniformly disperse foaming agents and gas
expansion products in the aluminum melt. In order to improve on the random dispersion of
porositiesthroughout the metal structure, metal foams sudioisw spherdoamhave been
manufactured with a consistent porosity size and sfrafjeHollow sphere foams (HSFs) are

made up of metal hollow spheres manufactured using a lost core technique. This method coats
polystyrene sphres in a metal powder slurry and the core is burned off in secondary treatment.

The spheres produced have a relatively consistent size, shape, and internal porosity using this

processshi ch can i mprove t he me.tSeclionefl cusfrAipas mec har

and hollow sphere foam are showrFigure2-2 [73].
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Figure2-2: Digital images of thewt section of (alosedcell Alporas aluminum foam, (b)
steel hollow sphere foafii3].

2.1.2.  Properties of Metal Foams

Metal foamsare able to deform at a relatively constant stress over a broad range of
strain under compressi@s seen by the example strsfigin schematic iffigure2-3(a). The
met al foam experiences an el astic region fo
Following yield the cells within the metal foam deform at a constant stress, referred to as the
pl at e a u)ustlthepares collafise and the densificaticaistis reached djl. Although
useful throughout many engineering applications, metal foams lack consistent and promising
performance due to their variation in cell sigamilar to the Alporas sample Figure2-2(a)
[79]1 [81]. The noruniform distribution of cells causes collapse bands to initialize in larger

cells under loading79]. The locationand loads at which these collapse bands will form
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becomes unpredictable in metal foams with variable cell strugt@fe[80], [82]. In order to

improve the strength of metal foams, alternate uniform cell structures have been considered.

Schematic

Young's modulus, E Plateau

=4--- stress, o,

Stress, o

Energy absorbed
up to densification

Strain, ¢ T— Densification strain, €p

Figure2-3: Schematic of the typical stresgain curve of metal foanjg7].

Uniform-cell metal foams, such as hollow sphere foam (H®Bwn inFigure2-2(b),
have been designed to increase the unityramd isotropy of the foam in hopes of overcoming
premature failure. Hollow sphere foams are manufactured by sintering hollow metal spheres
together using a liquid binder to create a necked region connecting the J@3¢réhe
produced HSF has relatively low strength due to the small contact area between the spheres.
These randomly packed and sintered structures were found to behave more like open cell foams
than closed cell foams with no major stiffness advantage g@8#ddYet, the organized

structure can be used to produce stronger products by filling the void between spheres.
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Further research and discovery haktiethe creation of composite metal foam (CMF)
a closed cell metal foam with higher strength and uniformity than previously manufactured
foams[84], [85]. The termcomposite metal foam refers to a class of metal foam made with
hollow metal spheres surrounded by a metallic m@f8% Composite metal foam is not to be
confused with or classified as syntactic foam; a foam made efmedallic mateilsfor their
matrix or hollow sphere®rior to the invention of composite metal foam with metallic spheres
embedded in metallic matrif84], [85], there hae been some studies ohet so called
Asyntactic foamsodo based on either pol ymeri c
cenospheres and microballodB8]i [88] or metallic matrix with ceramic microsphel@9]i
[92]. While CMF has been the first of its kind made with both metallic matrix and metallic
hollow sphere$84], [85], [93], some recent studiesedifferent names, such as metal matrix
syntactic foam91], [92], to describesimilar materials made with metallic hollow spheres
embedded in metallic matri€omposite metal foam is a novel class of material that is created

by combining the benefits of metal matrix composites and metal foams.

2.2. Composite Metal Foams at a Glance

2.2.1. Preparation of CMF
Processing

Composite metal foam (CMF) is a class of metal foam with improved strength and
energy absorption than other metal foa@BIF is created by surrounding a set of preform
hollow metal spheres with a metallic matrix through cadi@3ji [95] or powder metallurgy
(PM) techniqud96]. The metal matrix surrounds a random loose packing of hollow metal
spheres, filling the interstitial spaces between hollow spheres, increasing the stability of the

cell walls and structure as a whole. Casting of CMF is performed using gravity castiimg with
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a mold, filling the interstitial space between spheres with a low melting point metal such as
aluminum A356 creating an aluminusteel (AFS) CMF[93]. Other materials can also be used
when casting CMF, as long as the two materials have distinctly different melting temperatures
to ensure structural stability of the spheres during casfimg.mold used for casting of /A4

CMF is made from steeThe spheres are vibrated within the cavity of the steel mold and
molten aluminum is poured into the mold allowing gravity to fill the interstitial spacing
between sphere8luminum Alloy A356 matrix materialis generally usesh combination with

steel hollow spheres castingAluminum-Steel CMF (AlS CMF)due to its good flow and
castability creating a bulk product once coolkdditional details on the processing steps and
casting procedures arevgn in previous works and patef4], [85], [93].

Powder metallurgy (PM) technique has also been used to create CMF. PM allows for
the use of similar materials for both the spheres and matrix. Using similar metals for both
matrix and spheres improves bonding and cedulefects at the interfaaad intermetallic
formations This technique has been used to create-steel (SSCMF). The spheres are
placed into a steel mold. The mold is placed on a vibration table to ensure dense packing of
the spheres within the mgldimilar to the casting process. The space between the spheres is
then filled by a metal powder and vibrated
The mold is then completely sealed and placed inside a vacuum furnace or hot press for
sintering of the metal powder. The mold is then heated to sinter the powder particles to each
other and the exterior of the sphere walls, creating a bulk prdéluther details of how PM
technique is used to process CMF are given in previously published {861k Figure 2-4
shows cut sections of both cast and sintered composite metal foam side by side with a

conventional metal foam and hollow sphere foam.
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Figure2-4: Digital images of the cut section @) sintered composite metal foam with 4mm
steel spheres in steel matrix ail ¢ast composite metal foam with 4mm steel spheres in an
aluminum matriq73].

Thematri x in CMFs stabilizes the sphereds
materi al, and reduces buckling wunder l oadir
strength and energy absorpti®d], [97]i [99]. CMF properties have been shown to vary with
sphere size and wall thickness and can be tailored to specific appli¢a@ohs
Materialsfor Manufacturing Composite Metal Foam

The hollow metal spheres used to process composite metal foam are manufactured by

Hollomet GmbH located in Dresden, Germany. The spheres are created using powde
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metallurgy technique and come in a variety of outer diameters of 2, 4, and 6mm. The wall
thickness of each sphere also varies with size but is approximately 5% of the outer diameter.
The 316L stainless steel powder used in powder metallurgy processimgpiged by North
American Hoganas High AlloykLC andis sieved to a325 mesh. The aluminum A356
casting alloy used in manufacturing-8teel CMF is supplied by TriAlCo InGable2-1 shows

the elemental compositions of the materials used in creating CMF. The makeup of composite
metal foam can also be defined by the volume fraction of sphere wall material, matrix, and air.
Knowing that the sphere wall to outer spheisntketer stays relatively constant, the material
percentage can be calculated first by relating the densities. These calculations show

approximately 16% volume is sphere wall, 26% matrix and 5898@jir[101], [102]

Table2-1: Chemical compositions of spheres and matrix materials used in manufacturing
closecell CMFs (wt%)[73], [94], [103].

Steel Spheres 316L Stainless steel Aluminum A356.2
matrix matrix

C 0.71 +0.15 0.03 -
Mn 0.12 +0.04 2 0.28
Si 0.77 £ 0.40 1 7.01
Cr 16.85 + 0.65 16.0618.00 0.02
Ni 12.14 £ 0.55 10.0614.00 -
Mo 2.25+0.11 2.003.00 -

P 0.01 - -

S <0.003 - -

Cu 0.04 - 0.11
Co 0.02 - -

Fe Balance Balance 0.5
Mg - - 0.39
Ti - - 0.09
Zn - - 0.06
Al - - Balance
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2.2.2. Basic Properties of Composite Metal Foams
Basic Mechanical Properties

Initial studies of CMF from its date of invention yielded many of its basic properties.
The material went through years of optimization and testing for all variations properties as a
function of their sphere diameter, packing density, matrix and sphdrpasasities and voids
for both AFS andSSCMF. In addition to sphere size, variatiéGisthe matrix were also tested
to optimize CMF performance. The explanation and effect of these variables on CMF can be
found in previous workf3]i [101]. CMF has a very high plateau strength under compression
when compared to other metal foaf@8], as can be seen in the strsfgin curve irFigure
2-5[95], [96], [104] [106]. The stressstrain curve is plotted alongside bulk steel, aluminum,
and other metal foams. The bulk metals have a much Ifaere strain under compression
when compared to the metal foam sampléd®e typical stresstrain curve ofAL-S and SS
CMF samples can be seeiotted separatelin Figure2-6. The dressstrain curve of CMF
under quasstatic loading shows behavior typical of an elaptastic foam under
compression. Elastiplastic foams undergo an initial linear elastic behavior followed by a
plateau stress where the material experiences unifoeforrdation, until complete
densification, at a relatively constant stress. Complete densification of CMFs occurs at
approximately 60% strain for both A and SS samples. The densification limit of CMF is
related to its relative density and amount of aithim the material. As the material is

compressed and the air within the material is released, CMF acts as its bulk metal.
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Figure2-5: Quasistatic stresstrain curve for SSCMF and AFS CMF compared to other
metal foams and bulk steel and aluminj@%], [96], [104] [106].
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Figure2-6: Typical engineering stresgrain curves for (a&3SCMF and (b) AFS CMF under

guastistatic compression for different sphere sig€y].

