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Abstract

Aluminum foams are becoming potential material for multifunctional applications because
it is lightweight and has excellent combination of physical and mechanical properties and
noise and vibration mitigation characteristic. Because of its cellular structure, it exhibits
excellent damping capacity, sound and noise absorption, shock and impact energy
absorption. Applications of metal foam for energy absorption and crashworthiness require
knowledge on their compressive deformation response at various strain rates. The
properties of metal foam are dependent on cell wall mechanical properties and their
microstructure. Cell wall properties have been improve by adding Graphene Nano platelets
as reinforcement to the Al-foam. This investigation is related to the study of quasi-static
compressive behavior and the high strain rate response under dynamic compressive loading
in Graphene Al foam. The experimental results show that the peak, plateau stress and
energy absorption of reinforced foam is much higher than unreinforced foam. The high
strain rate compressive behavior of Graphene Al foam been studied using the split
Hopkinson pressure bar apparatus. It is found that peak stress, plateau stress and energy
absorption of Graphene Al foam increases as the strain rate increases over a range of strain
rate from 500 s to 2760 sX. Thus, the Graphene Al foam is strain rate sensitive the plateau
stress and energy absorption in the Graphene -Al foam increased by about two times and

three times, respectively, compared to unreinforced foam.

xi



CHAPTER: 1

INTRODUCTION

Metal foams are becoming potential material for multifunctional applications because of
its lightweight and excellent combination of physical and mechanical properties (1).
Because of its cellular structure, it exhibits excellent damping capacity, sound and noise
absorption, shock and impact energy absorption (2-6). Attempts have been made to use
these foams as the core in sandwich panels, foam filled tubes for structural applications,
besides others. The open cell foams are excellent materials for heat exchangers, catalytic
converter, filters etc. The Closed-cell aluminum foams retain the fire resistant and
recycling capability of other metallic foams but add the ability to float in water. Attentions
is being paid to use these materials for flooring of ships, automobiles, trains and defense
vehicles. Depending on the applications, the character of foams is important. For shock
absorption and impact energy absorption applications, high strain rate deformation
behavior of these foams is an important characteristic to examine. Since the last decade,
considerable attention has been paid to the development of porous and/or cellular metallic
materials for a wide range of applications with special reference to crash energy absorption
and thermal management. These metal foams have been found to contain porosity ranging
from 50% to 95%. Out of different metallic systems, majority of the work has been carried
out on aluminum and its alloys. Worldwide, considerable effort has been made towards the
development of processes for making metal foams based on aluminum, Ti, Ni, Steel,
copper with an objective to have uniform distribution of pores with controlled size range
and porosity level. Metal foam can sustain sudden impact and able to convert much of the

impact energy into the plastic energy and absorbs more energy than the bulk material per



unit weight. Because of these properties, it is used as a high-energy absorbing material in
crash protectors packaging, door panel, front hood, bumpers, roof panels, bonnets and body
frame element etc. The range of applications of metallic foam is increasing steadily day by
day. While defining, more distinctly the meaning of metal foam, one must distinguish the
literal meaning of cellular metal. Cellular material is defined as a metallic body, which has
any kind of gaseous voids. The gaseous voids are separated by the metallic body. Cellular
material can be divided into three groups namely porous metal, metal foam and metal
sponge. Figure 1 shows the schematic diagram of different groups of cellular material.
Porous metal is a special kind of cellular material in which pores are round in nature and
isolated from each other. Metal foam is a special kind of cellular material that originates
from the liquid metal and can have any shape right from spherical to polyhedral and
separated from each other by thin metallic film. Metal sponge or open cell foam is also a
special kind of cellular material in which the pores are interconnected.
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Porous metal Metal Sponge

Fig. 1.1 Classification of cellular material (Reference: http://www.metalfoam.net/)

Applications of metal foam for energy absorption and crashworthiness require knowledge
of their compressive response at various strain rates (7-10). Many researchers in this area
have carried out several studies in the past but there exist contradictory opinions. This
arises mainly because of their different foam structure, density of foam and defects in the

cell walls. Among various properties, impact energy absorption appears to be important



property imparted by the aluminum foam. The energy absorption capacity of Al foam
depends upon the area under the stress-strain curve. One of the major applications of closed
pore Al foam is the crash box. Al foam is inserted into a hollow portion of the crash box in
order to enhance the energy absorption capability. Presently crash box is a hollow section
and it is proposed that by inserting closed pore Al foam in the hollow portion the energy
absorption capacity of the crash box could be enhanced considerably (11-15). Crash box
which is located at the front side frame of the car, it is one of the most important automotive
parts for crash energy absorption. In case of frontal crash accident, for example, crash box
is expected to collapse by absorbing crash energy prior to the other body parts so that the
damage of the main cabin frame is minimized and passengers are saved. The energy
absorption capacity of Al foam is dependent upon the area under the true stress—strain
graph; hence to achieve higher energy absorption capacity from Al foam it must have a
wide plateau stress region. Applications of metal foam for energy absorption and
crashworthiness require knowledge on their compressive deformation response at various

strain rates (16-17).

Realizing the above fact, recently preliminary are being made to enhance the strength of
cell walls by dispersing carbon Nano tubes (18-19). It has been reported that Graphene
foam is used for water oxidation (20) and for sensor application (21). To the best of our
knowledge this study is the first attempt to develop and study the mechanical response of
Graphene reinforced Al foam under both static and dynamic loading. However, recent
literature reported that reinforcement of wt.0.3%Graphene in solid Al alloy enhances the

strength of the matrix alloy by 62% (22).



Graphene is pure carbon in the form of sheets one atom thick. Graphene is estimated to
be 200 times stronger than steel, is as flexible as rubber, and conducts heat and electricity
extremely efficiently. Further, because it is only an atom thick, it is nearly two-
dimensional, imbuing it with many interesting light-related and water-related properties.
Graphene is not a naturally occurring substance. Even though it had been theorized by
physicists since 1960s, it was only produced for the first time in 2004. Back then,
production methods made Graphene usage prohibitively expensive; however, over the past
decade, academics and corporate researchers have made great strides in reducing
production costs. And as those costs drop further with each passing year, Graphene is
poised to revolutionize the fields of medicine, electronics, computing, and more. Graphene
is a hexagonal lattice of carbon atoms bonded tightly together. Its sp2 hybridization — a
double bond between the carbon atoms, coupled with its especially thin atomic thickness,
fuel its special properties. Graphene is a monolayer of carbon atoms arranged in
honeycomb lattice has a higher electrical and thermal conductivity than copper. Its room
temperature electron mobility is up to 200,000 cm?/(V-s). Its ability to conduct electricity
and heat so effectively is believed to be a function of the carbon bonds being very small
and strong. Being composed of singular carbon atoms, Graphene is also so thin as to be
effectively two-dimensional, in addition to being extremely light weight. Additionally, the
material also weighs less than 1 milligram per square meter. Graphene ’s benefits are
closely tied to its properties, which make it tremendously attractive as a raw material for
the production of a wide variety of commercial goods. In short, Graphene ’s major benefits
are that it is highly conductive — 200 times more conductive than silicon, and conducts heat

very efficiently as well; thin — enough to be considered a 2D material; transparent; strong



— approximately 200 times stronger than steel; light-weight; and flexible, while
maintaining its strength and conductivity. The Graphene used in this experiment is H -
Grade Graphene supplied by World-Leading Graphene Company - XG Sciences World-
Leading (www.xgsciences.com). Grade H particles have an average thickness of
approximately 15 Nanometers and a typical surface area of 50 to 80 m?/g, with average

particle diameters of 5 microns.

It is expected that incorporating Graphene Nano platelets into metal matrices could lead to
ultrahigh performance metal matrix Nanocomposites (MMNCs). However, it is very
difficult, to effectively incorporate and disperse Graphene Nano platelets into metals to
obtain bulk Graphene Nano platelets reinforced MMNCs this problem is due to Nano
platelets large surface areas and high surface energy that easily leads to agglomerations.
So far, little work on high performance Graphene Nano platelets reinforced MMNCs have

been reported (23-25).

In the present investigation Al alloy—SiC composite and Al Alloy-SiC-Graphene composite
foams were studied under compression load. Initially, both the Al-SiC composite foam and
Al composite foam with Graphene were studied under quasi-static load using a servo
hydraulic machine at strain rates of 0.001s to 1s't. The effect of Graphene in enhancing
the compressive strength has been observed and then a detailed study was carried out only
on Al alloy composite with Graphene under dynamic loading condition using Split

Hopkinson Pressure Bar (SHPB) unit over a strain rates of 500s-1 to 2760s ™.



Chapter 2: Literature Review

SPLIT HOPKINSON PRESSURE BAR

2.1 Split Hopkinson Pressure bar (SHPB) theory

2.1.1 Classical SHPB

In 1941, Bancroft [26] reported on the distortion of longitudinal pulses in elastic cylinders
resulting from the effect of lateral inertia. They concluded that only the fundamental modes
of longitudinal pulse should be considered. In 1982, Gorham [27] investigated a numerical
method for correction of dispersion in pressure bar signals. He removed the effects of
dispersion by modeling stress wave propagation in pressure bars using theoretical
dispersion relations. This method helped correct SHPB problems. Follansbee [28]
continued to study the wave-propagation problem in SHPB focusing on the origin and
nature of oscillations. He found that Pochhammer-Chree oscillations could be remove from
strain gage records for improved stress-strain curves. In 1990, Gong and Malvern [29]
turned back to the problem of dispersion, which rides on the top of the main pulses. They
used Fast Four Transform (FFT), a Fourier series, to build the numerical schemes, and then
applied them to test concrete specimens. Results collected showed few oscillations in the
stress-strain curves verifying the advantage of the method. In 1994, Lifshitz and Leber [30]
presented basic principles of analyzing data to get accurate stress strain responses, and

pointed out the influence of sound velocity on their results.

2.1.2. Fundamental equations
Using SHPB technique to determine stress-strain relations of any material is based on the
principle of one-dimensional (1D) elastic wave propagation [31] The subscripts 1 and 2

donate for interfaces between incident bar and specimen, and specimen and transmitted



bar, respectively. Subscripts I, T, R present the incident, transmitted and reflected pulses,
respectively. 1-D elastic wave propagation is given as:

Pu 1 Pu
— =
Ox?2 cgp Ot?

1)

Where Cog is the bar sound velocity.

u1 u2
Vimpact 51 gR gT
H._..__’ ................... ——— P — == — R
. <+ .
Incident bar Hs Transmitted bar

Fig. 2.1: Traditional 1-D SHPB analysis

The incident bar and solution of equation (1) is given by using D’Alembert’s method as

follows:
u; = f(x — copt) + g(x + copt) = u; +up (2)

Where, f and g are arbitrary functions.

Strain in incident bar: & = % =f'+g9' = g+¢& (3)

Particle velocity at the incident-specimen interface is:

. au ’ i ! !
ulzjz—f.c03+g.c03=cm;(g _f)zcoB(gR_gl) (4)

For transmitted bar, solution of equation (1) given by using D’ Alembert’s method as

follows:



uZ = h(x - COBt)! (5)
Where h is an arbitrary function.

Strain in transmitted bar: & = % =h'= & (6)

Particle velocity at the specimen-transmitted interface is:

. Ay
Uy =— = —Cop-ér (7)

If the elastic stress wave propagation in the specimen is neglected, [32] give the average

strain rate in the specimen:

g =T OB (g gt ) (8)
N N

Where, Hs is the instantaneous length of the specimen.
By definition given in [32], the forces in incident and transmitted bars are:
Fy = AgEp(& + &) )
And  F, = AgEger (10)

Where Ag is the cross-sectional area of both incident and transmitted bars, Eg is elastic

modulus of the bars.
If forces on front and rear surfaces of specimen are in equilibrium state (F1 = ), then:
&1 + ER = €&T (11)

Substituting (11) into (8), the average strain rate in specimen is:



4, = Z£0BR (12)

Hg

Average true stress in the specimen is given by:

oft) = 22T (13)

Where, As is instantaneous cross-sectional area of the specimen.

The expressions for average engineering stress and engineering strain of the specimen:

os(0) = (222). a(t) (14)
&0 = (52).J (0t (15)

2.1.3. Assumptions for a valid SHPB test

Gama [33] and Gray [34] review assumptions needed for the SHPB test. Basically,
solutions [35] and [36] for average engineering stress and strain in the specimen are solved
following the principle of 1-D elastic wave propagation, therefore the SHPB bar system
(incident and transmitted bars) must have characteristics specific for generating 1-D elastic
wave propagation during the test. To satisfy this condition, we require a 1-D stress wave
propagation happens in a thin, long rod with the homogeneous, isotropic, linear elastic and
uniform characteristics in cross section over the entire length of the incident and
transmitted bars. In addition, to ensure 1-D wave propagation in the sample the stress
equilibrium condition stated in eq.11 must be achieve. Furthermore, for a valid 1-D

dynamic response of a sample we must also obtain a constant strain rate in the specimen.



