
 ABSTRACT 

MARX, JACOB CHARLES. Composite Metal Foam in Extreme Environments (Under the 

direction of Dr. Afsaneh Rabiei). 

 

Extreme environments require advanced materials that operate well in a variety of 

conditions while maintaining their structural integrity and safety. Todayôs transportation 

vehicles undergo extreme loading under accident conditions. For instance, tank cars carrying 

hazardous materials can be punctured during derailment leading to injury and death. Milit ary 

systems also undergo severe loading at high strain rates brought on by ballistic impact and 

explosives. The purpose of this work is to further study composite metal foam (CMF) as an 

advanced energy absorption material under extreme loading presented by puncture, ballistic, 

blast, and fragment impact and understand their benefit over conventional bulk metals. 

In the first part of this study, steel-steel composite metal foam core sandwich panels 

(SS-CMF-CSP) were characterized under quasi-static loading for their potential use in future 

tank car structures for puncture resistance. SS-CMF-CSP were manufactured and tested under 

compression and tension. Stainless steel face sheets were attached to the SS-CMF core using 

two methods: diffusion and adhesive bonding. The bond line between the core and face sheets 

was analyzed under scanning electron microscope. The mechanical strength of the CMF core 

sandwich panels was compared to bare CMF samples. The face sheets were found to not greatly 

affect the deformation of the SS-CMF core under compression. However, the diffusion bonded 

SS-CMF-CSP yielded a stronger product primarily due to microstructural changes in the 

sphere wall. In tension, the face sheets support the core and improve the strain to failure while 

microstructural changes were found to impact the failure mode of the SS-CMF. 

The use of CMF as a novel military armor is further explored in this work as it presents 

the opportunity for reduced weight of military vehicles. CMF layered hard armors were 



evaluated against ballistic threats of increasing size. In this work CMF armors were tested 

against 0.50 caliber (12.7 x 99 mm) ball and M2 armor piercing (AP) rounds and 14.5 x 114 

mm B32 armor piercing incendiary (API) rounds. The armors stopped 0.50 caliber AP at 

speeds up to 819 m/s without penetration. The CMF layer was found to absorb 72-75% and 

68-78% of the kinetic energy of the ball and AP round, respectively. When compared to rolled 

homogeneous steel armor (RHA), the CMF hard armors have a mass efficiency of 2.1. Finite 

element analysis was completed using ANSYS to study the impact. The results are shown to 

be in good agreement with the experimental findings.  

Preliminary tests against the 14.5 mm armor piercing incendiary (API) round were 

found to outperform the RHA 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 m/s and an areal density 

of 16 g/cm2. The CMF layer is calculated to absorb between 70-83% of the bulletôs kinetic 

energy. The results are compared with CMF armorsô performance against 7.62 and 12.7 mm 

armor piercing threats. The energy absorbed by the CMF layer is shown to increase linearly 

with larger rounds that have a broader impact area and engaged a higher number of hollow 

spheres, improving the cushion-ability of the foam layer. 

SS-CMF panels were manufactured and tested against high explosive incendiary (HEI) 

rounds to study their resistance against explosive blast pressure and resulting fragments. The 

bare CMF panels were able to stop the imparted fragments at speeds above 1500 m/s and 

absorb the blast energy without cracking or bowing. The 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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 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, whether it be energy production, high speed 

travel, or exploration of currently uninhabitable regions. The term ñextreme environmentsò is 

used to refer to circumstances that modify a materialôs capability when exposed to high 

pressures, temperatures, energetic or magnetic fluxes, radiation exposure, and chemically 

aggressive environments that cause corrosion and oxidation. The advancement of fields that 

experience these conditions is primarily limited to the materials that are available to survive 

the exposure. It becomes 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 technology. Energy, transportation, and defense require new 

materials to expand the current technology as new steps are taken to improve plant efficiencies, 

reduce vehicle weights, and continue to expand understanding of materials that can be useful 

for national security. A better understanding and constant research into how materials act in 

extreme environments is crucial to advancing human technology across multiple platforms and 

providing a safer future. 

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 under accidents experienced during operation of transportation 

vehicles is responsible for damage, injury, and death (Figure 1-1) [1]ï[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 complex stress states. It is paramount to 

continually investigate new materials that can replace these structures and absorb energy at a 

higher efficiency using advanced materials. Transportation is an essential feature of everyday 

life and requires materials that can 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 

generally require additions to a vehicleôs design. The next generation of vehicles require 

advanced materials that reduce the overall weight without sacrificing the structural integrity of 

the vehicle. The materials used for crashworthy vehicle systems and for carrying hazardous 

waste must be able to absorb energies at high rates of impact in order to protect the passengers 

and cargo. The materials used for train cars and trucks to transport hazardous waste must safely 

carry the cargo without risking dangerous spills and exposure to personnel and the 

environment. From spent nuclear fuel to chlorine for water treatment, freight rail tank cars are 

one of the most popular means for transporting hazardous materials (hazmat) [1]. Until 

recently, the current tank car design has not been greatly modified since its standardization.  
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Figure 1-1: Images of the aftermath of vehicle accidents involving (a) cars, (b) train cars [2], 

(c) airplanes [3], and (d) tank cars [4]. 

 

1.2.     Tank Car Structure  

The current tank structure was established in the 1960ôs with the development of the 

DOT-111 tank car design. The design itself has not greatly changed although the importance 

for hazmat protection has become the focus for the next generation of tank cars and materials 

used in tank cars [5]. One of the primary concerns under accident conditions is puncture of the 

tank car containment. Although the tank cars themselves are not directly responsible for 

accidents, the DOT-111 cars have been prone to puncture and spilling hazardous materials. In 

incidents such as the Lac-Mégantic, Quebec rail disaster in 2013 where 74 DOT-111 tank cars 

carrying crude oil derailed, killing 47 residents [6]. The crude oil ignited during the accident, 

destroying roughly half of the downtown area [6], [7]. These types of accidents have occurred 

(a) (b) 

(c) (d) 
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in other regions involving the DOT-111 tank cars through the years [8]. The DOT-111 tank 

cars were originally designed with a shell made from 7/16 in. thick steel [1]. Some tank cars 

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

The DOT-111 is a non-pressurized tank car that has been widely used to transport ethanol and 

crude oil [9]. In 2017, the DOT-111 made up over 50% of the tank car fleet in the United States 

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

class of hazardous materials transported by tank car are shown in the pie chart in Figure 1-2 

[1]. It can be seen that flammable liquids make up almost half of the hazardous materials 

shipped. In order to safely transport these types of materials, the puncture resistance and 

insulation must be improved for future tank car designs. The DOT-111 tank cars are relatively 

simplistic compared to more recent designs which include a layered structure for further 

protection from rupture and combustion.  
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Figure 1-2: Hazmat shipment type by class [1]. 

 

A new car design was suggested by the Railway Supply Institute (RSI) in 2014 and 

adopted by the DOT shortly thereafter [1], [10]. The DOT-117 tank car design that was adopted 

uses a layered construction in order to give the tank additional protection [1], [10]. The shell 

consists of five layers that are presented in Figure 1-3 [10]. The outer layers are made of a 

required 1/8 in. thick steel jacket that is the first layer to protecting the car from leaking during 

derailment [1], [10]. The jacket also protects the interior layers from weathering and 

deterioration during the carôs lifetime [1], [10]. The car has two head shields at either end made 

from half inch steel. The head shields are the primary reinforcement for puncture resistance in 

order to avoid damage during derailment and car pileup. 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 made of a separate attachment that can provide further puncture protection [1], [10]. 

The DOT-117 also uses a 7/16 in. thick shell and also includes a thermal jacket and 

insulation layer sandwiched between the shell and the jacket [10]. 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 

of the carôs contents. The thermal blanket is made from a high temperature material such as 

woven ceramic fibers and is required to be at least ½ in. thick for the DOT-117 tank cars [1], 

[10]. In additional to the structural design changes, the DOT-117 also includes a new top high-

flow pressure relief valve to avoid complete rupture of the tankôs shell during puncture accident 

events. The new valve system and tank structure are all designed to prevent the car from 

emptying its contents during accident conditions [10]. 

 

 

Figure 1-3: DOT-117 tank car designed to replace the DOT-111 used in transportation of 

hazardous materials [10]. 
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Tank Car Materials  

Researchers have been working closely with the railway industry and DOT to help 

improve the puncture resistance of the current design by comparing it to potential material 

replacements. The current material requirements for tank car construction are outlined by the 

Association of American Railroadsô (AAR) standards and practices [11]. The two high-

strength steels that have been made standard for tank car construction are the AAR TC-128, 

Grade B and AAR-A516, Grade 70 [1], [10]. The steels are carbon, manganese steels used for 

pressurized tank car construction. The chemical composition of both grades is listed in Table 

1-1 [11]. TC-128 B has become the industry standard for most new tank car production over 

A516 [10]. The improvements to metal processing and manufacturing have pushed TC-128 B 

to its metallurgical limits for pressurized tank car construction. Alternative steels with a lower 

carbon content have been explored for improved toughness and weldability [12]. 

 

Table 1-1: Chemical composition of tank car steels, TC128 B and A516 70, as outlined by 

the Association of American Railroads [11]. 

Steel 

Grade 

C 

(wt%)  

Mn 

(wt%)  

S 

(wt%)  

Si 

(wt%)  

Nb 

(wt%)  

V 

(wt%)  

Ni 

(wt%)  

Mo 

(wt%)  

Cu 

(wt%)  

TC128 

B 
0.24 

1.00-

1.65 
0.015 

0.15-

0.40 
0.02 0.08 - - - 

A516 

70 
0.23 

0.85-

1.20 
0.015 

0.15-

0.40 
0.02 0.03 0.40 0.12 0.40 

 

TC-128 B steel has been found to fail during rail accidents due to crack initiation and 

propagation through the tank car shell [7], [13]. Ferritic steels undergo two primary 

mechanisms of fracture. Brittle fracture is one mechanism of fracture that occurs due to rapid 

trans granular crack propagation [7], [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 
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formed around precipitations such as carbides or, in the case of TC-128 B and A516 70, 

nonmetallic inclusions such as manganese sulfide (MnS) [7]. Images describing the brittle and 

ductile fracture mechanisms are shown in Figure 1-4 [7]. During the puncture of TC-128 B 

tank cars, both fracture mechanisms have been documented [7], [13]. 

 

 

Figure 1-4: Diagram of the two fracture mechanisms, (a) brittle and (b) ductile, in steels [7].  

 

An example of a tank car rupture experiencing both brittle and ductile failure is shown 

in Figure 1-5 [14]. The car was carrying hazardous anhydrous ammonia at the time of rupture 

in 2002, near Minot, North Dakota [7], [14]. The shell and steel jacket were unable to contain 
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the hazardous material, leading to caustic gas release to the surrounding region and delaying 

rescue operations [7]. The failure of the Minot tank car initiated from ductile rupture due to 

void coalescence in the steel [7]. The microvoids grow during plastic deformation until a crack 

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 material [7], [14]. The steel used to manufacture the Minot tank cars met the 

standardized strength requirements even though it failed to contain the carôs lading [7]. This 

has led to an effort to reimagine the tank car structure using various geometric and material 

changes to improve their overall puncture and failure resistance. 
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Figure 1-5: Puncture of a TC128 Grade B tank car near Minot, ND carrying anhydrous 

ammonia [14]. 