The mechanical properties of various metal foams are preserftatle®?-2. Al-S and
SSCMF both have an approximate relative densit@#0%, as seen ifhable2-2. CMF 6 s
higher relative density compared to other metal foams is due to the presence of a matrix filling

the space between hollow spheres. Under compression, the porosities within the matrix
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cdlapse completely until the densification strain is reached and after that the CMF acts as its
bulk material. The extraordinary high plateau strength of CMFs along with their high
densification strain yields a higher energy absorption compared to otlafoaets and even

bulk metals as the area under the stedsgn curve increases over the broad strain range. CMF
lends its higher strength and improved properties to the uniform cell structure that the hollow
metal spheres provide. In additi@&CMF use the same material for both spheres and matrix
that provides a strong bonding between constituents preventing any debonding and defects
between the spheres and matrix. On the other hand, the presence of a ductile matrix between
hollow spheres further impve the strength of the CMF and its resulted energy absorfition.

is also notable that variation of sphere sizes has little to no effect on mechanical performance
of CMFs. This is due to the fact that sphere diameter to its wall thickness ratio is negintai

constant in all spheres, whiclatisto the same volume fraction of sphere material in all CMFs

Table2-2: Comparison of metal foams and their mechanical properties understpiasi

loading.
CYMAT A Als | oo | steel | ss
Al Foam | Microsphere | CMF Foam HSF CMF
[105] Foam[108] [95] 1109] [82] [96]
Porosity
Size/Sphere
Outer 3 2-4 246 | 13 | 23 | 246
. é é
Diameter
(mm)
Density 1.8 2.5
(g/cn?) 0.4 0.8 54 0.54 1.4 35
Relative
Density (%) 15 30 39 20.2 17.8 37.5
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Table2-2: (continued)

Plateau Stress
(MPa)

10

80
120

23

10G
150

Densification

68

55

57

65

60

54

Strain (%)

Strength/
Density Ratio
(MPa/g*cm

%)

12.5 12.5 44 13 16 41

Energy
Absorbed at
50% strain

(MJ/m)

2.6 4 40-50 3.75 13 55-70

Table 2-2 lists multiple properties of various types of aluminum and steel foams in
comparison to CMF. The porosity/sphere size refers to the diameter of the openings within the
foam either created thugh placeholders or foaming agents during production. This porosity
size will affect the stiffness of the material and influence the failure of the foam. The referenced
metal foams listed in the table have similar sizing of porosities but differ in dearsity
strength. Composite metal foam is the densest metal foam listed, but also the strongest. The
strength to density ratio of CMF is almost 3 times larger than the other metal foams.

Cyclic Loading

Metal foams are known for collapsing under cyclic logdis strain accumulates within
the weaker walls of large cells until rapid failure ocdaf]. This rapid failure leads to large
jumps in the strain versus the number of cy¢k3. The strain jump cowides with the
formation of collapse bands, as larger cells buckle and lead to large deformations. Composite

metal foam, on the other hand, has a fairly flat plateau under cyclic loading without rapid spikes
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or jumps as it deforms homogeneously throughbet structure without the formation of
collapse bandgl01]. The uniform ell structure and consistent cell size in CMF along with
the presence of ductile matrix between the spheres eliminates localized failure seen in other

metal foams where larger cells initiate buckling and lead to collapse band formation.
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Figure2-7: Fatigue graphs of (@LPORAS aluminum metal foam showing the multiple
stages of its collapg@9] and (b) AIS CMF[73].

Moreover, CMF is able to survive much higher maximum stresses with much lower
maximum strains (about one fifth the amount) and deform uniformly through more cycles than
other metal foams. This behavior is attributed to the uniform deformation of CMFs during

compression resulting from their uniform cell structure as well as the support from the matrix.
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The multiple stage failure of conventional aluminum foam is se€igure2-7(a) [79], while

the uniform deformation of CMF under higher maximum stress (almost fifty times larger) at a
higher number of cycles is shown kigure 2-7(b) [73]. Figure 2-8 compares thenaximum

cyclic stressversus maximunstrain relation of CMFs and Alporas aluminum foam at one
million cycles[73], [111]. In addition to the uniform defmation through fatigue, CMF also

has lower strains at higher maximwyclic stress through the same number of cycles. It was
found that the AIS CMF has slower crack growth as it has a more ductile matrix than the SS
CMF samples. This extends the fatidifie of the samples at stresses up to 75% of the materials
plateau stres|d 12]. When compared to conventional aluminum metal foamis as@lporas,

the lifetime of CMFs is longer and does not have multiple bands collapsing consecutively. It
was found that in order to induce fatigue strain otsALMF, the maximum induced stress had

to be above 65% the plateau strgsk?]. The deformation induced by cyclic loading of-8l
andSSCMF samples can be seerFigure2-9. Local deformation occuil over the samples

and although small, no complete collapse bands are formed through the material. The loading
stress for comparable metal foams is much lowerttimduced stress for CMF samples, yet

CMF has anuch longer lifetime
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Figure2-8: Maximum strain and stress for cyclic loading of ACMF,SSCMF and

aluminum metal foam at one million cycles (N2L[¥3], [111].
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Figure2-9: Sequential digital imaging of CMF sample under fatigue deformation made of (a)
Al-S deformed at 65% of its plateau strength and@LMF deformed at 50% of its plateau
strength[112].

Microstructural Characterization of CMFs

Scanning Electron Microscopy (SEM) and Energy DispersiveyXSpectroscopy
(EDS) have been used to characterize and analyze the presence and distribution of all phases
in the micrestructure of composite metal foam. SEM imaging 6BACMF samples reveah
intermetallic phase present within the matrix surrounding the spheres, as can bd-gpae in

2-10. Iron diffuses into the aluminum matrix and drea s  b-AlfeSitplates susrounding
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the steel spheres. Needlei kAdFeSlis also formed in the presence of manganese and silicon
found in the aluminum A356 throughout the matrix. These brittle phases in the matrix lead to
the debonding of some sphbsrfliom the matrix of the A5 CMF under loadin{f4], [101]. In

addition to the mixed phases, there exist cavities between spheres where the aluminum matrix
does not fully penetrate in between spharas thealuminum melt solidifies alonthe sphere

wall prior to complete flow through the cavity.

(iv)

500 pm',‘ » A ® 100 pm

Sphere Wall
(i) Intermetallic Flake
(ii1) Intermetallic Needle
(iv) Aluminum Matrix
(v) Inter-sphere Void

Figure2-10: SEM imaging of AIS CMF (a) with four spheres surrounded by matrix and
other various phases and (b) a zoom in of the sphatanatrix interface and intermetallic
precipitations as well as the (c) voids left between spli@és
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SSCMF, as previously discussed, is manufactured using powder metallurgy technique.
The stainless steel metal powder used in sintering createstiaupus matrix with small
micro-porosities spread throughout. These types of rporosities are common with sintered
metal productsand leave small voids between sintered particl@6]. The steel matrix is
stronger than the aluminum, making a stronger resultant composite metal foam. SEM images
of the micreporosities within the siered matrix of CMF can be seerFigure2-11in addition

to the porosities within the sphere wall itself.

100 pm

Figure2-11: (a) SEM imaging o6SCMF with three spheres on the bottom and sides and the
(b) zoomed in area near one sphere showing the (i) sphere wall, and (ilpmiosities
within matrix[73].

2.3. Established Properties of Composite Metal Foam under Extreme Environments

2.3.1. Radiation Shielding Properties of CMFs
Aside from CMFO6s specific mechanical trai

can be implemented for specific engineering applications. Recent nuclear accidents and reactor
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developments have pushed reshatowards developing novel advanced materials with
improved radiation shielding and mechanical performance under accident and operating
conditions [113]i [115]. Composite metal foams made from heavy metals such as iron,
tungsten, and vanadium can offer reliable radiation shielding, but with the advantage of low
density and great mechanicabperties. The lower density and high effective atomic number
(Ze) of CMFOs components make them a viable
Materials with a higher atomic number increase the chance of interaction with multiple forms
of radiaton. CMFs made ddteelstee| aluminumsteel,and a T15 higtspeed steedteel have

been tested under-dy, gamma, and neutron irradiatifl3]i [115]. These tests represent

the types of radiation that materials used in nuclear waste casks, reactor walls, and radiation
medical facilities undergo. Gamma radiation is one of the most pronforems of radiation

from low-level nuclear wastfl16]. Neutron radiation occurs primarily within reactor cores
and from longlived isotopes in nuclear wastehile x-rays are primarily seen within the
medical facilities for imaging. The samples used were made with equal areal densities to
directly compare their shielding capabilities while maintaining a constant shield weight. The
shielding properties of CMFxeeed that of conventional metals and offer the ability for further
advancement and exploration of their use in the field.