2.1.4. Manufacturing Methods of Aluminum Foams

There are number of processing methods that are currently used to manufacture foams.
These include foaming liquid melts, metallic precursors, foaming of powder compacts and
ingots containing blowing agents. Metal foam manufacturing processes can be classified
in two groups direct and indirect foaming methods. Direct foaming method are liquid state
processing methods. These processes start from a molten metal containing uniformly
dispersed ceramic particles to which gas bubbles are injected directly, or generated
chemically by the decomposition of a blowing agent (e.g. titanium hydride, calcium), or
by precipitation of gas dissolved in the melt by controlling temperature and pressure.
However, control of pore size is rather difficult to achieve. In principal air, water vapor or
any inert gas can be used for this purpose. Generally, air, oxygen, nitrogen and argon gases
are being used for this purpose. For industrial production of metallic foams, all three
methods are used. However, decomposition of foaming agent in the liquid melt affords
superior structural control compared with the other two. The indirect foaming method or
solid-state processing methods are powder metallurgical processes require the preparation
of foamable precursors that are subsequently foamed by heating. The foamable precursor
consists of a dense compacted of powders, where the blowing agent particles are uniformly

distributed into the metallic matrix.

2.1.5. Foaming by Liquid Metals

Metallic foams can be produced by creating gas bubbles in the liquid provided that the
melt has been prepared such a manner that the emerging foam is fairly stable during
foaming process. This can be done by adding fine ceramic powders or alloying

elements to the melt, which form stabilizing melt, or by other means. Currently there
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are three known ways of foaming metallic melts: (i) gas injecting into the liquid metal,
(i) gas releasing by blowing agent’s addition and dissociation at molten metal

temperature and (iii) dissolved gas precipitation

2.1.6. Foaming by Melt Gas Injection Air Bubbling

Varies from 10% to 20%, and the mean size of the particles ranges between 5 pm and 20
um. This process allows the production of closed-cell foams of 1 m wide to 0.2 m thick
slabs (37). The first manufacturing method of foaming aluminum and aluminum alloy
melts is based on gas injection into molten metal (Figure 2.3). Alcan N. Hydro Aluminum
in Norway and Cymat Corporations in Canada are the manufacturers, which apply this
method to produce Al foams. During this process, SiC, aluminum oxide or magnesium
oxide particles are used to enhance the viscosity of the liquid metal and adjust its foaming
properties because liquid metals cannot easily be foamed by bubbling air through them.
Drainage of the liquid down the walls of the bubbles occurs quickly and the bubbles
collapse. However, if a small percentage of these particles are added to the melt, the flow
of the liquid metal is impeded sufficiently to stabilize the bubbles. In the next stage, the
gas (air, argon or nitrogen) is injected into molten aluminum by using special rotating

impellers or air injection shaft or vibrating nozzles, which constitute gas

11



bubbles in the melt and distribute them uniformly and easily through the melt (Gibson and
Simone 1997). The base metal is usually an aluminum alloy. The volume fraction of

particles.

foften A
and SiC

Fig.2.2. schematic diagram of manufacturing of Al foam by melt gas injection method.

The foam is relatively stable owing to the presence of ceramic particles in the melt. The
resultant viscous mixture of bubbles and melt floats up to the surface of the liquid where it
turns into fairly dry liquid foam as the liquid metal drains out. A conveyor belt is used to
pull the foam off the liquid surface, and is then left to cool and solidify. Many non-metallic
reinforcements react with molten metal including alumina, boron carbide, silicon carbide,
silicon nitride and boron nitride, but silicon carbide is preferred material in practice. Silicon
carbide reacts with molten aluminum and forms aluminum carbide and silicon. It has been
established that the rate of this reaction can be reduced to an acceptable level by holding
the melt at a relatively low temperature during mixing, coating the particles, and inhibiting
the reaction by raising the Si content of the aluminum melt. Foaming of melt by gas
injection process is the cheapest one among all others, and the only one to have been as a

continuous production. Foam panels can be produced at rates of up to 900 kg/hour. Typical
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density, average cell size and cell wall thickness are 0.069-0.54 g/cm3, 3-25 mm, and 50-
85 um, respectively. Average cell size, average cell wall thickness and density can be
adjusted by varying processing parameters including gas injection rate and rotating shaft
speed. The main disadvantage of this process is the poor quality of the foams produced.
The cell size is large and often irregular, and the foams tend to have a marked density
gradient. Although various methods have been developed to improve the drawing of the
foam, the size distribution of the pores is still difficult to control. The foamed material
either is used directly with a closed outer surface, or is cut into the required shape after
foaming. Although having high content of ceramic particles, machining of these foams can

be problematic.

2.1.7. Foaming Melts with Blowing Agents

Adding a blowing agent into the melt is the way of foaming melts. The blowing agent
decomposes under the influence of heat and releases gas, which then propels the foaming
process. Shinko Wire Co., Amagasaki (Japan) has been using this foam production method
since 1986 (38, 39). The method is shown schematically in Fig.2.4. In the first stage of the
foam production, about 1.5wt.% calcium is added to the aluminum melt at 680 °C. The
melt is then stirred for several minutes during which the viscosity of the melt continuously
increases by a factor of up to 5 owing to the formation of oxides, e.g. CaAl>04, which
thicken the liquid metal. Calcium volume fraction and stirring time effects on the viscosity
of an Al melt. Upon reaching an optimum viscosity of the melt, titanium hydride is added
in an amount typically 1.6 wt.%, which acts as a blowing agent according to the following

reaction:

TiH2 (s) —>Ti (s) + Hz2 (9)
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The melt starts to expand slowly and gradually fills the foaming vessel. The whole foaming
process can take 15 minutes for a typical batch of about 0.6 m3. After cooling the vessel
below the melting point of the alloy, the liquid foam turns into solid aluminum foam and

can be taken out of the mold for further processing.

1.6%, Titl

1.5%, Ca, Pure Al

_>

VR

Cooling Foamed block

680 “C, Thickening 680 “C, Foaming

Fig. 2.3. The process steps of aluminum foam forming
by gas releasing agent, Alporas process.
Alporas foam manufactured in this way, has very uniform pore structure and do not require
the addition of ceramic particles which makes the foam brittle. However, the method is
more expensive than foaming melts by gas injection method owing to more complex

processing equipment’s are needed.

2.1.8 Gas-releasing particle decomposition in semi-solids (Alulight Process)

The process starts with the mixing of metal powders - elementary metal powders, alloy
powders or metal powder blends - with a powdered blowing agent, after which the mix is
compacted to peak a dense, semi-finished product (Figure 2.5). Besides metal hydrides
(e.g., TiH2, ZrH), carbonates (e.g., calcium carbonate, potassium carbonate, sodium

carbonate and sodium bicarbonate), hydrates (e.g., aluminum sulphate hydrate and
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aluminum hydroxide) or substances that evaporate quickly can also be used as blowing
agent. Compaction techniques include uni-axial or isostatic compression, rod extrusion or
powder rolling. Extrusion can be used to produce a bar or plate and helps to break the oxide
films at the surfaces of the metal powders. Foaming agent decomposes and the material
expands by the released gas forces during the heating process (350— 450C) thus a highly
porous structure is formed. Several groups, notably IFAM in Bremen, Germany, LKR in
Randshofen, Austria, and Neuman-Alu in Marktl, Austria, have developed this approach
(40). The manufacturing process of the precursor has to be carried out very carefully
because residual porosity or other defects will lead to poor results during further
processing. The precursor material could be processed into sheets, rods, profiles, etc. by
conventional techniques. The mixture of powders, metal powder and foaming agent, was
cold compacted and extruded to give solid metal material containing a dispersion of
powdered foaming agent. When this solid was heated to the metal’s melting temperature,
the foaming agent decomposes to release gas into the molten metal, creating a metal foam.
During this process, cooling the foam is a problem since after heating the precursor for
foaming; the heat source could be turned off quickly. However, the metal would still be
hot, and is prone to collapsing back into molten metal before it solidifies. Water-cooling
or heating the foam only locally may avoid this problem; however, the problem may
become a significant challenge for the reliable foam production. The foam has a closed-

cell structure with pore diameters in the range of 1 mm to 5 mm.
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Fig 2.4. Schematic diagram showing the powder compact
foaming process (Alulight Process)

2.1.9 Stability of metal foams

Foams are unstable systems because their large surface area causes energy to be far from a
minimum value. Foams can therefore be, at the most, metastable, constantly decaying at a
certain rate. Aqueous and non-aqueous foams are stabilized by surfactants which form a
dense mono layer on a foam film. Such layer reduces surface tension, increase surface
viscosity, and create electrostatic forces (the so-called disjoining forces) to prevent a foam
film, from collapsing. Metallic foams must be stabilized by different means because there
are no surfactants and electrostatic forces are seen in metals. Like water, pure metallic
melts cannot be foamed but additives are required to act as stabilizers to create foam.

Therefore, foam can be said to be (Kinetically) stable, if it does not change considerably in
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the time span between completion of the blowing process and solidification. The forces
acting on foam are (i) Gravity, (ii) External atmospheric and internal gas pressure, (iii)
Mechanical forces, (iv) Forces from within the metallic phase. Any imbalance of these
forces will lead to a movement of foam. Changes in foam morphology can be classified
according to the terms given in Fig. 2.2. This morphology can be explained in more detail
as physics of foams. Physics of foams comprises of many phenomena associated with their
birth, life and death in terms that bubble formation is considered as the birth of foams and
drainage as their death. Flow may be defined as the movement of bubbles with respect to
each other by external forces or changes in the internal gas pressure e.g. during foaming.
Drainage is one of the driving forces for the temporal instability of molten metal foams.
For usual aqueous foams this phenomenon is well examined and understood on both the

experimental and the theoretical side.

Bubble flow Drainage

Rupture
P Coarsening

Fig. 2.5 Parameter effecting foam morphology
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The situation is different for metallic foams. Due to their opaque nature, the observation of
drainage is only possible by either measuring the density distribution of solidified samples
ex situ or by x-ray or neutron radioscopy. Up to now there exists just one theoretical study
describing the drainage behavior of metallic foams incorporating the drainage equation,
the temperature dependence of the viscosity and thermal transport. During the formation
of closed cell foam, stable liquid foam balances surface tension at the liquid-gas interface
and the weight of the liquid cell walls with the air pressure within the cells. A simple force
balance indicates that an increase in the air pressure decreases the cell size. At cell edges,
where cell walls meet, surface tension forces cause the liquid-gas interface to be curved in
an arc called a Plateau border. This causes the fluid pressure at the cell edge to be lower
than that in the cell wall, drawing liquid from the cell walls into the cell edges. Gravitational
forces then cause drainage of the liquid through the cell edges. During drainage, the Plateau
borders decrease in size and the cell walls of the liquid foam become thinner. In a pure
liquid with no impurities, the surface tension is generally too strong to be balanced and the
cell wall immediately bursts. In order for liquid foam to become stable, the liquid gas
interface in each cell must be altered in order to reduce the influence of surface tension. A
liquid foam can be stabilized either by introducing a surfactant which lowers the surface
energy of the liquid-gas interface or by increasing the viscosity of the surface layer. A cell
wall in stabilized liquid foam will drain until it reaches some critical thickness and then
stop. Completely drained liquid foam, called dry foam, therefore has cell walls of nearly

uniform thickness and small Plateau borders (3)
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2.1.10. Compressive Deformation Behavior of Al foam.

In the past few years, there has been a considerable interest in using lightweight metal
foams for structural components and energy absorption parts in automobile, railway and
aerospace industries (41-43). In these applications, the foam would be subjected to high
strain rate deformation. Designing of these components it demands a full characterization
of their mechanical properties under a wide range of strain rates. The quasi-static
mechanical properties of aluminum alloy foams, such as compressive strength, tensile
strength and elastic modulus, have been extensively studied and reviewed (44-47).
However, related work under dynamic conditions has been relatively limited due to the
difficulty in characterizing the high strain rate behaviour of aluminum alloy foams (48). A
servo hydraulic machine is common and convenient, but it is limited to lower strain rates

(below 10s-1ec). A drop weight impact test can be used for different specimen geometries

and allows easy variation of strain rate. However, the system is very sensitive to the contact
conditions between the impactor and specimen (49). The compressive stress-strain curve
of Al alloy foams, either quasi-static or dynamic compression, exhibits three distinct
deformation regions, an initial linear-elastic region; a flat plateau region with a nearly
constant flow stress, sometimes an upper and lower peak point can be observed; and a final
densification region representing collapsed of cells in to compacted mass. These
deformation characteristics of the Al alloy foams are similar to those of other metal foams

(50-51-46).

Metal foams have also showed usefulness in crashworthiness and blast resistance
applications (52). Using metal foam in crashworthiness and blast resistance applications

one has to study the foam material under dynamic loading condition which required Split
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Hopkinson Pressure Bar test unit. In the recent past several researchers have studied Al
foam at different strain rate right from quasi —static to high strain rate i.e., in the range

0.0001s-1 to 5000s-1 (53-65). It was observed that their results are conflicting. Some

researchers have studied the compressive deformation behavior of Al foam and found that
compressive strength is independent of strain rate (53-56). However, some researchers
studied the Al foam at different strain rates and reported that plastic strength increases with
strain rate (57-62,64). Wang et al [65] developed the elasto-plastic constitutive model of
aluminum alloy foam subjected to impact loading. Recently, interest has been shown to

study of compressive behavior of syntactic foam (66-69) and foam filled structure (70-78).

2.1.11 Application of Aluminum Foam
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Fig. 2.6. Applications of cellular metals grouped according to the degree of ‘‘openness’’
Needed and whether the application is more functional or structural.



The important nature of these metallic foams is that they possess excellent specific
strength. Therefore, aluminum, magnesium or titanium foams or porous metals are
preferred for such applications. For medical applications, titanium maybe preferred
because of its compatibility with tissue. Stainless steel or titanium is required for
applications where aggressive media are involved or high temperatures occur. Fig 2.6
shows the application of Al foam grouped according to the openness.