 

Current research is built upon understanding the puncture strengths and dynamics of 

the relatively new tank car designs (DOT-117, DOT-105, etc.) while also evaluating new 

strategies for maintaining the tanksô integrity under accident conditions [9], [15], [16]. 

Alternative protection systems for tank car structures incorporate energy absorption materials 

and engineered metal systems (EMS) that weld geometric cores into a sandwich panel that can 

be used in tank car designs or placed as an exterior jacket for current cars [17]. The sandwich 

panels have been tested 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 core, X-core, and diamond core as shown in 

Figure 1-6 [17]. The 3 inch outer diameter tubes were chosen for full-scale puncture testing 

and showed improved puncture resistance against a ram imparting 3.13 million ft-pounds [17]. 
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The work presents the opportunity of investigating energy absorption 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 regions such as the head shields and lower half of the tank car 

where shell punctures are most likely to take place. 
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Figure 1-6: Digital images of the manufactured sandwich panels for potential tank car shells 

[17]. 

 

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

occur in defense systems regularly exposed to high velocity blast and ballistic threats. 
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Advanced materials that offer lightweight 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 applications. The military is constantly working on the cutting edge of material for 

advanced defense systems for the variety of threats that personnel and vehicles are exposed to 

in war zones. Military vehicles require lightweight materials for improved fuel efficiency and 

lower carbon emissions while improving their safety against high speed impacts by projectile 

threats and explosives. This has led to a new wave of advanced materials that can revolutionize 

energy absorption and be applied to a multitude of engineering structures. One such example 

is the necessity for advanced materials in defense technologies that undergo rigorous 

environments and are needed to protect forces during battle. In order to advance armor 

technology, light-weight alternatives that can perform against a variety of threats and improve 

upon the current standardôs maneuverability, fuel efficiency, and reliability is paramount to 

protect vehicles and personnel [18], [19]. 

Military Armors  

Armors are a necessity for todayôs police and military operations to protect vehicles 

and personnel in dangerous situations. Materials for armors are needed to protect against a 

variety of extreme threats that include blast, ballistic, and fragment impacts at high rates of 

speed that can be lethal to exposed personnel [18], [19]. The militaryôs success is dependent 

on reliable armors for its vehicles and personnel. Light armors are flexible and weight efficient 

but only protect against small arms fire [18]. 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 must be lightweight, cost effective, and perform 

well against an array of blast and ballistic threats [18]. 

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 used as personal body armors due to their light weight and 

availability. Soft armors are limited to their application against small caliber rounds and low 

speed fragments but are relatively weight efficient compared to other material alternatives. 

Hard armors use ceramic and metallic plates that are heavier than soft armors but have 

improved protection against larger caliber rounds and armor piercing threats at high 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 weight of the vehicle. Some 

examples of this trend are shown in Figure 1-7(a) [21]. One of the most agile vehicles, the high 

mobility, multipurpose, wheeled vehicle (HMMWV) is able to transport troops relatively 

quickly but does not offer the same protection as the joint light tactical vehicle (JLTV) which 

is outfitted with two levels of armor protection [22]. 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, the Abrams tank weight has increased from 54.4 to 63 metric tons over 

29 years in order to better defend against the advancement in ballistic and explosive threats 

[23]. The increased weight reduces the vehicleôs fuel efficiency and maneuverability making 

it susceptible to attack and ambush during refueling or when setting up required supply lines. 

A similar trend exists for personal armors that require advanced protection using heavy metal 

plates. These armor inserts reduce the userôs mobility and can be more cumbersome than 
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helpful during combat. The next generation of military vehicles and protection for personnel 

has reached a pivotal point for reevaluating and advancing the current materials used for 

armors. 
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Figure 1-7: (a) Military vehicles shown by their armor class and increasing weight required 

for protection. (b) Ground capabilities of combat vehicles and their necessary fuel 

requirements showing the need for improved fuel efficiency with heavy armor vehicles [21]. 

(a) 

(b) 
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Table 1-2: Weight of the M1 Abrams tank from 1980-1999 showing the increase in overall 

weight due to armor improvements to protect against more penetrating threats [23]. 

Year Vehicle 
Weight [23] 

(metric tons) 

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 axioms [18], [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 cost effective and be able to be manufactured on a 

large scale that can be easily outfitted to current military vehicle designs. Finally, the armors 

must be weight efficient when compared to the current military standards without sacrificing 

protections that are currently in place. Weight is an important factor when considering armors 

as it can help improve the survivability of the vehicle by improving the speed, agility, range of 

travel, and transportability, thereby making them easier to maneuver in and out of combat. 

The materials that are able to perform such a task must also balance three main features 

in order to achieve the desired outcome. Most ballistic threats are made up of a piercing core 

that can be made of hardened steel or tungsten carbide. The armor must 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 plastic 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 weight and improve the vehicleôs maneuverability 

and fuel efficiency. Prior to discussing the next generation of armors, it is important to first 

establish and understand the threats that these armors face and the materials currently being 

used to defeat them. 

Ballistic, Blast and Fragment Threats 

Ballistic Threats 

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 vibration. Current armors exist to protect the wearer from projectile 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. Small-arms 

ammunition is made up of sections that include the cartridge 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 fired from the round has an outer jacket surrounding the bullets core which acts 

as the penetrator on impact. The core is surrounded by a jacket that protects the barrel from the 

hard core, engages rifling within the barrel and gives the projectile an optimized shape for 

traveling. A general ammunition design is shown in Figure 1-8 [19]. 

Bullets are made in various shapes and sizes but are named to describe the threatôs size 

and penetrating type. A bullet, such as the 7.62 x 51 mm ball has a 7.62 mm bullet diameter 

and an overall length of 51 mm when including the cartridge. The 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 round. Larger ballistic threats carry a higher muzzle velocity based on the size of the 

cartridge and the type of core used in the projectile. 

 

  

Figure 1-8: Small arms ammunition design of most ballistic threats and a Table showing 

example threats and their muzzle velocity [19]. 
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The core of the bullet can be made from various materials in order to increase their 

penetrative qualities. Ball rounds are widely used and are made up of a mild steel core [19]. 

The ball rounds are relatively soft with a Vickers hardness of 280 [19]. The core, upon impact 

with armors, will deform along with the lead filler and copper or steel jacket. The mild steel 

rounds are relatively easy to stop using as little as 12 mm of mild steel when impacted from 

10m [19]. Cores made of harder and denser materials such as hardened steel or tungsten carbide 

can replace the mild steel for increased penetration and impact energy. The hardened steel and 

tungsten carbide cores are referred to as armor piercing (AP) threats due to their improved 

piercing qualities [19]. Larger threats can use much harder cores, such as tungsten carbide and 

have a higher muzzle velocity, such as the 14.4 x 114 mm BS41 shown in the table in Figure 

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 calculated using the classical mechanics 

equation of: 

ὑὉ άὺ                  (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 armor increases, 

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 density, KEd. The kinetic energy 

density is calculated by dividing the kinetic energy by the cross-sectional area of the bullet, A: 

ὑὉ                   (2) 

The kinetic energy densities of multiple sized bullets are listed in Table 1-3 [24]. As 

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

mass and impact velocity. The tungsten carbide core of the 14.5 x 114 mm BS41 API is smaller 
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than the BS32, but because of the higher density of the tungsten carbide (ɟ = 14.9 g/cm3) when 

compared to the steel (ɟ = 7.8 g/cm3), the projectile imparts a higher kinetic energy density. 

The higher kinetic energy density makes a projectile more piercing and requires stronger and 

thicker armors to stop it. 

 

Table 1-3: Projectile core properties and kinetic energy density of various ballistic threats 

[24]. 

Ballistic 

Threat 
Core Material  

Core Diameter 

(mm) 
Core Mass (g) KE d (MJ/m 2) 

7.62 x 63 mm 

M2 AP (0.30 

Cal) 
Hardened Steel 6.2 5.3 71 

12.7 x 99 mm 

M2 AP (0.50 

Cal) 
Hardened Steel 10.9 25.9 112 

14.5 x 114 mm 

BS32 API Hardened Steel 12.4 41.0 170 

14.5 x 114 mm 

BS41 API Tungsten 

Carbide 
10.9 37.9 211 
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Blast and Fragment Threats 

 

 

Figure 1-9: Image of IEDôs disarmed in eastern Baghdad in 2005 during the Iraq war [25]. 

 

Explosive threats such as IEDôs and shape charges are also known for the blast wave 

they produce upon detonation. When a detonation occurs, a very fast chemical reaction 

involving a solid, dust, or gas rapidly releases a surge of hot gases and energy. The gases that 

are produced expand into the surrounding environment and displace the air, creating a blast 

wave and shock front. The blast wave propels fragments, damages vehicles and structures, and 

can cause internal damage to vital organs such as the lungs, brain, and flesh [26]. 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 wave in open air is shown in Figure 1-10 [19]. The blast can be seen at three distances 

from the point of detonation: r1 and r1+r2. The surface area of the blast wave at both locations 



   

23 

 

is marked by s1 and s2. As can be seen, the area increases by a factor of r3, meaning the energy 

density and pressure fall off rather quickly [26]. For example, by doubling your distance from 

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

 

 

Figure 1-10: Simple schematic of a blast wave propogation [19]. 

 

Blast waves create an impulse 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 

environmentôs ambient pressure Po. The pressure increases almost instantaneously to a peak 

pressure, Pp, as the wave arrives at the element at time tA. The difference between the ambient 

pressure and peak pressure is referred to as the peak overpressure. The peak overpressure falls 

off depending on the elementôs distance from the blast source, as previously discussed. After 

reaching a peak, the pressure falls off exponentially over the positive duration time, to, until it 
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reaches the ambient pressure value. The pressure impulse, I, of the blast wave is measured by 

calculating the area under the curve for the positive duration as [19], [27]: 

Ὅ ᷿ ὖὨὸ  (3) 

 where P is the pressure. The positive phase is followed by a decrease in pressure, below 

the ambient 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 pressure profile is much lower than the peak 

overpressure and are not necessarily considered for structural integrity measurements. 

 

 

Figure 1-11: Pressure time history of an ideal blast wave in open air [27]. 

 

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 attacks and igniting IEDôs. 

Trinitrotoluene (TNT) has been chosen as a universal quantity for which to compare and 

quantify the blast characteristics of explosive materials. This is done by calculating the 

equivalent TNT weight of a chosen explosive media by calculating the ratio of heat produced 

during detonation and comparing it to that of TNT [27], [28]: 

ὡ ὡ   (4) 

where the weight of the TNT and explosive material are WTNT and WExp, respectively 

in kg. HTNT is the heat of detonation of the TNT and HExp is the heat of detonation of the 

explosive, both measured in MJ/kg [27], [28]. The heat of detonation of various explosive 

materials has been documented and some are presented in Table 1-4 [28]ï[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 blast wave created from another explosive media. The TNT equivalent weight 

factors are also listed in Table 1-4 for both the pressure and impulse values [28], [29]. 