The samples analyzed in the radiation testing were:

1. 316 SSCMF

2. Al-S CMF

3. T15316SSCMF
4. Aluminum A356

5. Lead
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The T-15-316 SSCMF is made from a mixture of high speed T15 steel and 316L steel
powder when manufacturing CMF using powder metallurgy technique and is referred to as
high-Z SSCMF (HZ SSCMF). This mixture of alloys introduces vanadium and tungsten into
the material, bottwith a relatively high Z (atomic number) increasing the probability of
interaction and absorption with different

density nor its physical propertigkl5].
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Gamma Ray Shielding of CMFs
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Figure2-12: (a) Gammaay transmission asfanction of photon energy for botk -S and
SS-CMF in addition to HZSSCMF and aluminum A356 sample all with an areal density of
2 glent. (b) X-ray transmission of samples tested with lead and aluminum as bulk control
materialg73], [117]

Gamma ray testing was completed using multiple soutttatsemitted photons at
different energy levels. The sources used are list@dlie2-3 along with their corresponding

strength and photon energy levels. The vammaitiophoton energies shows the effectiveness of
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competing nuclear interactions. At high energy levels, the measured mass attenuation of the
samples is similar throughout. Yet, at low energy levels the Z effective of the material increases
the likelihood ofphotoelectric absorption dominating the interactions. This occurs due to the
increase of electrephoton interactions and more photons are emitted with energies closer to
the binding energy of the electrons. At these lower energies, a large differenoe saen
between the mass attenuation coefficients of CMF samples and aluminum A356 despite their
similar densities. As expected, the B3 CMF has improved gamma ray shielding properties
due to its increasede# The data collected can be presented by graphing the transmission of
the materials over a rage of energies of specific types of radiatisthe original intensity of

the beam arriving at the surface of the samplelasdhe transmitted beam meadliater
passing through the thickness of the sample. As a result, the transmisgi@aitlindication

of the shielding efficiency of the materidigure 2-12(a) shows the transmission of gamma
radiation over a range of energies through CMF samples and bulk control material. Note that
the lower the transmission value, the better the material is at shielding that type of radiation.
Gamma shielding of CMFs was modeleing XCOM code. The model returned a theoretical
mass attenuation coefficient with good agreement to experimentally obtained results for all

CMF sample$115].

Table2-3: Sources used in gamma radiation shielding test and their equivalent photon

energieg113].
Source 8Co 137cs 133Ba 241Am
1.332 MeV 0.356 MeV
Photon Energies 0.662 MeV 0.060 MeV
1.173 MeV 0.081 MeV
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X-Ray Shielding of CMF

X-rays are photons of a specific wavelength used for their penetrating abilities in
imaging. Thex-ray shielding efficiency of CMFs was measured using a-fegblution micre
computed tomography (micro CT) system and compared to aluminum A356 and lead. The
transmission of xays can be determined by measuring the gray value of the images from the
expased material indicating how much of the incident beam penetrates the given thickness. In
previous works the grey value was analy4&d5] here the transmission values are presented
as a function of the-k ay 6 s i nci de ntFigwed2by Yhe sebub show i n
improved xray shielding of CMF when compared to aluminum A356. The&SISZMF shows
further improved xay shielding compared to aluminum,-8] andSS CMF primarily due to
the presence of heavy elements such as tungsten, vanadium, afch@arsllts for xray
transmission of the samples were also modeled using XCOM to calculate a mass attenuation
coefficient. The calculated results showed a good agreement with experimental findings while
the slight variation was attributed to multiple scatters i@ norRhomogeneous structure of
CMFs[115].
Neutron Shielding of CMF

Neutron transmission of CMF was measured using the Neutron Powder Diffractometer
beam created from the 1.0MW PULSTAR reactor at North Carolina State Uni\jéEhly
The reator beam intensity measured at the guide aperture was 0%6¥&fé/s. The intensity
of the beam is less than what would be experienced within a reactor core but is useful for
testing the radiation shielding efficiency of materials without submerging tinéo an
operating reactor. The background intensity and transmitted intensity were measured for each

individual sample to obtain consistent measureméigsire2-13 shows the HSSCMF has
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the best shielding capacity for neutron radiation than the other manufactured CMFs. All of the
samples tested are better at shielding than bulk aluminum A356 of a similar areal density. This
is primarily due to the specific geometform of CMF and its inclusion of air and higher Z
elements within the matrix. The trend of improved shielding shoviiguare2-13 opens up

room for more studies to fiilner the shielding capabilities of CMFs.

1 0.9400

(I/Ty)

ission

Transm

Figure2-13: Transmission of neutrons on tested samples at a constant areal density of 2
g/cn? with error bars indicating the variations between samples of different spherf78izes
[117].

2.3.2. Thermal Properties of CMFs
Metal foams have been known to make efficient and effective heat sinks due to their
large surface area resulted from the presence of pord4ities The thermal characterization

of CMFs including their specific heaffective thermal conductivity (ETC), and coefficient of
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thermal expansion (CTE) have been studid®]. The results othis study can be found in

Table 2-4. The effective thermal conductivity measurementsteklsteel composite metal

foam showed a reduction in heat transfempared to bulk stainless steel. The air trapped
within the spheres randomly dispersed through the matrix insulates against heat and provides
increased thermal protection. These randomly packed pockets of air within the matrix help
disrupt flow of heat trough the material that can be seen in bulk stainless steel samples. This
effect of porosities and their insulation can be used in many high temperature applications and
heat shielding, creating a safer and lighter option than what is currently usediéfdthe

The measured specific heat of bothRlandSSCMF has a lower value than bulk
aluminum at room temperature due to the existence of the steel spheres in the material. This
type of measurement was done using shavings of the matrix and spherel nmatetéking
into account the effect of the sphere spacing and CMF specific geometry which aids in its
thermal propertiegL02)].

Thermal conductivity was also measured to determine to what extent the porosities
increased the materials insulation properties. The thermal conductivity of CMF showed much
lower values for both AB andSSCMF than their bulk counterparts duettee air trapped
inside the material, acting as an efficient thermal insulator. In addition to a reduction in thermal
conductivity, the property remains stable between multiple sphere sizes as long as the sphere
wall to diameter ratio remains constdh02]. In addition, theSSCMF samples have little
variation in their thermal conductivity across a broad temperature nayad@)qg it a practical
material for application and reliable under accident conditions.

Coefficient of thermal expansion (CTE) was measuredbSICMF samples over a

temperature range of400°C. The thermal induced strain in CMF was found to be linear over
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the given temperature range, correlating to a constant CTE. CMF not only has a stable CTE
across a broad range of temperatures, but it also has a CTE much lower than bulk stainless
steel. Under rising temperatures, CMF has limited expansion and iskiggstdi fail due to
thermal stresses and maintains a constant, predictable expansion rate. The stable CTE is
attributed to both the micro and macro porosities spread throughout the matrix and the spheres.
The porosities accommodate local thermal expansidmch reduces the amount of strain
experienced by the material as a whole. The experimental results of specific heat, thermal
conductivity, and CTE were all verified using analytical models and ensured the reliability of
the findingg[102].

I n order to obtain a better under standir
extreme heating conditions, a flame test was caeduand modeled using FEA. The flame
test was performed using propane fuel with an average flame temperature of approximately
800°C at the sample surface. This test provides insight to the stability of composite metal foams
when exposed to extreme temparas. An open flame is placed at the bottom surface of 2.5
cm thick SSCMF sample, and an IR camera is used to capture the temperature gradient
through the thickness for 30 minutes of exposing CMF to 800°C. A 304L stainless steel block
cut to the same thkoess as the CMF was altsstedto compare the time it takes for each
material to reach thermal equilibrium. Further detail of the experimental procedures can be
found in the published wofd02]. The air trapped within the spheres abates the spread of heat
t hrough CMF, as airés ther mal conductivity
316L stainless steel at 500%0y, has a thermal conductivity of 0.051 W/m°C while 316L steel
is 15.2 W/m°J102] as seen inrable 2-4. Figure 2-14 graphs the temperature rise at the

opposite side of the samples. The CMF takes twice as much time to reach equilibrium.
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Table2-4: Experimental esults of thermal testing of CMF and comparable bulk materials

[102].
Material Specific Heaf Thermal Conductity Coefficient of Thermal
(J/g°C) (W/m-°C) @500°C Expansion
(°CY)
4 mm AFS CMF 0.790 30.3 -
4 mmSSCMF 0.551 5.0 3.00E6
Aluminum A356 0.963 210 21.4E6
316L SS 0.50 15.2 10.0 E6
Air 1 0.051 3.4E3
-
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Figure2-14: Temperature evolution at the opposite surface®CMF and 304L SS samples
during experimental flame tefst3], [102].
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The experimental findings of the flame test were verified using FEA modeling to
replicate the flame test. The model shows the flow of heat through CMF and the temperature
evolution. The model wasompleted using ANSYS Workbench and compared CMF to bulk
stainless steel under the same conditions. The CMF model was made using the same packing
geometry described earlier and also assumed perfect bonding between sphere walls and matrix.
A constant heatarce was applied to the base of the blocks in the model and heated the
material until equilibrium was reached. The CMF has a slower temperature evolution than the

304L stainless steel lending to the air trapped within the spheres acting as an insulator.