2.1.12. Structural Applications

Lightweight materials with high stiffness are often desired for various applications.
Standard products on the market, like honeycomb panels, use a cellular structure as the
core and brazed or glued face sheets to provide the desired properties. They are usually
inexpensive, but have some disadvantages, as they cannot be curved, resist high
temperatures due to the glue nor be recycled. Aluminum foam sandwiches (AFS) and steel
aluminum foam sandwiches (SAS) are promising products for structural applications and
are already on the market. AFS panels are used as support frames, e.g., for solar panels,
mirrors, etc., and where light and rigid metallic panels are needed. Most of the customers
prefer to provide the material as panels and manufacture their own products themselves.
Often they even keep their innovative field of application in secret to assure a competitive
advantage for their products on the market. A good example is industrial machines, where
foam-filled beams and columns are stiff, but light. With reduced inertia, they can be moved
quickly and positioned precisely. Examples are drilling, milling, textile, cutting, printing,
pressing or blanking industrial machines. Additionally, damping of the system and of, e.g.,
an additional vibrating tool can improve the performance in the precision of positioning

and wear, reduce fatigue problems and increase the operational lifetime. An example of an
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application for a high-speed milling machine (Fig. 2.7) of Niles-Simmons (Chemnitz,
Germany) in cooperation with the Fraunhofer-Institut fir Werkzeugmaschinen und

Umformtechnik (IWU, Chemnitz, Germany) (79)

Figure 2.7 (a) Sliding bed of a milling machine made of welded aluminum foam sandwich
(courtesy of Thomas Hipke, IWU, Chemnitz, Germany); and (b) a beam of a textile
machine filled with Alporas foam (courtesy of the Au Metallgiel3erei, Sprockhovel,
Germany). (79)

The sliding bed is made of 11 welded AFS parts, and the construction is 28% lighter than
the cast part with the same stiffness, but improving vibration damping. Around 15 parts
per year are manufactured. This part is 1590 mm x 280 mm x 160 mm and provides a 60%
reduction in the amplitude at the resonance frequency. The production is ~1000 pieces per
year. A similar hybrid material concept was applied to a tool column prototype of the
Technical University Prague for a cutting machine (Model Prisma S) from TOS Varnsdorf

s.a. (Varnsdorf, Czech Republic) in which an Alporas foam core is integrated.
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(a) (b

Figure 2.8. (a) Prototype of German high velocity train ICE made of welded aluminum
foam sandwich; and (b) view of the interior with the low number of components required
(courtesy of Thomas Hipke, IWU, Chemnitz, Germany and Voith Engineering, Chemnitz,
Germany). (79)

We can find aerodynamic noise reduction prototypes in the railway industry, e.g., in
pantographs for the Shinkansen train in Japan (Fig. 2.8). There, open cell Al-foam is used

for shape smoothing of the pinhead and its support and covering. Applications for

aerodynamic noise reduction of jet turbines of airplanes are also under discussion.

2.1.13. Functional Applications

A wide palette of functional applications based on metallic foams can be found on the
market. Again, a multi-purpose approach has the best chances to offer a competitive or
unique product. Ceilings in auditoriums or large rooms are very often planked with
perforated metal sheets for sound control. As an alternative to this traditional construction
material, applications of metallic foam panels for sound absorption are already available
on the market, offered by different companies. At the open foam surface, the sound waves
are guided and redirected to the foam interior, where they are caught and damped after

several reflections (Fig. 2.9). The pore size distribution and the different orientations allow
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for a very effective damping over a broad frequency spectrum. These applications could
be considered also as architectural, but we include them here as their main function is sound
absorption. They combine the advantage of the lightweight, self-supporting capability of
large metallic foam panels made of open cell or just sliced closed cell foams, with a design

component.

(b)

Figure 2.9 (a) audience hall, (b) restaurant covered by Alusion foam for sound control
(courtesy of Cymat) (79)

Further sound absorption applications made by Alporas foams provided by Shinko Wire
(Amagasaki City, Japan) can be found in train rails, metro tunnels, elevators, on the under-
side of an elevated highway, etc. Newer products based also on Alporas foams were
developed by Foamtech (Daegu, Korea) and applied to concert halls, conference rooms,
auditoriums, sport centers and walls and ceilings of the machinery and operating rooms of
industrial plants as non-flammable, acoustic absorbers. Further applications can be found
in the ship industry, where, e.g., prevention of noise from the engine room, the combustive
exhaust pipe and the air cleaning system are provided by foamed inside walls between

cabins. Metallic foams are also used by Foamtech for sound absorption in metro tunnels,
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in the railway and on the tunnel and station walls, where they have to support high air

pressure changes and vibration, being at the same time non-flammable.

(b)

Figure 2.10 Passive thermal cooling of LED lamps made of Al open cell foam: (a) Al open
cell foam from M-pore (courtesy of M-pore); and (b) cut AFS from the Technical
University Berlin (79)

Bio-medical applications are another field of interest. Here, high quality products based on
Ti-foams provide excellent bio-compatibility properties. The trend goes into the direction
of porous structures to improve Osseo integration. where a tomography of a Ti-based dental
implant (Fig. 2.11) shows its porous structure. Although Ti is quite difficult to foam, foam-

like structures can be created through different production methods. This field should be

exploited more deeply in the future.
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(b)

Figure 2.11 (a) Tomography of a Ti-based porous dental implant for Osseo integration
improvement; and (b) detail of the inner structure and porous surface (courtesy of Louis-
Philippe Lefebvre). (79)

2.1.14. Applications of metallic foams produced through Liquid metallurgy route

e In many cases sponge aluminum has proved itself a good energy absorbing
material. It can be used for safety pads in systems for lifting and conveying and
also in high-speed grinding machines by using sponge aluminum as an energy
absorber.

e Sponge aluminum is also suitable for forming the deformable zones of car bodies
in front and behind the passenger compartment so as to improve the safety of car
occupants

e Shinko Wire in Japan is the aluminum foam manufacturer has developed vacuum
elevator tool manufactured by using aluminum foam through liquid metallurgy
(ALPORAS). The tool is used to lift glass panels produced in the floating glass
process. The replacement of the full aluminum part by Alporas foam led to a weight

reduction from 82 to 32 kg, makes it possible for easy manual handling of the tool.
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Fig 2.12. Vacuum lifting tool for Pilkington containing an Alporas
aluminum foam ring (79)
Alulight (Austria) is now producing a crash element for an Audi car with 100,000

parts per year. (80)

Alcoa (USA) is a new player in the aluminum foam market. They are producing
aluminum continuous foam and make it possible to reduce the cost of the foam.
Another closed cell aluminum foam part in production is the girder shown in
Figure. It contains two Alporas foam cores encased in a cast aluminum alloy
produced by low pressure die casting. The part is used in cutting and milling
machines and serves as a load-bearing structure with a good vibration damping

capacity.
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Fig 2.13 Alporas metal foam made of aluminum foam crash element in the
front tip of the chassis of a racing car. [80]

2.1.15. Applications of metallic foams produced through powder metallurgy route

1. Boeing (USA) has evaluated the use of large titanium foam sandwich parts made by the
gas entrapment technique and aluminum sandwiches with aluminum foam cores for tail
booms of helicopters.

2. Copper foam of 5 to 10% density has been reported to out-perform rubber for shock
absorbing mounts

3, The most widely used metallic filter materials are porous bronze and porous stainless
steel

4. For space applications, the use of highly reactive but very light alloy foams such as Li—
Mg foams has been considered Experiments have shown that Ni-Cr alloy foam filled with
a solid lubricating composite can be successfully used in the contact seals for a rotating

generator in a gas turbine engine
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5. Ceramic foams are typically made either by replication techniques (e.g., using a polymer
foam as a form) or direct foaming of a liquid in which a ceramic powder is dispersed.

6. Applications for ceramic foams include filters for metal-casting operations, porous-
medium burners, and traps for diesel particulate emissions

7. Calcium-phosphate-based foams are being developed for biomedical applications,
particularly for bone-graft materials and scaffolds for tissue engineering of bone.

8. Walther et al. presented a process to produce high temperature resistant Fe-Ni-Cr-Al
foams using the deposition and transient liquid phase sintering of fine pre-alloyed particles
onto thin commercially available nickel foam strip.

9. heat-resistant foams using vapor deposition of Al and Cr (pack-aluminization and
chromizing) on nickel foam strips followed by a homogenization treatment to produce Ni-
Cr and Ni-Cr-Al foams.

10. Development of porous titanium for the production of dental implants

Aluminum foam block

Fig. 2.14. Crash protector in a model racing car built by students at the University of
Technology of Stralsund, Germany; a) view of car with the front encasement taken off.
[80]
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11. Thin porous coating on metallic foams can be used as in the development of various
new and improved treatments (i.e. bone augmentation, graft free vertebra fusion for the

treatment of degenerative disk diseases for example).

Fig. 2.15. Porous titanium coating on an acetabular cup for hip replacement (Courtesy of
National Research Council Cadrnada, Industrial Materials Institute) (80)

12. Open-cell materials: -. Vale Inco produces Nickel open cell foams for Electrodes for

NiMH and NiCd batteries are probably the largest industrial applications of metallic foams.
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CHAPTER 3

Experimental set-up
3.1 Overview of SHPB

In this study, an aluminum SHPB apparatus shown from Fig. 3.1 to Fig. 3.3 was used to
investigate the dynamic properties of GR-aluminum composite foam over a range of strain
rates. When gas gun launches, the striker bar hits to the incident bar causing an elastic
compression wave to travel in the incident bar towards the specimen. When the impedance
of the samples is less than that of the bars, an elastic tensile wave is reflected into the
incident bar; concurrently, an elastic compression wave is transmitted into the transmitted
bar. Strain gages mounted in the middle of incident and transmitted bars collect these waves
from incident and transmitted bars, respectively. Specimen response, including average

engineering stress and engineering strain, are calculated by using equations (14) and (15).

Cover section

Gas tanks
S

Gun barrel Striker bar

Transmitted bar

Damper

Fig 3.1: A scheme of typical CAD model of compressive Split Hopkinson Pressure Bar apparatus
designed in UG-NX_Sourav Das©
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Fig 3.2: SHPB apparatus as viewed from transmitter bar end

Fig 3.3: SHPB apparatus as viewed from striker bar end
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3.2 Details of SHPB

The SHPB apparatus has four main parts:

Gas launcher assembly

Pressure bar assembly

Data acquisition system

Damping system

3.2.1 Gas launcher Assembly

SHPB works with compressed gas, this assembly is crucially important to the whole SHPB
apparatus. It includes the following main components: Solenoid valve, pressure tanks,

pressure regulator, and gas-gun barrel.

Solenoid valve

Fig. 3.4 gives a view of a quick-acting solenoid valve. It is connected with two compressed
nitrogen tanks by sealed piping and pressure regulator as shown in Fig. 3.5 and Fig. 3.6
respectively. The operating pressure of the value is nearly 2000 psi. The function of a
solenoid valve is described as follows. The computerized control system opens the solenoid
valve; compressed nitrogen gas is expanded to the gas-gun barrel (see Fig. 3.8) and forces
the striker bar out. When the striker bar reaches the end of the gun barrel, it blocks laser
beams shining at the sensor, at the end of gun barrel. The interrupting of striker bar through
the laser beam causes voltage recorded in system change. Upon recognizing the existence
of the striker bar, the control system automatically closes the solenoid valve, to stop

compressed nitrogen from releasing.
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Fig 3.4: Solenoid valve

Pressure tanks

Two high-pressure tanks are connected through sealed piping and pressure regulator as
shown in Fig. 3.5. The black tank in Fig 3.5 is a reservoir storing compressed nitrogen gas
with maximum pressure of 3000 Psi. The blue tank is used to achieve desired pressure by

adjusting the pressure regulator.

Fig 3.5: Two pressure tanks
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Pressure regulator

As shown in Fig. 3.6, the pressure regulator includes a pressure adjustment handle and an
outlet gage (on the left) and inlet gage (on the right). It shows the current pressure in the
tank (inlet gage) and also shows the current pressure value or limits the delivery pressure
to the solenoid valve (outlet gage). Using the pressure adjustment handle to reach the
desired pressure when the inlet flow is equal to the outlet flow between two tanks, the gas
flow is automatically cut off to conform to the optimum pressure. The releasing pressure
can be set up to a maximal value of 2000 psi, which is the safe working pressure of the
solenoid valve. Because of leakage, after control is set to desired pressure, the pressure

may start decreasing; therefore, one must double check pressure before shot.

Fig 3.6: Pressure regulators
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Gun barrel

Gun barrel or launching tube, in Fig. 3.7, is one of the crucial components for stress
generating. It is made of steel and is in the shape of a hollow cylindrical tube providing the
driving force for striker bar. Its ends are screwed onto flanges connecting to the rest of the
SHPB apparatus. Dimensions of gun barrel for both aluminum striker bars of 9 inches and

12 inches are 120 mm long, with a 32 mm external diameter and a 20 mm internal diameter.

Gun barrel

Fig 3.7: Gun barrel (launching tube)
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Pipes
Pipes are used to connect the pressure tank to the solenoid valve. They are made from

stainless steel with an inner diameter of 0.446 inches and outer diameter of 0.5 inches.