 

Table 1-4: Heat of detonation and TNT pressure and impulse mass equivalents for various 

explosive materials [28]ï[30]. 

Explosive Material 
Heat of Detonation 

(MJ/kg) [30] 

TNT Mass Equivalent [28], [29] 

Peak Pressure Impulse 

TNT 4.10-4.55 1.00 1.00 

C4 5.86 1.37 1.19 

RDX 5.13-6.19 1.14 1.09 

PENTOLITE 50/50 5.86 1.33 1.14 

 



   

26 

 

Table 1-4: (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 also threats 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 produced from 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 

compared to ballistic projectiles [19]. The fragmentation can be generated 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 IEDôs. 

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 undercarriage of most armored personnel carriers. IEDôs have greatly 

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 of V-shaped hulls [31]. The JLTV was manufactured 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 lift [19], [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 ballistic protection. 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 threats. For individuals, the armor shields the wearer and must not inhibit their 

maneuverability and comfort. Vehicles and aircraft require the armor to also be weight efficient 

and easily incorporated to vehicle designs. Most 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. 

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 overall weight. Many 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 armor applications. 

Armor Steel 

Steel has long reigned as one of the most popular armor materials [32], [33]. It is able 

to perform against a variety of threats from early small arms projectiles to newly encountered 

threats such as improvised explosive devices (IEDôs). Since their early use, steels have been 
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developed for armor applications due to its commercial availability, ease of fabrication, and 

industrial production capacity [32]. Homogeneous steel armors were first developed over 100 

years ago during manufacturing of some of the first tanks during World War I [33]. The first 

steel armors were made from a low alloy steel with a low carbon content that could be welded 

or cast to improve production efficiency [33]. Over the last few decades, cast steels have been 

replaced by rolled homogeneous armor (RHA) due to reduced production costs [32]. RHA is 

the current military standard material for the National Institute of Justice (NIJ) ballistic 

standards for personal and vehicle armor [34], [35]. RHA is a hot rolled steel known for its 

balance of high hardness, strength, and ductility. RHA is produced under strict specifications 

using hot rolling followed by heat treatment to create a fine martensitic microstructure as 

defined by MIL-A-12560K [35]. These standards were developed during World War II and 

have not changed considerably since.  

The chemical composition of RHA steel armors can be varied following the 

requirements outlined in MIL-A-12560K and shown in Table 1-5 [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. Silicon helps to delay the onset of martensitic 

embrittlement and improve the tempering temperature range [36]. The microstructure of the 

steel armors is highly dependent on the post treatment following hot rolling during 

manufacturing [37]. Armor steels are quenched and tempered to give them their martensitic 

microstructure [33], [38]. Quenching of the steel creates a smaller grain structure due to the 

rapid cooling rate [33], [38]. The tempering phase can vary the hardness and ductility of the 

final product in order to obtain optimal results [33], [38]. A lower tempering time and 
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temperature will lead to a harder steel with higher strength at the expense of a lower ductility 

and toughness [38]. A higher tempering time and temperature allow for further relaxation of 

the residual stresses created during manufacturing and reduces the hardness of the product 

while improving its ductility and toughness [38]. The general microstructure of RHA is shown 

in Figure 1-12 [37]. The figure highlights carbide precipitations that form during quenching of 

the steel that gives it its improved hardness [37]. The microstructure is a balance of hardness, 

needed to erode impending rounds, and ductility so the plate does not fail immediately 

following impact [38]. 
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Table 1-5: Chemical composition for manufacturing of RHA as required by MIL-A-12560K 

[35]. 
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Figure 1-12: Microstructure of RHA highlighting the carbide precipitations and revealing the 

slightly martensitic grain structure [37]. 

 

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 the high mobility, multipurpose, 

wheeled vehicle (HMMWV) in Figure 1-13. However, the primary drawback to RHA is its 

relatively high density (7.9 g/cm3). As such, RHA is the mass efficiency standard for 

developing new hard armors and materials as per the MIL-A-12560K 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 becoming increasingly destructive [39]. In addition, the 

military has been seeking alternatives to RHA with a reduced density in order to improve fuel 

efficiency and maneuverability. This push has led to the development and study of improved 

steel armors by increasing RHAôs hardness [33]. 

 

 

Figure 1-13: Armored survivability kit (ASK) developed by the Army Research Lab (ARL), 

primarily made up of RHA, outfitted onto a HMMWV [22]. 

 

High Hardness and Ultra High Hardness Steel Armors 

Monolithic metal armor alternatives to RHA have been studied for over half a decade 

[40], [41]. There have been a variety of modifications done to the processing of RHA that have 

yielded harder steel armors. High hardness armors (HHA) and ultra-high hardness (UHH) 

armor steel plates can provide improved protection against ballistic threats using hardened steel 

and tungsten carbide armor piercing (AP) cores. The standard for high hardness and ultra-high 

hardness steel plate armors are governed by MIL-DTL-46100E and MILDTL-32332 
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respectively [42], [43]. The hardened steel plates are manufactured through a similar 

quenching process with altered tempering to achieve a fine martensitic microstructure with 

improved hardness [44], [45]. The chemical compositions of HHA and UHH have a slightly 

higher carbon content requirement than both RHA with a weight percentage of 0.32 and 0.55 

[42], [43]. The increase in carbon content and faster cooling rate creates a martensitic 

microstructure presented in Figure 1-14 [45]. The additional carbide precipitations and lower 

tempering temperatures lead to a much harder product. 

 

 

Figure 1-14: Microstructure of UHH showing the martensitic grain structure [45]. 

 

The standards require HHAôs to have a Brinell hardness between HB 477-534 while 

UHH armors are required to be above HBW 570 (measured using a tungsten indenter) [42], 
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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 

compared to RHAôs and HHAôs. The harder armors can allow for weight reduction by reducing 

the thickness required to stop incoming ballistic threats [24], [45]. Bisalloyôs UHH plates tested 

against 7.62 mm (0.30 caliber) and 12.7 mm (0.50 caliber) AP rounds 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 non-AP projectiles, the RHA is more mass efficient 

due to the reduced piercing nature of the threat and lower hardness required to break down the 

incoming core. UHH steel armor plates require further processing and therefore are not as cost 

efficient as RHA but with further study can possibly be used for structural components and 

offer improved protection for personal armors and vehicles with a lower overall weight and 

thickness [46]. 

Aluminum 

Recent research has focused on monolithic plate alternatives to homogeneous steel 

armors with a lower density. Aluminum alloys have a density that is approximately 1/3 that of 

steel armors (2.7-2.8 g/cm3) and can potentially be used to reduce the overall weight of 

personnel and vehicle armors [47]. Aluminum offers other advantages over RHA as it is widely 

manufactured for industrial use and can be processed in large quantities, has high specific 

strength, and is known for its good corrosion resistance. The use of aluminum as a lightweight 

armor structure was applied over a century ago in 1895 when Yarrow & Co built an aluminum 

torpedo boat [48]. The boat used an aluminum frame that was 25% thicker than its steel 

counterpart but weighed half as much [48]. The weight savings improved the speed of the 

torpedo boat without sacrificing structural integrity [48]. Aluminum has since been found to 
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perform well against large blasts loads, impacts by multiple threats, and fragments created 

from conventional and improvised explosive devices [47]. Recent advancements in alloying 

and production of aluminum alloys has made it a viable candidate for replacing RHA. Wrought 

aluminum alloys are separated into seven primary alloying classes depending on the principle 

alloying elements. The wrought aluminum alloy designations use a four digit number and are 

shown in Figure 1-15 along with the primary alloying element and their primary attributes [49]. 

 

 

Figure 1-15: Wrought aluminum alloy designations and their primary alloying element. 5xxx, 

6xxx, and 7xxx series alloys have been the focus of recent research of aluminum armors [49]. 

 

The current wrought aluminum alloy in use for US combat vehicles and aircrafts is an 

aluminum-magnesium alloy 5083 while alloy 5456 is used for naval applications [34], [47]. 

Both alloys are known for their weldability and strength following welding as well as improved 

corrosion resistance over most steels. The US military standards for aluminum armors were 

developed in the 1960ôs and have been used to compare various aluminum alloys for their 

weight savings and performance against various projectiles [47]. The armor grade 5083 and 
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5456 alloys get their strength over commercial grades by additional strain hardening through 

rolling and plate tempering [47]. The 5xxx series alloys though are limited in their performance 

in its wrought form, limiting its overall production and availability [47]. The 7xxx series 

aluminum alloys are potential improvements to the 5xxx series for their higher strength and 

hardness [47]. 

 The 7xxx series aluminum alloys have a higher modulus, yield stress and ultimate 

tensile strength than the 5083 and 5456 armor alloys [47]. Various 7xxx series aluminum alloys 

are currently being tested to replace 7039 aluminum-zinc alloy, the only 7xxx series given a 

military specification [50], [51]. Børvik et al. have tested multiple aluminum alloys against 

ballistic impact with 7.62 mm AP core projectiles [52], [53]. The higher strength alloys offer 

improved ballistic protection but suffer from large backplate fragmentation and spalling. The 

additional spalling can be seen in Figure 1-16 where the 7039 plate shows large cracking at the 

back of the armor while the 5083 shows localized plugging with minimal back face spalling 

[47]. The 7xxx series alloys are also more susceptible to stress corrosion cracking than the 

5083 or 5456 armors [47]. Heat treatment and validation of AA6070, AA7055 and other alloy 

variations followed in attempts to find an alternative solution to the high strength 7039 and 

7075 alloys with reduce fragmentation risks from back face spalling [53], [54]. The heat 

treatment of wrought aluminum alloys is used to enhance the mechanical strength of the sample 

without drastically changing the crystal structure [55]. More recently, there has been interest 

in exploring spray 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 processing [56]. 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 AP rounds and cannot 

compete with current hardened steel armors at operating muzzle velocities [54]. 
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Figure 1-16: Back face spalling comparing the aluminum alloy 7039 and 5083 armor plates 

impacted by the same round [47]. 

 

Magnesium 

Magnesium alloys are similar to aluminum alloys as a possible weight saving material 

for ballistic armors. Magnesium is known for its high strength to density ratio and relatively 
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stable response to shock loading [57]. Magnesium alloy AZ31B has been tested against 

ballistic threats and compared to 5083-H131 aluminum armor and RHA. AZ31B has similar 

or greater specific strength values than the 5083-H131 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 alloys 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 similar 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 a new armor class 

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 RHA. Early testing of a dual 

hardness titanium armor alloy showed good protection against the 7.62 mm M2 AP threat [58]. 