2.3.3. High Strain Rate Impactand Energy Absorption
Split Hopkinson Pressure Bar

The first studies of composite metal foams showed its ability to maintain a relatively
uniform plateau stress over large amounts of strader quasstatic compressiof94], [101]
This behavior offers higher strength under qusdatic and cyclic loading when compared to
ot her met al foams due to the regularity of
compression, and the presence of a matrix between the pEgoBiirther studies of composite
metal foam showed an increase in performance under higher loading i&feJ he increase
in strain rate showed a rise in tyield and plateau strength of the material. In addition, initial
studies found the energy absorptiorS& CMF under dynamic loading rates increased up to
30%[119]. The tests were done using a Split Hopkinson Pressure Bar (SHPB) apparatus that
loaded the samples at varying speeds and recorded thessta@sgelationship. The results
showed that the initial strengthening occurred at lower strains and thesmarasiindependent

of sphere size. All samples showed a rise in energy absorption under the increased loading
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rates. In order to study the performance of CMF at high strain rates, a set of direct impact tests

were used. The findings of the study are showhable2-5.

Table2-5: CMF samples subjected to dynamic loading for varying sphere sizes and strain

rates[107].
Strain Rate| Yield Strength (MPa) Energy Absorption Normalized wit|
Respect to Quasstatic

2mmSS | QuastStatic 100 1
CMF 1523 1/s 160 1.09
2629 1/s 175 1.26
3728 1/s 230 1.33

2mm AlS | QuasiStatic 75 1
CMF 1465 1/s 115 1.05
1780 1/s 120 1.05

This data laid promising groundwork to use composite metal foams in crash
management systems to mitigate and absorb impact energies. Further high strain rate studies
using direct impact experiments revealed the strain rate sensitivity for b8ta#dSS CMFs.

The failure of CMFs under dynamic loading was analyzed to determine the mechanism by
which the strengthening of the material under higher loading rates occurs. Post analysis of the
experiments showed two types of crack propagation in the saftpligsThe first crack type

(type 1), shownin quasistatic loading, are related to the channels created within the matrix.
Type Il cracks form about the sphere walls, showing a bursting behavior of the spheres. Under
guaststatic compression, the air trapped inside the spheres is compresseesaulized,
resisting further deformation. The reaction creates channels within the matrix to allow the
escape of the air. However, during dynamic loading the spheres are rapidly compressed

creating a fast increase in their internal pressure leading thbardbabout the sphere wall,
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giving the material a greater resistance to compression. This resistance continues until 30%
strain, at which the majority of the spheres will burst and the samples strength converges to
that of one under quastatic loadind107]. The strengthening that CMF undees at higher

strain rates was not found to have an upper limit under initial testing. The backpressure caused
by the spheres increases the bulk materials strength and energy absorption capabilities
drastically.Figure2-15 shows the products of both-&l andSS CMF after being tested under
guaststatic and dynamic loading up to 112 meters per second. Both samples show the benefits
of CMF®&s u natidnoevem at @élevatedrloading rates. There are many parameters
affecting the strain rate sensitivity of CMFs, including the strain rate sensitivity of the parent
material, micreinertia effects, shockwave propagation, and air trapped inside porosites. T
effect of each parameter is investigated numerically in order to find the most important factor

affecting the high strain rate sensitivity of CMFs.

SELCMF Be SSMF Af AlS CMF B AIS CMF ¢

Figure2-15. Compression testing of CMF under (a) Qstitic loading and (b) Dynamic
Loading at a speed of 112 meters per second-& ahdSS CMF shown on the left and
right respectively73], [120].
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Ballistic Performance of CMFs

In addition to its potential for improving collisional forces in transportation, @i~
beenstudied for its potential application in lightweight ballistic arm@MF can be used to
absorb the kinetienergy of impacting rounds in a layered hard armor sysidtmough a
variety of armors currently exist, implementing composite metal foam into these armors offers
major weight reduction and performance improvement. Current hard armor systems using
wovenfibersand bulk metalas energy absorption undergo ladgformationsvhen struck.
These armor systems may stop the bullet, but the risk of injuring the wearer through behind
armor blunt trauma (BABT) is the main drawbd&R1]. The bullet is stopped by the woven
fiber layer, but the fabric becomes strained and allows the residual energy to impact the wearer.
CMF has beentadied foruse in the structure dayeredarmorsto reduce the depth of
penetration by absorbing the energy through unifeompressivedeformation of hollow

spheres, and further limit BABT injuries.

Figure2-16: Layered model of the ballistic armors produced for testing showing the central
CMF layer between a top ceramic plate and KéWar aluminum backing (thimesses are
not shown to scaldy3].

78



Figure2-17: Digital image of the ballistic threats Type Il and Type IV on the left and right
respectivel)[73], [122].

Ballistic testing of CMF was first published on in 20[122], [123] In these tests,
multi-layered composite armor panels were assembled using a ceramic strike face atop CMF
with a thin layer of aluminum or Kevigf backing. A model representing the layering of these
materials is gien in Figure 2-16, note that the thicknesses in this model are not to scale.
Additional details of the sizing and assembly of the armor system can be found elsewhere
[122]. Ballistic testing was performed following the National Institute of Justice (NIJ)
standards for Type Il (7.6251mm M80Ball) and Type IV (7.62x 63mm M2 AP)[124]. An

image of the ballistic threats can be seeRigure2-17. These tests indicated that composite
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metal foam armors were able to defeat both Type Ill and Type IV threats with very minimal
back plate indentation.

Samples were able to undergo multipletshand maintain performance properties.
Tested panels of both threats are showfigure 2-18, note that neither threat completely
penetrates the ayrtonmonsistently dtopCrdifiple shota. Fhe lmghiot
capabilities of CMF armor panels surpasses that of other ceramic based hard armor systems
which are only good for single shot use while their minimal back plate indentation surpasses
that of other sdfarmors and is well below the maximum allowed by NIJ 0101.06 standards.
Post analysis of the samples shows the composite metal foam layer absorbs up to 60% of the
bullets energy[122]. CMF can be used to replace steel and aluminum in these energy
absorbing applications reducing the overall weight of the system in addition to improving their
performance through its high energy absorption logifas. Replacing these bulk materials
with a layer that absorbs energy, instead of transferring it, creates an overall safer armor. These
first steps to creating lightweight high performance armors show promising results and further
expand the many apphtions of composite metal foam in fields not previously explored with

metal foams.
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Figure2-18: Digital images of tested CMF armor systems that have defeatedsmoitirype
Il (a) front and (b) back v a KevlafM backplate, (c), Type IV with aluminum back plate,
and (d) a close up of the impact zone showing (i) collapsed spheres, and (ii) the stopped
armor piercing corgl22].
Finite element analysis was also built using ABAQUS/Explicit for modeling the
behavior of CMFs under ballistic loading. The model used the same -aimweoned

principles as the high strain model including JohrSonk constitutive model with an increase

in yield behavior for the highpeed impact. The ceramic behavior was used as an input to the
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model as it erodes and spreads the bullet tip, allowing the analysis to focus on the mechanism
by which the composite metal foam absorbs the energy in the sysdemith the high strain

rate modeling, the ballistic modeling showed the absorption of energy at the impact zone to be
close to that measured in ballistic experimentai@?]. The primary mode by which energy

is dispersed is the collapsing of sphere layers below the projectile impact zone.

2.4. Summary of Composite Metal Foam

Composite metal foam has been studied for over a decade sincdatiedtion in
2004. The mechanical and physical properties of CMF are unique to this novel material. CMF
has shown about two order of magnitude higher energy absorption than comparable bulk
materials while maintaining a much lower density. Further tgdtiams revealed that CMF
strengthens under higher strain rates, making it ideal for car bumpers, helicopter subfloors and
train buffer stops as well as other crash worthiness systems. Othemipigitt applications
include ballistic armors and blast shieldshere CMF can be used to replace heavier
alternatives. The energy absorption capabilities of these armors can save lives and greatly alter
the future of armors. The nuclear and space industry can benefit from the use of CMF for its
radiation shielding aththermal insulation benefits to replace standard bulk materials currently

being used, leading to lighter and cheaper space exploration.