3.2.2 Pressure bar assembly
Pressure bar assembly consists of striker bar, incident bar and transmitted bar made of the
same diameter and material. Bar material and bar dimension are the two most important

factors of the pressure bar assembly.

An ideal pressure-bar material should have low wave attenuation on both radial and
longitudinal dimensions (small Poisson’s ratio) and high sensitivity to signal-to-noise.
Besides, signal loss is almost zero. High strength structural material like steel is
traditionally used for SHPB bar material; however, the SHPB test will not guarantee
accuracy. The reason is due to significant strength differences between the bar and
specimen materials. Wave impedance (p.Co) of Graphene al foam composite specimen is
much lower than that of the al pressure bar; therefore, most of the incident pulse is reflected
backward into the incident bar and only a small portion of loading is transmitted through
specimen to transmitted bar. As a result, transmitted pulses become very weak. Even if a
high strain-gage gain is used, e.g., 500, making it impossible to get the precise and complete
transmitted pulses. Even when such small transmitted signals are collected precisely and
completely, it is not easy to check stress equilibrium with these signals. In dynamic

equilibrium checking, a comparison is made between transmitted signal and the difference
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of incident and reflected signals. Obviously, the comparison of a very small signals with

two large-amplitude ones must be inaccurate.

Another reason for not using the steel bars to test such material is the very short pulse
duration of incident pulse. Typically, for a steel bar, the incident pulse duration is less than
10 ps, which is not enough time because the specimen deforms homogeneously before

damage. Non-homogeneous deformation in specimen leads to invalid stress equilibrium.

In order to receive fairly large and accurate transmitted signals as well as facilitate stress
equilibrium in specimen, low-strength material such as polymer, aluminum, titanium, and
magnesium are usually employed, as long as the bar-material strength is higher than
specimen-material strength. For SHPB apparatus under investigation, aluminum 7075-T6
was chosen as pressure-bar material with following mechanical properties as shown in
Table 3.1 (provided by ASM (Aerospace Specification Metals Inc.). See their website

http://asm.matweb.coms -1earch/ SpecificMaterial.7075T6) for more information.

Pressure-bar dimensions will be mentioned in detail in striker bar, incident and transmitted

sections.

Table 3.1: Mechanical properties of Aluminum

Peak

Mechanical | Density | Poisson’s YOZ"? 5 Sr:jea:r Elongation | tensile Ultlmat;
Properties | (kg/m®) ratio modulus | modulus (%) strength strengt
(GPa) | (GPa) (MPa)
(MPa)
Aluminum 2800 0.33 71.7 26.9 11 503 572

Additionally, since SHPB theory is followed by one-dimensional wave propagation, these
bars must be typically straight and freely moved in supporters with the friction as

minimized as possible. Besides, the bar system should be aligned perfectly on the common
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loading axis. The bar ends are designed orthogonal to the common bar axis with high
accuracy to ensure good contacts of the striker bar with the first end of incident bar, and

the bar ends with specimen.

Striker bars

Striker bars, made of aluminum, 18 inches in length (Fig. 3.8), with diameter of 12.8 mm
which is the same to incident and transmitted bar diameter. For a smooth movement, the
inside diameter of the gun barrel is slightly greater than the striker bar’s diameter as stated

in gun barrel section.

Fig 3.8: Striker bar

The striker bar’s function is to change the pulse duration in the incident pulse or incident
propagating wavelength. The amplitude of the pulse is not only directly proportional to the
impact velocity of the striker bar, but also to the length of striker bar. Striker bar velocity

changes with pressure. The higher pressure is adjusted, the higher the striker-bar velocity.
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Incident and Transmitted bars

These two bars are vital parts of the apparatus as shown in Fig 3.9 (a, b). Incident bar is the
one that gets contact directly from striker bar when shot. While the transmitted bar makes
contact indirectly despite the fact that in the presence of a small pulse shaper at the front
end of incident bar (discussed later in Pulse shaper section) makes the contact indirectly.
The energy from the striker bar is transferred almost entirely through the incident bar before
reaching the specimen. When the compressive loading pulse in the incident pressure bar
meets a specimen sandwiched between two bars, some part of the pulse gets reflected to
the incident-specimen interface, while the remainder is transmitted to the second main bar
or transmitted bar. Strain gages mounted in the middle of each bar provide magnitude and

shape of the incident, reflected and transmitted pulses.

Fig 3.9 (a) Incident bar Fig 3.9 (b) Transmitted bar

Dimensions of pressure bars including length (1) and diameter (d), are chosen to meet a

criteria of 1-D wave propagation for a given pulse length. For experimental measurements
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on most engineering materials, this propagation requires about 10 bar diameters. Table 3.2
illustrates length and diameter of both incident and transmitted bars. Obviously, the length-
to-diameter ratio meets the requirement of 1-D wave propagation which SHPB theory is
based on. Additionally, to avoid overlapping between the incident reflected pulses, the

incident bar length should be as least twice as long as the striker bar’s.

Table 3.2: Dimensions of incident and transmitted bars used in SHPB unit

Length Diameter Length-to-diameter
(mm) (mm) ratio
Incident bar 182 12 15.16
Transmitted bar 137 12 11.41

3.2.3. Data acquisition system
Data acquisition system includes strain gage, preamplifier, LabVIEW and sensors as shown

in Fig. 3.10.

Cancnrc Ineid h CSneriman . A Namne
o nridant har Ctrain-caca Qtrain-gaca _IFrancmitta

Striker har |

Lab-View

Fig 3.10: A schematic of a data-acquisition system
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Strain gage
Strain gage, a device whose electrical resistance varies proportionally to the change
of strain, is the most common method of measuring strain because of its convenient size

and simple installation.

As shown in Fig 3.11, a strain gage commonly is made from strips of metallic films
arranged in a grid pattern. The purpose of using metallic strips is not only to maximize the
strain received from the bar during elastic deformation, but also to reduce the possible shear
strain and Poisson strain. The grid is attached onto a very thin non-conducting backing
(called carrier) which is glued directly on the aluminum bars. After bonded on the bar, the

strain gage is tied to keep it unmoved in a fixed position as illustrated.

It is clear that the adhesive between carrier and aluminum bars is very important since it
can result in adverse measurement results in cases where the carrier is not properly
mounted on the bar. In addition, some errors can come from the fact that the direction of
strain gage is not parallel to the common loading axis of bar system (the direction of strain
deformation); or the adhesion applied is too thick. Since these errors may happen,
calibration tests should be carried out before actual tests to eliminate the influence of these
errors on the measurement accuracy. Note that since each strain gage has a particular limit
on elastic deformation, if applied load is larger than that limit, plastic deformation will ruin
the strain gage. Therefore, strain gage elastic limitation needs to be chosen so that it can
stand allowed deformation of the bar, in order to avoid destroying the strain gage with too

large of a strain.

42



t~—

J,Cff

Fig 3.11: Strain gage

Fig 3.12: A view of strain gage on the incident bar

The black and green wires in Fig 3.12 correspond to point A and C in Fig 3.11, they link
to resistances to measure the electrical change in the strain gage. The circuit employed to
measure such small changes in resistance is popularly known as a quarter-bridge circuit in
which four resistances are arranged as shown in Fig 3.13. At the beginning, R; and Rz are
set up equal to each other, while Rz is set with a value equal to strain gage resistance; hence,
without applied force the quarter-bridge circuit is symmetrical and a voltmeter will indicate
zero point at this status. However, when the bar is loaded with compressive or tensile
forces, metallic strips deform elastically. As a result, the value shown in the voltmeter is

not zero because of the decrease or increase of strain gage resistance, respectively.

Equation of V& as a function of strain is (Source: http://www.ni.com/white-

EX

paper/3642/en):
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Vo _ _GFef 1
Vex 4 <1+GF.§> (16)

Typically, strain gage resistance ranges from 120Q to 2kQ. The value of the strain gage
used here is 350Q. The distance between strain gage and other resistances is considered as

resistances in two black and green wires; however, these resistances are not counted when

calculating the circuit. This type of error will be covered in calibration tests.

' Aluminum
/ bar

L

<J'||I
x

A

Fig 3.13: A quarter-bridge strain-gage circuit

A fundamental parameter of strain gage presented the sensitivity to strain, defined as the
ratio of fractional change in electrical resistance to the fractional change in length is gage factor

(GF).

_ AR/R _ AR/R

GF = ALJL ~ e

(17)

Strain gage with GF = 2.07 is used for this SHPB.

In Fig. 3.14(a, b), show data collected from strain gages mounted on Incident and

Transmitted bars are shown.
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Fig. 3.14: Data collected from strain gage on: (a) Incident bar and (b) Transmitted bar

Differential preamplifier

Since the signals collected from the strain gages are in milli volts, it hinders the

accurate measurement at these low-magnitude voltages; hence, a differential preamplifier

and oscillator are necessary to facilitate the measurement. This research used a Tektronix
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ADA400A Differential Preamplifier shown in Fig 3.15 with upper bandwidth filters of
100Hz, 3kHz, 100kHz and Full (>1MHz). As mentioned in [47], the preamplifier and
oscillator should be the types with high frequency response to record signal, at least 100Hz.
However, when the filters are applied with 3kHz or 100Hz, the recorded signals are not
distorted, especially in level of 100 Hz, signals are changed totally, while the results in

100kHz provide rectangular shaped signals. Therefore, following the suggestion, the

preamplifier is applied with 100kHz to obtained desired signal shapes.

Fig 3.15: Differential Preamplifier of SHPB

LabVIEW
LabVIEW is a graphical programming environment designed for measurement,
test, and control systems. In this study, a National Instruments PX1-1002 combined with a

PC running LabVIEW to gather and report the experimental data. In Fig. 3.16, LabVIEW
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shows essential constants of SHPB testing and incident & reflected window, transmitted

window and laser-data window.
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Fig 3.16: Experimental data presented on LabVIEW

Sensors

Fig 3.17 gives a view of two sensors positioned in SHPB apparatus. As described
in solenoid valve section, when the solenoid valve opens, nitrogen gas pushes the striker
bar out. Until the striker bar blocks the laser beam that is shining at the sensor and changes
the voltage, control system will close the solenoid valve and stop delivering gas. This
process is illustrated in laser-data window on LabVIEW where red lines show laser data of
sensor 1 and sensor 2, respectively. When the striker bar begins blocking the laser beam of
sensor 1, a white line starts going down to a constant value, while the red line keeps the
original value. The value of red line falls off as sharply as the white line, as the striker bar

cuts off the laser beam of sensor 2.
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Fig 3.17: Sensors

3.2.4. Supporting and damping system
A reference plane of 415 mm long and 32 mm wide is designed for most of what the

apparatus sits on except the tanks and pressure regulator as shown in Fig 3.17.

Each bar supporter (flange) shown in Fig 3.18, is fitted with a bronze busing machined to
the proper tolerance; it allows the bar to slide freely in the axial direction and removes any

bending waves due to the impact in order to satisfy the 1-D wave propagation conditions.
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Fig 3.18: Bar supporters

Damping system, shown in Fig. 3.19, is designed to stop the transmitted bar after firing.
The front end of damper is filled with lead for protecting the transmitted-bar end from

ruining.

Fig 3.19: A damper
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3.2.5. Manual operation and recommendations for use
Check incident and transmitted signals
- Open NI Measurement & Automation program on desktop
- Under Configuration Tab, expand My System; then expand Devices & Interfaces
- If you do not see Configuration Tab; click View; then check Configuration
- Expand NI-DAQmx Devices; then right click on NI PXI-6115, and choose Test

Panels as shown in Fig. 3.20.

& NI PXI-6115: "Dev1” - Measurement & Automation Explorer
File Edit View Tools Help

Configuration

=] 8 My System

| [EfProperties E‘JSEIF»Test Test Panels... | “@yReset Device {ﬁereate Task... 2

+ @ Data Neighborhood 'Name. [ value I
= Devices and Interfaces 'aSenal Humber abanlce
= ) I socket humber OxF
=@ NI-DAQmx Devices F
P Y pei-e115: "Devi” [eus umber 0x3
5 Ports (serial &pra"el) [ self-Test 1 OxFE3FFO00 - OXFE3FFFFF
T ) S Test Panels... 2 OxFE3FEOOD - OXFE3FEFFF
+ PX1 PXI System (Unidentifiec - i
e Scales ‘; Reset Device : ik
+ @ Software {a Create Task.., mber NjA

* 8 Remate,Systems & Configure TEDS...

Rename

B Device Pinouts
& Properties
“{l Self-Calibrate

A
Fig. 3.20: NI Measurement and Automation program

- Under Analog Input Tab, choose Channel Name: Devl/a0 (to check incident
signal), and channel Dev1/al (to check transmitted signal)

- Click start to see the signal of Dev1/a0, the window should be shown as in Fig 3.21
a. Uncheck “Auto-scale chart” as shown in Fig. 3.21 b.

- Push the bars manually to see if the signal changes as shown in Fig. 3.21 c; if it
does, the equipment is good for doing experiment.
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Fig 3.21: Checking signal of Dev1/a0

- Do the same procedure to see the signal of Devl/al
- However, if after uncheck “Auto-scale chart” the window is shown as in Fig 3.21,
the signal of Dev1/a0 must be fixed as the following steps:

+ Measure the resistance across the Quarter-bridge circuit and zero the resistance by
rotating the small dial connected to it.
+ Zero the signal on the NI Measurement & Automation by using the coarse and fine offset
dials on the amplifier (Amplifier B for channel a0_incident signal),
+ Increase the resistance across the Quarter-bridge circuit to 0.1 mV
+ Use the amplifier again to make sure the signal in NI Measurement & Automation is 0.1
Vor-0.1V

+ Zero the resistance across the quarter-bridge circuit again.
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Fig 3.22: Error in the Amplitude vs. Samples chart

- If signals shown as Fig 3.22 a, incident or transmitted signal may go beyond limit

+ Check the amplifiers to see if Over-Range light is on

+ Check the Quarter-bridge circuit to see if there is any loose connection

+ If the Over-Range light is still on, the wire is most likely broken.