The dual arrangement used two titanium alloys bonded together, one harder than the other, and 

was more effective than homogeneous titanium alloy armor. Titanium has a higher density 

than aluminum but is known for its high strength. One of the most popular grades of titanium 

is grade 5, also known as Ti6Al4V, which makes up 60% of all titanium alloys in production 

and is commonly used for titanium armor applications [59]. Titanium as a homogeneous armor 

offers a 15-35% weight savings over aluminum and RHA when tested against similar threats 

[60]. The Bradley Infantry Fighting Vehicle and Abrams Main Battle Tank have both 

accommodated titanium alloys into sections of its hatch and external armor [61]. Titanium, 
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although an efficient and effective armor material, is expensive 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 available. More recently, work on titanium has been 

expanded due to advancements in metal production and the ability to pair titanium with lighter 

materials and harder surface coatings [62]. Titanium does have good compatibility with 

composites and is able to be used in layered armors, where a thin sheet is implemented, for 

cost effectiveness, to stop ballistic impacts. 
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Figure 1-17: The M2 Bradley and M1A2 military vehicles that use titanium for protective 

armors in regions such as the commanderôs hatch and top armors [61]. 

 

Layered Composite Armors 

Layered hard armors are an arrangement of a ceramic face plate with a composite or 

metal backing [63]ï[65]. Layered armors have become more advantageous over standard 

monolithic metal or ceramic armors. The layered armors pair two or more materials 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 layered armor and the impact stages of a bullet are shown in Figure 

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 without allowing 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 threats. Layered composite 

armors can defend against armor piercing threats and consist of a ceramic faceplate backed by 

a composite or metal panel. The composite backings are generally made with aramid fibers 

such as KevlarTM [66], E- and S-glass composites [67], [68], and ultrahigh-molecular weight 

polyethylene fiber composites such as DyneemaTM [69]. The ceramic layer blunts the core of 

the projectile and spreads the load of the impact to a larger area, allowing the backplate to 

absorb the residual energy of the bullet. Ceramic faceplates are desirable for their low density 

and high hardness. In recent studies, ceramics such as aluminum oxide (Al2O3) [70], [71], 

silicon carbide (SiC) [69], [71], and boron carbide (B4C) [72] have been effectively used as 

faceplates.  
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Figure 1-18: Impact stages of a ballistic threat into a layered armor showing how the ceramic 

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 cylinders [69]. Both geometries have been studied under a wide variety of 

ballistic threats and configurations. Layered armors have also been studied using metallic 

backing plates in combination with the composite panels [70]. 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 a single material for 

both properties. Layered 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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 LITERATURE REVIEW OF  COMPOSITE ME TAL FOAM  

2.1.     Metal Foams 

In this section a literature review of metal foams and composite metal foam (CMF) is 

presented in order to fully understand their properties and various applications as well as their 

potential use in extreme environments [73]. The literature review of CMF included in this 

chapter can be found published elsewhere [73]. Metal foams are a relatively new class of 

materials that possess specific thermal, mechanical, acoustic, and electrical properties desirable 

in many engineering applications [74]ï[78]. Metal foams are known for their high strength to 

density ratio, high specific stiffness, and greatly improved energy absorption capabilities 

compared to bulk materials [77]. Metal foams are defined by the inherent pores integrated into 

their metallic structure. They can be split into two primary categories: open and closed cell 

metal foams. Open cell metal foams are made up of an interconnected network of pores that 

are easily penetrable by air and other media. Closed cell metal foams are made up of pores that 

are sealed off from one another. Open and closed cell metal foams are manufactured using a 

variety of methods. 

Manufacturing of Metal Foams 

Open Cell Foams 

Open cell foams can use placeholders to create porosities in a bulk metal. These 

placeholders are created by particles that can be washed out from the metal product, such as 

salt, or polymer preforms designed for use in investment casting. The investment casting 

method can be engineered to have a range of cell size and shape. Investment 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 preformôs shape. The polymer preform is then removed through a burnout 

phase that leaves behind the desired channels and negative space in the casing slurry that will 

make up the open-cell foam. The molten metal is added to the mold and additional pressure is 

used to ensure complete filling of the ligaments and overcome the metalôs resistance to flow. 

After cooling, the casting slurry is removed and leaves behind a metal structure with the same 

shape as the starting polymer. An example of this process is ERGôs DUOCEL open cell foam 

structure as presented in Figure 2-1 [77]. Open cell foams are therefore 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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Figure 2-1: Processing method used to manufacture ERGôs DUOCEL foam by investment 

casting [77]. 

 

Closed Cell Foams 

Closed-cell foams have multiple methods of manufacturing that have become popular 

for creating sealed off porosities within a bulk metal. The porosities within closed-cell metal 

foams can be made by bubbling gas through a molten metal (aluminum is popularly used) and 

cooling the product in such a way to capture the bubbles [77]. In order to do this, gas is injected 

into a molten metal such as aluminum in a heated crucible. The bubbles float to the top of the 

melt surface and can be drained from the crucible creating the 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 aluminum metal foam. There are many other methods that can be used to make 

closed cell metal foam such as gas particle foaming and entrapped gas expansion [77]. These 

methods generally create products with 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 

porosities throughout the metal structure, metal foams such as hollow sphere foam have been 

manufactured with a consistent porosity size and shape [77]. Hollow sphere foams (HSFs) are 

made up of metal hollow spheres manufactured using a lost core technique. This method coats 

polystyrene spheres 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 

process which can improve the metal foamôs mechanical properties. Sectioned cuts of Alporas 

and hollow sphere foam are shown in Figure 2-2 [73]. 
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Figure 2-2: Digital images of the cut section of (a) closed-cell Alporas aluminum foam, (b) 

steel hollow sphere foam [73]. 

 

Properties of Metal Foams 

Metal foams are able to deform at a relatively constant stress over a broad range of 

strain under compression as seen by the example stress-strain schematic in Figure 2-3(a). The 

metal foam experiences an elastic region following its Youngôs modulus (E) up to yield. 

Following yield, the cells within the metal foam deform at a constant stress, referred to as the 

plateau stress (ůpl) until the pores collapse and the densification strain is reached (ŮD). Although 

useful throughout many engineering applications, metal foams lack consistent and promising 

performance due to their variation in cell size, similar to the Alporas sample in Figure 2-2(a) 

[79]ï[81]. The non-uniform distribution of cells causes collapse bands to initialize in larger 

cells under loading [79]. The location and loads at which these collapse bands will form 
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becomes unpredictable in metal foams with variable cell structure [79], [80], [82]. In order to 

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

 

 

Figure 2-3: Schematic of the typical stress-strain curve of metal foams [77]. 

 

Uniform-cell metal foams, such as hollow sphere foam (HSF) shown in Figure 2-2(b), 

have been designed to increase the uniformity and 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 spheres [83]. The 

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 gained [82]. Yet, the organized 

structure can be used to produce stronger products by filling the void between spheres. 
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Further research and discovery has led to the creation of composite metal foam (CMF) 

a closed cell metal foam with higher strength and uniformity than previously manufactured 

foams [84], [85]. The term composite metal foam refers to a class of metal foam made with 

hollow metal spheres surrounded by a metallic matrix [73]. Composite metal foam is not to be 

confused with or classified as syntactic foam; a foam made of non-metallic materials for their 

matrix or hollow spheres. Prior to the invention of composite metal foam with metallic spheres 

embedded in metallic matrix [84], [85], there have been some studies on the so called 

ñsyntactic foamsò based on either polymeric matrix with ceramic hollow spheres, such as 

cenospheres and microballoons [86]ï[88] or metallic matrix with ceramic microspheres [89]ï

[92]. While CMF has been the first of its kind made with both metallic matrix and metallic 

hollow spheres [84], [85], [93], some recent studies use different names, such as metal matrix 

syntactic foam [91], [92], to describe similar materials made with metallic hollow spheres 

embedded in metallic matrix. Composite 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 

Preparation of CMF 

Processing 

Composite metal foam (CMF) is a class of metal foam with improved strength and 

energy absorption than other metal foams. CMF is created by surrounding a set of preform 

hollow metal spheres with a metallic matrix through casting [93]ï[95] or powder metallurgy 

(PM) technique [96]. 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 casting within 
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a mold, filling the interstitial space between spheres with a low melting point metal such as 

aluminum A356 creating an aluminum-steel (Al-S) 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 casting. The mold used for casting of Al-S 

CMF is made from steel. The 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 spheres. Aluminum Alloy A356 matrix material is generally used in combination with 

steel hollow spheres in casting Aluminum-Steel CMF (Al-S CMF) due to its good flow and 

castability creating a bulk product once cooled. Additional details on the processing steps and 

casting procedures are given in previous works and patents [84], [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 reduces defects at the interface and intermetallic 

formations. This technique has been used to create steel-steel (SS-CMF). 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 mold, similar to the casting process. The space between the spheres is 

then filled by a metal powder and vibrated to allow for complete filling of the moldôs thickness. 

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 product. Further details of how PM 

technique is used to process CMF are given in previously published works [96]. 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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Figure 2-4: Digital images of the cut section of (a) sintered composite metal foam with 4mm 

steel spheres in steel matrix and (b) cast composite metal foam with 4mm steel spheres in an 

aluminum matrix [73]. 

 

The matrix in CMFs stabilizes the sphereôs thin walls, blunts the crack growth in the 

material, and reduces buckling under loading, which will greatly increase the materialôs 

strength and energy absorption [94], [97]ï[99]. CMF properties have been shown to vary with 

sphere size and wall thickness and can be tailored to specific applications [100]. 

Materials for 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 powder 

  

(a) (b) 

1 cm 1 cm 
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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 processing is supplied by North 

American Höganas High Alloys LLC and is sieved to a -325 mesh. The aluminum A356 

casting alloy used in manufacturing Al-Steel CMF is supplied by TriAlCo Inc. Table 2-1 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 sphere diameter 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 58% air [96], [101], [102]. 

 

Table 2-1: Chemical compositions of spheres and matrix materials used in manufacturing 

close-cell CMFs (wt%) [73], [94], [103]. 
 

Steel Spheres 316L Stainless steel 

matrix 

Aluminum A356.2 

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 16.00-18.00 0.02 

Ni 12.14 ± 0.55 10.00-14.00 - 

Mo 2.25 ± 0.11 2.00-3.00 - 

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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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 sphere wall porosities and voids 

for both Al-S and SS-CMF. In addition to sphere size, variationsô in the matrix were also tested 

to optimize CMF performance. The explanation and effect of these variables on CMF can be 

found in previous works [93]ï[101]. CMF has a very high plateau strength under compression 

when compared to other metal foams [99], as can be seen in the stress-strain curve in Figure 

2-5 [95], [96], [104]ï[106]. The stress-strain curve is plotted alongside bulk steel, aluminum, 

and other metal foams. The bulk metals have a much lower failure strain under compression 

when compared to the metal foam samples. The typical stress-strain curve of AL-S and SS-

CMF samples can be seen plotted separately in Figure 2-6. The stress-strain curve of CMF 

under quasi-static loading shows behavior typical of an elastic-plastic foam under 

compression. Elastic-plastic foams undergo an initial linear elastic behavior followed by a 

plateau stress where the material experiences uniform deformation, until complete 

densification, at a relatively constant stress. Complete densification of CMFs occurs at 

approximately 60% strain for both Al-S and SS samples. The densification limit of CMF is 

related to its relative density and amount of air within 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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Figure 2-5: Quasi-static stress-strain curve for SS- CMF and Al-S CMF compared to other 

metal foams and bulk steel and aluminum [95], [96], [104]ï[106]. 
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Figure 2-6: Typical engineering stress-strain curves for (a) SS-CMF and (b) Al-S CMF under 

quasi-static compression for different sphere sizes [107]. 