2.5. Research objectives

Composite metal foam has proven to perform well in a variety of extreme environments
through previas testing. It presents itself as a versatile material that can be used for the
advancement of nucl ear, space, transportatio
absorption capabilitiesrefurther studied for usi tank car designs andvolutionaryarmoss

in this work.
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CMF can be used as core material for sandwich structures for tank car shells and head
shields to further improve puncture resistance. CMF can offer passive insulating and radiation
shielding for the tank car lading as well iagpact energy absorption capabilities without
greatly increasing the weight of the tank car. Prior to testing and evaluating the puncture
resistance of CMF for tank car structures, sandwich panels using a CMF core must be
manufactured and characterizedlanquasistatic loading. This work presents the first time
layered steesteel composite metal foam core sandwich panelsQ8B-CSP) were
manufactured and tested under gtsdatic loading conditions. The sandwich panels were
manufactured by diffusion Imoling 316 stainless steel sheets to either sida &SCMF core.

The sandwich panels were then tested and compared to b&MIESamples under quasi

static compression and tension. The initial testing of the sandwich panels is to explore the effect
of bulk metal face sheets when attached to the exterior of the CMF core and apply this
knowledge towards manufacturing and testing the layered CMF armors. The loading of SS
CMF was modeled using a newly applied geometry and compared to the experimental results

In this work, CMF layered armors are tested against various ballistic threat types in
order prove CMFoés ability to absorb ballist
bulk metal armors. The novel CMF armors camuged to protect against largallistic threats
and improve fuel efficiency and maneuverabitfymilitary personnel and vehicleshe goal
of this project is to design, manufacture, and @ sandwich panels for use in future tank
car designs as well &sllisticarmor configurabns. Both the sandwich panels and armors are
madeusingsteetsteel composite metal foam (£31F) thatcan perforrmore efficienly than
the MIL-A- 12560H RHA standard and other comparable hard armor systemfrstiséep

in this work is tomanufactureand test steedteel composite metal foam (&34F) sandwich
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panels underguaststatic compression and tensile loading. -SBIF armors were also
manufacture@ndtestedagainstvariousblast and ballistic threatsnd compared to bulk metal
alternatives

The work by GarciaAvila et al laid the groundwork for understanding how CMF
performs against 7.62 mm ball and AP thrgd®2]. This project builds upon the initial work
by testing SSCMF hard armor systems against blast veameetal fragment impactand large
caliber roundsnan effort to optimize the armoroés pe
The first step in this work was to manufacture and process CMF in panels for testing-The SS
CMF panels used for blast and fragment impact were testedheetsSS CMF panels ere
tested against blast and fragment impact through detonation of a 23 mm high explosive
incendiary round. The blast and fragment impacts were analyzed individually and simulated
using advanced finite element techniques. The finite element resultsSSEMF panel were
compared to a bare aluminum plate with the same overall weight.

CMF ballistic armors werdesigned and manufactured layering the S&£MF panels
between a ceramic faceplate and a thin aluminum back plageSSCMF armors were then
tesed against armor piercing threats larger than those previously stugmaballistic impact
the ceramic erodes the hard core of the projectiles and spreads the load of the bullet to a larger
area of impact. The CMF layer then absabmajority ofthebu |l et 6 s ki neti ¢ ene
compression. This differs frommulk metal armoras the kinetic energy is primarily absorbed
through compression and cradles the bullet within the amatber than yieldinghrough
tension causing increased bagkate deformation and risk of injury or damage to equipment
and personnel. The unique yielding and strength of @MBmpressioms much different than

other bulk metal alloys and can revolutionize the field of lightweight hard armors.
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CHAPTER 3: MATERIALS AND MANUFACTURING

3.1. Manufacturing of SteetSteel Composite Metal Foam

This work is focused on testing stetééel composite metal foam under various extreme
environments. The CMF samples used in these studies is manufactured using the powder
metallurgy technique briefly desbed in Section 2.2.1. This chapter will discuss the
manufacturing process steelsteel composite metal foam (£3/4F) in further detail as well
as the manufacturing of stesteel composite metal foam core sandwich panelsQ®86-

CSP).

Manufacturing of stelsteel CMFusing powder metallurgiias been established and
optimized through a number of publicatiof@4], [96], [119] The steel spheresreate a
randomloose packed arrangementith an approximae packing density of 39 [93]. The
molds were vibrated to promote movement of the powalél the open volume between the
spheresSteel spheres used for processing theC88- panel were manufactured by Hollomet
GmbH located in Dresden, Germany and had an average outer diameter of 2 mm with a wall
thickness of 100 um. The spheres were aumded with 316L stainless steel powder from
North American Hoganas with an average particle size of 44 um. The elemental composition

of the SSCMF matrix, spheres, and face sleefetr SSCMF-CSPare presented ifable3-1.

Table3-1: Chemical composition (wt%) of the material components that make up the SS
CMF and SSCMF-CSP.

Chemical composition (wt%)

Material Fe C Mn Si Cr Ni Mo
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Table3-1: (continued)

2 mm
Steel Balance 0.68 0.13 0.82 16.11 11.53 2.34
Spheres

316L
SteelMatrix Balance 0.03 2.00 1.00 16.0618.00 10.0614.00 2.003.00
Powder

316 Stainless
Steel Face Balance 0.08 2.00 0.75 16.0618.00 10.0614.00 2.003.00
Sheet

Multiple molds are packed with the hollow steel spheres and stainless steel matrix
powder andhen heated within a vacuum hot préisat uses a ram to apply pressure to the
molds during heatingThe molds are heated to 12@0and sintered for 1 hour at this
temperature before being allowed to passively cdalacuum pressure of at most 1.3x30
Pa was achieved prior to turning on teating elements to avoid contamination of the sample
at high temperatures. Following the heat cycle in the vacuum furnace, the chamber was allowed
to passively cool overnight until it reached a temperature below 100°C before the vacuum was
released andhemolds were removed.

The surfaces of the SSMF core panel and the stainless steel face sheets were ground
flat usinga 3%«150c m Gal | meyer & Livingston Co. nGrar
create smooth surfacés testing and further processing into-SSIF core sandwich panels.

A picture of the agprocessed SEMF and the ground surface can be sedfignre3-1. The
grinding removes any unevenness along the surface and can be ground deep enough to expose
the porosities in the material if desired for applications such as sandwich struthareanels

are then placed within an Elma Elmasonic P ultrasonic cleaner filledwaitir to remove
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particles and debris deposited intheG8MF6s porosities during grin

cleaned with acetone and ready for testing.

Figure3-1: Digital images of the (a) ggocess SEMF and (b) a ground SSMF panel
with a smooth and flat exterior surface.

3.2. Manufacturing of SteelSteel Composite Metal FoanCore Sandwich Panels

The SSCMF panels are able to be esthled into composite metal foam core sandwich
panels once they are ground and cleaBasdwich panel materials are important in building
lightweight and high rigidity structurgsuch as those which can be used for train car protection
and other engineierg applications where protection and weight savings are &agdwich
panels are regularly made with solid face sheets surrounding a porous core that provides
strength to the body under flexure without much additional weight. Metal foams can be an
optimalmaterial for the core as they provide a porous structure with relatively high strength

and low weigh{{73], [77], [125], [126] Metal foam core sandwich pandiavebeen made
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using a variety of techniques depending on the material makeup of both the core and face
sheets. This includes bonding the face sheets to the foam core using adhesive epoxy and
traditional metal joining teafiques such as welding, brazing, or solid state diffusion bonding
[127]i[132]. Each method has its own benefits and drawbacks such as environmental
limitations of the epoxydyer, localized heat affected zones within the weldment, and low shear
strength of the brazing bond layer. Diffusion bondiag be easily modified for use on metal
foams. Until recently, most metal foam sandwich panels have used aluminum foam cores. The
structure and bond between the core and the face sheets can be improved by using a high
strength foam core, such as composite metal fdgamumber of methods can be used for

attaching face sheets to the CMF core depending on their material composition.

3.2.1. Composite Metal FoamCore Sandwich Panels with Metal Face Sheets

SSCMF-CSP using metallic face sheets can be attached using a variety of methods
similar to aluminum foam core sandwich panels. Diffusion bonding can be used to maintain
porosity within the metdbam core, while also creating a consistent bond where the face sheets
and core are in direct contact.

In this work, 316 stainless steel face sheets are attached@M&Sores using the
diffusion bonding technique. The chemical composition of the stErdteel face sheets is also
listed inTable3-1. Prior to diffusion bondinghte surfaces of the SSMF core panel and the
stainless steel face sheets were grouniduiang a 35 150cm Gallmeyer & Livingston Co.
AGrand Rapidso grinding machine to create
between the SEMF core and the face sheets. The samate stacked beneath weighted
platesto promote close contact the sandwich panel face sheets and.cbhe core and face

sheets can be placed in the center section of a mold to reduce shifting during the diffusion
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bonding processThe assemblis heated to 1200°C and held at that temperature for 1 hour. A
vacuum pessure of at most 1.3xdDPais achieved prior to turning on the heating elements

to avoid contamination of the sample at high temperatures. Following the heat cycle in the
vacuum furnace, the chamber allowed to passively cool overnight until it reashe
temperature below 100°C before the vacusireleased and the sampblreremoved.