- Push the bars manually to see if the signal changes; if it does, the equipment is good
for doing experiment.

- Do the same procedure to see the signal of Devl/al

Open pressure tanks and adjust pressure

- Open the blue tank by turning the knob counter clockwise

- Open the black tank by turning the knob counter clockwise

- The pressure displayed on the small tank is the pressure used

- Turn the middle valve to the far left (counter clockwise) to decrease pressure (listen
to the hissing sound)

- Turn the middle valve to the far right (clockwise) to increase pressure (listen to the

hissing sound)
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- Have the middle valve in the position at which no hissing sound is heard to have
constant desired pressure.
Set up the experiment
- Close NI Measurement & Automation program
- Open LabVIEW 8.0 program on desktop
- Under Open Tab, choose C:\...Instruments\Drop\SplitbarMx_3_B.vi file as shown

in Fig. 3.23. Testing constants should be double-checked.

b Getting Started (&)

Fle Tools Help

New To LabVIEW?
&) Blank v Getting Started with LabVIEW
pty Project LabVIEW Fundamentals
&3 Vi from Templae... Guide to LabVIEW Document tation
& ores LabVIEW Help
Upgrading LabVIEW?

LabVIEW Projects

Changes to Existing ¥Is and Functions

3 B.vi|
KhannaiDesktoptSpitbarhx_3_B.vi New Palette Organization
) C:\...Instruments\DropiSpltbarttx_3_A.vi List of All New Features
), C:\...Instruments\Drop\Splitbartx_3_D.vi Wb Resadreds
wl C:\...al Instruments\DropiSplitbarhix1 .vi —_ i
=) C:\...l Instruments\Drop\Splitbartix_3.vi
Training Courses
\DropiSplitbarhix1B.vi
-Int Clk-HW Trig Res. .. LabVIEW Zone
\DroplSplitbarMx2A. vi Examples
£ Browse... Q Find Examples...

Fig. 3.23: LabVIEW 8.0 program

- Push the strike bar inside and at the end of the barrel

- Put the shaper on the front of the incident bar by using some grease.

- Adjust the incident such that it does not block either sensors as shown in Fig 3.24
- Put the specimen on between the incident and transmitted bars with a little oil on

both sides of specimen (Fig. 3.24)
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Incident bar Transmitted bar

Sample

Fig 3.24: Specimen sandwiched between incident and transmitted bars
- Cover the specimen area like a small chamber, so that after experiment specimen
would not fly far away.
- Make sure the damper is in the right place behind the transmitted bar. The distance
from transmitted bar end to the in-front surface of damper (Fig. 3.25 a) is
approximately equal to the distance between the pulse shaper and bronze busing

(Fig. 3.25 b), enabling shot incident bar to keep right position in bronze bushing.

(@) (b)

Fig. 3.25: Distance from the end of transmitted bar to the damper

- Make sure the constants are in LabVIEW program are correct
- Click the Run button on NI LabVIEW 8.0 (=)

- Choose folder to store the data and data file name
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- Click Fire. The time between clicking “Run” and “Fire” is within 20 seconds.

- If the signal appears on the screen, the test is good.
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Fig 3.26: Testing constants used in LabVIEW
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Fig. 3.27: Examples of operating errors presented on LabVIEW
3.3. Specimen Preparation

3.3.1. Process of preparation of Graphene aluminum composite foam

The Graphene Al foam was fabricated at AMPRI India and the specimens made at
University of Missouri, Columbia. In last several years, many technologies had been
established for the production of metallic foams, but it has been specified that only some
of these process will be appropriate for the manufacture of metal foams in an engineering

scale. These technologies can be divided into two categories:

a. Liquid metal (melt route process)

b. Metal powder (Powder Metallurgy methods)

In current literature, common ways of making GR reinforced aluminum foam is by liquid
metal (melt route process). Maximum commercially accessible metal foams are based on

alloy containing: aluminum, nickel, and magnesium, and lead, titanium, steel, copper, and
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even gold. Among the metal foams, Al alloy is designated for commercially the most
exploited ones because of their low density.
Methodology
The preparation of aluminum foam will be completed in three phases:
Phase 1: Laboratory scale synthesis of Al foam:
(a.) Electrical Resistance Furnace: Laboratory scale process development for making
Al foam. For this first instance, we need an electrical resistance furnace having a
capacity to melt at least 5-6 kg of Al alloy. The furnace will be closed on all the
sides and open at top. The electrical resistance furnace would be interfaced with a
thermocouple to measure melt temperature and recorder to read the temperature. It
is interfaced with also a temperature controller to control the temperature. The
maximum temperature of the furnace should be around 1000 degree Celsius.
(b.) A mechanical stirrer: A mechanical stirrer is to be fabricated with mild steel coated
with graphite. The stirrer is required to fix in a motor to rotate the stirrer at least a
speed of 700-800 RPM.
(c.)Cast iron die: A cast iron split die, cylindrical in shape, is to be made. The size of
the die will be depending on the dimensions of the furnace.
(d.)Air compressor: An air compressor will be used to cool the hot foam in the mold.

Phase 2: Raw materials required for making foam:

(@.) Aluminum alloy reinforce with SiC and Graphene: An Al alloy will be selected
(AA5083) as the matrix alloy and SiC particle of 10 wt.% (size: 20-40 micron) will

be used as reinforced phase. Graphene (wt.0.5%) are used as thickening agent.

57



(b.)Foaming agent: TiH> (titanium hydride) 1 wt.% of metal used, will be used as
foaming agent.

Activities carried out
Step 1. Step for making foam

(a.) First of all, we should coat the cast iron mold with graphite paste and dry the mold.
Fix the split die with the help of nut-bolt. There should not be any gap between the
two parts, otherwise liquid metal will leak through the gap. For precautionary
measure the joint portion should be filled with graphite paste.

(b.)Place the mold in the furnace.

(c.) Put raw material al alloy in the mold

(d.)Switch on the furnace and heat up to temperature of 750 degrees Celsius. Once the
Al alloy is melted then place the stirrer in to the mold. The stirrer blade should be
dipped in the liquid metal.

(e.) Start the motor and raise the stirrer speed up to 700 RPM.

(f.) Then add SiC and Graphene in the melt and mix the particles nicely in liquid Al
alloy melt.

(9.)Once the particle is mixed in Al alloy melt, foaming agent 1Wt% should be added
in the melt. The foaming agent should be wrapped in Al foil. The total foaming
agent should be divided into 10 parts and then wrapped in Al foil; there will be 10
balls of foaming agent wrapped with Al foil.

(h.) After adding foaming agent stir for 1 minute and then take out immediately the

stirrer from the melt.
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(i.) Once the foaming is over. Take out the mold with foam and cool the mold with
compressed air. Finally, the mold with foam is to be left over for around 24 hours.
Next day one can open the die out the Al foam.
3.3.2. Specimen dimension
Al alloy foam sample is prepared by melt route using a patented process of AMPRI India.
The foam samples are cut conforming to the size of the mild steel sections (round and
square). The foam samples of 21mm x 21mm x 30mm have been cut from the cast foam
blocks. The samples were cut using diamond cutter at very slow speed (in University of
Missouri, Columbia) so that the surface of cell structure does not get distorted. The size of
the foam sample was cut in dimension of 7.5mm*7.5mm*7.5mm (Fig. 3.28). The sample
was polished by sandpaper and grinding wheel so that all sample is very finished and very
accurately in measurement and test for quasi-static compressive behaviour and high strain

rate test using Universal Testing Machine (ADMET) and Split Hopkinson Pressure Bar

(SHPB) respectively.

() (b) (©)
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Fig. 3.28.Graphene - SiC hybrid Al foam sample (a) Cast block, (b) polished sample

before test and (c) polished sample showing one of the faces of the foam block

Density Measurement

The density of AA5083 alloy (Al-5.5% Mg-0.3%Mn)-10wt% SiC and 0.5wt%Graphene
composite foam is found out by mass and volume measurements. Samples of dimensions
7.5 mm x 7.5 mm x 7.5 mm are used for density measurements. The relative density of
AA5083 alloy 10 wt % SiC ,Graphene (wt.0.5%) composite foam is calculated by dividing
density of foam by density of solid Al (2.8 gm/cc) .Around 37 samples were cut in the
dimension prepared from different places as received from casting. The average relative

density is found around 0.23- 0.29 gm/cc and the porosity is 75.6%.

3.4. Pulse shaper Design
3.4.1. Pulse-shaper dimension and shape

Fundamental equations of SHPB theory are derived from one-dimensional stress
wave theory in which uniaxial stress equilibrium is assumed within the specimen.
Therefore, SHPB experiment results are valid and reliable if and only if the specimen

deforms at a constant strain rate and uniaxial stress equilibrium is achieved in specimen.

Taylor-von Karman theory gives the relation of specimen pulse duration t and (specimens

length) Hs as follow:

2

2 psHS
Jdo
e

t2 = (32)
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where t is pulse duration required for a uniform uniaxial stress state to be achieved
in specimen, ps is the specimen density, and do/0¢ is the rate of true stress/ true strain curve
for the material to be tested (81). For the high-work-hardening-rate and low-sound-speed
materials like Graphene aluminum foam composites, in order to increase the pulse
duration, a shorter length specimen is required to facilitate rapid ring-up followed by rapid

attainment of uniaxial stress state in specimen.

However, as discussed, the reduction of Hs affects the aspect ratio. It can be seen
that choosing (diameter) Ds is based on the SHPB condition (bar diameter) and aspect ratio
chosen to ensure minimizing the inertia and friction effects, so in most of cases length
reduction is impossible. That is why pulse-shaper technique becomes popular in a modified
SHPB with plenty of advantages such as achieving constant strain rate, smoothing the
stress pulses, eliminating the high frequency oscillations in incident pulse, and extending
the pulse duration to facilitate tress equilibrium. Pulse-shaper is generally an elastic-plastic
metal disk (tip material) attached to one end of incident bar by a little bit of grease. When
testing, the striker bar’s impact on the pulse shaper transfers energy indirectly to the
incident bar, causing the pulse duration to increase as expected. Pulse shaper thickness 1.59
mm and thickness-to-diameter ratio Tp/Dp = 0.25 inches. This research used a pulse-shaper

with Dp =6.35 mm., Tp = 1.59 mm.
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Fig. 3.29. Pulse shaper design with holes**

3.4.2. Pulse-shaper material

Even though some researchers believe that pulse shaper material should be the same as
specimen material, i.e., playing the role of a dummy specimen to shape incident pulses as
wanted, Vecchio and Jiang [82] stated that pulse-shaper material does not have to possess
similar strength as that of specimen nor does it have to be made of the same material as the

test specimen

** Personal Communication with Abdelhakim Aldoshan, Ph.D. candidate, University of Missouri,

Columbia

For polymer or composites with polymer matrix, soft materials such as brass, Plexiglas,
hard or annealed copper, and low-strength stainless steel are recommended as pulse-shaper
materials. Among these materials, copper is the most popular because a copper shaper can
easily deform plastically to a relative large strain without fracture. Pulse shaper material
chosen for this work is C14500 Tellurium copper with basic physical and mechanical

properties shown in Table 3.3.
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Table 3.3: Physical and mechanical properties of Copper No. C14500

Copper No. C14500

Mominal Chemical Composition % by weight

Copper (incl. Silver) Phosphorus Tellurium
99.7 008 .23

Mechanical Properties

Typical for 17 solid diameter Hard (35%) Temper

Hardness™® Rockwell F Scales 48
Tensile Strength™* KSI 43
Yield Strength == K5I 44
Elongation®* % in 2 inch 20

*Hardness conversions are approximate

**Test values are nominal approximations and depend on specimen size and orientation.

Physical Properties

Thermal Conductivity BTU/ (sq ft-ft-hr-F) 20.5
Specific Heat BTU/Ib/oF @ 68F .092
Thermal Expansion Per °F from 68 Fto 212 F .0000095
Density Ibfcu in @ 68 F 323
Electrical Conductivity % [IACS @ 68 F 93
Modulus of Elasticity KSI 17,000

*Wolume basis

Reference: http://copper-casting-alloys.brass-copper- fittings.com/c14500 _tellurium_copper.htm

In literature, some trial tests was conducted to determine which types of material become
effective pulse-shapers for this research.C14500-copper pulse shaper and annealed
C14500-copper pulse shaper is employed. Obviously, C14500-copper pulse shaper results
were constant in reflected pulse, while the others gave either complicated pulses or varying
ones. It is well known that the test with constant reflected pulse leading to unvarying stain

rate in specimen. In addition, pulse shaper with low work-hardening property obstructs the
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tests performed at high strain rate. The pulse shaper shrinks while testing for Graphene

foam specimen at strain rate of 2700 s-1 or higher.