 

The mechanical properties of various metal foams are presented in Table 2-2. Al -S and 

SS-CMF both have an approximate relative density of 30-40%, as seen in Table 2-2. CMFôs 

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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collapse 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 other metal foams and even 

bulk metals as the area under the stress-strain 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 addition, SS-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 improve the strength of the CMF and its resulted energy absorption. It 

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 maintained 

constant in all spheres, which leads to the same volume fraction of sphere material in all CMFs. 

 

Table 2-2: Comparison of metal foams and their mechanical properties under quasi-static 

loading. 

 

CYMAT 

Al Foam 

[105] 

Al 

Microsphere 

Foam [108] 

Al-S 

CMF 

[95] 

Closed 

Cell Al 

Foam 

[109] 

Steel 

HSF 

[82] 

SS-

CMF 

[96] 

Porosity 

Size/Sphere 

Outer 

Diameter 

(mm) 

3 2-4 
2,4,6

é 
1-3 2-3 

2,4,6

é 

Density 

(g/cm3) 
0.4 0.8 

1.8-

2.4 
0.54 1.4 

2.5-

3.5  

Relative 

Density (%) 
15 30 39 20.2 17.8 37.5 
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Table 2-2: (continued) 

 

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 through 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 density and 

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 loading as strain accumulates within 

the weaker walls of large cells until rapid failure occurs [110]. This rapid failure leads to large 

jumps in the strain versus the number of cycles [79]. The strain jump coincides 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 

Plateau Stress 

(MPa) 
5 10 

80-

120 
7 23 

100-

150 

Densification 

Strain (%) 
68 55 57 65 60 54 

Strength/ 

Density Ratio 

(MPa/g*cm-

3)) 

12.5 12.5 44 13 16 41 

Energy 

Absorbed at 

50% strain 

(MJ/m3) 

2.6 4 40-50 3.75 13 55-70 
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or jumps as it deforms homogeneously throughout the structure without the formation of 

collapse bands [101]. The uniform cell 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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Figure 2-7: Fatigue graphs of (a) ALPORAS aluminum metal foam showing the multiple 

stages of its collapse [79] and (b) Al-S 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. 

  

  

  

    

  

(a) 

 

  

 

 
First 

Collapse 

Band 

Second 

Collapse 

Band 

ůmax = 0.85 MPa, R = 0.1, 10 Hz 

Uniform 

Deformation 

ůmax = 44 MPa, R = 0.1, 

10 Hz 

(b) 



   

61 

 

The multiple stage failure of conventional aluminum foam is seen in Figure 2-7(a) [79], while 

the uniform deformation of CMF under higher maximum stress (almost fifty times larger) at a 

higher number of cycles is shown in Figure 2-7(b) [73]. Figure 2-8 compares the maximum 

cyclic stress versus maximum strain relation of CMFs and Alporas aluminum foam at one 

million cycles [73], [111]. In addition to the uniform deformation through fatigue, CMF also 

has lower strains at higher maximum cyclic stress through the same number of cycles. It was 

found that the Al-S CMF has slower crack growth as it has a more ductile matrix than the SS-

CMF samples. This extends the fatigue life of the samples at stresses up to 75% of the materials 

plateau stress [112]. When compared to conventional aluminum metal foams such as Alporas, 

the lifetime of CMFs is longer and does not have multiple bands collapsing consecutively. It 

was found that in order to induce fatigue strain on Al-S CMF, the maximum induced stress had 

to be above 65% the plateau stress [112]. The deformation induced by cyclic loading of Al-S 

and SS-CMF samples can be seen in Figure 2-9. Local deformation occurs all over the samples, 

and although small, no complete collapse bands are formed through the material. The loading 

stress for comparable metal foams is much lower than the induced stress for CMF samples, yet 

CMF has a much longer lifetime. 
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Figure 2-8: Maximum strain and stress for cyclic loading of Al-S CMF, SS-CMF and 

aluminum metal foam at one million cycles (N=106) [73], [111]. 
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Figure 2-9: Sequential digital imaging of CMF sample under fatigue deformation made of (a) 

Al -S deformed at 65% of its plateau strength and (b) SS-CMF deformed at 50% of its plateau 

strength [112]. 

 

Microstructural Characterization of CMFs 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) have been used to characterize and analyze the presence and distribution of all phases 

in the micro-structure of composite metal foam. SEM imaging of Al-S CMF samples reveal an 

intermetallic phase present within the matrix surrounding the spheres, as can be seen in Figure 

2-10. Iron diffuses into the aluminum matrix and creates brittle ɓ-AlFeSi plates surrounding 
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the steel spheres. Needle-like Ŭ-AlFeSi is 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 spheres from the matrix of the Al-S CMF under loading [94], [101]. In 

addition to the mixed phases, there exist cavities between spheres where the aluminum matrix 

does not fully penetrate in between spheres and the aluminum melt solidifies along the sphere 

wall prior to complete flow through the cavity. 

 

 

Figure 2-10: SEM imaging of Al-S CMF (a) with four spheres surrounded by matrix and 

other various phases and (b) a zoom in of the sphere wall-matrix interface and intermetallic 

precipitations as well as the (c) voids left between spheres [98]. 
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SS-CMF, as previously discussed, is manufactured using powder metallurgy technique. 

The stainless steel metal powder used in sintering creates a continuous matrix with small 

micro-porosities spread throughout. These types of micro-porosities are common with sintered 

metal products and leave small voids between sintered particles [96]. The steel matrix is 

stronger than the aluminum, making a stronger resultant composite metal foam. SEM images 

of the micro-porosities within the sintered matrix of CMF can be seen in Figure 2-11 in addition 

to the porosities within the sphere wall itself. 

 

 

Figure 2-11: (a) SEM imaging of SS-CMF with three spheres on the bottom and sides and the 

(b) zoomed in area near one sphere showing the (i) sphere wall, and (ii) micro-porosities 

within matrix [73]. 

 

2.3.     Established Properties of Composite Metal Foam under Extreme Environments 

Radiation Shielding Properties of CMFs 

Aside from CMFôs specific mechanical traits, it also has other useful physical traits that 

can be implemented for specific engineering applications. Recent nuclear accidents and reactor 
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developments have pushed research towards developing novel advanced materials with 

improved radiation shielding and mechanical performance under accident and operating 

conditions [113]ï[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 mechanical properties. The lower density and high effective atomic number 

(Zeff) of CMFôs components make them a viable candidate for nuclear shielding applications. 

Materials with a higher atomic number increase the chance of interaction with multiple forms 

of radiation. CMFs made of steel-steel, aluminum-steel, and a T15 high-speed steel-steel have 

been tested under X-ray, gamma, and neutron irradiation [113]ï[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 prominent forms of radiation 

from low-level nuclear waste [116]. Neutron radiation occurs primarily within reactor cores 

and from long-lived isotopes in nuclear waste, while 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 CMF exceed 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 SS-CMF 

2. Al-S CMF 

3. T15-316 SS-CMF  

4. Aluminum A356 

5. Lead 
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The T-15-316 SS-CMF 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 SS-CMF (HZ SS-CMF). This mixture of alloys introduces vanadium and tungsten into 

the material, both with a relatively high Z (atomic number) increasing the probability of 

interaction and absorption with different forms of radiation while not affecting the materialôs 

density nor its physical properties [115]. 
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Gamma Ray Shielding of CMFs 

 

 

Figure 2-12: (a) Gamma-ray transmission as a function of photon energy for both Al -S and 

SS-CMF in addition to HZ SS-CMF and aluminum A356 sample all with an areal density of 

2 g/cm2. (b) X-ray transmission of samples tested with lead and aluminum as bulk control 

materials [73], [117].  

 

Gamma ray testing was completed using multiple sources that emitted photons at 

different energy levels. The sources used are listed in Table 2-3 along with their corresponding 

strength and photon energy levels. The variation in photon energies shows the effectiveness of 

  

  



   

69 

 

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 of photoelectric absorption dominating the interactions. This occurs due to the 

increase of electron-photon interactions and more photons are emitted with energies closer to 

the binding energy of the electrons. At these lower energies, a large difference can be seen 

between the mass attenuation coefficients of CMF samples and aluminum A356 despite their 

similar densities. As expected, the HZ SS-CMF has improved gamma ray shielding properties 

due to its increased Zeff. The data collected can be presented by graphing the transmission of 

the materials over a rage of energies of specific types of radiation. I0 is the original intensity of 

the beam arriving at the surface of the sample and I is the transmitted beam measured after 

passing through the thickness of the sample. As a result, the transmission, I/I0, is an indication 

of the shielding efficiency of the material. Figure 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 modeled using XCOM code. The model returned a theoretical 

mass attenuation coefficient with good agreement to experimentally obtained results for all 

CMF samples [115]. 

 

Table 2-3: Sources used in gamma radiation shielding test and their equivalent photon 

energies [113]. 

Source 60Co 137Cs 133Ba 241Am 

Photon Energies 
1.332 MeV 

1.173 MeV 
0.662 MeV 

0.356 MeV 

0.081 MeV 
0.060 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. The x-ray shielding efficiency of CMFs was measured using a high-resolution micro-

computed tomography (micro CT) system and compared to aluminum A356 and lead. The 

transmission of x-rays can be determined by measuring the gray value of the images from the 

exposed material indicating how much of the incident beam penetrates the given thickness. In 

previous works the grey value was analyzed, [115] here the transmission values are presented 

as a function of the x-rayôs incident energy shown in Figure 2-12(b). The results show 

improved x-ray shielding of CMF when compared to aluminum A356. The HZ SS-CMF shows 

further improved x-ray shielding compared to aluminum, Al-S, and SS-CMF primarily due to 

the presence of heavy elements such as tungsten, vanadium, and iron. The results for x-ray 

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 and the non-homogeneous 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 University [115]. 

The reactor beam intensity measured at the guide aperture was 0.64x105 n/cm2/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 them into an 

operating reactor. The background intensity and transmitted intensity were measured for each 

individual sample to obtain consistent measurements. Figure 2-13 shows the HZ SS-CMF 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 geometric form of CMF and its inclusion of air and higher Z 

elements within the matrix. The trend of improved shielding shown in Figure 2-13 opens up 

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

 

 

Figure 2-13: Transmission of neutrons on tested samples at a constant areal density of 2 

g/cm2 with error bars indicating the variations between samples of different sphere sizes [73], 

[117]. 

 

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 porosities [118]. The thermal characterization 

of CMFs including their specific heat, effective thermal conductivity (ETC), and coefficient of 
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thermal expansion (CTE) have been studied [102]. The results of this study can be found in 

Table 2-4. The effective thermal conductivity measurements of steel-steel composite metal 

foam showed a reduction in heat transfer compared 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 through 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 used in the field. 