The stainless steel face sheets can also be attached using adhesive [dmling.
adhesive bondg of SSCMF-CSP using metallic face sheetsere assembled using an
aerospace grade HYSOL EA 9330.3 tpart epoxy. Stainless steel face shaetsprecut and
ground to the size of the SSMF sample Small stainless steel spacers with a thickness of 0.5
mm were used to create a consistent bondhilmkness between the MF and face sheets.

The epoxy is thixotropic once mixed, making a consistent bond line thickness easier to achieve
once the face sheets are affixed. Excess epoxy was removed from the edges of the samples
which werethensmoothedor testing. The samples were then clamped together and cured at
roomtemperaturac cor ding to the manufacturerdés requ
used to compare to the diffusion bonded@8F-CSP in order to determine their respective

benefits andtrength.

3.2.2. Composite Metal FoamCore Sandwich Panels for Armor Applications

The CMF core sandwich panels used for armor applications are manufactured by
attaching ceramic face sheets and aluminum back plates to GBS ore. The layered
arrangements asmtached using a high strength aerospace grade elpostjte EA 9309NA
Thin aluminum spacers are placed between each layer to help hold a consistent bond line in
the epoxy. The ceramic is made up of boron carlBd€) and the aluminum alloy used in the

armors is 70796 plates. The ceramic layer is ordered to fit the size of th€IBE cores
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while the aluminum plates are cut from a larger sheet using a waterjet mathae.
arrangement is cured at room temperature using a vacuum bagging techniqgradhasrair

from the epoxy layer and applies pressure to the layup. The armors are left to cure overnight
under vacuum until the epoxy sets, then aftettefinish curingin air prior to testing. Excess

epoxy that is pulled from the bond layer can be abdpaway from the edges of the armor.

Figure3-2: Image ofan SSCMF-CSP armor arrangement curing under vacuum.
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CHAPTER 4: COMPRESSION OF COMPOSITE METAL FOAM SANDWICH

PANELS

In thischapter steetsteel composite metal foam core sandwich panel<(85-CSP)
were manufactured by attachiag SSCMF core to stainless steel face sheets. The stainless
steel face sheets were applied and tested using two attachment methods: adhesive and diffusion
bonding. Although the quasttatic compression of SSMF has been well reported in the past
studies the results of SEMF-CSP under such loading have not yet been reported. The SS
CMF-CSP samples were tested under gateic compression and the resutls @ompared to
the base SEMF and previous testing on smatlale samples. Advanced finite element
analysis (Afea) was also developed using IMPETUS and implements a new methodology for
modeling CMF under compressiofhe results of the compression testicen be found

published in its entirety elsewhdf83].

4.1. Material Processing

Steelsteel composite metal foam and composite metal foam sandwich panels with
metallic face sheets were manufactured using the process outlined in Cha@pfearl for
compressive testing was manufactured in a 25 x 25 cm size with a tliakn2$ cm. The
resulting SSCMF panelhad a density of approximately 2.85 gfcriihe sample panel was
manufactured slightly ovesized and ground flat before any post treatment or bonding. Three
sample sets were cut from the panel: the first was ust$tohe properties of the base-SS
CMF core, the second for adhesive bonding, and the third for diffusion bonding. In order to
manufacture the SEMF-CSP, the S&MF core was attached to 3 mm thick 316 stainless
steel face sheets through adhesinddiffusion bondingThe base S&EMF samples were cut

using a Buehler Isomet 4000 diamond wafering blade withah size of25 x 25 x 25 mm.
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The faces of the cut samples were ground square and b&ESamples were set aside for
testing.The diffusion bondeghanel was manufactured using the process outlined in Section
3.2.1.The diffusion bonded SEMF-CSP compression samples were cut using a wire electric
discharge machine (EDM). The samples are cut with a 1:1 width to height ratio from the
diffusion bondedSSCMF-CSP with an overall size of 25 x 25 x 25 mm. The compression
samples were all tested in the same direction, in line with the manufacturing direction with the
face sheets on the top and bottom of theC88-. The adhesive bonded SSVIF-CSP were
assemled usingthe process outlined in Chapter 3 useng aerospace grade HYSOL EA
9330.3 twepart epoxy. Stainless steel face sheets with a 3 mm thickness werd pre25 x

25 mm squares using a waterjet and ground flat along their suace.adhesivelponded
compression sample was cured individually rather than cutting them from a larger panel to
avoid damaging the adhesive layer during machining.

During the diffusion bonding of the SSMF-CSP, an additional SSMF plate was
manufactured with modifiesintering conditions in attempts to create an improved product for
the largescale manufacturing process, similar to the optimization process completed in a
previous study134]. While the sintering temperature and hold time maintained the same, an
additionalram pressure in a hot press furnace increased the compaction of the matrix powder,
creating a higher density of SSMF product with better bonding between the matrix powder
and sphere wallsvithout deforming the hollow spheres. Samples cut from thisl paere also
attached to 316 stainless steel face sheets and prepared using a similar method mentioned
above. These samples were also tested under compression for comparison.

A section from the aprocessed SEMF and diffusion bonded SSMF-CSP went

throudh additional preparation for microstructural imaging using a scanning electron
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microscope (SEM). The interface between the face sheets and 4BMIS8ore were also

imaged. The sections were prepared using a Buehler ECOMET 2 grinder/polisher using a
progression of 320, 600, 800, 1200, and 2400 grit silicon carbide sandpaper with ultrasonic
cleaning in water between paper progressions as outlined in the ASM handbook, Volume 9
[135]. The samples were then electropolished with an ESMA £29%&t a constant current

of 10.5 Amps. Electropolishingavs f ol | owed by etching with Ac
grain boundaries and additional microstructural features. The samples were imaged using a
Hitachi SU3200 scanning electron microscope (SEM). The microscope was equipped with an

energy dispersive spgoscopy (EDS) used to map the chemical composition of the samples.

4.2. Experimental Compression Setup

Quaststatic compressive tests were conducted on an MTS 810-lsgdvaulic
universal testing machine equipped with a 980kN load cell using displacemgnt aba rate
of 1.27 mm/min. A digital camera was used to image each sample during loading. Lubrication
in the form ofpolytetrafluoroethylene (PTFEheets and vacuum grease were placed at the
interface between the sample and the platens in order to reduce friction and barreling effects
during compression testing. The displacement and load data were recorded using an attached
computer and are used talculate the appropriate strestsain curves for each sample. All
samples were tested under the same loading conditions to easily compare between the various

tests.

4.3. CompressionModeling SetupConducted by an External Company
Finite element analys($-EA) offers a broad understanding of material interactions and
their limitatiors. IMPETUS Afea Solver was chosen to model the performance-GiNES

under compression due to ltiggh order elemertechnology{18]. In this studya quasistatic
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compression model of CMiwas compiled and run by an outside service providerg
IMPETUS Afea software. The model is created by reflecting and expansion of a 1/8 unit cell
containing a section of the sphere and matrix shoviaigare4-1(a). Themodel uses random

loose packed structure between cubic and body centered cubic (BCC). The final sizing of the
spheres inside the SSVIF is a modified BCC structure of hollow metal spheres with a small
spacing was placed between porosities to create angaditi of approximately 59%,
consistent with what is seen in manufacturing of CO®]. The sphere walls are considered

part of the matrix material as to not create an additional interface between the two bodies. This
model uses a baseline construction of the CMF geometry and model and does not incorporate
the effects of the air withithe spheres into the calculations but does expand upon previous
works by including the porous geometry of the CMF structbd®ETUS Afea is suited for

future studies involving high rates of deformation and the effects of air inside the spheres using

discrete particle based modelifty7].
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Figure4-1: (a) Image of the 1/8 unit cedfrangement with meshing used to create CMF
mode| (b) the full compression model used for simulating Clitd (c) the fully meshed
sample used for testing.

The model was meshed using tetrahedral elements with a length of 0.6 mm, as can be
seen in the ubcell inFigure4-1(a). The sphere wall is shown meshed separately with a smaller
element length of 0.3 mm. The smaller element size improves the resolution of ttseamsu
avoids compiling errors during deformation of the spherical pores under compression. The two
bodies, the sphere and matrix, are modeled with the same material properties and assumed to
be in contact during the simulation. The unit cell is reflestétiin the body to create the

compression sample. The model is run in quarter symmetry, as can be seen by the input in
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Figure4-1(b), with a taller sample size than wheas tested experimentally attain reliable
results. The entire mesh of the compression sample is presefrigdried-1(c).