3.5 Data Analysis

3.5.1. Data Analysis with MS-Excel

The purpose of SHPB data in Excel is to select needed data for running SHPB MATLAB
file. Then, from that input, running SHPB MATLAB file will give output of incident,
transmitted, reflected pulses, and material-behavior relations including strain rate time,

stress time, stress-strain, and views of stress equilibrium check.

An Excel data file of SHPB experiment presented in Fig. 3.30. Appearing on screen (Fig.
3.30) are columns A and B referring to data collected from incident and transmitted strain
gages, respectively. Two rows from top as marked in Fig. 3.30 was deleted in order to draw
plots of incident and transmitted pulses, while two columns of ascending order and time

were added as shown in Fig. 3.30.
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After plotting the full incident and transmitted signals on separate graphs shown in Fig.
3.31.b, since the first set of pulses used, we zoomed in both incident and transmitted graphs,
and then selected the first set as shown in Fig. 3.31 b. To select the needed incident data,
one should notice the time value on x-axis at the beginning (region A in Fig. 3.31 c¢) and
end values of incident pulse. Starting point is the one close to the intersection of the pulse
and the X axis, we can easily find the actual time starting point of incident bar in column
B (time column) corresponding to the incident value, because from incident data of the
continued incident values keep negative. From time value shown in Fig. 3.31 d, incident
data starts to get value zero, and then keeps going to positive values. In addition, from
region B as shown in Fig. 3.31 d, therefore, it concluded that the incident data belonging

to the actual time value from 0.004966 to 0.00529 corresponds to incident pulse.
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transmitted pulse

Reflected pulse

Fig 3.31 c. New incident, transmitted, reflected signals obtained from the original signals

Once the new incident, transmitted and reflected pulse are generated with the above signals,

we need to find those values in the original signals and generate another new signals of

incident, transmitted and reflected.
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Fig. 3.31 d. New signals generated from 3.31
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Fig. 3.31 e. shows the new signals data selections

The same procedure performed for reflected and transmitted pulses with the note that while
incident and transmitted data admit negative values, reflected ones select positive values.
The selected data from incident, transmitted and reflected pulse put in the order as shown
in Fig. 3.31 e. This order, which stated in SHPB MATLAB file, cannot be changed because
these selected data will be inputs for the MATLAB file. A change on time values at column
O shown in Fig. 3.41 e is due to the conversion from second (Fig. 3.30 b) to microsecond
(Fig. 3.31 e), so the final graphs after running SHPB MATLAB file with be versus
microsecond as shown in Fig. 3.31 e. All the selected data must end in the same row as
shown in Fig. 3.31 e; in other words, they are in the form of a matrix. The last row of the
matrix is the one right before the row on which any pulse data comes to zero (see Fig.

3.31e) or switches from negative values to positive ones with respect to incident and
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transmitted pulses. Conversely, reflected data stops selected when any change makes from

positive values to negative ones.

3.5.2. Data Analysis using MATLAB

SHPB MATLAB file named “Current Split Hopkinson Code.m” run in MATLAB
program. One must follow the instructions in the command window and call stress and
strain correction factors from calibration part, allowing the MATLAB program to give the
final graphs as for each experiment as seen in Fig. 3.32. The experiment conducted with
an 18-inch striker bar with a specimen of 0.5% Graphene aluminum foam composite wt.0.5
percentage GR at 25 psi corresponding to the impact velocity of 8.89 ms-1. Pulse shaper

used in this experiment is with five holes, Copper C14500 with the dimensions Dp = 0.25

in., Hp = 0.0625 in.
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Fig. 3.32. Final results of 0.5wt.% GR composite aluminum foam, given by the MATLAB
program: (a) reflected pulse vs. time; (b) strain rate vs time; (c.) strain vs Time (d) 3 pulses
shifted to the same starting time. (e.) stress vs time (f.) strain vs time. (g.) Stress vs strain
(h.) Incident signals (i.) stress equilibrium checking.
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Chapter 4
Results

4.1 Compressive strength

Al alloy based cellular material possesses application essentially in the areas of
crashworthiness in which material should have a property to absorb mechanical energy. In
order to know the crashworthiness of the material one should understand the compressive
strength behaviour of the material at low and high strain rate. Figure 1 shows a theoretical
stress-strain diagram of metallic cellular material. The stress-strain diagram shows three
distinct regions; these are (i) initial linear elastic region (ii) flat plateau region and (iii)
densification region. This kind of behaviour is observed in quasi static and in dynamic

compression of metallic cellular material.

Stress o

:'E_-" Energy W, '..-'_'.

Strain ¢

Fig 4.1 Typical Stress-strain curve for aluminum foam under compressive loading

( Reference : Metal foams: A Design guide by M.F Ashby )
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In the last few years, there has been a considerable increase in interest in using metal
cellular metallic material (metal foams) for lightweight structural components and energy
absorption parts such as in the automobile, railway and aerospace industries, for that it
should have a wide plateau in the compressive stress-strain curve. In these applications, the
metal foam subjected to high-velocity (high strain rate) deformations. Designing for these
applications therefore demands a full characterization of their mechanical properties under
a wide range of strain rates. The quasi-static mechanical properties of aluminium alloy
foams, such as compressive strength, and elastic modulus, have been extensively studied.
However, under dynamic load conditions there has been relatively limited study due to the
difficulty of characterizing the high strain rate behaviour of aluminium alloy foams. A
servo hydraulic machine is common and convenient to study at lower strain rates (below

10s™Y). A drop weight impact test can be used for different specimen geometries and allows
easy variation of strain rate in the range 100s* — 500s . However, the system is very
sensitive to the contact conditions between the impactor and specimen. Hence, in the
present investigation static as well as dynamic compressive tests carried out using a servo
hydraulic test machine and a Hopkinson pressure bar unit respectively. The static test
carried out over a strain rate of 0.001s™* to 1s* and the dynamic test was done over strain
rates in the range of 500 s to 2700s *. The results of low and high strain rates deformation

behaviour described in the sections to follow:

4.2 Compressive tests of Al composite foam without Graphene at strain rates of 0.001s

1 to 1s! under quasi-static load

74



Static compressive tests were carried out using a servo hydraulic machine over strain rates

0f 0.001s %, to 1s L. The relative density of the samples was 0.21. Figure 4.2 shows a typical

stress-strain diagram of Al alloy wt.15 % SiC composite foam over strain rates of

0.001s%, 0.01s%, 0.1st and 1s. The stress-strain diagram clearly shows initial linear

elastic region with peak stress of 7.5 MPa, 8.0 MPa, 8.0 MPa and 6.5 MPa at strain rates

of 0.001s %, 0.01s%, 0.1s* and 1s* respectively. The stress - strain diagram shows flat

plateau region of plateau stress in the range of 8.00 MPa to 8.70 MPa. The densification

strain is found to be around 0.28. The densification region may be seen after the strain

value of 0.28. It is worth noticing that the plateau region stress increases with strain, which

is mainly due to strengthening of the cell wall due to strain hardening behaviour.

20 3 1/s
. &——0.1/s
Al Foam without Graphene
= «—0.01/s
o 15 ’ ~ €—0.001/
> Elastic Yield Stress
~ Region
A
e
7
[<5) 10 ¥
=2
7
o
o
E 5|/
O . S .
Plateau Region Densification Region
0 - T T T T
0 0.1 0.2 0.3 0.4 0.5

Compressive Strain

Fig. 4.2: compressive stress-strain diagram of Al-SiC composite foam without
Graphene over a strain rates of 0.001s* to 1s™.



The energy absorption by the Al composite foam is calculated using a relation as given
below:

&
Ea= E (absorbed energy)= fo Op/&d (4.1)

Opl = Plateau stress, £d= Nominal Strain

The energy absorption is calculated to be around 2.24 MJ/m?,
Table 4.1 shows the peak stress, plateau stress and energy absorption of Al Alloy-SiC

composite foam without Graphene at different strain rates under quasi-static load

condition.

Table 4.1 Effect of strain rate on the plateau stress and energy absorption of Al

composite foam without Graphene under quasi-static load condition.

Strain Rate (s) | Peak Plateau Stress | Energy Absorption
Stress(MPa) (MPa) (MJ/m?)

0.001 7.5 8.00 2.24

0.01 8.0 8.00 2.24

0.1 8.0 8.70 2.18

1.0 6.5 8.00 2.24

Figure 4.3 shows the effect of strain rates on the plateau stress of Al-SiC composite foam
without Graphene under quasi-static load condition. It is seen that plateau stress is more or

less same in quasi-static load condition, in the entire range of strain rate used in the present
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investigation. It depicts that plateau stress is insensitive to strain rate under quasi-static
load condition. Densification strain is also found independent of strain rate. Figure 4.4
shows the effect of strain rate on the energy absorption of Al Alloy-SiC composite foam
without Graphene under quasi-static load condition. Energy absorption is nearly constant

at approximately 2.24 MJ/m?.

4.3. Compressive tests of Al composite foam with 0.5% Graphene at a strain rate of

0.001s™! to 1s™* under quasi-static load

In Al-SiC composite, 0.5wt. % Graphene is mixed with SiC particles and added in liquid
Al alloy for foaming. Figure 4.5 shows compressive stress-strain diagram of Al Composite

foam with 0.5% GR, deformed over a strain rates of 0.001s %, 0.01s?, 0.1s* and 1s*. The

figure shows initial elastic region showing peak stresses and flat plateau region of plateau
stresses in the range of 11 MPa to 12 MPa. The densification strain is found around 0.32.
After, densification strain, the stress is found to increase with strain. The densification
region is clearly seen in the diagram and marked in Fig. 4.5. The energy absorption is
calculated and found around 3.30 MJ/m3to 3.83 MJ/m3. It is noted that dispersing
Graphene particle in Al alloy composite foam enhances the plateau stress from 8.0 MPa in
without Graphene composite foam to 11 MPa in with Graphene composite foam tested

over a strain rates of 0.001s* to 1s™ (Fig. 4.6). The energy absorption by the foam with

Graphene is found around 3.5 MJ/m? (Fig. 4.7), Present result shows that by dispersing

0.5 wt. % Graphene with 10% SiC particle, the plateau stress of Al composite foam is

increased by 37% and energy absorption is enhanced by 56%.
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Figure 4.3. Compressive stress-strain diagram of Al composite foam with Graphene at
different strain rates of 0.001s?,0.01s?%, 0.1s and 1s™™.

Table 4.2 shows the peak stress, plateau stress, densification strain and energy absorption
of Al alloy composite with 0.5% Graphene tested over a range of strain rates 0.001s* to
1.0st.

Table 4.2 Effect of strain rate on the plateau stress and energy absorption of Al-SiC-
composite foam reinforced withGraphene under quasi-static load condition.

Strain Rate (s?) | Peak Plateau Stress | Energy Absorption
Stress(MPa) | (MPa) (MJ/m3)
0.001 11 11 3.52
0.01 10.5 11 3.30
0.1 11 12 3.84
1.0 11 11 3.3
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The above results inferred that addition of Graphene in Al alloy composite foam shows
improved properties in terms of plateau stress and energy absorption. Seeing this
behaviour, it is opined that further detailed dynamic carry out tests with Graphene
reinforced Al alloy composite foam using Split Hopkinson pressure bar (SHPB) unit.
Hence, the results described in the following sections are solely restricted to Graphene Al

alloy composite foam with Graphene at dynamic test condition.

4.4. Stress-Strain Diagram of Al composite foam with Graphene (relative density:
0.23) under dynamic loading condition

The stress-strain diagram clearly shows an initial elastic region followed by a peak stress
and then after the stress falls to a lower value and mentioned a constant load on which the
metal foam deformed i.e., plateau stress. The peak stress is the maximum stress that the
metal foam can withstand there is a slight drop in stress following the peak stress to a nearly
constant stress level known as the plateau stress. Table 4.4 shows the peak stress at various
strain rate of deformation. Figure 4.4 depicts a typical stress-strain diagram of Al composite

foam with Graphene of relative density 0.23 and various strain rates ranging from 500 s
to 2750 st shown by different line gradient. The diagram clearly shows that the peak and
plateau stress increase with strain rate. For example, at a strain rate of 500s?, the plateau

stress is found around 10 MPa and is increased to 20 MPa when the material tested at a
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strain rate of 2750 s. Fig. 4.4 shows the effect of strain rate on the plateau stress.
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Fig. 4.4. Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.23) at different strain rate (500 s - 2750s 1)

Table: 4.3. Effect of Strain rate on the response of foam with relative density of 0.23

Strain Rate (s™) Peak Stress | Plateau Energy Absorption
(MPa) Stress(MPa) (Eab) (MJ/m?3)

500 8 10 0.08

1000 10 12 1.8

1700 14 15 3

2300 18 20 4

2750 22 22 4.4

The energy absorption per unit volume by the hybrid foam material is calculated by the
equation 4.1. These results shows in Table 4.5 clearly indicate that increasing the strain

rate of deformation enhances the plateau stress and the energy absoption. The results are
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also plotted in Fig 4.5 and Fig. 4.6 to show the variation of plateau stress and energy

absoption as a function of strain rate respectively.
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Fig.4.6 Effect of strain rate on the energy absorption
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4.5. Stress-Strain Diagram of Al composite foam with Graphene (relative density:

0.24)

Figure 4.7 shows a typical stress-strain diagram of Al composite foam with Graphene of
relative density 0.24 tested at various strain rates. The nature of stress-strain diagram is
similar to previous diagram (Fig. 4.5). It also shows initial elastic region with a peak stress,
and plateau region. It may be noted from the diagram that at a strain rate of 500 s?, the
plateau stress is found to be around 11 MPa. The plateau stress is noted to be increased

with strain rate i.e. 1300s?, the plateau stress is 13 MPa and it is increased to 20 MPa when
the foam is tested at a strain rate of 2500s . Further, at a strain rate of 2760 s %, the plateau

stress is found 21 MPa (Fig. 4.6). The energy absorption by the hybrid foam is also found

out by the equation 4.1.
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Fig. 4.7 Stress-strain diagram of Al composite foam with Graphene (Relative Density: 0.24)
at different strain rate (500 s’ to 2760 s™%)

It is noted that the energy absorption is increased from 1.65 MJ/m? at a strain rate of
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500s ! to 4.20 MJ/m® at a strain rate of 2760 s*. All the values are tabulated and shown

in Table. 4.4

Table: 4.4 Effect of Strain rate on the response of foam with relative density of 0.24

Strain Rate (s?) Peak Stress | Plateau Stress | Energy Absorption
(MPa) (MPa) (MJ/m?3)
500 10 11 1.65
1300 14 13 2.6
2500 18 20 4.0
2760 23 21 4.20

Table 4.4 shows that that stress of the foam material increases with strain rate
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Fig.4.8 Effect of strain rate on plateau stress
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Fig.4.9 Effect of strain rate on the energy absorption

Figure 4.8 shows the effect of strain rate on the plateau stress. It is been noted that plateau
stress increases with strain rate. Figure 4.9 depicts the effect of strain rate on the energy
absorption of Graphene Al composite foam. It is been noted that energy absorption
increases when the material is tested at higher strain rate. This clearly depicts that when
the material is been deformed at higher strain rate the energy absorption by the material

also increased.