The measured specific heat of both Al-S and SS-CMF 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 sphere material, not taking 

into account the effect of the sphere spacing and CMF specific geometry which aids in its 

thermal properties [102]. 

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 Al-S and SS-CMF than their bulk counterparts due to the 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 constant [102]. In addition, the SS-CMF samples have little 

variation in their thermal conductivity across a broad temperature range, making it a practical 

material for application and reliable under accident conditions. 

Coefficient of thermal expansion (CTE) was measured on SS-CMF samples over a 

temperature range of 0-400ºC. The thermal induced strain in CMF was found to be linear over 



   

73 

 

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 is less likely to 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 expansion, which 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 findings [102]. 

In order to obtain a better understanding of the materialôs overall performance to 

extreme heating conditions, a flame test was conducted and modeled using FEA. The flame 

test was performed using propane fuel with an average flame temperature of approximately 

800ºC at the sample surface. This test provides insight to the stability of composite metal foams 

when exposed to extreme temperatures. An open flame is placed at the bottom surface of 2.5 

cm thick SS-CMF sample, and an IR camera is used to capture the temperature gradient 

through the thickness for 30 minutes of exposing CMF to 800ºC. A 304L stainless steel block 

cut to the same thickness as the CMF was also tested to compare the time it takes for each 

material to reach thermal equilibrium. Further detail of the experimental procedures can be 

found in the published work [102]. The air trapped within the spheres abates the spread of heat 

through CMF, as airôs thermal conductivity is much lower than metals. When compared to 

316L stainless steel at 500ºC, air has a thermal conductivity of 0.051 W/mºC while 316L steel 

is 15.2 W/mºC [102] as seen in Table 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. 



   

74 

 

Table 2-4: Experimental results of thermal testing of CMF and comparable bulk materials 

[102]. 

Material Specific Heat 

(J/g-ºC) 

Thermal Conductivity 

(W/m-ºC) @500ºC 

Coefficient of Thermal 

Expansion 

(ºC-1) 

4 mm Al-S CMF 0.790 30.3 - 

4 mm SS-CMF 0.551 5.0 3.00E-6 

Aluminum A356 0.963 210 21.4E-6 

316L SS 0.50 15.2 10.0 E-6 

Air  1 0.051 3.4E-3 

 

 

Figure 2-14: Temperature evolution at the opposite surface of SS-CMF and 304L SS samples 

during experimental flame test [73], [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 was completed 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 heat source 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. 

High Strain Rate Impact and 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 strain under quasi-static compression [94], [101]. 

This behavior offers higher strength under quasi-static and cyclic loading when compared to 

other metal foams due to the regularity of CMFôs structure, uniform deformation under 

compression, and the presence of a matrix between the porosities. Further studies of composite 

metal foam showed an increase in performance under higher loading rates [119]. The increase 

in strain rate showed a rise in the yield and plateau strength of the material. In addition, initial 

studies found the energy absorption of SS-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 the stress-strain relationship. The results 

showed that the initial strengthening occurred at lower strains and the increase was independent 

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 shown in Table 2-5. 

 

Table 2-5: CMF samples subjected to dynamic loading for varying sphere sizes and strain 

rates [107]. 

 Strain Rate Yield Strength (MPa) Energy Absorption Normalized with  

Respect to Quasi-Static 

2mm SS-

CMF 

Quasi-Static 100 1 

1523 1/s 160 1.09 

2629 1/s 175 1.26 

3728 1/s 230 1.33 

2mm Al-S 

CMF 

Quasi-Static 75 1 

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 both Al-S and SS-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 samples [107]. The first crack type 

(type I), shown in quasi-static loading, are related to the channels created within the matrix. 

Type II cracks form about the sphere walls, showing a bursting behavior of the spheres. Under 

quasi-static compression, the air trapped inside the spheres is compressed and pressurized, 

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 them to burst about 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 quasi-static loading [107]. The strengthening that CMF undergoes 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. Figure 2-15 shows the products of both Al-S and SS-CMF after being tested under 

quasi-static and dynamic loading up to 112 meters per second. Both samples show the benefits 

of CMFôs uniform deformation, even at elevated loading rates. There are many parameters 

affecting the strain rate sensitivity of CMFs, including the strain rate sensitivity of the parent 

material, micro-inertia effects, shockwave propagation, and air trapped inside porosities. The 

effect of each parameter is investigated numerically in order to find the most important factor 

affecting the high strain rate sensitivity of CMFs. 

 

 

 Figure 2-15: Compression testing of CMF under (a) Quai-static loading and (b) Dynamic 

Loading at a speed of 112 meters per second of Al-S and SS-CMF shown on the left and 

right respectively [73], [120]. 

 

SS-CMF Before SS-CMF After Al-S CMF Before Al-S CMF After 
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Ballistic Performance of CMFs 

In addition to its potential for improving collisional forces in transportation, CMF has 

been studied for its potential application in lightweight ballistic armors. CMF can be used to 

absorb the kinetic energy of impacting rounds in a layered hard armor system. Although 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 

woven fibers and bulk metals as energy absorption undergo large deformations when struck. 

These armor systems may stop the bullet, but the risk of injuring the wearer through behind-

armor blunt trauma (BABT) is the main drawback [121]. 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 been studied for use in the structure of layered armors to reduce the depth of 

penetration by absorbing the energy through uniform compressive deformation of hollow 

spheres, and further limit BABT injuries. 

 

 

Figure 2-16: Layered model of the ballistic armors produced for testing showing the central 

CMF layer between a top ceramic plate and KevlarTM or aluminum backing (thicknesses are 

not shown to scale) [73]. 
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Figure 2-17: Digital image of the ballistic threats Type III and Type IV on the left and right 

respectively [73], [122]. 

 

Ballistic testing of CMF was first published on in 2015 [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 KevlarTM backing. A model representing the layering of these 

materials is given 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 III (7.62 x 51mm M80 Ball) and Type IV (7.62 x 63mm M2 AP) [124]. An 

image of the ballistic threats can be seen in Figure 2-17. These tests indicated that composite 
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metal foam armors were able to defeat both Type III and Type IV threats with very minimal 

back plate indentation. 

Samples were able to undergo multiple shots and maintain performance properties. 

Tested panels of both threats are shown in Figure 2-18, note that neither threat completely 

penetrates the armor and CMFôs ability to consistently stop multiple shots. The multi-shot 

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 soft armors 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 capabilities. 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 applications of composite metal foam in fields not previously explored with 

metal foams. 
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Figure 2-18: Digital images of tested CMF armor systems that have defeated multi-shot Type 

III (a) front and (b) back with a KevlarTM back plate, (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 core [122]. 

 

Finite element analysis was also built using ABAQUS/Explicit for modeling the 

behavior of CMFs under ballistic loading. The model used the same above-mentioned 

principles as the high strain model including Johnson-Cook constitutive model with an increase 

in yield behavior for the high-speed 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 system. As with 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 experimentation [122]. 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 since its initial creation 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 testing has 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. Other high-impact applications 

include ballistic armors and blast shields, where 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 and thermal 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 previous testing. It presents itself as a versatile material that can be used for the 

advancement of nuclear, space, transportation, and military fields. CMFôs extraordinary energy 

absorption capabilities are further studied for use in tank car designs and revolutionary armors 

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 as impact 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 characterized under quasi-static loading. This work presents the first time 

layered steel-steel composite metal foam core sandwich panels (SS-CMF-CSP) were 

manufactured and tested under quasi-static loading conditions. The sandwich panels were 

manufactured by diffusion bonding 316 stainless steel sheets to either side of an SS-CMF core. 

The sandwich panels were then tested and compared to bare SS-CMF samples 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 CMFôs ability to absorb ballistic impacts and potential to replace conventional 

bulk metal armors. The novel CMF armors can be used to protect against large ballistic threats 

and improve fuel efficiency and maneuverability of military personnel and vehicles. The goal 

of this project is to design, manufacture, and test CMF sandwich panels for use in future tank 

car designs as well as ballistic armor configurations. Both the sandwich panels and armors are 

made using steel-steel composite metal foam (SS-CMF) that can perform more efficiently than 

the MIL-A- 12560H RHA standard and other comparable hard armor systems. The first step 

in this work is to manufacture and test steel-steel composite metal foam (SS-CMF) sandwich 
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panels under quasi-static compression and tensile loading. SS-CMF armors were also 

manufactured and tested against various blast and ballistic threats and compared to bulk metal 

alternatives. 

The work by Garcia-Avila et al. laid the groundwork for understanding how CMF 

performs against 7.62 mm ball and AP threats [122]. This project builds upon the initial work 

by testing SS-CMF hard armor systems against blast waves, metal fragment impacts, and large 

caliber rounds in an effort to optimize the armorôs performance against a variety of threats. 

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 tested bare sheets. SS-CMF panels were 

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 results of the SS-CMF panel were 

compared to a bare aluminum plate with the same overall weight. 

CMF ballistic armors were designed and manufactured by layering the SS-CMF panels 

between a ceramic faceplate and a thin aluminum back plate. The SS-CMF armors were then 

tested against armor piercing threats larger than those previously studied. Upon ballistic 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 absorbs a majority of the bulletôs kinetic energy through 

compression. This differs from bulk metal armors as the kinetic energy is primarily absorbed 

through compression and cradles the bullet within the armor rather than yielding through 

tension, causing increased back plate deformation and risk of injury or damage to equipment 

and personnel. The unique yielding and strength of CMF in compression is much different than 

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

3.1.     Manufacturing of Steel-Steel Composite Metal Foam 

This work is focused on testing steel-steel composite metal foam under various extreme 

environments. The CMF samples used in these studies is manufactured using the powder 

metallurgy technique briefly described in Section 2.2.1. This chapter will discuss the 

manufacturing process of steel-steel composite metal foam (SS-CMF) in further detail as well 

as the manufacturing of steel-steel composite metal foam core sandwich panels (SS-CMF-

CSP). 

Manufacturing of steel-steel CMF using powder metallurgy has been established and 

optimized through a number of publications [84], [96], [119]. The steel spheres create a 

random-loose packed arrangement with an approximate packing density of 59% [93]. The 

molds were vibrated to promote movement of the powder to fill the open volume between the 

spheres. Steel spheres used for processing the SS-CMF 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 µm. The spheres were surrounded with 316L stainless steel powder from 

North American Höganas with an average particle size of 44 µm. The elemental composition 

of the SS-CMF matrix, spheres, and face sheets for SS-CMF-CSP are presented in Table 3-1.  

 

Table 3-1: Chemical composition (wt%) of the material components that make up the SS-

CMF and SS-CMF-CSP. 