Modeling materials undejuaststatic compression is relatively simplistic, however the
porosities within composite metal foam make the finite element analysis more complex. Metal
foams show three distinct loading regions: (i) initial elastic region, (ii) plateau region, and (iii)
densification. There have been a variety of methods used to model metal foams under
compression which work to balance the perfectly plastic realm presented by the plateau stress,
and the innate hardening of the material as it approaches densificatimeirtameffectively
predict the materié@ energy absorptidi36], [137] Two constitutive models apaired with
the geometric meshing of the sample in order to best approximate the loadingCMFSS
under compression. The CMF is modeled as a perfectly plastic material that assumes a constant
stiffness following yield. The material parameters used f@erSBCMF are taken from prior
works with a density of 2.9g/ctnamodulus of 13.2 GPa, and a Poisson ratio of[02P],

[138].

4.4. Results and Discussion

44.1. Compression Structural Properties
Digital images of the base SSMF and the S&EMF-CSP are shown iRigure4-2. Figure
4-2(a) shows the base SSMIF with the sphere openings being exposed following sample
cutting. The openings have a varying diameter and depth as the cuts are not atciadrue
of each sphere. The spheres are sitting in various positions vertically along the sample wall

given the inherent packing arrangement obtained during manufacturing@8S
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Figure4-2: Digital images of the (a) base €3F, (b) adhesively bonded SSMF-CSP,
and (c) diffusion bonded SSMF-CSP compression samples prior to testing.

The adhesive bonded S3VIF-CSP can be seen igure4-2(b). The bond line is seen to
be relatively constant across the top and bottom of the sample. The adhesive is able to infiltrate
the open sphere porosities on the surface of the sample, improving the strength of tiee bond
the surface. Previous works on-E8F have shown a high infiltration percentage of 88%
epoxy infusion into S&€MF under vacuum curinfL39]. These samples were cured under
atmospheric pressure but aided by additional clamping force to ensure continuous contact
between the core and face sheets. This helps to promote filling of the open spheres but does
not necessarily infiltrate the microporosities within the matrix. The epoxy layer creates an
efficient bond against the core and face sheets, but it is important to note that its strength can
be affected by both heat and moisture while in service, degrédiadhesive properties. On
the other hand, the diffusion bondRigure4-2(c) will only occur along the surface of the-SS
CMF exposed during heating and does noteprate the open porosities. This means that
inherent gaps will exist along the surface where the hollow core of the spheres lie open to the
face sheet. The diffusion bonding does have benefits over the adhesive bond as it does not alter

thesurface porosjtof the SSCMF core. The diffusion bond has similar limitations to the base
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metal and does not further restrict the application of the sandwich panel, unlike epoxy

adhesives.

Figure4-3: (a) SEM image othe electropolished base €3/1F showing the microstructure
of the (b) matrix and (c) sphere wall. The outlined areas marked on image (a) in white show
the location of the higher magnification images shown in (b) and (c).

The SEM microstructure of the-asocessed SEMF is shown irFigure4-3. Figure4-3(a)
shows a cut section of three spheres intersecting with sintered matrix between them. A small
gap can be seen between the two sphere walls located in the top left of the image. These occur
in areas where the space between the spheres does not become fully infiltrated with powder
during sintering. Good bonding is seen between the spheres walls and matrix surrounding the
rest of the spheres. A higher magnification of the outlined sectidfigune4-3(a) are shown
in Figure4-3(b) and (c). The porosities between the mataxicles Figure4-3(b)) and within
the sphere wallKigure4-3(c)) are apparenh these Figures. Images taken of the matrix and
sphere wall grains show that the grains in the sphere wall are larger than those that make up
the matrix. The spheres themselves are created using a powder metallurgy process and go
through additional heatg cycle during the manufacturing of the-SBIF panel. This leads to
additional grain growth in the sphere wall when compared to the matrix as reported in our

previous studief®6], [119]. It has been reported that carbide precipitations astlynformed
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at the grain boundaries of the sphere walls due to both the effects of the additional heat cycle
during the manufacturing of the S3VIF as well as the higher starting carbon content of the
spheresTable3-1) [96], [99]. Previous works have found that the carbide formations within
the sphere wall are made up of Cr richs® carbides know to form in 316 stainless steels

[96], [99], [140] EDS analysis shows the precipitation of carbides along the grain boundaries
in the sphere wall of the base-EMF sample irFigure 4-4. Figure 4-4(a) and (b) are SEM
images of the location used for EDS mapping Witure 4-4(b) being a zoomed in area
represented by the outlined regionFigure 4-4(a). The mapped region is outlinedRigure

4-4(b) and white arrows are used to point towards the locati the carbide formations. The

EDS maps of Cr and C iRgure 4-4(c) and (d) verify that these are Cr richd4ds carbides

forming mostly within the sphere walls.
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Figure4-4: (a) and (b) SEM images of the etched bas€8%E showing (a) sphere wall

matrix interface, and (b) zoom in area marked in image (a) with marked carbides along the

grain boundaries in the sphere @thite arrows). (¢Xd) show the EDS maps of the area
outlined in (b) that confirms higher concentration of (¢) Cr and (d) C at the grain boundaries.
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Figure4-5: SEM images of thelectropolished diffusion bonded €3F-CSP showing the
(a) face sheet interface with the core and(¢hthe microstructure of the matrix and sphere
wall, respectively. The outlined areas shown in image (a) in white are the location of the
higher magniftation images shown in (b) and (c). Black arrows in (c) indicate the location of
twin boundaries.

SEM images of the diffusion bonded -E8F-CSP sample are shown kiigure4-5. The
bond line between the SSMF core and stainless steel face sheets are shawgure4-5(a)
with a cross sectional cut of a hollow sphere close to thacurThe contact between the face
sheet (bottom) and the SSVIF core (top) is relatively consistent across the interface, although
small gaps exist along the bond line (more easily seen on the left side of the image). The small
gaps between the face sheetd the core are suspected to occur during sample cutting and
preparation for SEM imaging and do not naturally form during the diffusion bonding process.
There are, however, inherent gaps at various points along the interface where the spheres are
open tothe surface and are not in direct contact with the face sheet. Higher magnification
images of the SEMF-CSP are shown iRigure4-5(b)-(c). A similar micrestructure tahe
base SSCMF can be seen for both the matrix and sphere wall of the diffusion bonded SS
CMF-CSP. The grains within both the matrix and sphere wall are slightly larger than the base
SSCMF sample. Multiple images were taken at a constant magnificdttbe base S&EMF
and SSCMF-CSP and were analyzed using ImageJ to obtain an average of over 100 grain size

measurement for the matrix and sphere wall. The average grain size of the matrix and sphere
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walls for the SSCMF and SSCMF-CSP are listed ifable4-1. Following the additional heat

cycle of manufacturing the diffusion bonded sandwich panels, the average matrix grain size
increases from 32 pum to 45um and the agersphere wall grain size increases from 39 pum to

49 um. The grain growth can be seen by compdfiggre4-3(b)-(c) toFigure4-5(b)-(c). The
SSCMF-CSP also reveal twin boundaries that have formed following the diffusion bonding
heat cycle. The twin boundaries are primarily seen within the larger grains in the splhere wa
highlighted by white arrows iRigure4-5(c) where a majority of the grain growth has occurred.

In addition, SEM images and EDS mapping of theC3&#-CSP are preserden Figure4-6.
Figure4-6(a) and (b) show progressive magnification of the peajpregion along the sphere

wall border with the matrix in the SSMF-CSP sample. It can be seen in the lower
magnification SEM images that the carbide formations at grain boundaries in the sphere wall
are less prominent due to the grain growth. The EDSpmg inFigure4-6(d) show carbon

rich regions along the edge of the matrix grains that reside next to the sphere wall. The higher
carbon content is due to diffusiofi the carbon from the sphere wall out to the surrounding
matrix. The migration of the carbon is primarily due to the additional heat cycle during
diffusion bonding of the face sheets and can lead to increased carbide formation within the
surrounding matridand between the two bodies (sphere wall and matrix) rather than primarily
just within the sphere walFigure4-6(a) also shows some of the twin boundaries formed in

larger grains within the spheres that contribute to the slightly higher strengthGMESCSP.
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Table4-1: Measured grain size of the matrix and sphere wall for the bagiVFSand
diffusion bonded 5SCMF-CSP.

Matrix Grain Size Sphere Wall Grain
(Hm) Size (um)
| | 1
Base SSCMF 32 39
Diffusion
SSCMF-CSP 45 49
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Figure4-6: SEM images of the etched £3MF-CSP showing the location of the EDS
mapping along the sphere wall interface with the matrix(dtJEDS maps of Cr and C
showing carbon rich regions in the matrix and at the interface between the sphere wall and
the matrix.