4.6. Stress-Strain Diagram of Al composite foam with Graphene (relative density:

0.25)

Figure 4.10 shows the stress-strain diagram of Al composite foam with Graphene of
relative density 0.25. It also shows similar nature of stress-strain diagram as discussed
above. It depicts from the diagram that material examined at a strain rate of 1300s* has
an initial elastic region with a peak stress of 11 MPa and a plateau region of plateau stress

of 12 MPa. Similarly, when the material tested at a strain rate of 2200s %, the peak stress is
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noted around 13 MPa and the plateau stress is observed 15 MPa. When the material is
tested at a strain rate of 2620s !, the peak stress is recorded 22 MPa and the plateau stress

is 20 MPa. It may be noted that initially the stress is increased with strain to a value of 22
MPa, and then it progressively decreasing to a lower value of 18 MPa and then it again is
increased to higher value. Usually, the deformation is progressing layer-by-layer
mechanism at a constant load. The lowering of stress value is observed mainly due to
defects exist in the material. The stress-strain diagram depicts that plateau stress is

increased with strain rates as shown in the Fig. 4.10
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Fig. 4.10 Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.25) at different strain rate (500 s * to 2620 s'%)
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Table: 4.5 Effect of Strain rate on the response of foam with relative density of 0.25

Strain Rate (s™) Peak Stress | Plateau Stress | Energy Absorption
(MPa) (MPa) (MJ/m?3)
500 11 12 24
2200 13 15 3
2620 22 20 4

Table 4.5 shows the values of peak stress, plateau stress, etc. at various strain rates. The
effect of strain rate on the plateau stress is shown in Fig. 4.11. It can be seen that plateau
stress increases with strain rate. The energy absorption by the Al composite foam with
Graphene at different strain rates is shown in Fig. 4.12. It is noted that at a strain rate of

500s %, the energy absorbed by the material is 2.4 MJ/m® and material tested at higher
strain rate say at 2620s !, the energy absoebed by the foam material is 4.0 MJ/m? . Figure

4.12 clearly shows the increasing tendency of energy absorpsion with strain rate. It is an
well understood fact that at higher strain rate usually higher pressure is being used and the
primary bar strikes the sample with higher stress which inturn compresses the sample more
and also the plateau stress observed is more. This results clearly indicated that deformation
of Al composite foam with Graphene from a strain rate of 500s* to 2620s* , the energy
absorbtion increased to an amount of 70%, whereas plateau stress is increased to a value

of 79%.
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4.7. Stress-Strain Diagram of Al composite foam with Graphene (relative density:

The stress-strain diagram of hybrid composite of relative density 0.26, at various strain

rates is shown in Fig. 4.13. The strain rates used in this figure are 1000s%, 1500s* and
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2500s 1. The plots corresponding to the strain rate 1000s ™, depicts initial elastic region of
peak stress 11 MPa and a flat plateau region of plateau stress of 10 MPa. The second plot
shows stress-strain diagram at a strain rate of 1500s ! it also shows a peak stress of 13 MPa
and a flat plateau region with a plateau stress of 15 MPa and densification strain of 0.22. It
also shows densification region and decreasing tendency of stress value. The stress-strain
diagram of the material tested at a strain rate of 2500s * shows a peak stress of 21 MPa,
and there is a decreasing tendency of stress just after a strain value of 0.05. This decreasing

tendency of stress signifies that there must be some defects in the sample in upper portion

of the sample. Again, the stress is found to increase with strain and crosses a value of 20

MPa.
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Fig. 4.13. Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.26) at different strain rate (1000 s to 2500 s'%)
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Table: 4.6. Effect of Strain rate on the response of foam with relative density of 0.26

Strain Rate (s%) Peak Stress | Plateau Stress | Energy Absorption
(MPa) (MPa) (MJ/m3)
1000 11 10 2
1500 13 15 3
2500 21 20 4

The energy absorption by the hybrid foam material is calculated and found around 2 MJ/m?

at a strain rate of 1000s . The energy absorption is found to increase to 3 MJ/m?, when the
material is tested at a strain rate of 1500s*. Further at a strain rate of 2500s %, the energy

absorption is found 4 MJ/m?. All the values are shown in Table 4.6. From the Table 4.6, it
is clearly depicts that the plateau stress is increased with increasing strain rate. The energy
absorption by the foam material is also increased with increasing strain rate of deformation.
These behaviour are shown in Fig. 4.14 and 4.15. It is also to be mentioned at this juncture
that all the sample tesed at different strain rate have almost same density. It is also to be
mentioned that seeing the stress-strain diagram that the plateau region is almost flat and no

sign of strain hardening effect of the cell walls was noted.
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4.8 Stress-Strain Diagram of Al composite foam with Graphene (relative density:

0.27)

Figure 4.16 shows a typical stress-strain diagram of Al composite foam with Graphene of

relative density 0.27, deformed at strain rates of 500s * to 2600s . The stress-strain diagram

of the material deformed at a strain rate of 500s* shows linear elastic region with a peak

stress of 12 MPa and plateau stress of 12 MPa. The stress-strain diagram of the material
also clearly shows an elastic region of peak stress 14 MPa and a plateau region and plateau
stress 13 MPa. When the plateau region is not flat, enough on that case average of highest

and lowest vales are taken. The densification strain is found around 0.14. The stress-strain
diagram of the material deformed at 2300s ! is also shows elastic region with a peak stress

of 15 MPa and plateau stress of 14 MPa. In this case, the plateau stress is found by
averaging the highest and lowest values of plateau region. The stress-strain diagram of the

hybrid foam deformed at a strain rate of 2600s* is also showed a linear elastic region with

a peak stress of 18 MPa and a flat plateau region of plateau stress of 20 MPa.
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Fig. 4.16. Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.27) at different strain rate (500 s* to 2600 s'%)

Table 4.7 Effect of Strain rate on the response of foam with relative density of 0.27

Strain Rate(s?) | Peak Stress | Plateau Energy Absorption
(MPa) Stress(MPa) | (MJ/m?3)

500 12 12 24

1300 14 13 2.6

2300 15 14 2.8

2600 18 20 4

The energy absorption of Al composite foam with Graphene is calculated and shown in the
Table 4.7 along with other values. It is noted from the Table 4.7 that the energy absorption

is found 2.4 MJ/m?2 at a strain rate of 500s* and is increased to 4 MJ/m? at a strain rate of

2600s 1. When the material is deformed at strain rates 1300s* and 2300s !, the energy
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absorption is found to be around 2.6 MJ/m? and 2.8 MJ/m3 respectively. The results shown
in Table 4.7, that the plateau stress is sensitive to strain rate of deformation. The energy
absorption is also found sensitive to strain rate of deformation. Figure 4.17 and Fig. 4.18
show the effect of strain rate on the plateau stress and energy absorption. Both the curves

showed increasing tendency with strain rate domain used in the present investigation.
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4.9  Stress-Strain Diagram of Al composite foam with Graphene (relative density:
0.28)

The stress-strain diagram of hybrid composite of relative density 0.28 is shown in Fig.
4.19. The stress-strain diagram is plotted in three-strain rate e.g., 1000s %, 2200s %, and
2600s *. The stress-strain diagram of hybrid foam deformed at 1000s * shows initial elastic
region with a peak stress of 10 MPa and shows flat plateau region with a densification
region of 0.26. After a strain value of 0.26, the stress is increased and then decreased to a
lower value. In the case of sample deformed at 2200s %, the peak stress is found 13 MPa
and then the stress is increased to 15 MPa up to a densification strain value of 0.25. After
the strain value of 0.25, the stress value reduced drastically to a lower value indicating
failure of material. Further, deforming the material at higher strain rate, i.e., at 2600s %, the
peak stress is found around 21 MPa and the plateau stress is calculated to be around 21

MPa. This diagram also shows a similar nature of stress-strain diagram of sudden increase

in stress and then decreased to a lower value.
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Fig.4.19. Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.28) at different strain rate (1000 s to 2600 s™?%)

Table 4.8: Effect of Strain rate on Plateau Stress (MPa) at a relative density of 0.28

Strain Rate (s'!) | Peak Plateau Energy Absorption
Stress Stress(MPa) | (MJ/m?3)
(MPa)

1000 10 10 2

2200 13 15 3

2600 22 20 4

The energy absorption by the hybrid foam is calculated and found 2 MJ/m? at a strain rate
of 1000s ™. For the strain rates of 2200s* and 2600s* the energy absorption is calculated

around 3 MJ/m? and 4 MJ/m? respectively. Table 4.8 shows all the values namely peak
stress, plateau stress, densification strain and energy absorption. Fig. 4.24 shows the effect

of strain rate on the plateau stress of the material. It is observed that plateau stress increases
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with the strain rate of deformation. Higher the strain rate of deformation achieves increased
plateau stress and increased energy absorption (Fig. 4.25). It is observed that when the
strain rate of deformation is increased from 1000s to 2200s* the energy absorption is
increased from 2 to 3, which is around 40% improvement. Further enhancing the strain rate

to 2600s 1, the energy absorption is increased to 4 MJ/m?.
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4.10. Stress-Strain Diagram Al composite foam with Graphene (relative density:

0.29)

Figure 4.22 shows the typical stress-strain diagram of hybrid foam of density 0.29 tested

at strain rates of 500s %, 1000s !, 2200s ! and 2760s L. It is noted that material tested at a

strain rate of 500s * shows initial elastic region with a peak stress of 10 MPa and flat plateau
region with a plateau stress of 10 MPa. The densification strain is found around 0.27. After
densification strain of 0.27, the stress is increased with strain and then falls drastically to a
lower lever indicating failure of material. The stress-strain diagram of the sample tested at
a strain rate of 1000s ! also shows initial elastic region with a peak stress of 11 MPa and
flat plateau region with a plateau stress of 11 MPa. The densification strain is found around
0.20. After densification strain, the stress decreased to a lower value indicating failure of
material. Similar trend for the testing of material at a strain rate of 2200s* is also shows
initial elastic region with a peak stress of 14 MPa and flat plateau region of plateau stress
of 15 MPa. The densification strain is found around 0.22. After densification, the stress
value is found increased and then decreased to a lower value indication failure of material.
The stress-strain diagram of the material tested at a strain rate of 2760s* is shown in Fig.
4.26. This shows an initial elastic region with a peak stress of 22 MPa and plateau stress of

20 MPa.
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Fig. 4.22. Stress-strain diagram of Al composite foam with Graphene (Relative Density:
0.29) at different strain rate (500 s to 2760 s %)

Table 4.9: Effect of Strain rate on Plateau Stress (MPa) at a relative density of 0.29

Strain Rate (s?) | Peak Stress Plateau Energy
(MPa) Stress(MPa) | Absorption
(MJ/m?®)
500 10 10 2
1000 11 11 2.2
2200 14 15 3
2760 22 20 4

The energy absorption by the material having relative density of 0.29 is calculated and
energy absorption value along with other values is shown in Table 4.9. When the material
is tested at a strain rate of 500s?, the energy absorption is 2 MJ/m® Further when the
material is tested at a strain rate of 2200s * the energy absorption by the material is 3 MJ/m*
Still higher strain rate deformation of material i.e., at 2760s ™, the energy absorption is

increased to 4.0 MJ/m® There is a gradual increase of energy absorption with respect to

strain rate.
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Figure 4.23 shows the effect of strain rate on the plateau stress of Al composite foam with
Graphene. It shows that plateau stress is increasing with strain rate. Figure 4.24 shows the
effect of strain rate on the energy absorption of the foam. It also shows increasing tendency
of energy absorption with strain rate. It may be observed from Table 4.9 that the energy
absorption is just doubled when the strain rate is enhanced from 500s ! to 2760s . It is also
to be noted that the densification strain has no relation with strain rate of the experiments
done in the present domain of experimental parameters. All the experimental results of

dynamic tests are shown comprehensively.
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Table: 4.10. Values of peak stress, plateau stress, plateau strain, energy abrorption

and density of Al composite foam with Graphene at various strain rates.