 Chemical composition (wt%) 

Material  Fe C Mn  Si Cr  Ni Mo 
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Table 3-1: (continued) 

2 mm 

 Steel 

Spheres 

Balance 0.68 0.13 0.82 16.11 11.53 2.34 

316L 

Steel Matrix  

Powder 

Balance 0.03 2.00 1.00 16.00-18.00 10.00-14.00 2.00-3.00 

316 Stainless 

Steel Face 

Sheet 

Balance 0.08 2.00 0.75 16.00-18.00 10.00-14.00 2.00-3.00 

 

Multiple molds are packed with the hollow steel spheres and stainless steel matrix 

powder and then heated within a vacuum hot press that uses a ram to apply pressure to the 

molds during heating. The molds are heated to 1200°C and sintered for 1 hour at this 

temperature before being allowed to passively cool. A vacuum pressure of at most 1.3x10-3 

Pa was 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 was allowed 

to passively cool overnight until it reached a temperature below 100ºC before the vacuum was 

released and the molds were removed. 

The surfaces of the SS-CMF core panel and the stainless steel face sheets were ground 

flat using a 35 × 150 cm Gallmeyer & Livingston Co. ñGrand Rapidsò grinding machine to 

create smooth surfaces for testing and further processing into SS-CMF core sandwich panels. 

A picture of the as-processed SS-CMF and the ground surface can be seen in Figure 3-1. 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 structures. The panels 

are then placed within an Elma Elmasonic P ultrasonic cleaner filled with water to remove 
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particles and debris deposited in the SS-CMFôs porosities during grinding. The panels are then 

cleaned with acetone and ready for testing. 

 

 

Figure 3-1: Digital images of the (a) as-process SS-CMF and (b) a ground SS-CMF panel 

with a smooth and flat exterior surface. 

 

3.2.     Manufacturing of Steel-Steel Composite Metal Foam Core Sandwich Panels 

The SS-CMF panels are able to be assembled into composite metal foam core sandwich 

panels once they are ground and cleaned. Sandwich panel materials are important in building 

lightweight and high rigidity structures, such as those which can be used for train car protection 

and other engineering applications where protection and weight savings are key. Sandwich 

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 

optimal material for the core as they provide a porous structure with relatively high strength 

and low weight [73], [77], [125], [126]. Metal foam core sandwich panels have been made 

(a) (b) 

5 cm 2.5 cm 
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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 techniques such as welding, brazing, or solid state diffusion bonding 

[127]ï[132]. Each method has its own benefits and drawbacks such as environmental 

limitations of the epoxy layer, localized heat affected zones within the weldment, and low shear 

strength of the brazing bond layer. Diffusion bonding can 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 foam. A number of methods can be used for 

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

Composite Metal Foam Core Sandwich Panels with Metal Face Sheets 

SS-CMF-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 metal foam 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 to SS-CMF cores using the 

diffusion bonding technique. The chemical composition of the stainless steel face sheets is also 

listed in Table 3-1. Prior to diffusion bonding, the surfaces of the SS-CMF core panel and the 

stainless steel face sheets were ground flat using a 35 × 150 cm Gallmeyer & Livingston Co. 

ñGrand Rapidsò grinding machine to create smooth surfaces and ensure continuous contact 

between the SS-CMF core and the face sheets. The samples are stacked beneath weighted 

plates to promote close contact of the sandwich panel face sheets and core. The 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 process. The assembly is heated to 1200ºC and held at that temperature for 1 hour. A 

vacuum pressure of at most 1.3x10-3 Pa is 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 is allowed to passively cool overnight until it reaches a 

temperature below 100ºC before the vacuum is released and the samples are removed. 

The stainless steel face sheets can also be attached using adhesive bonding. The 

adhesive bonding of SS-CMF-CSP using metallic face sheets were assembled using an 

aerospace grade HYSOL EA 9330.3 two-part epoxy. Stainless steel face sheets are precut and 

ground to the size of the SS-CMF sample. Small stainless steel spacers with a thickness of 0.5 

mm were used to create a consistent bond line thickness between the SS-CMF 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 were then smoothed for testing. The samples were then clamped together and cured at 

room temperature according to the manufacturerôs requirements. These sandwich panels are 

used to compare to the diffusion bonded SS-CMF-CSP in order to determine their respective 

benefits and strength. 

Composite Metal Foam Core 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 the SS-CMF core. The layered 

arrangements are attached using a high strength aerospace grade epoxy, Loctite 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 carbide (B4C) and the aluminum alloy used in the 

armors is 7075-T6 plates. The ceramic layer is ordered to fit the size of the SS-CMF cores 
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while the aluminum plates are cut from a larger sheet using a waterjet machine. The 

arrangement is cured at room temperature using a vacuum bagging technique that removes air 

from the epoxy layer and applies pressure to the layup. The armors are left to cure overnight 

under vacuum until the epoxy sets, then are left to finish curing in air prior to testing. Excess 

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

 

 

Figure 3-2: Image of an SS-CMF-CSP armor arrangement curing under vacuum. 
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 COMPRESSION OF COMPOSITE METAL FOAM SANDWICH 

PANELS 

In this chapter, steel-steel composite metal foam core sandwich panels (SS-CMF-CSP) 

were manufactured by attaching an SS-CMF 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 quasi-static compression of SS-CMF has been well reported in the past 

studies, the results of SS-CMF-CSP under such loading have not yet been reported. The SS-

CMF-CSP samples were tested under quasi-static compression and the results are compared to 

the base SS-CMF and previous testing on small-scale samples. Advanced finite element 

analysis (Afea) was also developed using IMPETUS and implements a new methodology for 

modeling CMF under compression. The results of the compression testing can be found 

published in its entirety elsewhere [133]. 

4.1.     Material  Processing 

Steel-steel composite metal foam and composite metal foam sandwich panels with 

metallic face sheets were manufactured using the process outlined in Chapter 3. A panel for 

compressive testing was manufactured in a 25 x 25 cm size with a thickness of 2.5 cm. The 

resulting SS-CMF panel had a density of approximately 2.85 g/cm3. The sample panel was 

manufactured slightly over-sized and ground flat before any post treatment or bonding. Three 

sample sets were cut from the panel: the first was used to test the properties of the base SS-

CMF core, the second for adhesive bonding, and the third for diffusion bonding. In order to 

manufacture the SS-CMF-CSP, the SS-CMF core was attached to 3 mm thick 316 stainless 

steel face sheets through adhesive and diffusion bonding. The base SS-CMF samples were cut 

using a Buehler Isomet 4000 diamond wafering blade with a final size of 25 x 25 x 25 mm. 
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The faces of the cut samples were ground square and base SS-CMF samples were set aside for 

testing. The diffusion bonded panel was manufactured using the process outlined in Section 

3.2.1. The diffusion bonded SS-CMF-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 bonded SS-CMF-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 the SS-CMF. The adhesive bonded SS-CMF-CSP were 

assembled using the process outlined in Chapter 3 using an aerospace grade HYSOL EA 

9330.3 two-part epoxy. Stainless steel face sheets with a 3 mm thickness were pre-cut to 25 x 

25 mm squares using a waterjet and ground flat along their surface. Each adhesively-bonded 

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 SS-CMF-CSP, an additional SS-CMF plate was 

manufactured with modified sintering conditions in attempts to create an improved product for 

the large-scale manufacturing process, similar to the optimization process completed in a 

previous study [134]. While the sintering temperature and hold time maintained the same, an 

additional ram pressure in a hot press furnace increased the compaction of the matrix powder, 

creating a higher density of SS-CMF product with better bonding between the matrix powder 

and sphere walls, without deforming the hollow spheres. Samples cut from this panel were 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 as-processed SS-CMF and diffusion bonded SS-CMF-CSP went 

through additional preparation for microstructural imaging using a scanning electron 
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microscope (SEM). The interface between the face sheets and the SS-CMF core 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 E299-CC at a constant current 

of 10.5 Amps. Electropolishing was followed by etching with Adlerôs reagent to expose the 

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 spectroscopy (EDS) used to map the chemical composition of the samples. 

4.2.     Experimental Compression Setup 

Quasi-static compressive tests were conducted on an MTS 810 servo-hydraulic 

universal testing machine equipped with a 980kN load cell using displacement control at a rate 

of 1.27 mm/min. A digital camera was used to image each sample during loading. Lubrication 

in the form of polytetrafluoroethylene (PTFE) sheets 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 to calculate the appropriate stress-strain curves for each sample. All 

samples were tested under the same loading conditions to easily compare between the various 

tests. 

4.3.     Compression Modeling Setup Conducted by an External Company 

Finite element analysis (FEA) offers a broad understanding of material interactions and 

their limitations. IMPETUS Afea Solver was chosen to model the performance of SS-CMF 

under compression due to its high order element technology [18]. In this study a quasi-static 

https://www.sciencedirect.com/topics/engineering/finite-element-analysis
https://www.sciencedirect.com/topics/engineering/higher-order-element
https://www.sciencedirect.com/science/article/pii/S0263822317332956#b0090
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compression model of CMF was compiled and run by an outside service provider using 

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 shown in Figure 4-1(a). The model uses random-

loose packed structure between cubic and body centered cubic (BCC). The final sizing of the 

spheres inside the SS-CMF is a modified BCC structure of hollow metal spheres with a small 

spacing was placed between porosities to create a packing fill of approximately 59%, 

consistent with what is seen in manufacturing of CMF [96]. 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 within the spheres into the calculations but does expand upon previous 

works by including the porous geometry of the CMF structure. IMPETUS Afea is suited for 

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

discrete particle based modeling [17]. 

 

https://www.sciencedirect.com/science/article/pii/S0263822317332956#b0085
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Figure 4-1: (a) Image of the 1/8 unit cell arrangement with meshing used to create CMF 

model, (b) the full compression model used for simulating CMF, and (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 unit cell in Figure 4-1(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 the results and 

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 reflected within the body to create the 

compression sample. The model is run in quarter symmetry, as can be seen by the input in 

(a) 

(b) (c) 
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Figure 4-1(b), with a taller sample size than what was tested experimentally to attain reliable 

results. The entire mesh of the compression sample is presented in Figure 4-1(c). 

Modeling materials under quasi-static 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 densification in order to effectively 

predict the materialôs energy absorption [136], [137]. Two constitutive models are paired with 

the geometric meshing of the sample in order to best approximate the loading of SS-CMF 

under compression. The CMF is modeled as a perfectly plastic material that assumes a constant 

stiffness following yield. The material parameters used for the SS-CMF are taken from prior 

works with a density of 2.9g/cm3, a modulus of 13.2 GPa, and a Poisson ratio of 0.1 [122], 

[138]. 

4.4.     Results and Discussion 

Compression Structural Properties 

Digital images of the base SS-CMF and the SS-CMF-CSP are shown in Figure 4-2. Figure 

4-2(a) shows the base SS-CMF with the sphere openings being exposed following sample 

cutting. The openings have a varying diameter and depth as the cuts are not at the true center 

of each sphere. The spheres are sitting in various positions vertically along the sample wall 

given the inherent packing arrangement obtained during manufacturing of SS-CMF. 
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Figure 4-2: Digital images of the (a) base SS-CMF, (b) adhesively bonded SS-CMF-CSP, 

and (c) diffusion bonded SS-CMF-CSP compression samples prior to testing. 