EDS line scans were completed across the interface between é¢hghtsts and the SS
CMF core in order to investigate any potential diffusion of elements across the boundary. An
example line scan from the face sheet into the matrix is presenkegluire 4-7. The dotted
line drawn on the SEM image represents the interface and the solid line represent the line scan
length. The line composition plots for Cr and Ni are plotteBigure4-7(b) and (c). Both of
the Cr and Ni plots show minimal variation in composition, while there is a slight increase in

Ni composition when moving into the matrix. This is expected due to thalisiight
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compositional difference between the 316 stainless steel face sheets and the 316L matrix of
the SSCMF. The line scans suggest there is minimal diffusion of elements across the diffusion
bond given the relatively close elemental compositionfi@fstainless steel matrix and face

sheets.
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Figure4-7: (a) High magnification SEM image of the etched @8F-CSP along the face
sheet interface with the SSMF core. (b)(c) show the EDS line scan plots f0r and Ni,
respectively, with a slight gradient in the Ni content across the interface. Dotted line marked
the location of the interface.
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44.2. Compression Mechanical Properties

The engineering stresdrain curves for the grocessed SEMF and SSCMF-CSP under
compression are shown Figure 4-8. The plot includes three tests for each sample type
compiled into the plot. The strain was calculated using the dimensions 88GMF core,
(25 x 25 x 25 mm), as the face sheets were found to not greatly influence the deformation of
the core under compression. The plot of the bas€Mb is represented by the solid lines.
The shape of the curve is representative ofC88 undercompression. The SSMF
undergoes an initial yield followed by a plateau stress where the hollow metal spheres deform
at a constant stress value until densification is reached and the sample E@6fefs00],

[134]
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Figure4-8: Compressive stresgtrain curves of scaled SSMF and SSCMF-CSP
(unoptimized).

Thebase SEMF sampl eds curve is overlapped with
by the dashed lines iRigure4-8. The two sets have a very similar strefigin curve as the
face sheets do not have a noticeable effect on the mechanical strength ofGNE-ESP
structure under compssion. The adhesion bonded samples experience multiple drops in stress
at various strains during compression. This is attributed to the shifting of material at the
interface of the adhesive bond due to the lateral expansion of the sample under compression
and a momentary lapse in the readout registered by the load cell. The drops occur at strains
following the initial yield, signifying that it may be due to core motion against the adhesive

bond during deformation of the sample. During compression, theifpesosithin the SS
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CMF core naturally collapse, but the layers in contact with the epoxy layer are held stiff,
impeding uniform deformation in the core. This causes momentary shifting of material as
additional layers begin to deform and the stsisgincurve returns to its normal path.

The diffusion bonded SEMF-CSP samples are shown by dotted lineBigure4-8 and
were stronger than both theg®cessed SEMF ard adhesion bonded sandwich panels. The
strengthening is not necessarily caused by the addition of the face sheets, as the adhesive
bonded samples have shown, but is likely caused by the additional heat cycle during diffusion
bonding. In order to test thisypothesis, the face sheets of a diffusion bonde€B5-CSP
sample were removed and the core itself was tested under the same loading conditions. The
results indicated a similar strestgain curve shown by the red dotted lind=igure4-8. The
test confirms that the strengthening observed HC®H-CSP samples is primarily due to the
microstructural changes that occurred during the diffusion bonding process andassiniy
strengthening added directly by the stainless steel face sheets. Generally, the larger grain size
in both the matrix and sphere wall is expected to increase the ductility of the material and
decrease its hardness. However, a distinct strengthefifect can be seen at strains above
17%. The magnitude of the strengthening is not drastically different from the ba3®IESS
but is consistent across all three diffusion bonded8%-CSP samples. The yield and early
plateau stress are not affected, meg the strengthening is occurring during the deformation
and collapse of the hollow metal spheres and its surrounding matrix leading to a steeper slope
between 160% strain. The twin formations and diffusion of carbon to the matrix from the
sphere wallsire possible explanations for the strengthening effect following diffusion bonding

heat treatment.
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The stressstrain curve of the diffusion bonded -£3/1F-CSP also shows a step like shape
at strains above 50%. This is thought to occur for a similar reattobuted to the epoxy
bonded samples, but to a lesser effect, as the diffusion bond has a lower mechanical impedance
than the epoxy interface. The lateral expansion of the core at high strains and subsequent
interaction at the bond line causes a risg fafi in the stress measured by the load cell during
the densification phase, creating the step like pattern.

Images of the compression samples at 0% strain and 60% strain are sliogured-9.
The base SEMF in Figure4-9(a)-(b) undergoes uniform deformation up to 60 % strain. The
adhesive bondeESSCMF-CSP inFigure4-9(c)-(d) does show some asymmetric behavior and
slight shearing occurring within the core. This is due to the formation of a large dead zone at
the top and bottom of the sample. The larger dead zone is created by the stiff interface of the
adhesive bond and limits the motion of the core, causing an asymmetric yielding behavior at
high strains. The diffusion bonded samplesFigure 4-9(e)-(f) did not experience such
limitations and had uniform deformation through densification, similar to the baS8M&S
The diffusion bonded SEMF-CSP were able to uniformly cqress up to 70% strain without
the core cracking or failing. It can be seen that th&€8t% core bulges out of the width of the
face sheets, yet it does not separate from either of the face sheets. The top and bottom faces
are still in contact with the edg of the face sheets. The bond layer created during the diffusion
process allows enough motion between the face sheets and the core to accommodate the

sampl ebs | ater al expansion during compressiao
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Figure4-9: Images at 0% strain, left, and 60% strain, right, of tH®)&& CMF base, ()
adhesive bonded SSMF-CSP, and (&) diffusion bonded S&MF-CSP.

The initial samples manufactured using the lesgale proess have a lower strength than
what has previously been established forG\&F- tested on smaller scale samgi&s], [100],

[134]. The stresstrain curves of the initial SEMF and SSCMF-CSP compared to the
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improved samples are plottedkigure4-10. The curves plotted are an average of thests

with the base SEMF plotted in a solid red line, the adhesive @8F-CSP in a black dashed

line, and the diffusion bonded SSMF-CSP in a dotted green line. The improved sample set

are all stronger than the initial tests. The improvement in mediastiength is credited to a
superior sintering process that creates a more cohesive matrix and a stronger bond between the
matrix and sphere walls. As can be seeRigure4-10, a similar divergence of the diffusion
bonded sample (shown in dotted green line) occurs with the improved samples between strains
of 17-60%. The same strengthening effect is apparent in the improved samples with diffusion
bonded face sheets. Thgengthening in the improved samples, similar to the unoptimized,
does not affect yield strength and early plateau of the material as those properties are mostly
controlled by the matrix deformation. This phenomenon occurs at higher strains during the
deformation and collapse of the sphere walls. The strengthening continues up through
densification to approximately 60% strain, where it begins to converge with the b&FSS

stressstrain curve.
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Figure4-10: Compressive stresdrain curves of scaled SSMF and SSCMF-CSP
compared to the improved/ optimized scaled samples.

The mechanical properties of the initial and improvedC38 and SSCMF-CSP are
presented iMable4-2 alongside the compressive properties previously established for small
scale manufactured SSMF. The diffusion bonding increases both the plateau stress,
measured at 30% strain, and the densificatstress of the SEMF material under
compression for both sample sets. The initial diffusion bonded samples see a 17% increase in
plateau stress and 10% densification stress over the baS&IBESThe improved SEMF-

CSP set shows a similar increase with6&limprovement in plateau stress and a 9% rise in
densification stress. Meanwhile, both the baseC8% and adhesive bonded €3/F have
similar values for both sets of tests. The energy absorption of #H@ViESsamples can be

approximated in MJ/fmby calculating the area under the strsgain curve. The energy
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absorbed by each sample is also liste@lable4-2. It was found that the energy absorbed by
the diffusion bonded SEMF-CSP increases for both the initial and improved sample sets by
approximately 57/% when compared to their respective bas€8%. The improved SEMF

sample absorbs 35% more energy than the unoptimized samples and is in good agrélement wi
the small scale SEMF samples from prior work®6]. This data shows good adagbn of
SSCMF processing to largecale manufacturing. Future mechanical testing oiCS%
sandwich panels will use the optimized manufacturing process with a higher strength than
originally achieved. The compression results helped to improve the fiaaufacturing
settings for largescale SSCMF panel processing as well as investigate the effects of

microstructural changes on the final strength of the samples.

Table4-2: Mechanical properties of the sodilease SSEMF and SSCMF-CSP under
compression compared to prior srmsdhle SSCMF and the improved/ optimized scaled

samples.
: Plateau e . e Specific
Ylel_d vield Stress  Stress DenS|f|c_at|onDenS|f|cat|on Energy
strain o Strain Stress b :
(mm/mm) (MPa) at 30% (mm/mm) (MPa) Absorption
(MPa) (MJ/m?)
Base
SSCME 1.36 30.51 73.17 61.50 156.44 48.8
Adhesive
SSCMF 1.68 33.10 73.13 58.06 134.21 42.2
-CSP
Diffusion
SSCMF 1.25 31.29 85.13 55.45 170.06 51.2
S L,
SSCMF
(Prior
Work 1.06 43 127 54 217 67.8
. eey
Improved
SSCME 1.64 54.94 125.71 55.32 217.12 66.5
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