Relative | Actual Strain Peak Plateau Energy
Density | Density of | Rate (s1) | Stress Stress Absorption
Foam MPa MPa MJ/m?
(gm/cc)
0.23 0.64 500 8 10 0.08
1000 10 12 24
1700 14 15 3
2300 18 20 4
2750 22 22 4.4
0.24 0.67 500 10 11 15
1300 14 13 2.04
2500 18 20 4
2760 23 21 4.2
0.25 0.70 500 11 12 24
1300 11 12 24
2200 13 15 3
2620 22 20 4
0.26 0.728 1000 11 10 2
1500 13 15 3
2500 21 20 4
0.27 0.756 500 12 12 24
1300 14 13 2.6
2300 15 14 2.8
2600 18 20 4
0.28 0.784 1000 10 10 2
2200 13 15 3
2600 22 21 4
0.29 0.812 500 10 10 2
1000 11 11 2.2
2200 14 15 3
2760 22 20 4
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Chapter 5

Discussion of Results

The deformation behavior of aluminum foams reinforced with Nano Graphene sheets to
the best of our knowledge has not been studied in detail under dynamic condition (strain
rate >100s1). If the energy absorption is higher at higher dynamic loading, it is better to
use less foam materials; on the other hand, if the energy absorption of these materials is
less at higher strain rate, one will under estimate the foam materials for using at higher
strain rate. As a result, for efficient and optimum design of foam components for shock
and impact energy absorption, one must examine and understood the deformation behavior
and mechanism under dynamic condition (strain rate >100s-1 and up to about 3000s?).
The present thesis is addressed to understand the deformation behavior of Al composite

foam with and without Graphene under static and dynamic loading conditions.

5.1 Graphene Al foam Microstructure

Figure 5.1 shows a SEM micrograph of foam structure. It shows pores of size 500 um and
SiC particles distributed in the cell walls. Figure 5.2 shows a higher magnification SEM

micrograph showing SiC particles in the cell walls.
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Fig. 5.1 SEM micrograph of Al-SiC foam with Graphene showing
pores and distribution of SiC particles in the cell walls

Additionally, in the present work, 0.5wt. % Graphene was dispersed along with SiC
particles. Figure 5.1 shows a typical microstructure of as such Graphene Nano sheets not
in Al composite. A higher magnification micrograph clearly shows the sheet structure of
Graphene Fig. 5.2. The Graphene Nano sheets are usually attached to the SiC particles and
form an improved bonding between Al-SiC-and Graphene. Due to the addition of Graphene
in composite foam the plateau stress as well as energy absorption of the foam is increased
by 20-25 % (compare Table 4.1 and 4.2). Wang et.al (83) have also reported that addition
of 0.3% of Nano Graphene sheets in Al alloy enhanced the tensile strength by 62% over

the unreinforced alloy.
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Fig. 5.2 Higher Magnification micrograph of Graphene sheets

It is obvious from the present investigation that SiC particles simply contributed towards
the stability of the foam and on the other hand, Nano Graphene sheets facilitate

strengthening of the cell walls apart from stability.

The stress-strain plots of compressive deformation study of Al Alloy-SiC foam and Al
alloy composite foam with Graphene show three distinct regions. These are initial linear
elastic region, secondly a flat plateau region, and then lastly a densification region. During
compressive deformation of foam, the deformation mechanism proceeds by a layer-by-
layer compression mechanism. At the initial stage, top layer is deformed, which shows the

initial elastic region of stress-strain compressive deformation plot. At the initial elastic
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region, the bending of the cell walls and edges control the deformation and the load is
transferred to the next layer. Further increasing the stress, the deformation of the next layer
is taking place and in this way at a fixed stress the cellular material gets compressed with
increasing strain (24). As the strain value increases the cell walls usually touching each
other and material get densified at a constant plateau stress. The foam material experiences
buckling of cell wall and the deformation band is found perpendicular to the loading
direction in which plastic collapse of cells take place. It is also noted that marginal increase
in plateau region, as seen mainly in quasi-static load, is mainly represented by strain
hardening behavior of the cell wall material. It is a well-known fact that Al alloy is
amenable to strain hardening and alloy like Al 5083 containing 5.5% of Mg sustain the
ductility (59). The SiC particles that are added in the Al matrix are mainly to enhance the
viscosity of the liquid metal and facilitate the stability of foam structure. The presence of
SiC in the cell wall largely affects the elastic properties and the failure mechanism of the
foam sample. In compressive deformation of Al 5083 Alloy-SiC composite foam, the
sample gets compressed without fracturing. In some cases, it was observed that foam
sample is fractured badly during compressive tests, which happen mainly due to
segregation of SiC particles in the cell walls and it also depend upon the matrix alloy used
for making foam. During the deformation process, the cracks nucleate mainly at the Al-
SiC interfaces and latter it propagates and joins together to from the fracture of cell walls.
In the case of Al composite foam with Graphene, the stress — strain diagram shows
improved plateau stress over the Al-SiC composite foam. The energy absorption of Al

composite foam with Graphene also shows improvement over the Al-SiC composite foam.
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It is interesting to note that ratio of plateau stress of Al composite foam with Graphene to
Al-SiC composite foam without Graphene is 1.2 to 2.0 times higher and as a function of
strain rate. Similar trends of result reported by Kang Ying-an et.al. (84) in their experiments
of closed cell Al-SiC foam of density 0.457 gm/cc (less density than ours (0.65 g/cc))
shows that peak stress and plateau stress increased with strain rate. The peak stress (2.8
MPa) and plateau stress (3.4 MPa) as reported by Kang Ying-an et.al (84) is less than our
results. This may be due to lower density. However, their experiments in dynamic testing
restricted up to a strain rate of 1600s . The ratio of energy absorption of Al composite
foam with Graphene to Al-SiC foam without Graphene is in the range of 1.29 to 2.08.
Hamada et.al (85) studied the static and dynamic compressive tests of Al-Ca closed cell Al
alloy foam and reported that the dynamic plateau stress of Al alloy foams was about 1.1

times larger than the static one. However, in our case it is 1.24 at strain rate of 500s-1 to
1.6 times in the strain rate of 1300s*. This improvement is essentially due to effect of Nano

Graphene sheets. This clearly infers that addition of Nano Graphene sheet in Al-SiC
composite foam enhanced the plateau stress and also the energy absorption capability of
Al alloy foam. It is observed in the present investigation that specific energy absorption in
static test and dynamic test (up to a strain rate of 1300 ). Similar results reported by Kenny
et.al (53). However, above a strain rate of 1300s %, the energy absorption is much higher
than the static test. The above results are quite similar to the results observed in the present
investigation. Deshpande and Fleck (54) studied the Alulight (closed pore) and Duocel
(open pore) foam at quasi static (0.001s?) and dynamic test SHPB, (3680s ) and reported
that plateau stress (10 MPa — 11 MPa) in both the cases are more or less same and found

insensitive to strain rate only there is a change in the nature of curve (Duocel foam shows
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smoother curve than the Alulight foam). Pal and Ramamurthy (57) have studied the
compression behavior of closed cell Alporas foam at a strain rate of 10°s to 10"s™L. Their
results depicted that plateau stress and energy absorption increased by 31 and 52.5 % as
the strain rate increases. The plateau stress and energy absorption values reported by Pal
and Ramamurthy (57) are slightly lesser than that of our values. This may be due to the

effect of Nano Graphene sheets in cell walls of the foam.

In the present investigation attempt has been made to investigate the compressive
deformation behavior of Al-Composite foam with Graphene at relative densities in the
range of 0.23 to 0.29 tested at strain rates of 1000s !, -2760s ! (Table 5.1, 5.2, 5.3). It has
observed that strain rate at 1000s ¢, the plateau stress found in the range of 10-13 MPa of
densities 0.23 to 0.29. This clearly depicts that density of the foam material used in the
present experimental domain has not effect much on the plateau stress. Similarly, at a strain
rate of 2700s %, the plateau stress found in the range of 20-22 MPa of the foam material of
relative density 0.23-0.29. This again confirms that density, in the range 0.23-0.29, will not
affect much on the plateau stress. It was also observed from the Tables that at a strain rate
of 1000s-1, the energy absorption of the foam material is found in the range of 2-2.4
MJ/m3. Further foam tested at a strain rate of 2700s-1, the energy absorption is found in

the range of 4.0 — 4.4 MJ/m®.
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EFFECT OF RELATIVE DENSITY ON PLATEAU
STRESS OF GRAPHENE REINFORCED
ALUMINIUM FOAM STRAIN RATE
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Fig.5.3. Shows the Effect of relative density on plateau stress of Graphene reinforced
aluminium foam strain rate 1000 s,2300 s*,2700 s*

CONCLUSIONS

1. The closed cell Al composite foam with pore size around 500-700 um the relative density
in the range of 0.23 to 0.29 was studied under static and dynamic loading at various train
rate. SiC particles were added in Al alloy melt to achieve the stability of foam structure.)
0.5wt. % Nano Graphene sheet was dispersed with SiC particles to strengthen the cell
walls. In the present investigation, the quantity of Graphene is restricted to 0.5wt. %
because 0.5wt. %Graphene has a quite appreciable volume and while dispersing Graphene,
in Al alloy melt, the viscosity of the liquid metal appears to increase to a greater extent and
handling (stirring) the melt would be a problem.
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2. The compressive deformation stress-strain diagram shows three distinct regions namely
the linear elastic region, flat plateau region and finally the densification region. In most of
the cases plateau region is seen flat however, in some cases plateau region signified as
increases stress with strain. This increasing behaviour of stress with strain is mainly
observed due to strain hardening of cell walls. In some instances, after reaching the peak
stress instead of maintaining a constant stress for deformation, it was seen decreasing
tendency of stress with strain, this mainly occurs due to the presence of defects in the foam
structure. Once the whole material densified, there is a steep increase in the stress with

strain.

3. A servo hydraulic machine was used to study the compressive behaviour of foam under
quasi-static loading condition tested at strain rates of 0.001s %, 0.01s%, 0.1s* and 1.0s 2. It

was observed that strain rate does not have any effect of plateau stress and energy
absorption of Al-SiC composite foam under the domain of strain rate used in the present
study. From stress-strain diagram, Plateau stress is found around 8 MPa and energy
absorption is calculated and found around 2-3 MJ/m?. On the same experimental condition,
the hybrid composite foam shows increased plateau stress (10 MPa) and energy absorption
is found around 3-5 MJ/m®. The plateau stress and the densification strain are seen to be

independent of the applied strain rate.

4. The dynamic compressive stress-strain curves of the hybrid composite closed cell Al
foam of different relative density tested in the strain rate of 500s* to 2700s . The plateau
stress is seen sensitive to strain rate but insensitive to densification strain. It is also noted
that plateau stress is insensitive to relative density of Graphene Al foam. The plateau stress

increases with strain rate, this increase is around 1.5 times irrespective of relative density
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of the material. Energy absorption by the Graphene Al foam is also increased with strain
rate. The enhancement of energy absorption is around 2 times irrespective of the relative

density.

5. The essence of the present thesis lies in the fact that there is ample scope exist in the
development of closed cell Al hybrid foam with the addition of Nano sheet Graphene.
Presence of Graphene in the cell walls enhances the strength of the cell walls in large extent

and stability of foam structure to some extent.

FUTURE SCOPE OF WORK

Aluminium alloy hybrid foam reinforced with Graphene proves to be a potential material
for improved mechanical properties and energy absorption properties. This kind of metal
foam shows potential applications in crashworthiness and noise and vibration attenuation
essentially in transportation sectors. To meet the demand for such applications, the foam

materials are to be tested over a range of strain rates right from 0.001s* to 4000s™*. In quasi
static the compression tests of the material can be evaluated by a precision servo hydraulic
machine, which can give up to a strain rate of 100st. Similar way, a Split Hopkinson
Pressure bar unit can provide the compression properties in the strain range of 1000s* to
4000s 1. While in the range of strain rate over 100s to 1000s %, a drop test unit may be

used. While seeing the literature on deformation behaviour of Al foam, we could not come
across a literature discussed about hybrid composite foam with Graphene. There is some
information available in the literature mentioning that addition of 0.3 wt.% Graphene could

enhance the strength of the normal composite by 63%. To my opinion one should try for
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Graphene reinforced hybrid composites for making closed cell Al foam for crashworthiness
applications. Moreover, it was also noticed that foam filled multi channels could be a useful
product for various applications in noise and vibration attenuation and also for crash. In
recent days’ considerable emphasis has been focussed on the impact crashworthiness
application in automobile and railways. One should also design for blast resistant panels
using Al hybrid foam as core and steel sheet as cover material. For noise and vibration
attenuation one should look for foam core sandwich panels with polymer sheets. From the
present investigation it was observed that densification strain is restricted to 0.3-0.4. This
value is well below the expectation for designing component at least for crashworthiness
application. Hence one has to look into this factor how to increase the densification strain
value keeping plateau stress constant so that maximum foam material could be used for
crash application. Further, in order to have a thorough understanding of deformation
mechanism of foam, cell wall bending etc. one should go for a detailed high resolution
SEM observation at each strain rate. These trends of research highlighted above would not
be possible by a single student, within the limited time scale available, but could be possible

to do by the subsequent available student’s time to time.
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