 

The adhesive bonded SS-CMF-CSP can be seen in Figure 4-2(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 the bond to 

the surface. Previous works on SS-CMF have shown a high infiltration percentage of 88% 

epoxy infusion into SS-CMF under vacuum curing [139]. 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, degrading its adhesive properties. On 

the other hand, the diffusion bond in Figure 4-2(c) will only occur along the surface of the SS-

CMF exposed during heating and does not penetrate 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 

the surface porosity of the SS-CMF 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. 

 

 

Figure 4-3: (a) SEM image of the electropolished base SS-CMF 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 as-processed SS-CMF is shown in Figure 4-3. Figure 4-3(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 sections in Figure 4-3(a) are shown 

in Figure 4-3(b) and (c). The porosities between the matrix particles (Figure 4-3(b)) and within 

the sphere wall (Figure 4-3(c)) are apparent in 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 heating cycle during the manufacturing of the SS-CMF panel. This leads to 

additional grain growth in the sphere wall when compared to the matrix as reported in our 

previous studies [96], [119]. It has been reported that carbide precipitations are mostly formed 
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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 SS-CMF as well as the higher starting carbon content of the 

spheres (Table 3-1) [96], [99]. Previous works have found that the carbide formations within 

the sphere wall are made up of Cr rich M23C6 carbides known 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 SS-CMF sample in Figure 4-4. Figure 4-4(a) and (b) are SEM 

images of the location used for EDS mapping with Figure 4-4(b) being a zoomed in area 

represented by the outlined region in Figure 4-4(a). The mapped region is outlined in Figure 

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

EDS maps of Cr and C in Figure 4-4(c) and (d) verify that these are Cr rich M23C6 carbides 

forming mostly within the sphere walls. 
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Figure 4-4: (a) and (b) SEM images of the etched base SS-CMF 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 wall (white arrows). (c)-(d) show the EDS maps of the area 

outlined in (b) that confirms higher concentration of (c) Cr and (d) C at the grain boundaries. 
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Figure 4-5: SEM images of the electropolished diffusion bonded SS-CMF-CSP showing the 

(a) face sheet interface with the core and (b)-(c) the microstructure of the matrix and sphere 

wall, respectively. The outlined areas shown in image (a) in white are the location of the 

higher magnification images shown in (b) and (c). Black arrows in (c) indicate the location of 

twin boundaries. 

 

SEM images of the diffusion bonded SS-CMF-CSP sample are shown in Figure 4-5. The 

bond line between the SS-CMF core and stainless steel face sheets are shown in Figure 4-5(a) 

with a cross sectional cut of a hollow sphere close to the surface. The contact between the face 

sheet (bottom) and the SS-CMF 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 sheet and 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 to the surface and are not in direct contact with the face sheet. Higher magnification 

images of the SS-CMF-CSP are shown in Figure 4-5(b)-(c). A similar micro-structure to the 

base SS-CMF 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 

SS-CMF sample. Multiple images were taken at a constant magnification of the base SS-CMF 

and SS-CMF-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 SS-CMF and SS-CMF-CSP are listed in Table 4-1. Following the additional heat 

cycle of manufacturing the diffusion bonded sandwich panels, the average matrix grain size 

increases from 32 µm to 45µm and the average sphere wall grain size increases from 39 µm to 

49 µm. The grain growth can be seen by comparing Figure 4-3(b)-(c) to Figure 4-5(b)-(c). The 

SS-CMF-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 sphere wall 

highlighted by white arrows in Figure 4-5(c) where a majority of the grain growth has occurred. 

In addition, SEM images and EDS mapping of the SS-CMF-CSP are presented in Figure 4-6. 

Figure 4-6(a) and (b) show progressive magnification of the mapped region along the sphere 

wall border with the matrix in the SS-CMF-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 EDS mapping in Figure 4-6(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 diffusion of 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 matrix and between the two bodies (sphere wall and matrix) rather than primarily 

just within the sphere wall. Figure 4-6(a) also shows some of the twin boundaries formed in 

larger grains within the spheres that contribute to the slightly higher strength in SS-CMF-CSP. 
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Table 4-1: Measured grain size of the matrix and sphere wall for the base SS-CMF and 

diffusion bonded SS-CMF-CSP. 

 Matrix Grain Size 

(µm) 

Sphere Wall Grain 

Size (µm) 

Base SS-CMF 32 39 

Diffusion 

SS-CMF-CSP 
45 49 
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Figure 4-6: SEM images of the etched SS-CMF-CSP showing the location of the EDS 

mapping along the sphere wall interface with the matrix. (c)-(d) EDS 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 the face sheets 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 presented in Figure 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 plotted in Figure 4-7(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 the initial slight 
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compositional difference between the 316 stainless steel face sheets and the 316L matrix of 

the SS-CMF. The line scans suggest there is minimal diffusion of elements across the diffusion 

bond given the relatively close elemental compositions of the stainless steel matrix and face 

sheets. 
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Figure 4-7: (a) High magnification SEM image of the etched SS-CMF-CSP along the face 

sheet interface with the SS-CMF core. (b)-(c) show the EDS line scan plots for Cr 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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Compression Mechanical Properties 

The engineering stress-strain curves for the as-processed SS-CMF and SS-CMF-CSP under 

compression are shown in Figure 4-8. The plot includes three tests for each sample type 

compiled into the plot. The strain was calculated using the dimensions of the SS-CMF 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 base SS-CMF is represented by the solid lines. 

The shape of the curve is representative of SS-CMF under compression. The SS-CMF 

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 stiffens [96], [100], 

[134]. 
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Figure 4-8: Compressive stress-strain curves of scaled SS-CMF and SS-CMF-CSP 

(unoptimized). 

 

The base SS-CMF sampleôs curve is overlapped with the adhesive bonded samples shown 

by the dashed lines in Figure 4-8. The two sets have a very similar stress-strain curve as the 

face sheets do not have a noticeable effect on the mechanical strength of the SS-CMF-CSP 

structure under compression. 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, the porosities within 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 stress-strain curve returns to its normal path. 

The diffusion bonded SS-CMF-CSP samples are shown by dotted lines in Figure 4-8 and 

were stronger than both the as-processed SS-CMF and 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 this hypothesis, the face sheets of a diffusion bonded SS-CMF-CSP 

sample were removed and the core itself was tested under the same loading conditions. The 

results indicated a similar stress-strain curve shown by the red dotted line in Figure 4-8. The 

test confirms that the strengthening observed in SS-CMF-CSP samples is primarily due to the 

microstructural changes that occurred during the diffusion bonding process and not necessarily 

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 strengthening effect can be seen at strains above 

17%. The magnitude of the strengthening is not drastically different from the base SS-CMF 

but is consistent across all three diffusion bonded SS-CMF-CSP samples. The yield and early 

plateau stress are not affected, meaning the strengthening is occurring during the deformation 

and collapse of the hollow metal spheres and its surrounding matrix leading to a steeper slope 

between 16-50% strain. The twin formations and diffusion of carbon to the matrix from the 

sphere walls are possible explanations for the strengthening effect following diffusion bonding 

heat treatment. 
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 The stress-strain curve of the diffusion bonded SS-CMF-CSP also shows a step like shape 

at strains above 50%. This is thought to occur for a similar reason attributed 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 rise and fall 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 shown in Figure 4-9. 

The base SS-CMF in Figure 4-9(a)-(b) undergoes uniform deformation up to 60 % strain. The 

adhesive bonded SS-CMF-CSP in Figure 4-9(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 samples in Figure 4-9(e)-(f) did not experience such 

limitations and had uniform deformation through densification, similar to the base SS-CMF. 

The diffusion bonded SS-CMF-CSP were able to uniformly compress up to 70% strain without 

the core cracking or failing. It can be seen that the SS-CMF 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 edges 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 

sampleôs lateral expansion during compression without separating at the bond interface. 
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Figure 4-9: Images at 0% strain, left, and 60% strain, right, of the (a-b)SS- CMF base, (c-d) 

adhesive bonded SS-CMF-CSP, and (e-f) diffusion bonded SS-CMF-CSP. 

 

The initial samples manufactured using the large-scale process have a lower strength than 

what has previously been established for SS-CMF tested on smaller scale samples [96], [100], 

[134]. The stress-strain curves of the initial SS-CMF and SS-CMF-CSP compared to the 
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improved samples are plotted in Figure 4-10. The curves plotted are an average of three tests 

with the base SS-CMF plotted in a solid red line, the adhesive SS-CMF-CSP in a black dashed 

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

are all stronger than the initial tests. The improvement in mechanical strength 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 seen in Figure 4-10, 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. The strengthening 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 base SS-CMF 

stress-strain curve. 
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Figure 4-10: Compressive stress-strain curves of scaled SS-CMF and SS-CMF-CSP 

compared to the improved/ optimized scaled samples. 

 

The mechanical properties of the initial and improved SS-CMF and SS-CMF-CSP are 

presented in Table 4-2 alongside the compressive properties previously established for small-

scale manufactured SS-CMF. The diffusion bonding increases both the plateau stress, 

measured at 30% strain, and the densification stress of the SS-CMF 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 base SS-CMF. The improved SS-CMF-

CSP set shows a similar increase with a 16% improvement in plateau stress and a 9% rise in 

densification stress. Meanwhile, both the base SS-CMF and adhesive bonded SS-CMF have 

similar values for both sets of tests. The energy absorption of the SS-CMF samples can be 

approximated in MJ/m3 by calculating the area under the stress-strain curve. The energy 
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absorbed by each sample is also listed in Table 4-2. It was found that the energy absorbed by 

the diffusion bonded SS-CMF-CSP increases for both the initial and improved sample sets by 

approximately 5-7% when compared to their respective base SS-CMF. The improved SS-CMF 

sample absorbs 35% more energy than the unoptimized samples and is in good agreement with 

the small scale SS-CMF samples from prior works [96]. This data shows good adaptation of 

SS-CMF processing to large-scale manufacturing. Future mechanical testing of SS-CMF 

sandwich panels will use the optimized manufacturing process with a higher strength than 

originally achieved. The compression results helped to improve the final manufacturing 

settings for large-scale SS-CMF panel processing as well as investigate the effects of 

microstructural changes on the final strength of the samples.  

 

Table 4-2: Mechanical properties of the scaled base SS-CMF and SS-CMF-CSP under 

compression compared to prior small-scale SS-CMF and the improved/ optimized scaled 

samples. 

 
Yield 

strain 

(mm/mm) 

Yield Stress 

(MPa) 

Plateau 

Stress 

at 30% 

(MPa) 

Densification 

Strain 

(mm/mm) 

Densification 

Stress 

(MPa) 

Specific 

Energy 

Absorption 

(MJ/m 3) 

Base 

SS-CMF  
1.36 30.51 73.17 61.50 156.44 48.8 

Adhesive 

SS-CMF 

-CSP  

1.68 33.10 73.13 58.06 134.21 42.2 

Diffusion 

SS-CMF 

-CSP 

1.25 31.29 85.13 55.45 170.06 51.2 

SS-CMF 

(Prior 

Work  

[96])  

1.06  43  127  54  217  67.8  

Improved 

SS-CMF  
1.64 54.94 125.71 55.32 217.12 66.5 












































































































































































































































